A weean  Applied and Environmental
SOCIETY FOR . . ®
MICROBIOLOGY MICI’ObIO'Ogy

PLANT MICROBIOLOGY

L)

Check for
updates

Cadmium Exposure-Sedum alfredii Planting Interactions Shape
the Bacterial Community in the Hyperaccumulator Plant

Rhizosphere

Dandi Hou,>® Zhi Lin,2 Runze Wang,? Jun Ge,® Shuai Wei, Ruohan Xie,2 Haixin Wang,® Kai Wang,® Yanfang Hu,c Xiaoe Yang,?

Lingli Lu,2 ©© Shengke Tian?

2MOE Key Laboratory of Environmental Remediation and Ecological Health, College of Environmental and
Resource Sciences, Zhejiang University, Hangzhou, China

bSchool of Marine Sciences, Ningbo University, Ningbo, China
Technical Extension Station of Soil Fertilizer and Rural Energy, Kecheng, Quzhou, China

ABSTRACT Rhizospheric bacteria play important roles in plant tolerance and activa-
tion of heavy metals. Understanding the bacterial rhizobiome of hyperaccumulators
may contribute to the development of optimized phytoextraction for metal-polluted
soils. We used 16S rRNA gene amplicon sequencing to investigate the rhizospheric
bacterial communities of the cadmium (Cd) hyperaccumulating ecotype (HE) Sedum
alfredii in comparison to its nonhyperaccumulating ecotype (NHE). Both planting of
two ecotypes of S. alfredii and elevated Cd levels significantly decreased bacterial
alpha-diversity and altered bacterial community structure in soils. The HE rhizo-
sphere harbored a unique bacterial community differing from those in its bulk soil
and NHE counterparts. Several key taxa from Actinobacteria, Bacteroidetes, and TM7
were especially abundant in HE rhizospheres under high Cd stress. The actinobacte-
rial genus Streptomyces was responsible for the majority of the divergence of bacte-
rial community composition between the HE rhizosphere and other soil samples. In
the HE rhizosphere, the abundance of Streptomyces was 3.31- to 16.45-fold higher
than that in other samples under high Cd stress. These results suggested that both
the presence of the hyperaccumulator S. alfredii and Cd exposure select for a spe-
cialized rhizosphere bacterial community during phytoextraction of Cd-contaminated
soils and that key taxa, such as the species affiliated with the genus Streptomyces,
may play an important role in metal hyperaccumulation.

IMPORTANCE Sedum alfredii is a well-known Cd hyperaccumulator native to China.
Its potential for extracting Cd relies not only on its powerful uptake, translocation,
and tolerance for Cd but also on processes underground (especially rhizosphere mi-
crobes) that facilitate root uptake and tolerance of the metal. In this study, a high-
throughput sequencing approach was applied to gain insight into the soil-plant-
microbe interactions that may influence Cd accumulation in the hyperaccumulator S.
alfredii. Here, we report the investigation of rhizosphere bacterial communities of S. alfre-
dii in phytoremediation of different levels of Cd contamination in soils. Moreover, some
key taxa in its rhizosphere identified in the study, such as the species affiliated with ge-
nus Streptomyces, may shed new light on the involvement of bacteria in phytoextraction
of contaminated soils and provide new materials for phytoremediation optimization.

KEYWORDS cadmium, rhizosphere, hyperaccumulator, bacterial community,
Streptomyces

admium (Cd) contamination in soils has become a great concern worldwide
because of its high mobility in the environment and toxicity in humans (1).
Phytoextraction of heavy metals from contaminated soils is an attractive remediation
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technology because of advantages such as low cost, sustainability, and eco-friendliness
(2). The efficiency of plants at extracting metals from contaminated soils is largely
dependent on plant contaminant tolerance and accumulation capacity. Hyperaccumu-
lating plants have potential for phytoextraction of polluted soils; however, further
optimization for their application is needed because of their overall low biomass and
limited expansion of their root system (3, 4). The bacterial rhizobiome, a set of
specialized microbes that colonize the plant rhizosphere, makes an important contri-
bution to hyperaccumulators (5). Metal-resistant bacteria isolated from the rhizosphere
of hyperaccumulators have been reported to promote plant growth and bioavailability
of heavy metals in soils, leading to significantly improved metal accumulation in plants
(6, 7). Although bacterium-assisted phytoextraction may at first seem ideal for reme-
diation of heavy metal-polluted soils, its practical use is generally limited by the
complex biochemical environments of contaminated soils (8). A deeper understanding
of the complex plant-microbiome environment in plant rhizospheres, particularly in
those of hyperaccumulators, may contribute to the development of optimized phyto-
extraction technology for metal-polluted soils (5).

