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Abstract

Aims This study is aimed to investigate the efficiency of
plant growth-promoting (PGP) strategies of Enterobac-
ter sp. strain EG16 under metal stress and its potential
application in phytoremediation.

Methods Production of siderophores and indole-3-acetic
acid (IAA) by EG16 were assessed in a hydroponic system
in which Hibiscus cannabinus was grown with different
concentrations of Cd and Fe. A pot experiment was also
carried out to evaluate the practical effect of EG16 on
H. cannabinus growth and remediation efficiency.
Results Inoculation with EG16 significantly improved
plant growth, probably as a result of increased plant
uptake of Fe and immobilization of Cd**, which resulted
in decreased plant accumulation of Cd. Increased pro-
duction of siderophores by EG16 in response to Cd
exposure appeared to be the PGP strategy functioning
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in the EG16—-H. cannabinus association. The bacterial
Cd response system promoted plant and bacterial uptake
of Fe, alleviated Cd-induced inhibition of bacterial TAA
production, and potentially assisted in metal immobili-
zation in the rhizosphere.

Conclusions The EG16—H. cannabinus association
may be useful for phytostabilization, as it exhibits good
plant growth, low plant accumulation of metals, and
reduced metal bioavailability in soil.

Keywords Enterobacter sp. EG16 - Plant growth-
promoting strategy - Siderophore - Metal contamination -
Hibiscus cannabinus - Phytostabilization

Introduction

Plant growth-promoting rhizobacteria (PGPR) are soil
bacteria that are able to colonize the surface of the root
system (and sometimes the root inner tissues) and stim-
ulate the growth and health of the plant through several
direct and indirect mechanisms (Vacheron et al. 2013).
PGPR can enhance plant nutrition and improve plant
growth via N, fixation, production of siderophores and
plant growth hormones such as indole-3-acetic acid
(IAA), phosphate solubilization, and reduction of
ethylene levels in plants by 1-aminocyclopropane-1-
carboxylic acid deaminase (Glick 2005; Habibi et al.
2014; Richardson and Simpson 2011; Vacheron et al.
2013). Some PGPR have been reported to help plants
withstand abiotic stresses, including heavy metal
toxicity, as well as to promote plant growth in heavy
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metal-contaminated soils (Belimov et al. 2005;
Prapagdee et al. 2013; Tak et al. 2013). As a result, the
combination of plants and PGPR has been considered an
important component in phytoremediation of heavy
metal- contaminated soil (Khonsue et al. 2013; Ma
et al. 2011; Rajkumar et al. 2012; Sessitsch et al. 2013).

However, the practical effect on plant growth of PGPR
is affected by environmental metal concentrations.
Belimov et al. (2005) reported that stimulation of the root
length of Brassica juncea VIR3129 seedlings by several
plant-associated bacteria was more pronounced in the
presence of Cd. Tripathi et al. (2005) inoculated mung
bean with the Pb- and Cd-resistant siderophore-produc-
ing Pseudomonas putida strain KNP9 and observed
stronger growth-promoting effects in the presence of Pb
and Cd than in the control that lacked added metals.
Furthermore, Remans et al. (2012) observed plant growth
promotion by PGPR only in the case of Cd stress, and
proposed that the plant-associated bacteria may possess
stress-relieving characteristics and thus promote plant
growth only under stress conditions. Understanding the
effect of environmental factors such as metal stress on the
characteristics of PGPR and the practical effect of such
factors on plant growth is of great importance for a better
application of PGPR in phytoremediation.

Phytoremediation using proper plant-microbe consor-
tia to enhance extraction (phytoextraction) or stabilization
(phytostabilization) of metals has been proven to be a
reliable and sustainable approach for the cleanup of
metals and restoration of soil quality (Hao et al. 2015).
However, interactions between plants, PGPR, and heavy
metals may greatly affect the efficiency of
phytoremediation. The bioavailability of soil heavy
metals to plants can be influenced by soil factors, includ-
ing plant root exudates and microbial activities (Brown
et al. 1999; Traina and Laperche 1999). For survival and
adaption under metal-stressed conditions, PGPR have
developed a range of mechanisms by which they can
immobilize, mobilize, or transform heavy metals, thereby
rendering them inactive and nontoxic for their own de-
velopment (Nies 1999; Tak et al. 2013) and resulting in
either enhanced or repressed metal transfer from soil to
plant (Phieler et al. 2014). Hence, specific plant-PGPR
associations and the mechanisms involved in their inter-
actions need to be carefully selected and tested before
they are applied in the field, in order to successfully
establish different phytoremediation systems (Phieler
et al. 2014). At present, research on the interactions of
plants, PGPR strains, and metals is still limited.
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Enterobacter sp. EG16 is a Cd-resistant strain isolat-
ed from the rhizosphere of H. cannabinus growing in a
multi-metal polluted mine tailing by our laboratory
(Guangdong Provincial Key Lab of Environmental Pol-
lution Control and Remediation Technology, Sun Yat-
sen University, Guangzhou, China). It was shown to
accumulated Cd by both surface biosorption and intra-
cellular accumulation, and was able to produce
siderophore enterobactin and plant hormone IAA
(Chen et al. 2016). However, its ability to promote plant
growth under conditions of metal stress and its practical
effect on phytoremediation has not been studied.
H. cannabinus has been suggested to apply in
phytostabilization due to its fast growth and high metal
tolerance (Banuelos et al. 1997; Mun et al. 2008; Taiwo
et al. 2016; Yang et al. 2013). In this work we re-
inoculated the EG16 strain to the rhizosphere of
H. cannabinus and investigated the effect of Cd on the
plant growth promoting (PGP) traits of EG16 as well
as the role of EG16 in phytostabilization with
H. cannabinus. Based on the results of our previous work,
we hypothesized that: (1) Cd-induced siderophore pro-
duction is an effective PGP strategy used by plant-EG16
associations in a Cd-polluted environment; and (2) EG16
would be a suitable candidate to assist with H. cannabinus
in phytostabilization of Cd-polluted soils.

Materials and methods
Bacterial strain and growth conditions

The Cd-resistant bacterium Enterobacter sp. EG16 was
isolated from the rhizosphere of Hibiscus cannabinus
growing in multi-metal polluted tailings in Dabao
Mountain, Guangdong, China (Chen et al. 2016). It
has been deposited in the Guangdong Culture Collec-
tion Centre of Microbiology with the strain number
GIMCC1.808, and a partial sequence of its 16S rRNA
gene (1377 bp) was deposited in the GenBank database
(accession no. KP406619). EG16 was maintained at
30 °C on solid nutrient broth (peptone, 1 %; beef extract,
0.5 %; sodium chloride, 0.5 %; agar, 20 %). For root
inoculation, cells were grown in fresh liquid nutrient
broth (peptone, 1 %; beef extract, 0.5 %; sodium chlo-
ride, 0.5 %) for 12 h at 30 °C, collected by centrifugation
at 8000 rpm and 4 °C for 10 min, washed twice with the
hydroponic nutrient solution (Guoqing et al. 2006), and
resuspended in the same solution to get an ODgg of 1.0,
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corresponding to a viable cell number of approximately
3.8 x 10 CFUmL ™.

