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Abstract The recovery of microbial community and activities
is crucial to the remediation of contaminated soils. Distance-
dependent variations ofmicrobial community composition and
metabolic characteristics in the rhizospheric soil of
hyperaccumulator during phytoextraction are poorly under-
stood. A 12-month phytoextraction experiment with Sedum
alfredii in a Cd-contaminated soil was conducted. A pre-
stratified rhizobox was used for separating sub-layer
rhizospheric (0–2, 2–4, 4–6, 6–8, 8–10 mm from the root
mat)/bulk soils. Soil microbial structure and function were an-
alyzed by phospholipid fatty acid (PLFA) and MicroResp™
methods. The concentrations of total and specified PLFA bio-
markers and the utilization rates for the 14 substrates (organic
carbon) in the 0–2-mm sub-layer rhizospheric soil were signif-
icantly increased, as well as decreased with the increase in the
distance from the root mat. Microbial structure measured by
the ratios of different groups of PLFAs such as fungal/bacterial,
monounsaturated/saturated, ratios of Gram-positive to Gram-

negative (GP/GN) bacterial, and cyclopropyl/monoenoic pre-
cursors and 19:0 cyclo/18:1ω7c were significantly changed in
the 0–2-mm soil. The PLFA contents and substrate utilization
rates were negatively correlated with pH and total, acid-solu-
ble, and reducible fractions of Cd, while positively correlated
with labile carbon. The dynamics of microbial community
were likely due to root exudates and Cd uptake by S. alfredii.
This study revealed the stimulations and gradient changes of
rhizosphere microbial community through phytoextraction, as
reduced Cd concentration, pH, and increased labile carbons are
due to the microbial community responses.
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Introduction

Large quantities of cadmium (Cd) have been introduced into
soils by both anthropogenic and geogenic sources (He et al.
2015). From 2005 to 2013, the nationwide soil survey was
conducted by the Environmental Protection Ministry of
China. The survey results showed that 7% of the investigated
soil samples have been contaminated by Cd according to the
soil standards of China (Sun et al. 2016). Cd is potentially
hazardous due to its high toxicity and lack of biodegradability
(Robson et al. 2014; Liao et al. 2015), which can easily trans-
fer to rice and become a serious threat to human health
through food chain (Aghababaei et al. 2014; Sousa et al.
2014). Thus, remediation of the Cd-contaminated soils is of
great urgency to ensure soil quality and food security as well
as to human health.

Conventional physical and chemical methods of removing
Cd from soils are costly and often have negative impacts on
soil environment (Ali et al. 2013; Ghnaya et al. 2015).
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Phytoextraction, the utilization of plants to uptake heavy met-
al from the soils, is regarded as a cost-effective and green way
for the remediation of Cd-contaminated soil (Davari et al.
2015; Muehe et al. 2015). In the past few years, there has been
a growing interest on studying the effectiveness of metal
phytoextraction. It must be noted that the ultimate goal of
any soil remediation process should not only be the removal
of metals but also the restoration of the soil quality
(Hernandez-Allica et al. 2006). As to this, soil microbial char-
acteristics are considered as the most ecologically relevant
indicators of soil quality and have been frequently used to
evaluate the ecological status of soil under metal pollution
(Stefanowicz et al. 2010; Gómez-Sagasti et al. 2012; Burges
et al. 2015). Considering the important role of soil microor-
ganisms played in nutrient cycling or availability, the recovery
of microbial communities is vital for the sustainability of a soil
(Kohler et al. 2016). Consequently, assessing the improve-
ments of soil microbial properties, such as the structure and
function of microbial community, is often carried out after the
implementation of phytomanagement technologies (Perez-de-
Mora et al. 2006; Lu et al. 2015; Kohler et al. 2016). However,
to our understanding, the mechanisms of plant rhizosphere
regulating soil microbial community structure and function
during soil restoration, such as phytoextraction processes,
are not well understood. Previous studies have demonstrated
that microbial community composition and function can be
greatly influenced by soil chemical status such as pH, organic
matter, or pollutants (Breulmann et al. 2012; Chodak et al.
2013; Gartzia-Bengoetxea et al. 2016). Relatively few re-
searches have been taken to explore the relationships between
microbiological properties and chemical properties in the rhi-
zosphere of hyperaccumulator during phytoextraction. A bet-
ter understanding of the factors affecting rhizosphere micro-
bial processes of hyperaccumulators is vital for the potential
use of phytoextraction and may give insights into prospective
ways to accelerate the soil restoration process.

Rhizosphere was first defined as the volume of soil influ-
enced by roots or their exudates, which is commonly separated
by gently shaking the roots (He et al. 2005; Mandal et al. 2014).
However, functionally, rhizosphere should not be limited to spe-
cific volumes but rather characterized by gradients of soil char-
acteristics, from the root surface to the surrounding soils (Aviani
et al. 2006). Distance-dependent changes of root activities might
lead to the distance-dependent varieties of root-microbe-soil in-
terrelations (He et al. 2009). Phytoextraction takes advantage of
the stimulating effect of plants on microbes in the rhizosphere
(Yergeau et al. 2014; Columbus and Macfie 2015; Cui et al.
2016). Although much work has been conducted to evaluate
the rhizosphere characteristics of hyperaccumulators in
phytoextraction, the question of how far these rhizosphere ef-
fects on microbial composition and function may extend in the
rhizosphere of hyperaccumulators during phytoextraction has
not been determined. In an attempt to study the gradients of

rhizosphere soil, a pre-stratified rhizobox has been designed
which soil in close to roots and then separated by millimeter
increments can be get intact in our previous research (Yang
et al. 2013a).