The rhizosphere is a microenvironment comprising root surfaces and their surround-
ing soil area (9). It supplies organic compounds from plant roots to microbes, enabling
their growth and reproduction (10), and is enriched in microbes that are adapted to the
rhizospheric environment (11). The rhizosphere habitat is affected by spatial and
temporal variations in soil properties and the physiological state of the plant (12).
Heavy metals in soils could alter the structure of soil microbial communities (13).
Previous studies found that presence of heavy metals, including Cd, in soils decreased
the microbial biomass and resulted in a shift in the microbial community structure
(14-16). On the other hand, heavy metals in soils could increase the prevalence of
specific heavy metal-resistant bacteria (13). Although a considerable amount of metal-
resistant bacteria from the rhizosphere of hyperaccumulators have been isolated using
traditional culture-dependent techniques, the microbial assemblages associated with
hyperaccumulation remain poorly understood (5, 17). Furthermore, previous research
tended to focus on the important effect of a single microbial inoculum on the
enhancement of phytoextraction but overlooked the complexity of the plant-soil
environment in which a variable indigenous microbial community may outcompete or
inhibit phytoremediation-assisting inocula (13, 18).

Sedum alfredii is a well-known Zn/Cd cohyperaccumulator native to China (19). The
potential application of this hyperaccumulator plant species to soil remediation has
recently attracted increasing interest, particularly in China (20-22). Previous studies
showed that metal-tolerant bacteria isolated from the rhizosphere of S. alfredii signif-
icantly enhanced Cd/Zn extraction (23, 24). However, little knowledge is available
regarding the basic ecology of indigenous soil microbial communities associated with
the phytoextraction process in polluted soils by this plant species. Although our recent
study indicated that the rhizosphere microcharacteristics, including the bacterial com-
munity, facilitate phytoextraction of multiple metals in soil by S. alfredii (25), the
relationships between the bacterial rhizobiome and the influencing factors or variables,
such as soil type, pollutant species, and pollution levels, are still unknown. Therefore,
the present study investigated the characteristics of the rhizosphere bacterial commu-
nity of the hyperaccumulator S. alfredii under different Cd treatments and the interac-
tion of Cd presence and roots of S. alfredii on the structure of soil bacterial communi-
ties, using 16S rRNA gene amplicon sequencing. We aimed to (i) compare the
differences in bacterial rhizobiome between the hyperaccumulating ecotype (HE)
and the contrasting nonhyperaccumulating ecotype (NHE) of S. alfredii in response
to different Cd levels, (ii) evaluate the effect of planting and Cd exposure on the
rhizospheric bacterial community diversity and composition of S. alfredii, and (iii)
explore the key taxa involved in the phytoextraction process of Cd-contaminated
soil by HE S. alfredii.
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Treatment (4 cds Ccd20
Root
HE 034+0.02b 0.42 +0.05 a* 0.32+0.04 b**
NHE 041+0.04a* 0.34+0.03b 0.19+0.03 ¢
Shoot
HE 249+0.12¢ 3.41+0.13 a* 2.83 £0.09 b**
NHE 276+0.10a 2.69+0.53a 2.00+035b

Different letters in the same row indicate significance of different Cd treatment at P<0.05 based on a protected Fisher’s
least significant difference (LSD) test.
Asterisks indicate significant difference between HE and NHE S. alfredii (* P<0.05: ** P<0.01)

FIG 1 Growth status and dry biomass (g pot~') of hyperaccumulator ecotype (HE) and nonhyperaccu-
mulator ecotype (NHE) S. alfredii planted in different Cd-contaminated soils. Cd 0 denotes the control
treatment; Cd 5 and Cd 20 denote 5-mg kg~ and 20-mg kg~' Cd-spiked treatments.

