
Vol.:(0123456789)1 3

Acta Physiologiae Plantarum (2018) 40:170 
https://doi.org/10.1007/s11738-018-2737-1

ORIGINAL ARTICLE

Shoot endophytic plant growth-promoting bacteria reduce cadmium 
toxicity and enhance switchgrass (Panicum virgatum L.) biomass

Nahmina Begum1,2  · Samreen Afzal1 · Huihui Zhao1 · Laiqing Lou1 · Qingsheng Cai1

Received: 11 October 2017 / Revised: 2 August 2018 / Accepted: 20 August 2018 / Published online: 29 August 2018 
© Franciszek Górski Institute of Plant Physiology, Polish Academy of Sciences, Kraków 2018

Abstract
The aims of the study were to increase the biomass and to alleviate the deleterious effects of cadmium (Cd) in the switchgrass 
cultivars (Panicum virgatum L.) Alamo and Cave-in-Rock (CIR) under cadmium (Cd) stress using Cd-tolerant shoot endo-
phytic plant growth-promoting bacteria (PGPB). Four shoot endophytic bacterial strains, viz. Bc09, So23, E02, and Oj24, 
were isolated from the above-ground parts of plants grown in a Cd-polluted soil and were successfully identified by 16S 
rRNA gene sequencing as Pseudomonas grimontii, Pantoea vagans, Pseudomonas veronii, and Pseudomonas fluorescens, 
respectively. These four strains were adapted to high  CdCl2 concentrations as they had higher Cd uptake capacities. In addi-
tion, they possessed a huge amount of growth regulatory activities e.g., indole acetic acid production, 1-aminocyclopropane-
1-carboxylic acid deaminase (ACCD) activity, and phosphate solubilization. Growth particularly the height and biomass of 
both cultivars increased significantly in response to PGPB inoculation in the 20 µM  CdCl2 stress. The shoot biomass of the 
PGPB-inoculated Alamo was higher than the CIR under Cd stress. Interestingly, the level of Cd inside PGPB-inoculated plant 
tissues and the translocation factors were lower compared with the noninoculated Cd control plants. CIR plants exhibited 
higher Cd content than Alamo plants. Through confocal microscopy, green fluorescence was observed in roots and leaf tissues 
2 days after the inoculation of green fluorescent protein (GFP)-labeled bacteria in Alamo, which confirmed the successful 
colonization of bacteria inside the plant tissues. These shoot endophytic PGPB and switchgrass interactions are useful for 
the sustainable biomass production of bioenergy crop in a Cd-contaminated environment.
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Introduction

Recently, biomass has drawn considerable interest from 
researchers, as it is a potential source of renewable resources 
due to its immense potential applications such as the produc-
tion of bioenergy, biofuel, and bioproducts for rural eco-
nomic development (Mekala et al. 2014). Among all the 
bioenergy plants, one of the perennial lignocellulosic feed-
stock crop switchgrass (Panicum virgatum L.) has the energy 
content properties for liquid fuel production (McLaughlin 
et al. 1999; Mitchell et al. 2014).

It is well known that the environment is becoming 
increasingly polluted due to the discharge of industrial 
effluents containing heavy metals into the surroundings 
without proper treatment. Moreover, people use various 
agrochemicals to obtain better crop production, which ulti-
mately affects the environment. Cd is one of the most impor-
tant toxic heavy metals to the living organisms (Dai et al. 
2012; Rizwan et al. 2016) even at very low concentrations 
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of 0.001–0.1 mg  L− 1 (Lin et al. 2016). It has detrimental 
effects on plant growth due to its involvement in metabolic 
effects, antioxidant enzyme activities, and uptake of nutri-
ents and water (Najeeb et al. 2011; Azevedo et al. 2012; 
Gagne-Bourgue et al. 2013; Tauqeer et al. 2016).