The ancient silver mining (ASM) ecotype of Sedum
alfredii Hance natively growing in Zhejiang, China, has
been conformed as a Cd hyperaccumulator (Yang et al.
2013a, 2014). Using the pre-stratified rhizobox, a 12-
month phytoextraction experiment with S. alfredii in a
Cd-contaminated soil was conducted. We hypothesized that
soil microbial community structure and function of
rhizospheric soils with different distances from the root
mat might be significantly different due to phytoextraction
process, and the main variability might be driven by differ-
ences in chemical characteristics such as organic C, pH,
and available Cd concentrations. Thus, the objectives were
to (1) study the effects of S. alfredii growth on soil Cd
speciation (Community Bureau of Reference (BCR)’s se-
quential extraction procedure), pH, and labile organic C;
(2) explore the gradient changes of microbial community
structure and metabolic activity in the rhizosphere by phos-
pholipid fatty acid (PLFA) and MicroResp™ analysis, and
(3) determine the relationships between microbial commu-
nity structure or substrate utilization rate and chemical
properties (pH, labile carbon, and Cd concentrations). In
addition, the potential of S. alfredii growth in the restora-
tion of microbiological properties of metal-contaminated
soils was evaluated.

Materials and methods

Soil and plant

The tested soil was collected from a paddy field at the depth of
0–15 cm. Roots or the visible debris were removed; then, the
soil was air-dried, ground, and sieved through less than 1 mm.
The basic characteristics of the studied soil were pH 5.9, or-
ganic matter content 2.90%, total nitrogen 0.18%, total phos-
phorus 0.11%, available nitrogen 95.3 mg kg−1, and available
phosphorus 33.4 mg kg−1. The initial Cd concentration of the
studied soil was about 0.8 mg kg−1. In order to get a heavily
contaminated soil, the soil was incubated with 15.0 mg
Cd kg−1 soil added as CdCl2 for 2 months. After the 2-
month incubation, the soil has a final concentration of
15.8 mg Cd kg−1 soil. The ASM ecotype of S. alfredii was
collected from an abandoned silver mining area in Quzhou.
The results of our previous investigation showed that the Cd
concentrations of the collecting site ranged from 5.7 to
84.4 mg kg−1 (Yang et al. 2014). The shoot cuttings were
pre-cultured in nutrient solutions under greenhouse
conditions.
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Rhizobox experiment and sampling

A pre-stratified rhizobox was used in our study, and the details
of which have been described previously (Yang et al. 2013a).
The soils in the lower zone of the rhizobox were divided into
six sub-layers 0–2, 2–4, 4–6, 6–8, 8–10, and >10 mm (bulk
soil) from the root mat by the pre-stratified nylon net (Fig. S1,
Electronic Supplementary Material).

Four uniform S. alfredii seedlings were transplanted in
one rhizobox. The experiment was carried out in a green-
house, whose temperature and humidity were maintained
at 20/25 °C night/day and 70%, respectively. Soil water
content was adjusted to 70% of WHC by weighing the
rhizobox and adding water from the bottom of rhizobox.
The experiment was conducted with three replicates. After
a 12-month growth, the samplings of plants and soils were
carried out. The harvests involving the sequential removal
of S. alfredii from the upper zone and sub-layer
rhizospheric soils (from 0- to 10-mm distances of the root
mat) and the bulk soil (>10 mm) were sampled. Then, one
portion of the fresh soils was stored at 4 °C, and the
MicroResp analysis was conducted within 1 week after
sampling. One portion was freeze-dried for PLFA analy-
sis. The other portions of soils were air-dried for analysis
of chemical properties.

Soil chemical property analysis

Soil pH was measured in a 1:2.5 (w/v) soil solution after
shaking for 1 h by a pH electrode. Soil labile organic car-
bon (C) or easily oxidizable carbon was measured accord-
ing to Yuan (1963). Briefly, 0.5-g soil was oxidized by
66.7 mmol L−1 K2Cr2O7 at 130–140 °C. After the reaction,
the excess dichromate was determined by titrating against
0.2 mol L−1 FeSO4. Soil Cd was fractionated with the mod-
ified BCR sequential extraction procedure (Pueyo et al.
2008). This procedure can be described as follows: step 1
(BI, exchangeable, and weak acid-soluble fraction): 1-g
soil was extracted with 40 mL 0.11 mol L−1 acetic acid
(v/w ratio = 40:1) by shaking in a shaker for 16 h; step 2
(BII, reducible fraction): the residue from the step 1 was
extracted with 40 mL 0.5 mol L−1 hydroxylammonium
chloride (v/w ratio = 40:1) by shaking in a shaker for
16 h; step 3 (BIII, oxidizable fraction): the residue from
the step 2 was digested with H2O2 at 85 °C followed by
extraction with 50 mL 1 mol L−1 ammonium acetate adjust-
ed to pH 2.0 by shaking in a shaker for 16 h; step 4 (BIV,
residual fraction): the residue from step 3 was digested with
HNO3-HClO4-HF. The total Cd concentration was calcu-
lated as the sum of the previous four steps of Cd concen-
trations. Cd concentrations were determined by the atomic
adsorption spectrophotometer (AAS).