RESULTS

Plant growth and Cd phytoextraction. After 150 days of plant growth in Cd-
contaminated soils, the two ecotypes of S. alfredii exhibited significant differences in
metal tolerance and accumulation. The NHE plants presented typical symptoms of
metal poisoning, such as dwarfism and chlorotic leaves (Fig. 1). Compared to the
controls (0.47 mg Cd kg~ soil, Cd 0), the root and shoot biomass of the NHE grown in
highly Cd-contaminated soil (22.01 mg Cd kg~ soil, Cd 20) decreased by 53.66 and
27.54%, respectively. In contrast, no visible growth inhibition or symptoms of phyto-
toxicity were observed for the HE plants (Fig. 1). There was also a significant increase
in HE plant growth when the plants were grown in Cd 5 level soils (6.66 mg Cd kg~
soil) compared with other treatments. At harvest (Table 1), the Cd concentrations in
shoots of HE grown in soils treated with Cd 5 and Cd 20 reached 304.56 = 15.04 mg
kg~" and 678.53 £ 114.92 mg kg, respectively, which were 18.54- and 13.53-fold
higher than those in the NHE plants, respectively. The translocation factors of Cd (i.e.,

TABLE 1 Cd concentrations and accumulation in roots and shoots of S. alfredii and Cd translocation factors under different Cd
treatments?

=1l 1 =1
Cd concn (mg kg—") Cd accumulation (ng pot—7) Translocation
Cd treatment Shoot Root Shoot Root factor®
Ccd o HE 4,10 = 0.31¢** 9.64 + 0.89e** 10.21 = 0.76¢** 3.29 + 0.30d** 0.43 = 0.06cd
NHE 0.55 £ 0.14c 1.71 = 0.14f 1.64 = 0.80c 0.71 £ 0.06e 0.32 = 0.10d
Cd 5 HE 304.56 = 15.04b** 34,37 + 2.33b** 1,039.16 = 51.32b** 14.59 = 0.99b** 8.91 *+ 1.01a**
NHE 16.43 + 2.23c 14.52 *= 1.83d 4427 * 6.02c 4.94 * 0.62c 1.13 = 0.09bc
Cd 20 HE 678.53 = 114.92a* 84.13 + 7.00a** 1,923.63 * 325.80a** 26.84 + 2.23a* 8.63 = 1.03a**
NHE 50.15 = 9.35¢ 27.12 = 4.13c 100.33 = 18.72c 5.20 £ 0.79c¢ 1.84 £ 0.07b

aAll data are presented as means = the standard deviations (n = 3). Different letters within the same column indicate the significance of different Cd treatment at

P < 0.05 based on a protected Fisher LSD test. Asterisks indicate significant differences between hyperaccumulating (HE) and nonhyperaccumulating (NHE) ecotypes
(*, P < 0.05; **, P < 0.01).

bTranslocation factors = Cd concentration ratio of plant shoots to roots.

June 2018 Volume 84 Issue 12 e02797-17 aem.asm.org 3


http://aem.asm.org

Hou et al.

[_IHE NN NHE
060{ A cdo, a

0.45 4

0.30

0.15 1

0.00

754 B cds a a
6.0

4.5+
3.0+
1.5 4
0.0

Cd concentration (mg kg")

254 C Cd20 ab
20 - bc ¢

15 1 d

10 +

5 4

Rhizosphere Bulk Initial

FIG 2 Cd concentrations in the rhizosphere, bulk soils of S. alfredii, unplanted soils, and initial soils under
Cd 0 (A), Cd 5 (B), and Cd 20 (C) treatments. Data points represent means * the standard deviations
(n = 3). The various lowercase letters indicate significant differences among all treatments at P < 0.05.
Refer to Fig. 1 for treatment notation.

measuring the amount of Cd transferred from roots to shoots) in the HE plants were
7.88- and 4.69-fold higher than those for the NHE plants, respectively.

Because of its relatively high capacity for extracting Cd from the soils, planting of HE
S. alfredii significantly decreased total Cd levels in its rhizospheric zone (Fig. 2). The Cd
contents in soil treated with Cd 0, Cd 5, and Cd 20 decreased to 0.12, 3.59, and 12.89
mg kg~ dry soil in the rhizosphere zones from initial Cd concentrations of 0.47, 6.66,
and 22.01 mg kg, respectively. This result indicates that the HE plants removed 74.50,
46.10, and 41.43% of the total Cd in the rhizospheric soils under Cd 0, Cd 5, and Cd 20
treatments, respectively.