Hydroponic experiment

The hydroponic nutrient solution was prepared by the
method of Guoging et al. (2006) with modifications.
Four stock solutions were prepared as following: solu-
tion A contained 0.15 M Ca(NOj3), -4H,O and 0.5 M
KNOs, solution B contained 0.1 M (NH4)H,PO, and
0.1 M MgSOy, solution C contained 0.1 M NaCl, 0.02 M
H3BO3, 5 mM MHSO4'H20, 0.4 mM ZHSO4'7H20,
0.2 mM CuSO45H,0 and 0.05 mM
(NH4)¢Mo070,4°4H,0], and solution D contained
0.05 M EDTA-FeNa. For the seedling cultivation stage,
the hydroponic nutrient solution 1 (NS1) consisted of
solutions A, B, C, and D diluted 200, 200, 1000, and
1000 times, respectively. For the experiment with dif-
ferent Fe and Cd concentrations and bacterial inocula-
tion, the hydroponic nutrient solution 2 (NS2) consisted
of solutions A, B, and C diluted 100, 100, and 500
times, respectively. Both solutions (NS1 and NS2) were
adjusted to a pH of 4.5 and filter sterilized (0.2um
cellulose acetate filtration membrane, Sartorius Stedim
Biotech, Germany) before use.

H. cannabinus seeds were surface sterilized using
10 % H,0, for 30 min and then soaked in sterile
deionized water for 2 h. Sterilized seeds were incu-
bated on the same solid nutrient broth medium men-
tioned above for 24 h to verify sterilization efficien-
cy. Seeds were then placed on filter paper in sterile
glass Petri dishes containing 6 mL sterile deionized
water and germinated at 25 °C in the dark for 2 days.
Germinated seedlings were moved to sterile trays
containing a mixture of perlite and vermiculite, pro-
vided with the hydroponic nutrient solution 1 (NS1),
and incubated at 25 °C and 70 % relative humidity
with 16 h photoperiod and 140 pumol m 2 s light
intensity. The hydroponic solution was continuously
aerated and renewed every 4 days.

Seven days later, perlite and vermiculite were washed
from the roots, and four uniformly grown seedlings
were transferred to each sterilized vessel containing
500 mL NS2 with varying concentrations of Fe and
Cd. Fe was supplied as FeCl; at final concentrations in
the hydroponic system of 0, 50, 100, and 150 pM, and
Cd was added as CdCl, at final concentrations of 0 and
100 M. Metal solutions were filter sterilized (0.22-um
filter, Micro PES, MEMBRANA, Germany) before

addition. Eight metal treatments were set up as follows:
No metal, Cd100, Fe50, Cd100 + Fe50, Fe100, Cd100 +
Fel00, Fe150, and Cd100 + Fel50. All metal treatment
solutions received an addition of 5 mL of bacterial
suspension (ODgoo = 1.0) or 5 mL sterile deionized
water (uninoculated control, CK). Each treatment was
replicated 4 times. The hydroponic experiment was
conducted in a greenhouse at 25 °C and 70 % relative
humidity with 16 h photoperiod and 140 pmol m 2 s
light intensity. The hydroponic solution was renewed
every 3 days. Plants were harvested after 30 days of
growth under the experimental conditions.

Production of siderophores and IAA in the hydroponic
experiment

For quantification of siderophores in the hydroponic
systems, 5 mL of nutrient solution was collected at 24,
48, and 72 h, and the OD¢gy was measured. After
centrifugation at 10,000 rpm for 10 min (4 °C), the
supernatant was collected by filtration using a 0.22-um
filter Micro PES, MEMBRANA, Germany). For detec-
tion of siderophore (Dimkpa et al. 2008a), the filtered
solution was mixed with chrome azurol S (CAS) indi-
cator solution (1:1, v/v) prepared by the method of
Alexander and Zuberer (1991). After a 60-min reaction
period, absorbance was measured at 630 nm using the
UV-visible spectrophotometer (UV2450, Shimadzu, Ja-
pan). Treatments without bacterial inoculation were
used as controls. Deferoxamine mesylate (DFOM, Sig-
ma, US) was used to prepare a standard curve
(Alexander and Zuberer 1991). Each treatment was
conducted in 4 replicates.

For estimation of IAA production, 1 mL of superna-
tant collected in the previous section was mixed with
4 mL Sackowski’s reagent (Patten and Glick 2002) and
placed at room temperature (25 °C) for 20 min before
absorbance at 535 nm was measured. The concentration
of IAA was determined by comparison with a standard
curve made using an IAA standard (Sigma, US). Each
treatment was conducted in 4 replicates.

Bacterial growth in the hydroponic systems

Root colonization by the isolate was determined by the
method of Hossain et al. (2008) and Islam et al. (2016)
with some modifications. After bacterial inoculation for
72 h, roots were harvested randomly from plants of each
hydroponic system, washed with running tap water,
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rinsed three times in sterilized distilled water, and blot-
ted dry. Then 0.1 g of dried root was cut into pieces and
homogenized in 1 mL of the nutrient solution of each
hydroponic system. Serial dilutions were prepared on
nutrient broth plates and incubated at 30 °C. The num-
ber of colony-forming units (cfu) per milliliter root
suspension was determined after 48 h of incubation.
Roots in treatments without bacterial inoculation were
harvested and treated similarly as the controls. Each
treatment was replicated 4 times.

EG16-associated phytoremediation pot experiment

Soil used in the pot experiment was collected from the
South China Agricultural University (unpolluted soil)
and the multi-metal polluted mine tailings in Dabao
Mountain, Guangdong, China (metal polluted soil).
The soil was air dried and sieved (2 mm) to remove
stones and plant materials. Soil physicochemical prop-
erties and total heavy metal concentrations are listed in
Table S1. H. cannabinus seeds were pretreated as in the
hydroponic experiment and sown in plastic pots con-
taining 1 kg of polluted or unpolluted soil. Two-week-
old H. cannabinus seedlings were treated by soaking
with 10 mL bacterial suspension (ODgo = 1.0) or sterile
deionized water (bacterial control) and then grown for
30 days before harvest. Plants were grown in a glass-
house at 25 °C with a photoperiod of 16 h. Pots con-
taining soil with and without bacterial inoculation but
without plants served as plant controls. The soil was
moistened with sterile deionized water and maintained
at a moisture content or 60 %. Each pot containing 7 of
H. cannabinus seedlings was defined as one replicate,
and each treatment was performed in 7 replicates.

Growth and Cd/Fe uptake of H. cannabinus

Plants in both the hydroponic and pot experiments were
carefully harvested and rinsed thoroughly with sterile de-
ionized water. For the pot experiment, total number of
leaves and total shoot height in each pot were recorded,
and several parameters of the root were measured using a
WinRHIZO (Epson Perfection V700 Photo Scanner,
Epson, Japan). After the fresh weight of both roots and
shoots was obtained, plants were heated at 105 °C for 2 h
and then dried at 60 °C for 48 h before dry weight was
determined. Heavy metals accumulated in the plants were
extracted by digestion (4:1, HNO3/HCI1Qy,,), and
concentration of Fe and Cd were determined by
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inductively coupled plasma optical emission spectrometry
(ICP-OES, Optima 5300 DV, Perkin-Elmer Instru-
ments, USA). Each treatment in the hydroponic
and pot experiments was conducted in 4 and 7
replicates, respectively.

Bioavailability of heavy metals in soil

The bioavailability of heavy metals in the pot experi-
ment was assessed by a one-step soil extraction proce-
dure using NH4NOj; (Gupta and Sinha 2007;
Symeonides and McRae 1977). In detail, 10 g of soil
was added to 50 mL of 1 M NH4NO; and shaken for 2 h
at room temperature. The mixture was filtered, and
metal concentrations in the filtrate were estimated using
ICP-OES (Optima 5300 DV, Perkin-Elmer Instruments,
USA) and Polarized Zeeman Atomic Absorption Spec-
trophotometer (AAS, Z-5000, HITACHI, Japan). Each
treatment was performed in 7 replicates.