PLFA analysis

The PLFAs were extracted, fractionated, and methylated as
described by Wu et al. (2009). Briefly, the freeze-dried soils
were extracted with a mixture of chloroform/methanol/citrate
(1:2:0.8, v/v/v) buffer on a shaker for 2 h. Then, the obtained
lipids were fractionated on silica-bonded phase columns
(SPE-Si, Supelco, Poole, UK) into neutral lipids, glycolipids,
and phospholipids. The phospholipid fractions were methyl-
ated by mild alkaline hydrolysis. The fatty acid methyl esters
were identified by GC (Agilent N6890, USA) fitted with
MIDI peak identification software (Version 4.5; MIDI Inc.,
Newark, DE). Methyl nonadecanoate fatty acid (19:0) was
added as an internal standard. For each sample, the abundance
of individual fatty acid methyl esters was expressed as
nanomole PLFAs per gram soil. Individual PLFA markers
were used to quantify the relative abundance of specific mi-
crobial groups. Bacterial biomass was represented by the
PLFAs i15:0, a15:0, 15:0, i16:0, 16:1ω7c, 16:1ω9c, i17:0,
a17:0, cy17:0, 17:0, 18:1ω7c, and cy19:0 (Frostegård and
Bååth 1996). Biomarkers i15:0, a15:0, i16:0, i17:0, and
a17:0 were used as markers for Gram-positive bacterial bio-
mass (Zelles 1999). Gram-negative bacterial biomass was de-
termined by using the following PLFAs: 16:1ω7c, 16:1ω9c,
cy17:0, 18:1ω7c, and cy19:0 (Zogg et al. 1997). Fungal bio-
mass was quantified as a sum of the PLFAs 18:2ω6,9c and
18:1ω9c (Myers et al. 2001). Arbuscular mycorrhizal (AM)
fungal biomass was determined according to the PLFA
16:1ω5c (Olsson et al. 1995). Actinomycete biomass was
represented by the PLFAs 16:0 (10Me), 17:0 (10Me), and
18:0 (10Me) (Turpeinen et al. 2004). Protozoan biomass was
estimated on the basis of the PLFA 20:4ω6c (Myers et al.
2001).

Community-level physiological profile (MicroResp™)

Soil microbial community-level physiological profiles were
determined by the MicroResp™ system (Macaulay
Scientific Consulting Ltd., Aberdeen, UK). This approach
uses a colorimetric detection to measure soil respiration in
the presence of different carbon sources (Campbell et al.
2003). Fifteen carbon compounds such as carbohydrates (D-
glucose, D-fructose, D-galactose, L-arabinose, and N-acetyl-
glucosamine), amino acids (L-alanine, arginine, L-lysine, γ-
amino butyric acid, and L-cysteine HCl), and carboxylic acids
(citric acid, malic acid, oxalic acid, lactic acid, and
protocatechuic acid) were used. The substrates used were se-
lected on the basis of carbon sources that are ecologically
relevant to soil especially those produced as root exudates
(Campbell et al. 1997). Basal respiration rate was measured
in wells with only water added. For each soil, three replicates
were employed. The plate was read at 590 nm by using a
microplate reader before and after 6 h of incubation at
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25 °C. The absorbances were normalized for differences re-
corded before and after incubation and then converted to %
CO2 by the calibration curve y = A + B/(1 + D × Ai), where
A = −0.2265, B = −1.606, and D = −6.771. The % CO2 was
converted to microgram CO2-C gram per hour using head-
space volume, soil weight, and incubation time.

Statistical analysis

The data were expressed as mean (n = 3) with standard errors.
One-way analysis of variance (ANOVA) was employed to
determine the statistical differences of the values among soil
samples from different distances of the root mat using SPSS
19.0 (SPSS Inc., USA). The principal component analysis
(PCA) of soil PLFAs and MicroResp™ was performed using
SPSS 19.0. Redundancy analysis (RDA) using Canoco for
Windows 4.5 was used to determine (1) the relationships be-
tween soil microbial community structure and soil chemical
properties (labile organic C, pH, and different forms of Cd
concentrations); for this purpose, the concentrations of total
and different groups (bacterial, Gram-positive bacterial,
Gram-negative bacterial, actinomycete, fungal, AM fungal,
and protozoa) of PLFAs and the microbial indicator ratios
(fungal/bacterial, ratios of Gram-positive to Gram-negative
(GP/GN) bacteria, cyclopropyl PLFAs to their monoenoic pre-
cursors, 19:0 cyclo/18:1ω7c, monounsaturated/saturated
PLFAs) were used as the input data and (2) the relationships
between soil substrate utilization rates and soil chemical prop-
erties (labile organic C, pH, and different forms of Cd concen-
trations). Correlation analysis between soil PLFA properties
and substrate utilization rates and soil chemical properties
using Pearson’s correlation coefficients by SPSS 19.0 were
determined.

Results

Effects of S. alfredii growth on soil chemical properties

The pH value of 0–2-mm sub-layer rhizospheric soil was sig-
nificantly (P < 0.05) decreased than those of 2–10-mm sub-
layer rhizospheric and the bulk soils (Table 1). And the pH
values of 2–4- and 4–6-mm sub-layer rhizospheric soils were
also significantly (P < 0.05) decreased compared to those of
6–10-mm sub-layer rhizospheric and bulk soils.

The labile organic C content of 0–2-mm sub-layer
rhizospheric soil was significantly (P < 0.05) higher than those
of 2–10-mm sub-layers and bulk soils (Table 1). The labile
organic C contents of the 2–4-, 4–6-, and 6–8-mm sub-layer
rhizospheric soils were also significantly (P < 0.05) increased
compared to the bulk soil (Table 1).

The Cd concentrations of the total, BI, and BII fractions in
the 0–2-mm sub-layer rhizospheric soil were significantly

(P < 0.05) decreased compared to those of other sub-layers’
rhizospheric and bulk soils (Table 1). And Cd concentrations
of the total, BI, and BII fractions in the 2–4- and 4–6-mm soils
were significantly (P < 0.05) lower than those in the 6–8- and
8–10-mm sub-layers and the bulk soil (Table 1).