Alpha-diversity of bacterial community. The high-quality reads produced by
using 16S rRNA gene amplicon sequencing were clustered using a >97% sequence
identity threshold, which yielded 71,239 bacterial operational taxonomic units (OTUs).
A total of 23,437 OTUs were obtained after randomly resampling Illumina 16S sequence
reads to the same depth (16,700 sequences per sample). The alpha-diversity of the
bacterial community using the observed species and Simpson’s index was compared
between the rhizosphere and bulk zone for both HE and NHE S. alfredii (Fig. 3). The
observed species of bacterial community were significantly influenced by sampled
compartments and Cd levels, while Simpson’s index was significantly influenced by soil
compartments, Cd levels, ecotypes, and their interactions (P < 0.001; see Table S2 in the
supplemental material). Both of the alpha-diversity indices exhibited similar decreasing
trends in response to the increasing Cd levels in soils regardless of sampling compart-
ments. The metrics in the HE rhizosphere, however, showed the greatest divergences
between three different Cd levels, where the highest Cd treatment (Cd 20) resulted in
the lowest microbial diversity (Fig. 3). In contrast, variations in alpha-diversity were less
pronounced for bacterial communities in the NHE rhizosphere, as well as for those of
the bulk and unplanted soils at different Cd levels (Fig. 3).
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FIG 3 Box plots for alpha-diversity indices, including the number of observed species (A) and the
Simpson’s index of the bacterial communities (B) in different compartments under different Cd treat-
ments. The lines at the top, bottom, and middle of the box correspond to the 75th, 25th, and 50th
percentiles (median), respectively. Whiskers indicate the standard deviations. The white dots indicate the
mean values. The various letters above the box indicate significant differences among samples of the
same Cd level at P < 0.05. The various letters below the box indicate significant differences among
different Cd levels at P < 0.05. Refer to Fig. 1 for treatment notation.

Bacterial community structure. Principal-coordinate analyses (PCoAs) revealed a
clear differentiation between different sampling compartment (the rhizosphere, bulk
soil, and unplanted soil) (Fig. 4A). Cluster analysis based on the Bray-Curtis dissimilarity
showed that bacterial community composition of rhizosphere and bulk/unplanted soils
formed distinct clusters for both HE and NHE (with the exception of the community of
NHE rhizosphere in Cd 20 level, which clustered with bulk/unplanted soil), confirming
that compartment was the major determinant of community structure (Fig. 4B). Per-
mutational multivariate analysis of variance (PERMANOVA) using Bray-Curtis distance
corroborates that rhizospheric compartmentalization comprises the largest source of
variation (20.58%, P < 0.001; Table 2). Both PCoAs and PERMANOVA described Cd levels
as the second largest source of variation (10.82%, P < 0.001; Fig. 4A and Table 2).
Nevertheless, a significant variation in the bacterial community composition between
the two ecotypes (HE and NHE) was pronounced in the rhizospheric zone, and an
increasing variation in the community along the Cd gradient at rhizosphere was clearly
observed (Fig. 4A).

Specific bacterial assemblages in the HE rhizosphere. The least discriminant
analysis (LDA) effect size taxonomic cladogram was used to analyze the predominant
discriminant taxa of the bacterial communities in the HE rhizospheric soil differing from
counterparts in the other soil samples exposed to Cd 20 (Fig. 5A). The results showed
the specific localization of genera Streptomyces, Nocardia, Mycobacterium, Glycomyces
(phylum Actinobacteria), Ramlibacter, Mesorhizobium (phylum Proteobacteria), and Nias-
tella (phylum Bacteroidetes) in the rhizosphere of HE S. alfredii. The average abundances
of the seven genera were significantly increased by severalfold in the HE rhizosphere,
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FIG 4 Roots of different S. alfredii ecotypes and Cd concentrations shape bacterial community compo-
sition. (A) PCoA plots to visualize the Bray-Curtis distance among the bacterial communities. (B)
Bray-Curtis dissimilarity of samples collected from the unplanted soils, rhizosphere, or bulk soils planted
with HE and NHE S. alfredii. Refer to Fig. 1 for treatment notation.

relative to their counterparts in the bulk/unplanted soils (Fig. 5B). For example, Strep-
tomyces accounted for the largest proportion (11.67%) of the bacterial community in
the HE rhizosphere, and its abundance was 16.45- and 3.31-fold higher than that in the
bulk/unplanted soils and in the NHE rhizosphere, respectively (Fig. 5B).