Switchgrass has the characteristics of a very deep root 
system, and this perennial grass also has a symbiotic asso-
ciation with fungi and bacteria. However, there are very 
limited reports published about the symbiotic relationships 
between switchgrass and microorganisms (Wang et  al. 
2015). Furthermore, Kim et al. (2012) in their bioenergy 
crop research program have set a goal to use endophytic 
plant growth-promoting bacteria (PGPB) for the improve-
ment of switchgrass yields, which are stable and successfully 
associated with switchgrass and have the ability to provide 
better plant health and stress tolerance. Endophytic PGPB 
colonizes plant endospheres and establishes a mutual rela-
tionship with plants, which can promote host growth under 
biotic and/or abiotic stresses (Sturz et al. 2000; Rashid 
et al. 2012; Ahmad et al. 2017). PGPB triggers tolerance 
against stresses using one or various mechanisms (Ahmad 
et al. 2017). Some notable mechanisms are 1-aminocyclo-
propane-1-carboxylic acid deaminase (ACCD) activity, 
phosphate solubilization, fixation of nitrogen and produc-
tion of IAA (Indole-3-Acetic Acid) and siderophores (Har-
doim et al. 2008; Glick 2014; Wu et al. 2016). Castanheira 
et al. (2016) isolated an endophytic strain of Burkholderia 
graminis from annual ryegrass and used it as an alternative 
to chemical fertilizer, corroborating its plant growth-pro-
moting potential. Fifty-four endophytic PGPB strains have 
been isolated from transgenic and nontransgenic soybean 
plants, which can produce IAA and/or solubilize phosphates 
with growth-promoting traits (Almeida Lopes et al. 2016). 
The endophytic PGPB has significant competitive advan-
tages over the plant growth-promoting rhizobacteria (PGPR) 
because of their close contacts with plants. Furthermore, 
the beneficial effects of endophytic PGPB and PGPR occur 
through the similar mechanisms (Rajkumar et al. 2009). This 
is true because a greater number of the endophytic PGPB 
are facultative, as they are capable of living as rhizospheric 
bacteria in the exterior of plant tissues (Di Fiore and Del 
Gallo 1995). In the zinc (Zn) hyperaccumulator Thlaspi 
caerulescens subsp. calaminaria, the Zn and Cd-resistant 
endophytes from the shoot and root have exhibited a various 
range of tolerances (Lodewyckx et al. 2002). This finding 
supports the existence of different bacterial communities in 
various compartments of the plant. Furthermore, Lodewyckx 
et al. (2002) has been reported the shoot endophyte Methy-
lobacterium sp. comprised 20% high resistance to zinc, cad-
mium, cobalt, and nickel. Extensive study has been done 
in the PGPR and roots endophytic bacteria as compared to 
the shoot endophytic PGPB. Recently, our research group 
has reported the root endophytes, where five Cd-resistant 

endophytic bacteria have been observed to mitigate the metal 
toxicity effectively (Afzal et al. 2017). Hence, in our current 
project, we are interested in shoot endophytic PGPB and 
switchgrass interaction.

Recently, a lot of techniques have been evolved at the 
molecular level for the detection of microorganisms inside 
plants and/or on plant surfaces (Kim et al. 2012; Shi et al. 
2017). The most commonly used method is tagging with 
green fluorescent protein (GFP) (Anand and Chanway 2013; 
Pollock et al. 2015) gene markers to follow the endophytic 
bacterial colonization inside plant tissues and organs (Com-
pant et al. 2005; Weyens et al. 2012). The endophytic PGPB 
can alleviate metal toxicity, limit the accumulation of metals 
in plants by their various growth-regulating and metal resist-
ance systems, and improve plant growth (Ahemad 2014; Ma 
et al. 2016; Kong and Glick 2017).

The potential role of endophytic PGPB in the develop-
ment and improvement of bioenergy plants under toxic 
conditions or environmental stress is now drawing a lot of 
attention to the researcher. For example, cultivation of the 
feedstock switchgrass in barren, toxic marginal lands may 
decrease the pressure on food crops (e.g., maize, sugarcane, 
etc., which are used to produce bioenergy) and provide a 
possible eco-friendly and sustainable solution (McLaughlin 
et al. 1999). To the best of our knowledge, no attempt has 
been undertaken to the development of switchgrass biomass 
using Cd-tolerant shoot endophytic PGPB under Cd stress. 
Considering all the above-mentioned facts, the current pro-
ject designed to isolate and identify Cd-tolerant shoot endo-
phytic PGPB, to investigate their PGPB mechanisms and to 
confirm their endophytic colonization inside plant tissues. 
The isolated PGPB were applied to two cultivars (cvs) of 
switchgrass, the lowland cv Alamo and the upland cv Cave-
in-Rock (CIR) to increase their growth and biomass under 
Cd stress and to reduce the Cd concentrations and transloca-
tions inside plant tissues.