Evaluation of phytostabilization potential

The phytostabilization potential was evaluated by the
bioconcentration factor (BF) and the translocation factor
(TF). According to Mendez and Maier (2008), BF is
defined as the ratio of the metal concentration in shoot
tissue to that in the soil, whereas TF is the ratio of metal
concentration in the shoot to that in the root.

Results
Bacterial growth in the hydroponic systems

Growth of EG16 in the 8 metal treatments was deter-
mined 72 h after inoculation. As shown in Table 1,
bacterial growth was enhanced with increased Fe supply.
Addition of Cd significantly inhibited bacterial growth in
the treatment without Fe supply (independent-samples -
test, P < 0.05, Table 1). However, in treatments supplied
with Fe, there was no significant effect of 100 ud/ Cd on
the growth of the strain EG16 (Table 1).

Effect of Cd on bacterial siderophore and IAA
production

As shown in Table 1, the unit output of siderophore by
EG16 at 72 h was decreased with increasing Fe, while
was induced by Cd addition in treatments containing no



207

Plant Soil (2017) 413:203-216

(Z pue [ "S31] Ul UMOYS ] 7/ JO BIEP MBI OUIES ) WO} PAJR[NI[ed 219m 9D Jo uononpoid yy] pue a1oydoroprs)

‘ds F ueow se pake[dsip oxom eje(q A[oanoadsar ‘9 M (G pue ‘001 ‘0S SuruIeIuod UL} 91BIIPUL ()G9 PUL ‘0014 ‘0S°d PO AM 001 Sururejuod spusuear) sAJedIpul OO pPD
‘(4 = u) 159}~ sojdwres-juopuadopur Aq ‘A[0AR0adSaI “S[OAS] T00°0 PUB T0°0 ‘S0O"0 AU I8 sjusumean pD M (0] Y} PU. P 0I0Z Y} USIMIAq SOIUISIP JULITUSIS OJLIIPUL 44y PUB 4y 4

[0A9]
wok wk * QouBOIUTIS
800 F8I'0 9CTOFELO 61'0FO0LO PN 0I'0FL9°0 ITOF9TLT 800FCTLT 800 F0C°LT 6L'LF0S' I 0SI°d+ 001PD
800 F S0 LTOFI0T 6S0F 69T 8S0FHE'L €00 F LSO OO0 TFII9C LLOFO099C LLOF699C 0V’ € F 0€9% 0s1od
[oA9]
ok Hok ok * QouBdYIUSIS
SO0F 610 ¥I'0OF880 6I'0FILO PN SIOFEO'T 9V TFSS6V 660 F 6697 9¢°1 FL6VY SY'SFO0SLYy 00124+ 001PD
SO0F8Y0 €I'0OFCET YTOFERT 0CTOFOC] 600 F 6’0 OVCFVTSY vL'1F8SYy 880F 9T 69'S F 0S8y 00T°d
[oA9]
wk wk % * * 2oueoyIusIg
CS0F 88T LEOFIOT 800F8I'T LI'OFO0'L POOF S8 OI'CFVY6S TI'CF8SES LV F806Y 6£0F 869 0S°d+00IPD
80 F68'S €COFCEY €C0F8IT OI'0FVI'L €9°0F90L TOCFOLILS LI'SFSOO6Y CTTFVELY WoFCeL 0594
[0A9]
% * ok ok * 0UBOYIUSIS
PI'9F 0881 CTOF6IT S8COFLI'T PN ESELFTI0S 960 F0I'6S LO'TFITLS ¥TTFIQIS SE0F ST 001PD
CCEFOIVL ITOFHIE TSOFEIT 9TOFLI0 SOV FOOVYC €V OFBI'SS BTTFESSS IV EFOTH oFOET [elow ON
((,_rgo) Jowrt . 01) ((,_1go) oA 1owr ¢ 01)
Y gL ¥ jo ndino jun YL Y8y uvc Y gL e jo yndimno jup Uzl Y8y yvc
(,_Twngo 01)
(M) uononpoid yy] Jo Junowe [e0], (yuoreamba NOJQ M ) uononpoid a1oydoIapig Jo Junowe [e10], yImoI3 [eroeg Slieliaig

Y 7/ 10J uonenoour 1oye 9, pue pD jo Aejdiajur oy 1opun w)sAs oruodoIpAy e ur 91HF jo uononpoid vy pue ‘uononpoid aroydoraprs ‘Ymoin) | JqeL

pringer

NS



208

Plant Soil (2017) 413:203-216

Fe and low Fe (50 uM) supply (independent-samples #-
test, P < 0.05). For the total amount of siderophore in the
hydroponic systems (Table 1), treatments with lower Fe
supply similarly showed a higher amount of siderophore
after bacterial inoculation for 72 h. Notably, the induc-
ing effect of Cd on siderophore production was also
more pronounced in the treatment with lower Fe supply
(0 uM, P < 0.01; 50 and 100 uM, P < 0.05).

The unit output of IAA by EG16 similarly decreased
with increasing Fe (Table 1). Exposure to Cd conversely
led to a significant decrease in IAA production by EG16
except in the treatment without Fe supply (Table 1).
After inoculation for 72 h, the total amount of IAA in
the hydroponic systems was reduced by 30, 54, 62 and
65 % under Cd exposure in the treatments containing 0,
50, 100, and 150 pM Fe, respectively (independent-
samples #-test, P < 0.01, Table 1).

Fig.1 Effects of inoculation with Shoot biomass (g pot”)
6-

EG16 on the growth of *
H. cannabinus. (a-d) plant 54
growth in treatments containing 0, "

50, 100, and 150 uM Fe,
respectively, in the hydroponic
experiment; (e) plant growth in
unpolluted and polluted soils in
the pot experiment; P indicates 0

Effects of bacterial inoculation on plant growth

In the hydroponic experiment, inoculation with EG16
severally promoted significantly plant growth in 0, 50
and 100 uM Fe treatments (independent-samples #-test,
P < 0.05 or P <0.01), except the shoot biomass of the
Cd-free treatment with 100 uM Fe (P > 0.05 Fig. la—c).
When Fe concentration increased to 150 puM, the EG16
strain showed no PGP effect (P > 0.05, Fig. 1d). In Cd-
free treatments, bacterial inoculation increased shoot
biomass by 9 (0 uM Fe) and 15 % (50 uM Fe), and root
biomass by 8, 16, and 11 % in the 0, 50 and 100 pM Fe
treatments, respectively (P < 0.05 or P < 0.01). Interest-
ingly, the PGP effect of EG16 was even stronger in the
Cd-added treatments, with increases in shoot biomass of
22, 38, and 11 % and in root biomass of 16, 43, and
13 % in the 0, 50, and 100 uM Fe treatments,

PS Shoot biomass (g pot ")
( a) =

A . (b)

%

[ PES
{222 PER

ok

treatments cultivated "
H. cannabinus without bacterial
inoculation, PE indicates
treatments cultivated

H. cannabinus inoculated with Shoot biomass (g pot")
the EG16 (plant + EG16); *, **, 1
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respectively (P < 0.05 or P < 0.01). However, addition
of 150 uM Fe inhibited plant growth, and bacterial
inoculation did not improve it in this case.