TABLE 2 PERMANOVA results using Bray-Curtis as a distance metric

Factor % explained F R? [2=
Compartment 20.58 6.7704 0.21 0.001***
cd 10.82 7.1198 0.11 0.001***
Ecotype 411 2.7036 0.04 0.002**
Compartment:Ecotype 3.45 2.2708 0.03 0.008™*
Compartment:.Cd 3.60 1.1832 0.04 0.164
Cd:Ecotype 2.44 1.6072 0.02 0.050*
Compartment:Cd:Ecotype 1.80 1.1824 0.02 0.225
Residuals 53.20 0.53

Total 100.00 1.00

a* P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 6 Relationships between key taxa, soil Cd levels, plant biomass, and Cd accumulation. Heat maps of average relative abundances of key taxa positively (A)
and negatively (B) associated with Cd levels. At each compartment, the significance (Sig.) is noted as follows: **, significant Pearson’s correlation (P < 0.01); *,
significant Pearson’s correlation (P < 0.05); and ns, not significant. The taxonomy of the OTUs was identified in the Greengenes database (13_8_release). Refer
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Key taxa associated with Cd-contaminated levels. According to the correlation
coefficients (see Table S3 in the supplemental material), 15 representative phylotypes
(OTUs) correlated with Cd levels were separated into a positively correlated group and
a negatively correlated group (Fig. 6). The closely matched type strains provide
additional information on taxonomic identification of some OTUs (see Table S4 in the
supplemental material). Eleven key phylotypes showed significant positive correlation
with Cd levels, among which the phylum Gemmatimonadetes (two members of the
genus Gemmatirosa and a member of the genus Gemmatimonas) increased essentially
in response to the elevated Cd levels in soils, regardless of plantation (Fig. 6A, Table S4
in the supplemental material). However, most of the phylotypes, including Actinobac-
teria (a member of the genera Streptomyces and Kribbella), Bacteroidetes (a member of
genera Dyadobacter and Niastella), TM7 (a member of the genus Saccharimonas), and
class Alphaproteobacteria (a member of the genus Kaistobacter, Rhizobium, and No-
vosphingobium), were positively correlated with the increasing Cd levels in the HE
rhizosphere, and seldom in the other soil samples (Fig. 6A; Table S4 in the supplemental
material).
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A species (OTU8159) affiliated with genus Streptomyces (phylum Actinobacteria) had
the highest relative abundance both in genus Streptomyces and in all bacterial OTUs
found in the HE rhizosphere and contributed highly (5.90%) to the overall dissimilarity
along the Cd gradient (see Table S3 in the supplemental material). OTU8159 was highly
similar (99.55%) to Streptomyces lucensis NBRC 13056 and nine other Streptomyces-
affiliated species, based on a 16S rRNA gene sequence query against the EzTaxon
database. In the rhizosphere of HE S. alfredii, the abundance of OTU8159 increased from
4.81 to 9.62% as soil Cd increased from 0.47 to 22.01 mg kg~', whereas it remained at
2.44 to 2.76% in the NHE rhizosphere, and even less (0.40 to 1.16%) in the bulk and
unplanted soils (Fig. 6A). In addition to being positively correlated with soil Cd
concentration, the abundance of OTU8159 was significantly positively correlated with
plant biomass (Fig. 6C) and Cd accumulation in plants (Fig. 6D).

DISCUSSION

The hyperaccumulator HE S. alfredii has been reported to not only tolerate high
levels of Cd, but also to efficiently take up and accumulate large amounts of Cd in its
aboveground parts (26), and thereby could be useful in the phytoremediation of
Cd-polluted soils (19). This point of view is supported by the results of this study (Table
1, Fig. 2). This potential of HE S. alfredii for extracting Cd relies not only on its powerful
metal uptake, translocation ability, and tolerance for Cd in stem and leaf cells (27, 28),
but also on processes underground that facilitate root uptake and tolerance of the
metals. A high-throughput sequencing approach was therefore applied to gain insight
into the soil-plant-microbe interactions that may influence metal accumulation in the
hyperaccumulator S. alfredii.

Bacterial diversity reduced with root presence and Cd exposure. Plant root-
driven changes in the rhizosphere microbial community are well documented (29-31).
In this research, plant roots of both HE and NHE S. alfredii tended to have decreased
bacterial diversity in their rhizosphere zone (Fig. 3). Reductions in bacterial community
diversity in rhizospheric soils of some plant systems have been suggested to result from
a combination of reduced taxon richness and evenness (32, 33). Soil is thought to be
among the most diverse microbial habitats on Earth because of its microsite niche
heterogeneity (34, 35). The impact of the root on soil C availability, pH, water, and
atmosphere could overwhelm and homogenize differences among soil microsites and
then reduce the microbial community richness in the rhizosphere (32). More impor-
tantly, the selectivity of plant roots to surrounding microbes may alter species abun-
dance and reduce the evenness of taxon distribution (enrichment of select members or
loss of detectable low-abundance taxa); a decrease in taxon-based diversity indices may
consequently result (e.g., the Simpson’s index, Fig. 3B).