Materials and methods

Isolation of Cd‑tolerant shoot endophytic bacteria

A total of 30 different plant species were collected from 
Cd-polluted soils of Gejiu, Yunnan Province, China. All the 
plants were divided into roots and shoots and thoroughly 
washed with distilled water. In our research group, we stud-
ied the root parts of the plants (Afzal et al. 2017), while in 
the present study, we focused on the shoot of the plants. 
The plant tissues (shoots) were surface disinfected with 75% 
ethanol for 5 min and washed several times with sterile dis-
tilled water. For the confirmation of the efficacious surface 
sterilization process, 50 µl of the last washing water were 
plated onto the Luria Bertani (LB) agar medium at 37 °C for 
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48 h incubation (surface sterilization considered successful 
if no growths were observed after 3 days). The plant tissues 
were ground, and 1 g of sample was diluted with 100 ml 
(1:100) of sterile distilled water and mixed by shaking well. 
Then a serial dilution of tenfold (1:10) was carried out. One 
milligram of each of the diluted sample was taken on to a 
sterilized LB agar containing Petri plate and spread well 
with a sterile glass rod. The sample was incubated at 37 °C 
for 48 h. Different colonies were selected randomly based 
on morphological differences in size, shape, and color. Each 
isolate was repeatedly re-streaked on LB agar medium for 
the homogeneity of the colony morphology. Purification was 
completed by repeated streaking on LB agar medium supple-
mented with 200 µM  CdCl2. Purified bacteria were screened 
on the basis of their Cd tolerance on LB agar medium sup-
plemented with 100, 1000, and 2000 µM  CdCl2. In each 
case, all the tests were done in three replicates. The bacte-
ria that could grow in 1000–2000 µM  CdCl2 were selected 
for further screening processes. The selected isolates were 
checked for their plant growth-promoting ability and then 
applied to the switchgrass through the filter paper assay 
method (Belimov et al. 2005) to observe the root and shoot 
elongation in the presence of 200 µM  CdCl2.

Identification of selected Cd‑tolerant shoot 
endophytic PGPB through 16S rRNA gene 
sequencing

Individual bacterial colonies were separately grown on 
King’s B (KB) broth medium overnight at 37 °C on a shaker 
incubator. The 16S rRNA gene amplification was performed 
in a 50 µl reaction mixture including 3 µl of DNA template, 
1 µl of primers, 3 mM  MgCl2 (2.5 µl), 3 mM dNTPs (2 µl), 
5 µl of Taq buffer and 1U Taq DNA polymerase (BioTake, 
Beijing, China) (Xia et al. 2013). The primer pairs (10 µM) 
were 27f 5ʹ-AGA GTT TGA TCC TCAG-3ʹ and 1492r 5ʹ-TAC 
CTT GTT ACG ACTT-3ʹ, which were complementary to the 
conserved regions at the 5′- and 3′-ends of the 16S rDNA 
gene of the Escherichia coli at 9–27 and 1477–1498 posi-
tions, respectively (Lane 1991). PCR product was ampli-
fied using an iCycler PCR machine (Bio-Rad Laboratories, 
Hercules, CA, USA). The initial denaturation was 94 °C for 
5 min, followed by 35 cycles of amplification at 94 °C for 
30 s, 58 °C for 30 s, and 72 °C for 90 s, with an exten-
sion step of 72 °C for 10 min. The PCR product was then 
purified using a Generay PCR purification kit (Shanghai 
Generay Biotech Co. Ltd., Shanghai, China). The purified 
DNA was confirmed by gel electrophoresis and then inserted 
into a vector for cloning (4.5 µl of purified DNA + 0.5 µl of 
PMD19-T vector + 5 µl of solution 1) and transformed into 
E. coli. For the confirmation of the successful transforma-
tion, the bacteria were spread evenly with a sterile glass rod 
onto an LB agar plate containing ampicillin and incubated 