In the pot experiment as well, the PGP effects of
EG16 were stronger under conditions of high metal
exposure. In the metal polluted soil, inoculation in-
creased shoot and root biomass by 13 and 40 %,
respectively (independent-samples #-test, P < 0.001),
while the corresponding increases in the unpolluted
soil were 10 and 37 % (P < 0.01, Fig. le). Results for
some other parameters of plant growth also reflected a
stronger PGP effect of EG16 under heavy metal stress
conditions (Table S2).

Cd and Fe accumulation in H. cannabinus

Results from the hydroponic experiment showed that
H. cannabinus with lower Fe supply has an increased

Fig. 2 Effect of inoculation with
EG16 on uptake of Fe and Cd by
H. cannabinus in the hydroponic
experiment. Fe concentration (a,
b) and Cd concentration (d, e) of
root and shoot, respectively. Total
amount of Fe (¢) and Cd (f) in
plant of each pot. P indicates
treatments cultivated

H. cannabinus without bacterial
inoculation, PE indicates

- ¢ (DW of root))

Fe concentration in root

treatments cultivated Fe0
H. cannabinus inoculated with

the EG16 (plant + EG16). *, **, 301

and *** indicate a significant

difference between the P and PE 2

treatments at the 0.05, 0.01, and
0.001 levels, respectively, by
independent-samples #-test.
Means not sharing the same letter
are different at the 0.05 level by 0.
one-way ANOVA with Duncan’s | THl

Fe concentration
(g Feg' (DW

correction (n = 4). Error bars
indicated the standard deviation i

(created by Origin 8.0)

600

Fes0 Fel00 Fel50

Fe concentration when inoculated with the EG16
strain, no matter whether there was Cd addition
(one-way ANOVA, P < 0.05, Fig. 2a, b). As for total
amount of Fe in the plant, Cd addition significantly
inhibited plant Fe uptake in treatment with 0, 50 and
100 uM Fe supply (one-way ANOVA, P < 0.05,
Fig. 2¢). Bacterial inoculation contributed to improve
plant Fe uptake in all the Cd-added treatments, with a
72 and 106 % increase in treatment with 0 and 50 pM
Fe supply, respectively, and a reduced effect (only 40
and 53 % increase of Fe uptake) on higher Fe supply
treatments (100 and 150 uM Fe) (one-way ANOVA,
P <0.05, Fig. 2¢). By contrast, both Cd concentration
and total Cd amount in H. cannabinus were signifi-
cantly reduced in Cd-added treatments containing 50
and 100 uM Fe when inoculated with EG16 (inde-
pendent-samples #-test, P < 0.05 or P < 0.01, Fig. 2d—
f). In the treatments with EG16 inoculation, the total
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Cd amount in plant decreased with increasing Fe
supply (Fig. 21).

Since the contaminated soil used in the pot experi-
ment was multi-metal polluted and contained excessive
levels of Pb, Zn, Cu, and Cd (Table S1), plant accumu-
lation of Pb, Zn, and Cu was measured in addition to that
of Cd and Fe. As shown in Table 2 and Table 3, EG16
inoculation significantly reduced the concentration and
the total amount of Pb, Zn, Cd in H. cannabinus culti-
vated in the metal polluted soil (independent-samples #-
test, P < 0.05, 0.01 or 0.001), whereas plant Cu accu-
mulation was unaffected by bacterial inoculation
(P > 0.05). As for Fe, bacterial inoculation promoted
Fe uptake in plants growing in the unpolluted soil
(P < 0.05) while having no significant effect on those
in the metal polluted soil (P > 0.05).

Effect of strain EG16 on Cd bioconcentration
and translocation factors

The bioconcentration factor (BF) and translocation
factor (TF), indices for identifying suitable
phytostabilization plant candidates and restricting metal
accumulation in the aerial parts of plants and safeguard
their economic use (Mendez and Maier 2008), were
calculated for the metal polluted soil in pot experiment.
Results showed rather low BF and TF values (0.02 to
0.44, Table 4) in H. cannabinus cultivated in the metal
polluted soil. Inoculation with EG16 resulted in a further
decrease in the BF values of Pb, Zn and Cd, and TF
values of Zn and Cd (independent-samples ¢-test,
P < 0.05, 0.01 or 0.001, Table 4).

Bioavailability of heavy metals in soil

The mobility of metals and their bioavailability affect
their eco-toxicity to plants and depend strongly on their
specific chemical forms. Thus, it is important to predict
bioavailable metals rather than the total metals in con-
taminated soil in order to assess their toxic effects and
the environmental quality of contaminated soil. (Gupta
and Sinha 2007). In the pot experiment of this study, the
bioavailability of metals was defined through a one-step
soil extraction procedure using NH4NOj3 solution
(Gupta and Sinha 2006; Gupta and Sinha 2007) Both
cultivation of H. cannabinus and inoculation with EG16
resulted in significant reductions in the bioavailability of
Pb, Zn, and Cd, especially in the metal polluted soil
(one-way ANOVA, P < 0.05, Table 5). H. cannabinus
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cultivation also was effective at immobilizing Cu in the
metal polluted soil (P < 0.05, Table 5).

Discussion

PGPR colonizing the rhizosphere of plants play impor-
tant beneficial roles that directly or indirectly influence
plant growth and development (Gerhardt et al. 2009;
Glick et al. 1999; Islam et al. 2016). In the current study,
a PGPR strain, Enterobacter sp. EG16, was re-
inoculated to the rhizosphere of H. cannabinus and
was observed to significantly improved the growth of
H. cannabinus. Interestingly, its PGP effect was more
pronounced in metal-polluted conditions (Fig. 1 and
Table S2). Some other PGPR strains were found simi-
larly to present a better PGP performance under metal
stress (Belimov et al. 2005; Tripathi et al. 2005). Other
researchers have described bacterial strains that show
PGP effects only in the presence of metals (Remans
et al. 2012; Xu et al. 2015). Finally, there have been
reports of bacterial strains that exhibit PGP traits in
metal-free physiological and biochemical tests while
failing to promote plant growth in a metal contaminated
environment (Becerra-Castro et al. 2012; Belimov et al.
2005; Guo and Chi 2014). In addition, some metals
were observed to have active or negative effects on
different PGP traits of PGPR strains (Gaonkar and
Bhosle 2013; Kamnev et al. 2005; Schalk et al. 2011).
These results indicated that the effective PGP strategies
and the actual PGP effect might be quite different in the
interactions between different plants, bacteria, and
metals, which would greatly influence the final remedi-
ation efficiency of PGPR-associated phytoremediation.
However, studies on the interactions and mechanisms
behind such an associated system are limited. Accord-
ingly, this study devoted to understanding the function-
ing PGP strategies as well as the actual effect of the
EG16 strain in the metal-exposed EG16-H. cannabinus
association in order to optimize this PGPR-associated
phytoremediation.