Effects of S. alfredii growth on soil microbial community
structure (PLFA)

The number of individual PLFAs identified in sub-layer
rhizospheric soils ranged from 41 to 60, while only 39 was
detected in the bulk soil (Table S1, Electronic Supplementary
Material). Compared to the bulk soil, some PLFAs were only
found in the 0–2-mm sub-layer rhizospheric soils such as sat-
urated fatty acids: 10:00, i11:0, 11:00, a13:0, a16:0, and i19:0;
hydroxy group fatty acids: 11:0 3OH, 12:0 2OH, 14:0 2OH,
and 16:0 2OH; and unsaturated fatty acids: 15:1ω6c,
16:1ω11c, 18:3ω6c, and 19:1ω9,11c. The concentrations of
total microbes, total bacterial, Gram-positive and Gram-
negative bacterial, actinomycete, fungal, AM fungal, and pro-
tozoan PLFAs in the 0–2-mm sub-layer rhizospheric soils
were significantly (P < 0.05) enhanced compared to those in
2–10-mm rhizospheric and the bulk soils (Fig. 1). The actino-
mycete, AM fungal, and protozoan PLFAs in the 2–4-mm
sub-layer rhizospheric soils were significantly (P < 0.05)
higher than those in the bulk soil (Fig. 1).

The ratios of the taxonomic groupings were calculated
(Fig. 2). The ratio of fungal-to-bacterial (F/B) PLFAs and
monounsaturated to saturated (M/S) PLFAs were significantly
(P < 0.05) increased in the 0–2-mm sub-layer rhizospheric soil
than those in the 4–10-mm sub-layer rhizospheric and the bulk
soils (Fig. 2). The F/B of 2–4-mm sub-layer rhizospheric soil
was also significantly (P < 0.05) increased than that in the
bulk soil. The GP/GN in the 0–2-mm sub-layer rhizospheric
soil was significantly (P < 0.05) decreased than those in 6–10-
mm sub-layer rhizospheric and the bulk soils (Fig. 2).
Cyclopropyl PLFAs to their monoenoic precursors (cy/pre)
and 19:0 cyclo/18:1ω7c in the 0–2-mm sub-layer
rhizospheric soil were significantly (P < 0.05) lower than
those in 4–10-mm sub-layer rhizospheric and the bulk soils.
The cy/pre and 19:0 cyclo/18:1ω7c in the 2–4-mm sub-layer
rhizospheric soil were significantly (P < 0.05) lower than
those of bulk soil (Fig. 2).

The effects of the phytoextraction process on PLFA com-
position were determined by PCA. As shown in Fig. 3, the
first principal component accounted for 46.91%, and the sec-
ond component for 16.4% of the total variation in PLFA pro-
files. The results of PCA suggested that the effects of plant
growth resulted in distance dynamics of microbial community
composition. The PCA results showed that the 0–2-mm sub-
layer rhizospheric soil was separated clearly from the 2–10-
mm sub-layer rhizospheric and the bulk soil by positive PC1
values (Fig. 3a). The 2–4-mm sub-layer rhizospheric soil was
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separated clearly from the 0–2- and 4–10-mm sub-layer
rhizospheric soils and the bulk soil by positive PC2 values
(Fig. 3a). In Fig. 3a, there appeared to be little separation be-
tween 4– 6-, 6–8-, and 8–10-mm sub-layer rhizospheric soils
and the bulk soil. PCA of individual PLFAs (Fig. 3b) showed
that most of the individual PLFAs laid to the right of the plot,
such as the fungal biomarkers (18:2ω6,9c and 18:1ω9c), bac-
terial biomarkers (i16:0, i17:0,18:1ω7c, cy17:0, a17:0, etc.),
Gram-negative bacterial biomarker (16:1ω7c, cy17:0), Gram-
positive bacterial biomarker (i15:0, a15:0, i16:0, i17:0, a17:0),
AM fungal biomarker (16:1ω5c), and some hydroxy group
fatty acids (11:0 3OH, i11:0 3OH). These PLFA biomarkers
all had highly positive loading scores for PC1. This indicated
that these different groups of soil microorganisms were stimu-
lated in 0–2-mm sub-layer rhizospheric soil due to the growth
of S. alfredii. One of the actinobacteria PLFA biomarkers
(10Me18:0) and some hydroxy group fatty acids (12:0 3OH,

i15:0 3OH, and i13: 03OH) laid closely to the center of the
plot. Only few fatty acids (14:0 3OH, 14:0 2OH, 9:0, 11:0 and
i18:0) had negative loading values for PC1.

Influence of S. alfredii growth on soil microbial metabolic
function (MicroResp™)

As shown in Fig. 4, the highest induced respiration rate was
observed after applications of carbohydrates such as D-glucose
and D-fructose and so was the lowest as arginine added. The C
substrate utilization rates for all the tested substrates (except
arginine) of the 0–2-mm sub-layer rhizospheric soil were sig-
nificantly (P < 0.05) enhanced than those of the bulk soil. The
utilization rates for D-glucose, L-arabinose, and L-alanine in
the 2–4-mm sub-layer rhizospheric soils were also significant-
ly (P < 0.05) higher compared to those in the bulk soil (Fig. 4).