overnight at 37 °C. Every single colony was inoculated to 
1 ml of LB broth containing ampicillin and incubated in a 
shaker incubator at 37 °C for 4 h. Then, DNA was amplified 
and gel electrophoresed. Finally, the correct band contain-
ing plasmid was sent for sequencing to Genscript (Nanjing 
Kingsy Biological Science and Technology Co. Ltd.). After 
examining the sequences were aligned through the BioEdit 
Sequence Alignment Editor (http://www.mbio.ncsu.edu/
BioEd it/bioed it.html). A comparison of the sequences 
with the similar sequences in the databases was performed 
using BLAST analysis (Basic local alignment search tool) 
at NCBI, and the top hits were used to identify the strains at 
all possible taxonomic resolutions to the species level (http://
www.ncbi.nlm.nih.gov) (Zhang et al. 2000). The sequences 
of the strains were submitted to the GenBank database and 
received accession numbers.

Cadmium tolerance test

The cadmium tolerance test of bacteria was explored using 
10-fold diluted KB broth supplemented with 50, 100, and 
500 µM  CdCl2 and without Cd as a control with the inocu-
lum at an optical density (OD) of 1.00 at 600 nm (Liu et al. 
2014). This test was performed with six replicates. Samples 
were taken at 8, 14, 20, 24, 28, 32, 36, 40 and 48 h after the 
inoculation of bacteria and then centrifuged at 6000 × g for 
10 min at 4 °C. The pellets were then suspended in 5 ml of 
sterile distilled water and absorbance at 600 nm was meas-
ured using a spectrophotometer (SHIMADAZU UV-2450, 
Kyoto, Japan).

ACCD activity test

The ACCD activities of the isolated bacteria were deter-
mined by observing the quantity of α-ketobutyrate produced 
during the hydrolysis of 1-aminocyclopropane-1-carbox-
ylic acid (ACC) (Saleh and Glick 2001) by comparing the 
absorbance at 540 nm of a sample with a standard curve of 
α-ketobutyrate ranging between 0.1 and 1.0 µM (Penrose and 
Glick 2003). Bacteria were grown in 10 ml of KB medium 
for 24 h at 30 °C in a shaker incubator (160 rpm). Then, 
cultures were centrifuged at 8000 × g for 10 min at 4 °C. 
Cell pellets were washed twice with 5 ml of Dworkin and 
Foster (DF) minimal salt medium. Pellets were suspended in 
7.5 ml of DF, containing 3 mM ACC (45 µl of 0.5 M ACC) 
and incubated for 24 h at 30 °C. Then, cultures were centri-
fuged at 8000 × g for 10 min at 4 °C. Pellets were suspended 
in 1 ml of 0.1 M Tris–HCl buffer (pH 7.6) and centrifuged 
at 16,000 × g for 5 min. The pellets were then suspended in 
600 µl of 0.1 M Tris–HCl buffer (pH 8.5), and the cells were 
disrupted by the addition of 30 µl of toluene and mixed well 
by a vortex machine. Then, 200 µl of cell-free extract was 
placed in a fresh 1.5 ml centrifuge tube and 20 µl of 0.5 M 

http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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ACC solution was added to it. After incubation at 30 °C for 
30 min, 1 ml of 0.56 N HCl was added to the mixture and 
centrifuged at 16,000 × g for 5 min at room temperature. 
Then, 1 ml of the supernatant was transferred to a 10 ml 
glass tube, and 800 µl of 0.56 N HCl was added to it. After 
mixing well, 300 µl of 0.2% 2,4-dinitrophenyl-hydrazine 
(0.2% 2,4-dinitrophenylhydrazine in 2 M HCl) was added 
to the mixture and incubated at 30 °C for 30 min. After the 
30-min incubation, 2 ml of 2N NaOH was added to it and 
mixed well by a vortex machine. Absorbance was measured 
at 540 nm. Mixtures containing no cell suspension, with and 
without ACC, were used as controls.

Determination of IAA production

The bacterial inoculum of about 1% v/v was inoculated into 
KB broth containing 0.5  gL− 1 l-tryptophan (the noninocu-
lated sets were used as a control) and incubated in a shaker 
incubator (160 rpm) at 37 °C for 24 h. Bacterial cultures 
were then centrifuged at 6000 × g at 25 °C for 10 min and 
1 ml of supernatant was taken to another test tube and mixed 
vigorously with 4 ml of Salkowski’s reagent (150 ml of con-
centrated  H2SO4 dissolved in 250 ml of distilled  H2O and 
7.5 ml of 0.5 M  FeCl3.6H2O) (Gordon and Weber 1951). 
Development of a pink color indicated IAA production and 
the amount of IAA were measured by the spectrophotomet-
ric method at 530 nm. From the standard calibration curve 
of pure IAA, the sample IAA concentration was determined 
following the linear regression analysis.