Bacterial growth rate and biomass production are also influenced by metal ion
concentration (26). Bacterial diversity in soils consistently diminished along the Cd
gradient regardless of planting HE or NHE S. alfredii (Fig. 3). This pattern suggests that
certain sensitive taxa were extinguished by Cd poisoning (such as inhibition of growth
and destruction of cell morphology and biochemical processes), which eventually
resulted in reduced bacterial diversity in highly Cd-contaminated soils (36, 37).

Unique rhizosphere bacterial community assembled by roots of HE S. alfredii
under Cd exposure. In addition to bacterial diversity, the results suggested the
rhizosphere bacterial community structure of HE S. alfredii differed from those of bulk
soils and the rhizospheric soils of NHE S. alfredii, especially under high Cd stress (Fig. 4
and 5). Rhizosphere microbial communities can be recruited by the plant host to either
supply it with nutrients or to help in the survival under stressful conditions (38).
Root-driven changes in the rhizosphere microbial community composition were re-
portedly a consequence of altered plant root exudates (11, 39-41). For example, an
Arabidopsis ABC transporter mutant caused significant changes to the natural microbial
community compared to the wild type (40), and these differences in root exudation
supported distinct rhizosphere bacterial communities (41). The mechanisms underlying
the occurrence of different bacterial communities in the rhizospheric zones of HE and
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NHE under Cd stress requires further investigation, though differences of the exudate
profile between the two S. alfredii ecotypes have been reported (42, 43).

It is well documented that heavy metals present in contaminated soils can alter the
structure of soil microbial communities (13). In this study, on the basis of plant
presence, the increase of Cd pollution further altered the soil bacterial community
structure (Fig. 4), which is in line with results from a previous study focusing on the
response of bacterial community to Cd in coastal water microcosms (44). The gradually
increasing divergence of bacterial community assemblage along the Cd gradient
between HE rhizosphere and other samples indicated the interactions between root
system and Cd exposure that occurred during the phytoextraction of Cd pollution by
HE S. alfredii. Note that the bacterial community in the NHE rhizosphere exposed to Cd
20 levels clustered with bulk/unplanted samples (Fig. 4B), indicating that the inhibited
root growth of NHE under high Cd stress had little effect on rhizosphere bacterial
community.

Key taxa in response to Cd pollution and HE plantation. In general, Cd toxicity
acts on a portion of low-resistance microbes, suppressing their growth rate and
reducing their abundance (36). As shown in Fig. 6B, the abundances of several bacterial
phyla (e.g., Acidobacteria and Proteobacteria) were negatively correlated with elevated
Cd concentrations. On the other hand, Cd stress could cause an increase in the
prevalence of Cd-resistant bacteria (13). High tolerance to heavy metals of HE resulted
in an extensive root system and high root exudates secretion to the soil environment
(3, 23), thus changing the ecology in the rhizosphere. Therefore, Cd-induced root
responses of plants as an indirect factor also play an important role in shaping the
rhizosphere bacterial communities and key taxa composition. The present findings
indicate a unique bacterial community in the HE rhizosphere under high Cd stress,
comprising several key taxa from Actinobacteria, Bacteroidetes, TM7, and the class
Alphaproteobacteria (Fig. 6A), which have been identified as the most dominant phyla
in heavy metal-contaminated soils and may provide a stabilizing influence in heavy
metal-contaminated soils (45, 46). Actinobacteria was the most important discriminant
phylum in HE rhizosphere under high Cd stress (Fig. 5). This bacterial phylum is
regarded as an important group of microbes that colonizes plant rhizospheres (47).
Many members of this phylum can produce IAA to stimulate plant growth, as well as
siderophores to form stable complexes with Cd that protect against phytopathogenic
fungi (48). The actinobacterial genus Streptomyces was responsible for the majority of
divergence among the rhizospheres of HE S. alfredii and bulk soils, contrasting
with the rhizosphere of NHE S. alfredii. Our previous study also found HE harbored
abundant Streptomyces in its rhizosphere during the phytoremediation of multimetal-
contaminated soil (25). Streptomyces is the largest antibiotic-producing genus in the
microbial world (49). More importantly, it has a high tolerance to heavy metals and has
a potential use in bioremediation (50). Some bacterial strains belonging to Streptomyces
isolated from the rhizosphere and root of Betula pendula L and Alnus glutinosa showed
the most effective ability of siderophore synthesis under Cd stress (51). A representative
Streptomyces species has been reported to stimulate metal solubility and auxin syn-
thesis by secretion of siderophores (52). Streptomyces sp. F4, isolated from a former
uranium mine, was capable of Cd(ll) uptake and complexation in culture medium and
soil samples (53).