Production of IAA and the siderophore enterobactin
were the only two potential PGP strategies that EG16
possessed (Chen et al. 2016). Production of siderophore
is reported as one of the most common bacterial strate-
gies for acquisition of iron under Fe-limited conditions
(Rajkumar et al. 2010). Actually we did observe in-
creased siderophore production by EG16 with the re-
ducing Fe supply (Table 1 and Fig. 1). Beyond the effect
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Table 3 Total amount of metals in /. cannabinus in the pot experiment

Treatments Total amount of Heavy metals in plant (ug pot ")
Pb Zn
Unpolluted soil_P 1.29 +£0.30 75.71 £ 16.16
Unpolluted soil PE 143+0.19 77.86 +10.71
Significance level
Bacterial effect (%) +11.33 % +2.83 %

Total amount of Heavy metals in plant (mg pot ')

Pb Zn
Polluted soil P 0.17 £0.01 0.24 +£0.01
Polluted soil PE 0.15+0.01 0.21 +£0.01
Significance level * ok
Bacterial effect (%) -10.40 % -14.09 %

Cu Cd Fe (mg pot ")

18.98 +2.21 1.70 £ 0.33 0.99+0.17

23.57+223 1.87+£0.31 1.28 £0.30

sk £

+24.22 % +10.14 % +29.04 %

Cu Cd (ug pot 1 Fe

0.06 +0.01 1.92 +0.09 4.15+0.73

0.06 £0.01 1.68 £0.10 3.51£0.60
kg

+3.29 % -12.52 % -15.28 %

Data were displayed as mean = SD

P indicates treatments cultivated H. cannabinus without bacterial inoculation, PE indicates treatments cultivated H. cannabinus inoculated

with EG16 (plant + EG16)

* and ** indicate a significant difference between the P and PE treatments at the 0.05 and 0.01 levels, respectively, by independent-samples

t-test(n=7)

of Fe, other metals were found to stimulate bacterial
siderophore production (Braud et al. 2010; Sinha and
Mukherjee 2008). In contrast, negative effects of metals,
including Fe and Cd, on bacterial IAA secretion have
been observed (Dimkpa et al. 2008a; Kamnev et al.
2005). However, these results were obtained in the
absence of plants, leaving confusion about the actual
effect of these so-called plant-associated bacteria on
plant development. In the EG16-H. cannabinus associ-
ation of the current study, exposure to Cd significantly
increased siderophore production while inhibiting the

secretion of IAA, and treatments with lower Fe supply
exhibited greater Cd-induced siderophore production
(Table 1). As reported (Baysse et al. 2000; Dimkpa
et al. 2009), some metals, including Cd, would compete
with Fe for siderophore binding and thus cause Fe
deficiency in microbes. Such Cd-induced Fe deficiency
was also observed in the previous transcriptomic analy-
ses of EG16 (Chen et al. 2016). In response to Cd stress,
significant expression differences in genes, contributing
to increasing siderophore production, was observed in
EG16, whereas biosynthesis of [AA was inhibited, both

Table 4 Bioaccumulation factor (BF) and translocation factor (TF) in the metal polluted soil

Treatments BF TF

Pb Zn Cu Cd Pb Zn Cu Cd
Polluted soil P 0.03 0.44 0.02 0.08 0.08 0.27 0.04 0.36
st. dev 0.005 0.015 0.002 0.008 0.011 0.054 0.009 0.043
Polluted soil PE 0.02 0.33 0.02 0.07 0.06 0.24 0.04 0.27
st. dev 0.002 0.031 0.002 0.003 0.003 0.017 0.005 0.027
Significance level * ok * B
Bacterial effect (%) -26.23 % -24.95 % -10.67 % -14.93 % -16.63 % -8.77 % -1.87 % -25.27 %

Data were displayed as mean + SD

P indicates treatments cultivated H. cannabinus without bacterial inoculation, PE indicates treatments cultivated H. cannabinus inoculated
with EG16 (plant + EG16); standard deviation (st. dev) is reported in italics

* %% and *** indicate a significant difference between the P and PE treatments at the 0.05, 0.01, and 0.001 levels, respectively, by

independent-samples #-test (n = 7)
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Table S Bacterial effect on soil pH and metal bioavailability in polluted and unpolluted soil
Treatments pH of soil Bioavailability of heavy metals ( pg g ' (DW of soil))

Pb Zn Cu Cd (ugkg ™)
Unpolluted soil 629+0.12b Nd 0.26+0.02a Nd 1.44£0.06 a
Unpolluted soil E 6.32+0.06 b Nd 0.23+0.01 be Nd 1.09£0.13b
Unpolluted soil P 6.44+0.03 a Nd 024+0.02b Nd 1.22+0.15b
Unpolluted soil _PE 6.37 £0.04 ab Nd 021+0.02¢ Nd 1.16+0.05b
Polluted soil 3.86 £0.03 ¢ 3474+ 139a 428+0.11a 7.19+0.06 a 4536+8.27a
Polluted soil E 390+0.01b 30.38+0.82b 3.90+£0.27b 6.69 £ 0.33 ab 24.92+3.86 ¢
Polluted soil _P 393+£0.02a 3121 +£0.96b 3740240 6.50£0.58b 3446 +£2.85b
Polluted soil PE 395+0.02a 28.15+0.96 ¢ 325+0.09¢ 6.74 £ 0.17 ab 26.84 +1.60 ¢

For each soil, means not followed by the same letter within columns are different at the 0.05 level by one-way ANOVA with Duncan’s

correction (n = 7)

E indicates treatments without plant cultivation but with bacterial inoculation, P indicates treatments cultivated H. cannabinus without
bacterial inoculation, PE indicates treatments cultivated H. cannabinus inoculated with EG16 (plant + EG16)

Nd not detected, DW dry weight

of which were in line with the results of the present
study. Such metal-induced siderophore production
seemed to be available only in metal-resistant but not
metal-sensitive bacteria (Gaonkar and Bhosle 2013). As
a result, the enhanced siderophore production was sug-
gested to be involved in the Cd response of the Cd-
resistant strain EG16, which is triggered by Fe deficien-
cy and may function better in improving plant growth
under Cd exposure.

Cd-inhibited IAA production was alleviated in lower
Fe supply (Table 1). Inhibition of metals on bacterial
IAA production was thought to cause by either lower
synthesis caused by metal stress or degradation by IAA
peroxidases induced by metal-catalyzed free radical for-
mation (Dimkpa et al. 2008b; Potters et al. 2007). No-
tably, the competitive siderophore binding by other
metals might help to protect bacteria against metal tox-
icity by sequestering and/or immobilizing metals in the
siderophore-chelated form (Braud et al. 2010; Ferret
et al. 2015; Schalk et al. 2011). Thus it might be the
decreased free Cd ions resulted from increased
siderophore binding that contributing to alleviate the
inhibitory effect of Cd on IAA synthesis, just as Dimkpa
et al. (2008b) suggested in a plant-free system. This
helped to further prove the leading role of siderophore
production as a PGP strategy in the Cd-exposed EG16-
H. cannabinus association. Consistent with this, a stron-
ger PGP effect was observed to associate with the en-
hanced siderophore production under Cd exposure

(Fig. la—). We also detected increased Fe uptake in
H. cannabinus with bacterial inoculation under Cd ex-
posure, which was more evident in treatments with
higher siderophore production (0 and 50 pM Fe, Fig. 2c).
Therefore, we suggested the Cd-induced siderophore
production as the functioning PGP strategy in the Cd-
exposed EG16-H. cannabinus association, due to its
improvement in plant growth and Fe uptake, as well as
its alleviation of Cd-induced inhibition of IAA produc-
tion which might also help to promote plant growth.