Phosphate‑solubilizing activity test

The phosphate-solubilizing activities of the isolates were 
tested on PVK (Pikovskaya’s) agar medium containing insol-
uble tricalcium phosphate (Sharma et al. 2011). Bacteria 
were point inoculated onto the surface of the PVK medium 
and incubated at 37 °C for 5 days. The phosphate-solubi-
lizing ability of the bacteria was confirmed by a clear zone 
around the colony.

Uptake of Cd in PGPB

Bacteria were inoculated in 5 ml of 10-times diluted KB 
medium with 10, 20, 50 and 100 µM  CdCl2 and in medium 
without  CdCl2 as a control. Later, those were incubated in a 
shaker incubator (160 rpm) for 24 h at 30 °C. Bacterial cul-
tures were harvested by centrifugation at 6000 × g at 4 °C for 
10 min. The cells were then washed two times with 20 mM 
EDTA to remove adhering Cd attached to the cell surface 
(Giovanella et al. 2017). Cells were oven-dried at 70 °C to 
a constant weight. For each sample, 2 ml of concentrated 
 HNO3 were added and digested with microwave-assisted 
acid digestion using the Milestone microwave laboratory 

systems (ETHOS touch control, Advanced Microwave Lab-
station, Italy) at 180 °C for 25 min. After complete digestion, 
samples were diluted and analyzed by inductively coupled 
plasma optical emission spectrometer (ICP-OES, Optima 
2100 DV, Perkin Elmer, Gaithersburg, MD, USA), and the 
uptake of Cd per bacterial dry biomass was calculated (Liu 
et al. 2014).

Influence of endophytic PGPB on the growth 
of switchgrass cvs Alamo and CIR under Cd stress 
in hydroponic culture

Disease-free, uniform, and good-quality switchgrass seeds 
of Alamo and CIR cultivars (obtained from the Department 
of Grassland Science, China Agricultural University and the 
Institute for Advanced Learning and Research, Danville, 
VA, USA) were dehusked with 50%  H2SO4 for 30 min with 
continuous shaking. Then, the seeds were washed several 
times with distilled water to completely remove the acid; 
next, the seeds were surface sterilized with 70% ethanol for 
30 min and finally washed with distilled water. A double 
layer of sterile filter paper was placed on the surface of a 
floating net on a basket containing distilled water, and then 
the surface-sterilized seeds were placed on that filter paper 
until germination. Immediately after germination, the seed-
lings were transferred to a wet sand basket. After 3 weeks 
of growth, the switchgrass seedlings were in three-leaf stage 
and the plants were about 8 cm in height. Prior to inocula-
tion, the root tips were wounded with a sharp point needle 
for the easy entry of bacteria into the young seedlings (Kim 
et al. 2012), and the seedlings were treated for 4 h with shoot 
endophytic PGPB suspension (1.00 OD at 600 nm), i.e., 
strains Bc09, So23, E02, and Oj24, and a combined culture 
(mixed) of these four PGPB, while the control plants (two 
noninoculated sets) were only treated with sterile distilled 
water. Seven seedlings were transplanted into 1.5 L poly-
propylene pots containing 1.2 L of 25%-strength-modified 
Hoagland solution (HS) for 1 week and another week with 
50%-strength nutrient solutions; the solution’s pH was main-
tained constant at approximately 5.8 ± 0.2 (Chen et al. 2012; 
Scheirs et al. 2006). Then, the plants (except one control 
set) were exposed to the Cd stress for 10 days by adding 
20 µM  CdCl2 solution to the 50% HS. The HS was renewed 
regularly after 3 days, six replicates each with 7 plants was 
used for each treatment. The potted plants were grown in a 
greenhouse under natural light with an intensity of 350 µM 
 m− 2s− 1 and a photoperiod of approximately 12/12 h day/
night cycle. The mean temperature throughout the vegetative 
period was 30 °C, within the range of 25–35 °C. The relative 
humidity was 40–70%. The plants were cultivated for up to 
45 days (from germination to harvest). Then, the plants were 
harvested, and the roots were thoroughly washed with dis-
tilled water. The harvested plants were carefully washed with 
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distilled water, and the roots were soaked immediately in 
20 mM EDTA-Na2 solutions for 15 min to remove cadmium 
ions attached to the root surface before analysis. The length 
and fresh biomass of the roots and shoots were recorded. 
The samples were oven-dried at 70 °C to a constant weight. 
The dry weight of the roots and shoots for each potted plant 
was recorded.