Our results showed that key taxa from the phylum Gemmatimonadetes were posi-
tively associated with Cd levels, regardless of planting with or without the seedlings of
HE or NHE S. alfredii (Fig. 6A). The stable correlation of these taxa with Cd suggests a
possible ecological role of them in response to Cd exposure in soils (44). Even so, they
are not likely key players in Cd hyperaccumulation in HE S. alfredii, since they are not
specifically localized to the HE rhizosphere. Unlike these taxa affiliated with Gemmati-
monadetes, an unclassified species OTU8159, affiliated with the genus Streptomyces,
showed its specific colonization in HE rhizosphere in response to the elevated Cd stress
(Fig. 6A). It was also found that the abundance of OTU8159 was significantly associated
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with plant growth (Fig. 6C) and Cd accumulation (Fig. 6D). Although there is no more
direct evidence here, this member of Streptomyces from the HE rhizosphere might play
vital role in facilitating the phytoextraction of Cd from contaminated soil. Further
identification and exploration of this specific bacterial species and other key taxa found
in the rhizosphere of HE S. alfredii would shed light on the optimization of its usage on
the remediation of Cd-polluted soils.

MATERIALS AND METHODS

Plant material and soil characterization. Seedlings of the hyperaccumulating ecotype (HE) of S.
alfredii were obtained from an ancient Pb/Zn mine site in Quzhou. Nonhyperaccumulating ecotype (NHE)
S. alfredii plants were collected from a tea plantation in Hangzhou, Zhejiang Province, China. Seedlings
were grown in noncontaminated soil for more than three generations to minimize internal metal
content. Healthy and equally sized plant shoots were selected and precultivated hydroponically for 2
weeks in a basic nutrient solution to grow roots (54).

Purplish clayed soil, which is commonly used for growing rice in China, was collected from the
surface layer (0-20 cm) of a paddy field located in Shaoxing, Zhejiang province. Soil samples were air
dried, ground, and sieved through a 2-mm mesh. Geochemical properties of this soil were analyzed (see
Table S1 in the supplemental material). The Cd concentration in the clayed soil was ~0.47 mg kg~ soil.
Three levels of Cd (0, 5, and 20 mg Cd kg~ soil) were added as a solution of Cd(NO,), in the pretreated
soil, and the Cd-spiked soil was aged for 3 months at a moisture content of 60% of water holding
capacity prior to its use for pot experiments. At the end of the aging, the corresponding concentrations
of Cd in three treatments—(i) low-level control (Cd 0), (ii) intermediate level (Cd 5), and (iii) high level (Cd
20)—were 0.47, 6.66, and 22.01 mg kg~", respectively.

Pot culture experiment. Two root bags (polyester mesh; 300 mesh pore size, 2-cm diameter, 10-cm
height) were filled with the prepared soil (0.1 kg) and evenly distributed in each microcosm (12-cm
height X 14-cm diameter). The remaining soil (0.8 kg) was filled in between the root bags. Two-week-old
seedlings of the HE and NHE S. alfredii were transplanted to the root bags. For each Cd level, three
microcosms with two plants each were prepared, and the treatments without planting (unplanted) were
also repeated three times. The microcosms were watered to maintain soil moisture at approximately 65%
of the maximum water-holding capacity. The plants were grown for 150 days in a greenhouse with
natural light, average day/night temperatures of 30/24°C, and a day/night humidity of 70/85%.

Soil sampling, plant harvesting, and elemental analyses. At harvest, rhizosphere soil was col-
lected by gently shaking the entire plant root system; the soil adhering to the root system was placed
in 20 ml of phosphate-buffered saline. The soil that was washed from the two plant roots of the same
microcosm was mixed and stored as rhizosphere compartment. Approximately 5 g of bulk soil was
collected from the middle depth of soil layer between two plants. All samples, including those from the
unplanted soils, were stored at —80°C until DNA extraction. Soil properties and elemental concentrations
were analyzed for soils of the rhizosphere, bulk zone, and unplanted microcosms at both the beginning
and the end of the experiment. To analyze the total Cd concentrations, soil samples (0.1 g) were digested
with 5 ml of HNO;, 1 ml of HCIO,, and 1 ml of HF at 180°C for 10 h. The plants were separated into roots
and shoots, washed thoroughly, and rinsed with distilled water. The plant samples were then oven dried
at 65°C, weighed, ground, and passed through a 60 mesh sieve. Plant samples (0.1 g) were digested with
5 ml of HNO; and 1 ml of H,0, at 180°C for 8 h for elemental analysis. The concentrations of Cd in the
digestive solutions were determined by inductively coupled plasma-mass spectrometry (ICS-MS 7500g;
Agilent, USA). Sample replicates, reagent blanks, rice flour IRMM-804; Sigma, USA), and soil (GBW07429;
the National Research Center for Certified Reference Materials of China) standard reference materials
were included in each batch of analysis to ensure the quality of analysis. The recovery of standard for
each element was 90 to 110%.