In addition to PGP strategies, plant-associated mi-
crobes are known to affect metal mobility and bioavail-
ability to plants through the release of chelators, acidi-
fication and/or induction of redox changes (Becerra-
Castro et al. 2012; Langella et al. 2014). In
phytostabilization, which primarily focus on sequestra-
tion of metals within the root and/or the rhizosphere
(Mendez and Maier 2008), a microbial-mediated reduc-
tion in metal bioavailability would be greatly interesting
(Langella et al. 2014). In our pot experiment, both
planting with H. cannabinus and inoculation with
EG16 led to a significant reduction in the bioavailability
of Pb, Zn, and Cd in the polluted soil (Table 5). Corre-
spondingly, we observed significant decreases in both
concentration and total uptake of these metals in
H. cannabinus inoculated with EG16 (Tables 2 and 3).
In hydroponic experiment, EG16 inoculation had a sim-
ilar effect on plant Cd accumulation in the Fe50 and
Fel00 treatments (Fig. 2f). EG16 was proved to

@ Springer
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accumulate and immobilize free Cd ions by both surface
absorption and intracellular accumulation in response to
Cd stress (Chen et al. 2016), which may contribute to
decreasing free Cd ions in the system and thus reducing
plant Cd accumulation. Immobilization of mobile Cd
ions by EG16 is likely to get greater with the increased
number of bacterial cells from treatment with 0 to
150 pM Fe, in line with the phenomenon that the total
Cd amount in plant decreased with increasing Fe supply
in the inoculated treatments (Fig. 2f). In addition,
siderophores are thought to play an important role in
the biochemical cycling of metals due to their compet-
itive chelation of metals other than Fe (Ferret et al.
2015). It was observed that the Cd content in EG16 cells
was significantly higher in media with siderophore than
that without siderophore (Chen et al. 2016), probably
presenting a contribution of siderophore to intracellular
Cd immobilization by EG16. However, it can not make
certain the effect of siderophore-Cd complex on Cd
availability to H. cannabinus in this study, since the
result was acquired from interactions among the plant,
the bacterium and the metal. As reported (Mun et al.
2008), H. cannabinus roots have shown the ability to
take up large amounts of Pb and greatly restrict its
transfer to aerial parts at the same time. In this study,
similar results were found in Zn, Cu, Cd besides Pb
(both BF and TF values <<1), indicating a wide suit-
ability of H. cannabinus to apply in phytostabilization
with different metal or multi-metal contamination
(Mendez and Maier 2008). Moreover, EG16 inoculation
led to a further decrease in the BF and TF values in some
cases (Table 4), which might suggest its well co-
operation with H. cannabinus in limiting metal translo-
cation within the plant tissues.

Conclusion

This study focused on the functioning PGP strategies
and the actual effect of a PGPR strain EG16 when it is
used in microbially assisted phytostabilization. Inoc-
ulation with EG16 not only strongly improved plant
growth but also helped reduce metal accumulation in
H. cannabinus in metal polluted soil. Increased
siderophore production appears to be the main and
effective PGP strategy of EG16 in the EG16-H.
cannabinus association, as it was activated by the
bacterial Cd response system, promoted plant Fe up-
take, and alleviated Cd-induced inhibition of bacterial

@ Springer

TIAA production. All of these were beneficial for im-
proving plant growth and remediation efficiency. Fur-
thermore, the combination of H. cannabinus and
EG16 significantly reduced metal bioavailability in
metal polluted soil and maintained plant growth as
well as low metal translocation to the above-ground
parts of the plant, suggesting its potential application
in phytostabilization.

Acknowledgments We thank the Institute of Bast Fiber Crops,
Chinese Academy of Agricultural Sciences, for kindly providing
the plant materials. This work was financially supported by the
Special Fund of Environmental Protection Research for Public
Welfare of China (No. 201509037), the National Natural Science
Foundation of China (No. 41403060, 41225004), the Fundamental
Research Funds for the Central Universities (No. 151gpy02 and
No. 15lgjc36), and the Research Fund Program of Guangdong
Provincial Key Laboratory of Environmental Pollution Control
and Remediation Technology (No. 2016K0005).

References

Alexander D, Zuberer D (1991) Use of chrome azurol S reagents
to evaluate siderophore production by rhizosphere bacteria.
Biol Fertil Soils 12:39-45. doi:10.1007/BF00369386

Banuelos G, Ajwa H, Mackey B, Wu L, Cook C, Akohoue
S, Zambruzuski S (1997) Evaluation of different plant
species used for phytoremediation of high soil seleni-
um. J Environ Qual 26:639-646. doi:10.2134
/jeq1997.00472425002600030008x

Baysse C et al (2000) Vanadium interferes with siderophore-
mediated iron uptake in Pseudomonas aeruginosa.
Microbiol 146:2425-2434

Becerra-Castro C, Monterroso C, Prieto-Fernandez A, Rodriguez-
Lamas L, Loureiro-Vinas M, Acea MJ, Kidd PS (2012)
Pseudometallophytes colonising Pb/Zn mine tailings: a de-
scription of the plant-microorganism-rhizosphere soil system
and isolation of metal-tolerant bacteria. J Hazard Mater 217:
350-359. doi:10.1016/j.jhazmat.2012.03.039

Belimov AA, Hontzeas N, Safronova VI, Demchinskaya SV,
Piluzza G, Bullitta S, Glick BR (2005) Cadmium-tolerant
plant growth-promoting bacteria associated with the roots of
Indian mustard (Brassica juncea L. Czern.). Soil Biol
Biochem 37:241-250. doi:10.1016/j.s0ilbi0.2004.07.033

Braud A, Geoffroy V, Hoegy F, Mislin GL, Schalk 1J (2010)
Presence of the siderophores pyoverdine and pyochelin in
the extracellular medium reduces toxic metal accumulation in
Pseudomonas aeruginosa and increases bacterial metal tol-
erance. Environ Microbiol Rep 2:419-425. doi:10.1111
/j.1758-2229.2009.00126.x

Brown GE, Foster AL, Ostergren JD (1999) Mineral surfaces and
bioavailability of heavy metals: a molecular-scale perspec-
tive. P Natl Acad Sci U S A 96:3388-3395. doi:10.1073
/pnas.96.7.3388

Chen Y et al (2016) Survival strategies of the plant-associated
bacterium Enterobacter sp. strain EG16 under cadmium


http://dx.doi.org/10.1007/BF00369386
http://dx.doi.org/10.2134/jeq1997.00472425002600030008x
http://dx.doi.org/10.2134/jeq1997.00472425002600030008x
http://dx.doi.org/10.1016/j.jhazmat.2012.03.039
http://dx.doi.org/10.1016/j.soilbio.2004.07.033
http://dx.doi.org/10.1111/j.1758-2229.2009.00126.x
http://dx.doi.org/10.1111/j.1758-2229.2009.00126.x
http://dx.doi.org/10.1073/pnas.96.7.3388
http://dx.doi.org/10.1073/pnas.96.7.3388

Plant Soil (2017) 413:203-216

215

stress. Appl Environ Microb 82:1734-1744. doi:10.1128
/aem.03689-15

Dimkpa C, Svatos A, Merten D, Biichel G, Kothe E (2008a)
Hydroxamate siderophores produced by Streptomyces
acidiscabies E13 bind nickel and promote growth in cowpea
(Vigna unguiculata L.) under nickel stress. Can J Microbiol
54:163-172. doi:10.1139/W07-130

Dimkpa CO, Svatos A, Dabrowska P, Schmidt A, Boland W,
Kothe E (2008b) Involvement of siderophores in the reduc-
tion of metal-induced inhibition of auxin synthesis in
Streptomyces spp. Chemosphere 74:19-25. doi:10.1016/].
chemosphere.2008.09.079

Dimkpa CO, Merten D, Svato§ A, Biichel G, Kothe E
(2009) Metal-induced oxidative stress impacting plant
growth in contaminated soil is alleviated by microbial
siderophores. Soil Biol Biochem 41:154-162.
doi:10.1016/j.50i1bi0.2008.10.010