The plant material and PGPB treatment details are shown 
in Table 1.

Estimation of Cd concentration and translocation 
factor (TF) inside plant tissues

The dried tissues were weighed and ground into a powder 
to determine the concentration of Cd. For each sample, 8 ml 
of  HNO3:HClO4 (17:3 v/v) (Ma et al. 2010) were added to a 
50-ml inert polymeric microwave vessel containing samples. 
The samples were mineralized with microwave-assisted acid 
digestion using the DigiBlock ED54-iTouch Digester (Mile-
stone Ethos T, Frederick, MD, USA) at 180 °C. The tem-
perature during digestion was maintained at 80 °C, 100 °C, 
and 120 °C for 30 min each, 140 °C and 160 °C for 1 h each 
and finally, the temperature was brought up to 180 °C to 
digest the samples completely. After their complete miner-
alization, the crystals were diluted (10 ml of 2.5%  HNO3) 
(Liu et al. 2016) and analyzed by inductively coupled plasma 
optical emission spectrometer (ICP-OES, Optima 2100 DV, 
Perkin Elmer, Gaithersburg, MD, USA). The concentration 
of Cd and TF inside plant tissues were calculated as follows 
(Huang et al. 2015; Shi et al. 2012, Su et al. 2014; Zhang 
et al. 2015):

Cd concentration in plant tissues =
Cd root or shoot ×Volume

Dry weight root or shoot

where “Cd root or shoot” is the ICP-OES machine reading 
of Cd concentration in the shoot or root in mg  L− 1 and “Dry 

weight root or shoot” is the dry weight of root or shoot in 
Kg.

where “Cd shoot” is the concentration of Cd in the shoots 
(mg kg − 1) and “Cd root” is the concentration of Cd in the 
roots (mg  kg− 1).

Monitoring the colonization of endophytes 
inside switchgrass using green fluorescent protein 
(GFP)‑labeled bacterial strain

Among the four strains, Oj24 was selected for labeling 
and monitoring the colonization inside plant tissues. All 
the strains were first tested for their ability to grow in the 
presence of the antibiotic spectinomycin-containing KB 
medium. Among the four PGPB, only Oj24 could not grow 
in that medium. Therefore, strain Oj24 did not have the 
spectinomycin-resistant gene and could be labeled with GFP 
marker, but the other three strains already had this gene, so 
they could not be labeled with this marker.

Extraction of plasmid pJZ383 from Escherichia coli strain 
DH5α

Escherichia coli strain DH5α has the plasmid pJZ383 which 
contain GFP gene and is spectinomycin resistant, provided 
by the College of Life Science, Nanjing Agricultural Univer-
sity, Nanjing, China. The Plasmid DNA of the DH5α strain 
was extracted using a plasmid DNA minipreps kit (Shanghai 
Generay Biotech Co. Ltd., Shanghai, China). The bacterial 
culture medium containing 100 µg  ml− 1 spectinomycin was 
centrifuged for 2 min at 12,000×g, suspended in 100 µl of 
solution-I and stored on ice for 10 min. The cells were vigor-
ously shaken, and 200 µl of solution-II was added to the cells 
for 5 min. Then, 150 µl of precooled solution-III was added, 
and the mixture was placed on ice for 5 min. The result-
ing supernatant was transferred to another centrifuge tube, 
the same amount of phenol and two droplets of chloroform 
were added, and the mixture after shaking was centrifuged 
at 12,000×g for 2 min at 4 °C. The supernatant was trans-
ferred to another centrifuge tube, and the precipitated DNA 
was washed with absolute ethanol. After mixing well, it was 
stored at 70 °C for 15 min and centrifuged for 10 min at 
12,000×g. After gently discarding the supernatant, the DNA 
pellet was washed with 1 ml of 70% ethanol at 4 °C. The 
supernatant was carefully discarded again and then vacuum 
evacuated. To dissolve the nucleic acid again, 50 µl of TE 
solution containing RNase was added, and the solution was 
stored at − 20 °C.