Fig. 1 Concentrations of total,
bacterial, Gram-positive (GP)
bacterial, Gram-negative (GN)
bacterial, actinomycete, fungal,
AM fungal, and protozoa PLFAs
of the sub-layer rhizospheric (0–
2, 2–4, 4–6, 6–8, 8–10 mm) and
bulk (>10 mm) soils. Bars
represent standard errors.
Different letters on the error bars
indicate significant differences at
P < 0.05

Table 1 pH, labile organic C, BCR, and total Cd in the sub-layer rhizospheric soils (0–10 mm from the root mat) and bulk soil (>10 mm from the root
mat)

Distances (mm) pH Labile C (g kg−1) BCR Cd (mg kg−1) Total

I II III IV

0–2 5.75 ± 0.02 c 9.37 ± 0.05 a 1.24 ± 0.30 e 2.55 ± 0.49 d 0.57 ± 0.01 a 0.69 ± 0.06 a 5.04 ± 0.82 d

2–4 5.84 ± 0.03 b 8.67 ± 0.07 b 2.24 ± 0.09 d 5.65 ± 0.36 c 0.55 ± 0.01 a 0.70 ± 0.08 a 9.13 ± 0.53 c

4–6 5.84 ± 0.02 b 8.44 ± 0.07 b 3.47 ± 0.28 c 8.40 ± 0.49 b 0.60 ± 0.04 a 0.67 ± 0.07 a 13.14 ± 0.83 b

6–8 5.91 ± 0.02 a 8.03 ± 0.08 c 4.27 ± 0.13 b 9.61 ± 0.25 a 0.56 ± 0.00 a 0.72 ± 0.06 a 15.16 ± 0.39 a

8–10 5.96 ± 0.02 a 7.95 ± 0.09 cd 4.90 ± 0.19 a 10.16 ± 0.25 a 0.61 ± 0.02 a 0.66 ± 0.02 a 16.33 ± 0.38 a

>10 5.96 ± 0.01 a 7.75 ± 0.14 d 4.98 ± 0.25 a 10.27 ± 0.15 a 0.55 ± 0.05 a 0.71 ± 0.06 a 16.51 ± 0.29 a

Values are given as means and standard errors of the mean. Different letters within column indicate that values are significantly different (P < 0.05)
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The results of PCA based on the MicroResp™ data showed
that phytoextraction also resulted in distance dynamics of mi-
crobial carbon utilization rates. As shown in Fig. 5, the first
principal component accounted for 79.19% and the second
component for 6.69% of the total variation in soil carbon utili-
zation rate profiles. In Fig. 5a, the 0–2-mm sub-layer
rhizospheric soil was separated clearly from the 2–10-mm
sub-layer rhizospheric and bulk soils along the first component.
The 2–4-, 4–6-, 6–8-, and 8–10-nm sub-layer rhizospheric soils
and the bulk soil were not clearly separated. In the PCA of C
individual carbon sources, all the 15 carbon sources (except
arginine) and water have highly positive values for PC1
(Fig. 5b). This indicated that the carbon utilization rates for
the carbon sources and water of the 0-2-mm sub-layer
rhizospheric soil could be stimulated by S. alfredii growth.

Relationships between soil PLFAs or metabolic profiles
and chemical properties

To examine the relationships between PLFAs and soil chemical
properties, redundancy analysis (RDA) was performed (Fig. 6).
Eigenvalues of RDA showed that axes 1 and 2 explained 82.6
and 0.6% of the variance of the PLFA data and relationships
between PLFA-chemical properties, indicating that soil micro-
bial PLFAs were strongly correlated with soil chemical param-
eters. Soil labile carbon; pH; and total, BI, and BII fractions of
Cd were significant (P < 0.05) for explaining the variations of
PLFAs. The total, bacteria, fungi, actinomycete, AM fungal,
protozoa PLFAs, M/S, and F/B were significantly (P < 0.05)
and negatively correlated with pH and total, BI, and BII frac-
tions of Cd while significantly (P < 0.05) positively correlated
with labile C (Table S2, Electronic Supplementary Material).

As to the metabolic activity, the eigenvalues of RDA
showed that RDA 1 and 2 explained 72.4 and 3.8% of the

varieties of soil microbial carbon utilization rate profiles
(Fig. 7). Soil labile carbon; pH; and total, BI, and BII fractions
of Cd were significant (P < 0.05) for explaining the variation
of MicroResp data. Substrate utilization rates for the carbon
sources were significantly (P < 0.05) negatively correlated
with pH and total, BI, and BII fractions of Cd (except arginine
and protocatechuic acid) and significantly (P < 0.05) positive-
ly correlated with labile carbon (Table S3, Electronic
Supplementary Material).

Discussion

Effects of S. alfredii growth on soil chemical characteristics

Rhizosphere characteristics play an important role in metal
accumulation of hyperaccumulators, particularly pH and
available organic C (Kwonrae et al. 2010; Alford et al.
2010). A decrease in pH values was found in our study.
Hyperaccumulators could enhance metal solubility via exuda-
tion of organic acids (Fitz and Wenzel 2002). As to Cd
hyperaccumulation, the increase of Cd uptake because of the
decrease of rhizosphere soil pH was reported (McGrath et al.
1997; Wei and Twardowska 2013). However, the controversy
existed in the literature about the effects of hyperaccumulator
growth on rhizosphere pH. For instance, Kwonrae et al.
(2010) reported an increased pH in the rhizosphere of Indian
mustard in the phytoremediation process. Labile organic C
produced by degradation of roots or exudation of organic
compounds may influence the solubility of metals due to for-
mation of metal-C complexes (Otero et al. 2012). Similar to
our study, the increasing of labile C in the rhizosphere of
hyperaccumulators was reported by previous studies (Kim
et al. 2010; Wei and Twardowska 2013). Thus, in this study,

Fig. 2 Fungal/bacterial PLFAs
(F/B), GP/GN bacterial PLFAs
(GP/GN), cyclopropyl PLFAs to
their monoenoic precursors (cy/
pre), 19:0 cyclo/18:1ω7c, and
monounsaturated/saturated
PLFAs (M/S) of the sub-layer
rhizospheric (0–2, 2–4, 4–6, 6–8,
8–10 mm) and bulk (>10 mm)
soils. Bars represent standard
errors. Different letters on the
error bars indicate significant
differences at P < 0.05
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rhizosphere acidification and the increased labile organic C
might be important factors influencing the Cd bioavailability
in soil or uptake by S. alfredii.