Ferret C et al (2015) Effect of pyoverdine supply on cadmium and
nickel complexation and phytoavailability in hydroponics.
Environ Sci Pollut Res 22:2106-2116. doi:10.1007/s11356-
014-3487-2

Gaonkar T, Bhosle S (2013) Effect of metals on a
siderophore producing bacterial isolate and its implica-
tions on microbial assisted bioremediation of metal
contaminated soils. Chemosphere 93:1835-1843.
doi:10.1016/j.chemosphere.2013.06.036

Gerhardt KE, Huang X-D, Glick BR, Greenberg BM (2009)
Phytoremediation and rhizoremediation of organic soil con-
taminants: potential and challenges. Plant Sci 176:20-30.
doi:10.1016/j.plantsci.2008.09.014

Glick BR (2005) Modulation of plant ethylene levels by the
bacterial enzyme ACC deaminase. FEMS Microbiol Lett
251:1-7. doi:10.1016/j.femsle.2005.07.030

Glick BR, Patten CL, Holguin G, Penrose DM (1999)
Biochemical and genetic mechanisms used by plant
growth-promoting bacteria. ICP, London

Guo J, Chi J (2014) Effect of Cd-tolerant plant growth-promoting
rhizobium on plant growth and Cd uptake by Lolium
multiflorum lam. And Glycine max (L.) Merr. In Cd-
contaminated soil. Plant Soil 375:205-214. doi:10.1007
/s11104-013-1952-1

Guoqing W, Min L, Yongming L, Jing S, Qiguo Z (2006) Plant
uptake and accumulation of Cu and Cu-EDDS by Kenaf
(Hibiscus cannabinus L.). Soil 38:626-631. doi:10.13758/j.
cnki.tr.2006.05.021

Gupta AK, Sinha S (2006) Chemical fractionation and heavy
metal accumulation in the plant of Sesamum indicum (L.)
var. T55 grown on soil amended with tannery sludge: selec-
tion of single extractants. Chemosphere 64:161-173.
doi:10.1016/j.chemosphere.2005.10.016

Gupta AK, Sinha S (2007) Assessment of single extraction
methods for the prediction of bioavailability of metals to
Brassica juncea L. Czern. (var. Vaibhav) grown on tannery
waste contaminated soil. J Hazard Mater 149:144-150.
doi:10.1016/j.jhazmat.2007.03.062

Habibi S, Djedidi S, Prongjunthuek K, Mortuza MF, Ohkama-
Ohtsu N, Sekimoto H, Yokoyoma T (2014) Physiological
and genetic characterization of rice nitrogen fixer PGPR
isolated from rhizosphere soils of different crops. Plant Soil
379:51-66. doi:10.1007/s11104-014-2035-7

Hao X, Xie P, Zhu Y-G, Taghavi S, Wei G, Rensing C (2015)
Copper tolerance mechanisms of Mesorhizobium amorphae
and its role in aiding phytostabilization by Robinia
pseudoacacia in copper contaminated soil. Environ Sci
Technol 49:2328-2340. doi:10.1021/es504956a

Hossain MM, Sultana F, Kubota M, Hyakumachi M (2008)
Differential inducible defense mechanisms against bacterial
speck pathogen in Arabidopsis thaliana by plant-growth-
promoting-fungus Penicillium sp GP16-2 and its cell free
filtrate. Plant Soil 304:227-239. doi:10.1007/s11104-008-
9542-3

Islam S, Akanda AM, Prova A, Islam MT, Hossain MM (2016)
Isolation and identification of plant growth promoting
rhizobacteria from cucumber rhizosphere and their effect on
plant growth promotion and disease suppression. Front
Microbiol 6. doi:10.3389/finicb.2015.01360

Kamnev AA, Tugarova AV, Antonyuk LP, Tarantilis PA, Polissiou
MG, Gardiner PH (2005a) Effects of heavy metals on plant-
associated rhizobacteria: comparison of endophytic and non-
endophytic strains of Azospirillum brasilense. J Trace Elem
Med Biol 19:91-95

Khonsue N, Kittisuwan K, Kumsopa A, Tawinteung N, Prapagdee
B (2013) Inoculation of soil with cadmium-resistant bacteria
enhances cadmium phytoextraction by Vetiveria nemoralis
and Ocimum gratissimum. Water Air Soil Pollut 224:1-9.
doi:10.1007/s11270-013-1696-9

Langella F et al (2014) Microbially assisted phytoremediation
approaches for two multi-element contaminated sites.
Environ Sci Pollut Res 21:6845-6858. doi:10.1007/s11356-
013-2165-0

Ma Y, Prasad MNV, Rajkumar M, Freitas H (2011) Plant growth
promoting rhizobacteria and endophytes accelerate
phytoremediation of metalliferous soils. Biotechnol Adv 29:
248-258. doi:10.1016/j.biotechadv.2010.12.001

Mendez MO, Maier RM (2008) Phytostabilization of mine tailings
in arid and semiarid environments - an emerging remediation
technology. Environ Health Perspect 116:278-283.
doi:10.1289/ehp.10608

Mun HW, Hoe AL, Koo LD (2008) Assessment of Pb uptake,
translocation and immobilization in kenaf (Hibiscus
cannabinus L.) for phytoremediation of sand tailings. J
Environ Sci 20:1341-1347. doi:10.1016/S1001-0742(08
)62231-7

Nies DH (1999) Microbial heavy-metal resistance. Appl
Microbiol Biotechnol 51:730-750. doi:10.1007
/3002530051457

Patten CL, Glick BR (2002) Role of Pseudomonas putida
indoleacetic acid in development of the host plant root sys-
tem. Appl Environ Microbiol 68:3795-3801. doi:10.1128
/AEM.68.8.3795-3801.2002

Phieler R, Voit A, Kothe E (2014) Microbially supported
phytoremediation of heavy metal contaminated soils: strate-
gies and applications. In: Schippers A, Glombitza F, Sand W
(eds) Geobiotechnology I: Metal-related issues, vol 141.
Advances in Biochemical Engineering-Biotechnology. pp
211-235. doi:10.1007/10_2013_200

Potters G, Pasternak TP, Guisez Y, Palme KJ, Jansen MAK (2007)
Stress-induced morphogenic responses: growing out of trou-
ble? Trends Plant Sci 12:98-105. doi:10.1016/j.
tplants.2007.01.004

@ Springer


http://dx.doi.org/10.1128/aem.03689-15
http://dx.doi.org/10.1128/aem.03689-15
http://dx.doi.org/10.1139/W07-130
http://dx.doi.org/10.1016/j.chemosphere.2008.09.079
http://dx.doi.org/10.1016/j.chemosphere.2008.09.079
http://dx.doi.org/10.1016/j.soilbio.2008.10.010
http://dx.doi.org/10.1007/s11356-014-3487-2
http://dx.doi.org/10.1007/s11356-014-3487-2
http://dx.doi.org/10.1016/j.chemosphere.2013.06.036
http://dx.doi.org/10.1016/j.plantsci.2008.09.014
http://dx.doi.org/10.1016/j.femsle.2005.07.030
http://dx.doi.org/10.1007/s11104-013-1952-1
http://dx.doi.org/10.1007/s11104-013-1952-1
http://dx.doi.org/10.13758/j.cnki.tr.2006.05.021
http://dx.doi.org/10.13758/j.cnki.tr.2006.05.021
http://dx.doi.org/10.1016/j.chemosphere.2005.10.016
http://dx.doi.org/10.1016/j.jhazmat.2007.03.062
http://dx.doi.org/10.1007/s11104-014-2035-7
http://dx.doi.org/10.1021/es504956a
http://dx.doi.org/10.1007/s11104-008-9542-3
http://dx.doi.org/10.1007/s11104-008-9542-3
http://dx.doi.org/10.3389/fmicb.2015.01360
http://dx.doi.org/10.1007/s11270-013-1696-9
http://dx.doi.org/10.1007/s11356-013-2165-0
http://dx.doi.org/10.1007/s11356-013-2165-0
http://dx.doi.org/10.1016/j.biotechadv.2010.12.001
http://dx.doi.org/10.1289/ehp.10608
http://dx.doi.org/10.1016/S1001-0742(08)62231-7
http://dx.doi.org/10.1016/S1001-0742(08)62231-7
http://dx.doi.org/10.1007/s002530051457
http://dx.doi.org/10.1007/s002530051457
http://dx.doi.org/10.1128/AEM.68.8.3795-3801.2002
http://dx.doi.org/10.1128/AEM.68.8.3795-3801.2002
http://dx.doi.org/10.1007/10_2013_200
http://dx.doi.org/10.1016/j.tplants.2007.01.004
http://dx.doi.org/10.1016/j.tplants.2007.01.004