TF =
Cd shoot

Cd root

Table 1  Plant materials and treatments of hydroponic experiment 
with 20 µM  CdCl2 exposures

Abbreviation Description

Name of the plant materials
 Alamo Switchgrass (Panicum virgatum) cv Alamo
 CIR Switchgrass(Panicum virgatum) cv Cave-in-Rock

Treatments
 CK Noninoculated without Cd stress
 Cd control Noninoculated with Cd stress
 Bc09 + Cd Inoculation of Pseudomonas grimontii with Cd stress
 So23 + Cd Inoculation of Pantoea vagans with Cd stress
 E02 + Cd Inoculation of Pseudomonas veronii with Cd stress
 Oj24 + Cd Inoculation of Pseudomonas fluorescens with Cd 

stress
 Mixed + Cd Inoculation of P. grimontii + Pantoea. vagans + P. 

veronii + P. fluorescens + Cd stress
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Preparation of competent cells of Oj24 strain

The strain Oj24 was inoculated in 4 ml of LB broth and 
incubated at 30 °C, and when the OD was approximately 
0.6 at 600 nm, the culture was placed in an ice bath for 10 to 
15 min. The culture was centrifuged at 5000×g for 10 min 
at 4 °C, and the supernatant was removed. The bacteria were 
washed twice with an equal amount of 4 °C-precooled sterile 
water and centrifuged. The cells were suspended with 1 ml 
of 15% ice-cold glycerol (Bernabeu et al. 2015).

GFP labeling and fluorescence detection

The delivery plasmid pJZ383 of 200 ng was added to 100 µl 
competent cell suspension and the mixture was incubated 
for 15 min on ice. Sterile water was used as the control. The 
mixture was transferred to an electroconversion cuvette and 
electroporated using the settings 1.3 KV for 5 min. The cells 
were immediately transferred into 1 ml of fresh LB broth and 
cultured at 30 °C. After 2 h, 100 µl of bacterial solution was 
applied to a plate containing 100 µg  ml− 1 spectinomycin and 
kept in incubation for 12 h (Compant et al. 2005). The GFP-
labeled bacterial colonies and cells were confirmed and a 
photograph was taken using a fluorescence stereomicroscope 
(ECLIPSE Ti-S, Nikon, Japan).

Transformant stability and bacterial growth 
comparison

The transformant was grown for more than 10 generation 
on KB agar medium with and without spectinomycin and 
the permanence of the GFP labeling was confirmed. Three 
replicates were used for each treatment. The colony and cell 
morphologies of the GFP-labeled derivatives were compared 
to those of the nonlabelled-Oj24 strain in KB medium.

Observing GFP‑labeled strain Oj24 colonization 
inside root and shoot of switchgrass

The three-leaf-stage young seedlings were treated with the 
GFP-labeled strain for 4 h. The treated plants were then 
grown in HS solution for 2 days. After 2 days, the plant was 
surface disinfected with 75% ethanol for 5 min followed by 
washing with sterile distilled water. Simple slides of roots 
and shoots were prepared separately and the colonization 
was observed under a confocal microscope (UltraVIEW® 
VoX, PerkinElmer with camera T-P2 Nikon, Japan, at Nan-
jing Agricultural University).

Bioassay

For bioassays, the GFP-labeled Oj24 strain inoculated and 
noninoculated control plants were surface sterilized with 

75% ethanol for 5 min and washed several times with sterile 
distilled water. The samples were ground and plated onto 
KB medium with and without spectinomycin at 37 °C for 
12 h incubation and then bacteria were observed under a 
fluorescence microscope.

Statistical analysis

All the data were statistically analyzed using SPSS version 
16 software (SPSS Inc.) and graphs were prepared using 
OriginPro 8 software. The data presented are the mean val-
ues with standard errors. The analysis was performed by 
the Duncan Multiple Range Test (DMRT) and significant 
differences were analyzed by one-way ANOVA at p < 0.05.