The metals extracted by the BCR method of different steps
represent different degrees of bioavailability (Anju and
Banerjee 2010). In this procedure, the first step is considered
as the water soluble, exchangeable, and associated with car-
bonate, the second as Mn/Fe oxide bound, the third as organic
matter bound, and the fourth as metal in the mineral matrix
(Sungur et al. 2014). In this study, after phytoextraction by

S. alfredii, the Cd concentrations of first and second steps had
decreased greatly. The metals extracted at the first step were
considered as the most available forms (Chlopecka 1996). The
decrease of these forms of Cd in the rhizosphere of
hyperaccumulators was frequently reported, such as Thlaspi
caerulescens (Puschenreiter et al. 2003; Dessureault-Rompre
et al. 2010) and Sedum plumbizincicola (Liu et al. 2011; Li
et al. 2014). In rhizospheric soil, the concentrations of metals
rely on the balance between those released from soil and its
uptake by plants. The results of our study indicated that the

Fig. 3 Principal component
analysis (PCA) of PLFA patterns.
a Results present each soil
sample. The sub-layer
rhizospheric soils from different
distances of the root surface were
represented by 0–2, 2–4, 4–6, 6–
8, and 8–10. Bulk is the bulk soil
(>10 mm). b The loadings of the
individual PLFA for PC1 and PC2
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rate of Cd uptake by S. alfredii was higher than the activating
rate of Cd from rhizospheric soil. The reducible fraction (Mn/
Fe oxide bound) is reported to be not easily available for plant
uptake (Wang et al. 2009; Chen et al. 2014). However, in this
study, the reducible fraction of Cd was significantly reduced
after phytoextraction. These results indicated that the ex-
changeable, water-soluble, carbonate, and Fe–Mn oxide-
bound fraction of Cd were the main portions for the uptake
by S. alfredii during phytoextraction.

Effects of S. alfredii growth on soil microbial community
structure

The analysis of PLFAs provides quantitative data on soil mi-
crobial community composition. This approach has been
widely used to determine the shifts in the structure of micro-
bial community response to metal stress (Chodak et al. 2013;
Mackie et al. 2015; Zornoza et al. 2016). The total PLFA
concentration has been used as a measure of soil microbial
biomass (Zelles 1999). In this study, the total and all specified
groups of PLFA concentrations clearly increased in the sub-
layer rhizospheric soils compared to the bulk soil. These were
consistent with previous studies which showed that plant
growth could significantly increase soil PLFAs (Hortal et al.
2013; Yoshitake et al. 2013; Qin et al. 2014). Compared to the
unplanted soil, the presence of surfaces for soil microbial sur-
vival and the organic matters released by roots may lead to
higher microbial populations in the planted soils (Cui et al.
2016). It has been frequently reported that root exudation

stimulated the growth of microorganisms in the rhizosphere
soil (Qin et al. 2014; Ridl et al. 2016). In our study, the extent
of the rhizosphere effects of phytoextraction by S. alfredii on
microbial community pattern could be shown. The PLFA con-
centrations decreased as the distances from the root surface
increased and the 0–2- and 2–4-mm sub-layer rhizospheric
soils were significantly influenced by S. alfredii growth.
PCA also showed that 0–2- and 2–4-mm soils were separated
from 4 to 10 mm and bulk soils. In our previous research, it
was found that soil microbial biomass carbon was changed as
the distances from the root mat varied (Yang et al. 2013a). Liu
et al. (2012) reported that the microbial properties in the
soils at 0–4-mm distance from the root mats were signifi-
cantly different from the non-rhizosphere soil. Soil organic
carbon sources excreted by roots were reported to be vital
in determining the rhizosphere soil microbial compositions
in vegetation process (Tscherko et al. 2004). However, the
stimulation of soil microorganisms by roots is distance-
dependent, owing to the gradual disappearance of root ex-
udates due to radial dilution and microbial consumption.
What is more, phytoextraction by S. alfredii significantly
reduced the available and total Cd of the 0–2- and 2–4-mm
soils, which indicated that the lower concentrations of Cd
might also promote soil microbial growth. This is support-
ed by negative relationships between soil PLFAs and Cd
concentrations.

The ratios of different groups of microbial PLFAs have
been used to detect soil microbial community shifts. And
these ratios could indicate whether specific microbial groups

Fig. 4 Substrate-induced respiration responses for 15 C sources and basal respiration in the sub-layer rhizospheric (0–2, 2–4, 4–6, 6–8, 8–10 mm) and
bulk (>10 mm) soils. Bars represent standard errors (SE). Different letters on the error bars indicate significant differences at P < 0.05
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are favored by the changes of soil conditions (Mitchell et al.
2015). The ratio of F/B or M/S has been used to indicate
environmental change and function of the soil microbial com-
munities (Hinojosa et al. 2005; Strickland and Rousk 2010).
Excessive toxic metals in the soils were reported to exert a
reduction of F/B and M/S (Pennanen et al. 1996; Hinojosa
et al. 2005; Carrasco et al. 2010). The higher value of F/B or
M/S is considered to be indicative for a more sustainable eco-
system and has positive effects on nutrient uptake and reten-
tion (Bossio and Scow 1998; Azarbad et al. 2016). In this

study, the phytoextraction by S. alfredii significantly increased
these ratios in the 0–2 (F/B and M/S) and 2–4 mm (F/B) sub-
layer rhizospheric soils, indicating that phytoextraction allevi-
ates Cd stress on microbial community. In addition, the higher
F/B in rhizosphere might be related to the input of labile
carbon, and the results of correlation analysis supported this.
The increasing of organic carbon is usually followed by an
increasing of fungi biomass. Zornoza et al. (2015) also report-
ed a significant correlation between soil fungal biomass and
organic carbon content.