All data are reported as means = the standard deviations, based on three replicates. Significant
differences (P = 0.05) among treatments were analyzed using a protected Fisher least significant
difference (LSD) test, after a one-way analysis of variance (ANOVA). These statistical analyses were
conducted using SPSS 18.0.

DNA extraction, bacterial 16S amplification, and MiSeq sequencing. Soil genomic DNA was
extracted by the PowerSoil DNA isolation kit (MOBIO, USA). Photospectrometric quantification of DNA
extracts was completed using a NanoDrop ND 2000 (PEQLAB Biotechnology GmbH, Germany) and stored
at —80°C prior to amplification. The V3-V4 regions of the bacterial 16S rRNA genes were amplified using
the primer set 341F (5'-CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGGGTATCTAATCC-3). An
aliquot of 10 ng of purified DNA template from each sample was amplified with a 20-ul PCR system
under the following conditions: initial denaturation at 95°C for 3 min, followed by 27 cycles of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s, with a final
extension at 72°C for 10 min. An equimolar amount of PCR product for each sample was combined into
one pooled sample and sequenced using a MiSeq platform (lllumina, USA).

16S amplicon processing and analysis. All sequences of 16S rRNA were demultiplexed with the
QIIME pipeline (v1.8.0) (55), and the paired reads were joined with FLASH using the default settings (56).
The sequences were assigned to each sample according to the barcodes and were quality controlled
using the split_libraries.py script. The remaining sequences were chimera checked using USEARCH (57)
and clustered into OTUs using the pick_de_novo_otus.py script with the UCLUST method at a threshold
of 97% similarity, and singletons were discarded. The representative sequences of OTUs were taxonom-
ically assigned against the Greengenes database (13_8_release) and aligned by PyNAST against a
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template alignment of the Greengenes core set (58). Next, archaeal and chloroplast sequences were
removed. To reduce the influence of sequencing depth on treatment effects, samples were then
randomly sampled again to the same sequence depth, based on the least number of sequences (16,700
sequences per sample).

Alpha-diversity and beta-diversity estimates were calculated using QIIME with multiple indices

(number of observed species, Simpson’s index) and the Bray-Curtis distance between samples. The
overall structure of bacterial communities was ordinated by a PCoA based on Bray-Curtis distance that
was carried out using the “pcoa” function of the “ape” package in R (v3.3.2; R Foundation for Statistical
Computing). Cluster analysis of samples was performed based on calculated Bray-Curtis dissimilarities
between the samples. In addition, PERMANOVA was carried out using adonis function of Vegan to
measure effect size and significances on beta-diversity. Pearson’s correlations between variables were
analyzed using SPSS 18.0. The significantly discriminant taxa in each treatment were determined using
the LDA, which employs the factorial Kruskal-Wallis rank sum test (a = 0.05). This analysis identified taxa
with significantly different relative abundances between groups (using one-against-all comparisons) (59).
Significant taxa were used to generate taxonomic cladograms illustrating differences between the
compartments (rhizosphere, bulk soil, and unplanted soil) of two ecotypes under Cd 20 treatment. To
find representative taxa associated with the Cd levels, a similarity percentage (SIMPER) analysis was
applied to screen OTUs primarily responsible for the overall dissimilarity (contribution more than 0.2%
dissimilarity each) in the bacterial communities along the Cd gradient using PAST. The OTUs with
abundance significantly correlated with the Cd level (P < 0.05) were selected, and their sequences were
aligned in the EzTaxon database (60) to find the closest-matched type strains for taxonomic identifica-
tion. Heat maps of average relative abundances of the key phylotypes were prepared in the R
environment using the “pheatmap” package.

Accession number(s). The sequences generated in the present study were deposited in the

Sequence Read Archive of DDBJ (http://www.ddbj.nig.ac,jp) and are available under accession number
DRA005760.
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