216

Plant Soil (2017) 413:203-216

Prapagdee B, Chanprasert M, Mongkolsuk S (2013)
Bioaugmentation with cadmium-resistant plant growth-
promoting rhizobacteria to assist cadmium phytoextraction
by Helianthus annuus. Chemosphere 92:659-666.
doi:10.1016/j.chemosphere.2013.01.082

Rajkumar M, Ae N, Prasad MNV, Freitas H (2010) Potential of
siderophore-producing bacteria for improving heavy metal
phytoextraction. Trends Biotechnol 28:142-149.
doi:10.1016/j.tibtech.2009.12.002

Rajkumar M, Sandhya S, Prasad MNV, Freitas H (2012)
Perspectives of plant-associated microbes in heavy metal
phytoremediation. Biotechnol Adv 30:1562—-1574.
doi:10.1016/j.biotechadv.2012.04.011

Remans T et al (2012) Understanding the development of roots
exposed to contaminants and the potential of plant-associated
bacteria for optimization of growth. Ann Bot-London 110:
239-252. doi:10.1093/aob/mcs105

Richardson AE, Simpson RJ (2011) Soil microorganisms mediat-
ing phosphorus availability. Plant Physiol 156:989-996.
doi:10.1104/pp.111.175448

Schalk 1J, Hannauer M, Braud A (2011) New roles for bacterial
siderophores in metal transport and tolerance. Environ
Microbiol 13:2844-2854. doi:10.1111/j.1462-
2920.2011.02556.x

Sessitsch A, Kuffner M, Kidd P, Vangronsveld J, Wenzel WW,
Fallmann K, Puschenreiter M (2013) The role of plant-
associated bacteria in the mobilization and phytoextraction
of trace elements in contaminated soils. Soil Biol Biochem
60:182—194. doi:10.1016/j.s0ilbi0.2013.01.012

Sinha S, Mukherjee SK (2008) Cadmium-induced siderophore
production by a high cd-resistant bacterial strain relieved cd
toxicity in plants through root colonization. Curr Microbiol
56:55-60. doi:10.1007/300284-007-9038-z

@ Springer

Symeonides C, McRae S (1977) The assessment of plant-available
cadmium in soils. J Environ Qual 6:120-123. doi:10.2134
/jeq1977.00472425000600020003x

Taiwo AM et al (2016) Bioremediation of industrially contami-
nated soil using compost and plant technology. J Hazard
Mater 304:166-172. doi:10.1016/j.jhazmat.2015.10.061

Tak HI, Ahmad F, Babalola OO (2013) Advances in the appli-
cation of plant growth-promoting rhizobacteria in
phytoremediation of heavy metals. In: Whitacre DM (ed)
Reviews of Environmental Contamination and
Toxicology, Vol 223, vol 223. Reviews of Environmental
Contamination and Toxicology. pp 33-52. doi:10.1007
/978-1-4614-5577-6 2

Traina SJ, Laperche V (1999) Contaminant bioavailability in soils,
sediments, and aquatic environments. P Natl Acad SciU S A
96:3365-3371. doi:10.1073/pnas.96.7.3365

Tripathi M, Munot HP, Shouche Y, Meyer JM, Goel R (2005)
Isolation and functional characterization of siderophore-
producing lead-and cadmium-resistant Pseudomonas putida
KNP9. Curr Microbiol 50:233-237. doi:10.1007/s00284-
004-4459-4

Vacheron J et al (2013) Plant growth-promoting rhizobacteria and
root system functioning. Front Plant Sci 4:1-19. doi:10.3389
/fpls.2013.00356

Xu C, Chen X, Duan D, Peng C, Le T, Shi J (2015) Effect of
heavy-metal-resistant bacteria on enhanced metal uptake and
translocation of the Cu-tolerant plant, Elsholtzia Splendens.
Environ Sci Pollut Res 22:5070-5081. doi:10.1007/s11356-
014-3931-3

Yang Y et al (2013) Using kenaf (Hibiscus cannabinus) to reclaim
multi-metal contaminated acidic soil. Chin J Appl Ecol 24:
832-838. doi:10.13287/j.1001-9332.2013.0229


http://dx.doi.org/10.1016/j.chemosphere.2013.01.082
http://dx.doi.org/10.1016/j.tibtech.2009.12.002
http://dx.doi.org/10.1016/j.biotechadv.2012.04.011
http://dx.doi.org/10.1093/aob/mcs105
http://dx.doi.org/10.1104/pp.111.175448
http://dx.doi.org/10.1111/j.1462-2920.2011.02556.x
http://dx.doi.org/10.1111/j.1462-2920.2011.02556.x
http://dx.doi.org/10.1016/j.soilbio.2013.01.012
http://dx.doi.org/10.1007/s00284-007-9038-z
http://dx.doi.org/10.2134/jeq1977.00472425000600020003x
http://dx.doi.org/10.2134/jeq1977.00472425000600020003x
http://dx.doi.org/10.1016/j.jhazmat.2015.10.061
http://dx.doi.org/10.1007/978-1-4614-5577-6_2
http://dx.doi.org/10.1007/978-1-4614-5577-6_2
http://dx.doi.org/10.1073/pnas.96.7.3365
http://dx.doi.org/10.1007/s00284-004-4459-4
http://dx.doi.org/10.1007/s00284-004-4459-4
http://dx.doi.org/10.3389/fpls.2013.00356
http://dx.doi.org/10.3389/fpls.2013.00356
http://dx.doi.org/10.1007/s11356-014-3931-3
http://dx.doi.org/10.1007/s11356-014-3931-3
http://dx.doi.org/10.13287/j.1001-9332.2013.0229

	Metal-tolerant...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Bacterial strain and growth conditions
	Hydroponic experiment
	Production of siderophores and IAA in the hydroponic experiment
	Bacterial growth in the hydroponic systems
	EG16-associated phytoremediation pot experiment
	Growth and Cd/Fe uptake of H.�cannabinus
	Bioavailability of heavy metals in soil
	Evaluation of phytostabilization potential

	Results
	Bacterial growth in the hydroponic systems
	Effect of Cd on bacterial siderophore and IAA production
	Effects of bacterial inoculation on plant growth
	Cd and Fe accumulation in H.�cannabinus
	Effect of strain EG16 on Cd bioconcentration and translocation factors
	Bioavailability of heavy metals in soil

	Discussion
	Conclusion
	References