Fig. 5 Principal component
analysis (PCA) of MicroResp
carbon utilization profiles. a
Results present each soil sample.
The sub-layer rhizospheric soils
from different distances of the
root surface were represented by
0–2, 2–4, 4–6, 6–8, and 8–10.
Bulk is the bulk soil (>10 mm). b
The loadings of the individual 15
carbon sources and water for PC1
and PC2
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The cy/pre, 19:0 cyclo/18:1ω7c, and GP/GN ratios of the
PLFAs have been also commonly used as indicators of envi-
ronmental stress to the microbial community, such as contam-
ination, salt, or nutritional stress (Pennanen et al. 1996; Ying
et al. 2013; Azarbad et al. 2016). The increase of cyclopropyl
fatty acids (such as cy19:0) is an adaptation mechanism of
microorganisms that is induced by metal toxicity (Frostegård
et al. 1993). In our study, the significantly reduced cy/pre and
19:0 cyclo/18:1ω7c in the 0–2- and 2–4-mm soils indicate
low Cd toxicity due to phytoextraction. This is supported by
the positive relationships between these ratios and Cd concen-
trations (Fig. 6). These were in agreement with the finding by
Carrasco et al. (2010) which showed that cyc/prec ratio was

positively correlated to the soluble contents of heavy metals.
Garcia-Sánchez et al. (2015) also reported that cy/pre ratio
was increased under metal stress. In addition, high concentra-
tion of labile carbon from root exudates might also contribute
to this. For example, Qin et al. (2014) showed that cy/pre was
decreased in the rhizosphere soils of Cucurbita species com-
pared to the unplanted soils. In our study, phytoextraction by
S. alfredii decreased the ratio of GP/GN. This result suggested
that the remediation process favored GN bacteria growthmore
than the GP bacteria. Gram-negative bacteria tend to grow
well under substrate-rich conditions and adapt quickly to dif-
ferent environmental conditions (Chang et al. 2016). Garcia-
Sánchez et al. (2015) found that the ratio of GP/GN was

Fig. 6 Biplot of redundancy analysis of the relationships between PLFA and environmental variables (pH, labile organic carbon, and different fractions
of Cd)

Fig. 7 Biplot of redundancy analysis of the relationships between carbon source utilization profiles and environmental variables (pH, labile organic
carbon, and different fractions of Cd)
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significantly increased in metal-contaminated soil, which in-
dicated that GP/GNmight be associated with metal stress. The
results of RDA analysis in our study also support this. The low
ratio of GP/GNwas associated with the high content of organ-
ic C in the rhizospheric soils. The decrease of GP/GN in the
rhizosphere due to phytoremediation was also reported in a
previous study (Wei et al. 2014).

Effects of S. alfredii growth on soil microbial metabolic
functions

The ability to utilize variety of carbons reflects the activity of
mineralization and functioning of a soil (Campbell et al. 2008;
Yao et al. 2011; Ferris and Tuomisto 2015). TheMicroResp™
developed by Campbell et al. (2003) is a method to study the
carbon substrate utilization, which offers a rapid and sensitive
method for the determination of differences in microbial com-
munity function (Creamer et al. 2016; Chapman et al. 2007;
Burton et al. 2010). MicroResp™ has been frequently used to
determine the effects of contaminants such as heavy metals on
soil catabolic functions (Bérard et al. 2014; Kenarova and
Boteva 2015). In our study, microbial catabolic activity mea-
sured by MicroResp™ was strengthened in the sub-layer
rhizospheric soils due to the growth of S. alfredii, which was
consistent with some previous studies. For example,
Stefanowicz et al. (2012) showed that in metal-polluted soil,
plants positively affected soil functional richness and
apparently counteracted the toxic effects of metal
contamination. Similarly, Epelde et al. (2010) reported that
T. caerulescens growth increased the substrate-induced respi-
ration rates in the Zn- and Cd-contaminated soil. These could
be partly explained by the reduction of metal concentrations
due to plant uptake. Numerous studies have indicated that
excessive metals in soil are toxic to microorganisms and the
ecological functions performed by them could be seriously
inhibited (André et al. 2009; Kenarova et al. 2014). Metals
are toxic to microorganisms by replacement of essential
metals, damaging cell membrane and cellular function disrup-
tion (Epelde et al. 2015). Thus, lower catabolic functions of
microorganisms in metal-contaminated soils were well docu-
mented (Boshoff et al. 2014; Klimek et al. 2016). In addition,
carbon resources are considered as the driving force for mi-
crobial density and activity (Burton et al. 2010). Thus, the
higher contents of organic carbon may also contribute to the
increasing of metabolic activity of rhizosphere soil microor-
ganisms. In this study, the highest level of substrate utilization
rates was observed with carbohydrates and the lowest was
arginine. The low substrate utilization rates for arginine were
also reported by Campbell et al. (2008), since the utilization of
arginine requires deaminase activity prior to catabolism. It has
been argued that returning the functions to the contaminated
soils is more important than returning microbial diversity per
se (Setälä et al. 2005).

In this study, the results of pre-stratified rhizobox showed
that soil microbial C utilization rates showed trend of decreas-
ing as the distances from the root mat increased. And 0–2-mm
soil was the main rhizosphere effects of S. alfredii on micro-
bial metabolic activity. In our previous research, we found that
soil microbial activities, as measured by enzyme activities,
decreased as the distance from the root mat increased (Yang
et al. 2013a). As shown by RDA analysis, labile C, pH, and
Cd concentration explain most of the variations in metabolic
activity. Thus, the distance-dependent variations of soil prop-
erties such as labile C, pH, and Cd concentration may result in
the distance-dependent variations in microbial metabolic
activity.

Correlations between soil PLFAs or metabolic functions
and chemical properties

The pH is considered as one of the most important drivers for
microbial community composition (Rousk et al. 2010;
Zornoza et al. 2015, 2016). In this study, negative relation-
ships between total or specific groups of PLFA concentrations
and pH were found. This result is consistent with the result
observed by Ge et al. (2013), which showed that total,
bacterial, and fungal PLFAs were significantly and
negatively related to pH. Zornoza et al. (2015) found that
fungal growth decreased with increasing pH, despite the high
availability of metals at low pH. However, the issue regarding
the relationship between microbial and pH was controversial.
For instance, Chodak et al. (2013) reported that some PLFA
biomarkers of Gram-negative bacteria (16:1ω9, 18:1ω9t,
cy17:0) were more abundant in soils with higher pH while
others (βOH14:0, 18:1ω9t, cy17:0) were more abundant in
lower pH. Rousk et al. (2010) showed that the bacteria bio-
mass was positively correlated to soil pH while fungi were
unaffected by pH. One possible explanation for the apparent
disparity between different studies lies in the different soil
environments. Soil microorganisms are usually carbon limit-
ed, and it has been reported that the contents of available
carbon are vital for soil microbial community when nutrients
are limited (Huang et al. 2015). In this study, during S. alfredii
growth, the secreting of plant-derived C such as organic acids
may benefit microbial population’s rapid growth in the rhizo-
sphere soil. The positive relationship between labile C and
PLFA concentrations supported this point. Similarly, a posi-
tive relationship between Gram-negative bacterial PLFAs, ac-
tinomycete, protozoan PLFAs, and soil labile C which are
decomposed from shoot and root litter was reported by
Breulmann et al. (2012). Mackie et al. (2015) also reported
that soil bacterial PLFAs were positively correlated to extract-
able organic C. Heavy metals could severely restrain microbi-
al growth, because of their known toxicity to microorganisms
at high concentrations (Singh et al. 2014). The negative rela-
tionships between PLFAs and Cd concentrations found in our
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study were consistent with previous studies (Chodak et al.
2013; Yang et al. 2013b). The phytoextraction reduced avail-
able Cd, which alleviate the Cd toxicity and provide a better
living condition for the soil microorganisms. Thus, the in-
creased PLFAs of the sub-layer rhizospheric soils might be
partly explained by decreasing of Cd concentrations caused
by the uptake of S. alfredii.

It has been previously reported that plant cover is a key
driver of soil microbial community activity (Breulmann et al.
2012). The change of soil microbial catabolic activities in re-
vegetation was reported to be regulated by the dynamics of soil
abiotic conditions (Yu et al. 2016). In our study, significant
relationships were found among soil microbial carbon utiliza-
tion rates and soil chemical properties (pH, total and available
Cd, labile C) in the rhizosphere of S. alfredii. Soil pH is fre-
quently reported to be a strong factor linked to soil microbial
catabolic function in previous studies, such as Zhou et al.
(2012) and Gartzia-Bengoetxea et al. (2016). Soil labile C
comprises the most available sources for microorganisms,
and many studies have revealed that soil microbial metabolic
activities are strongly influenced by available carbon substrates
(Burton et al. 2010; Tian et al. 2015). Similarly, in our study, it
was found that microbial C utilization rates positively correlat-
ed with soil labile C content in the rhizosphere. This indicated
that labile C secreted by S. alfredii might benefit soil microbi-
ota and stimulate the activity of microbial community. The
rhizospheric soils have higher levels of labile organic C, there-
fore supporting higher levels of microbial activity.
Furthermore, negative correlations among soil microbial C uti-
lization rates and Cd concentrations were found in our study,
which indicated that the increasing of microbial activities
might be also related to the decreasing of soil Cd concentra-
tion. High amounts of soil metals could damage proteins or
disrupt cell membranes of microorganisms and thus negatively
inhibit microbial activity (Leita et al. 1995). Yang et al. (2006)
showed that both BI and BII Ni fractions were mostly respon-
sible for shift of the soil microbial community-level physiolog-
ical profiling. Kenarova et al. (2014) also reported that the
carbon utilization rates of microbial communities were corre-
lated significantly negatively with Cu, Zn, and Pb. In our study,
the strong relationships between microbial metabolic profiles
and total, B1, and B2 fractions of Cd addressed the important
role of metal dynamic played during phytoextraction.

Conclusions

Phytoextraction by S. alfredii significantly decreased the ex-
changeable, water-soluble, carbonate, and Fe–Mn oxide-
bound forms of Cd in the 0–6-mm sub-layer rhizospheric soils
compared to the bulk soil. The utilization rates for 14 carbon
sources of soil microbial community were enhanced, as well
as the phytoextraction increased the individual numbers and

contents of total and specific groups of PLFAs and changed
the structure of soil microbial communities in the sub-layer
rhizospheric soils. The rhizosphere effects of S. alfredii
growth onmicrobial community structure and metabolic func-
tions were decreased as the distances from root surface in-
creased, and the 0–2 mm was its mainly influence scope.
The PLFA contents and substrate utilization rates were nega-
tively correlated with pH and total, acid-soluble, and reducible
fractions of Cd, while positively correlated with labile carbon.
In conclusion, phytoextraction by S. alfredii changed the
chemical properties and decreased available Cd contents of
the rhizospheric soils. Microbial community structure was
changed, and metabolic activities were enhanced. The dis-
tance dynamics of microbial community in the rhizospheric
soil were related to the changes of pH, concentrations of avail-
able Cd, and labile carbon.
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