Results

Isolation and identification of bacteria

The screening of the isolated Cd-tolerant bacterial strains 
was conducted using the filter paper assay to measure the 
root and shoot lengths of bacteria-inoculated switchgrass in 
a Cd stress condition (Supplementary file-1). The best four 
performing bacterial strains, Bc09, So23, E02, and Oj24, 
were isolated from the interior of the shoots of Brassica 
campestris L., Spinacia oleracea L., an unidentified dicot 
plant, and Oenanthe javanica Bl., respectively. These four 
strains were identified by 16S RNA gene sequencing. The 
species names, GenBank accession numbers and the simi-
larities of the isolated strains are shown in Table 2.

Cd tolerance of the endophytic bacteria

All four shoot endophytic bacteria were found to be toler-
ant to  CdCl2. Bacterial growths were observed at 50, 100 
and 500 µM  CdCl2 concentrations. The growth increased 
with increasing time as shown in Fig. 1a–d. It should be 
noted that without Cd-containing culture, the bacteria 
required less time to reach the log or exponential phase, 
whereas the bacteria needed a longer time to reach the 
exponential phase when the culture contained different 
concentrations of  CdCl2. Furthermore, the lag phase was 
more prolonged in 100 and 500 µM  CdCl2-containing cul-
tures. This is because, in the beginning, some times is 
required for the bacteria to adjust to high concentrations 
of heavy metal-containing medium to start the metabolic 
activities (Mdzinarashvili et al. 2013). After a prolonged 
lag phase in the high Cd stress (100 and 500 µM) the bac-
teria developed more resistance in them. In this test, So23 
comparatively has less growth in the 500 µM  CdCl2 com-
pared to the other three bacteria. Our experimental results 
suggest that So23 might have needed a few more hours to 
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increase its growth rate compared to the other three bacte-
ria; as Fig. 1d depicts, the curve is showing an increasing 
trend of growth (the OD). It is reported that some heavy 
metal-resistant bacteria need greater than 72 h incubation 
for increase in the growth rate (Khan et al. 2016).

Plant growth‑regulating properties of PGPB

The ACCD activity, production of IAA, and phosphate 
solubilization ability varied significantly among the bacte-
rial strains (Table 3). Notably, all the bacteria showed the 

Table 2  Source of isolated strains, strain name by 16S rRNA gene sequencing and GenBank accession number, sequence similarity and query 
coverage

Location of sampling was Cd-polluted soils of Gejiu, Yunnan, China for all four strains. Sequence query coverage was 100% in all cases

Strain ID Species name by 16S 
rRNA gene sequencing

GenBank 
accession 
no.

Source of sampling No. of nucleotides 
of 16S rRNA gene 
bp

Sequence similarity % of 16S 
rRNA gene with closely related 
taxa

Bc09 Pseudomonas grimontii KT326183 Endophytic bacteria from shoots of 
Brassica campestris L

1495 99.5

So23 Pantoea vagans KT326184 Endophytic bacteria from shoots of 
Spinacea oleracea L

1501 98.3

E02 Pseudomonas veronii KT326185 Endophytic bacteria from shoots of 
an unidentified dicot plant

1495 99.3

Oj24 Pseudomonas fluorescens KT326186 Endophytic bacteria from shoots of 
Oenanthe javanica Bl. DC

1495 97.3

Fig. 1  Cadmium toxicity tolerance test of PGPB. Bc09 = Pseu-
domonas grimontii, So23 = Pantoea vagans, E02 = P. veronii and 
Oj24 = P. fluorescens in a without  CdCl2 and with b 50 µM  CdCl2 c 
100 µM  CdCl2 and d 500 µM  CdCl2 concentrations. Bar in each sym-

bols represents ± SEM (n = 6). Culture condition: 10 times diluted KB 
medium, supplement with different concentrations of  CdCl2, incu-
bated at 30 °C at 160 rpm
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capability to produce a significant amount of IAA, espe-
cially Oj24 strains, which accumulated the highest (27.50 µg 
 ml− 1) level of IAA. However, among the four isolated bac-
teria, only two strains So23 and E02 showed ACCD activ-
ity whereas the other two bacterial strains Bc09 and Oj24 
could solubilize insoluble phosphate. Different bacteria 
with a wide range of ACCD activity can be considered as 
PGPB. Moreover, the minimum level of about 20 nmol 
α-ketobutyrate  mg− 1 h− 1 ACCD activity is sufficient for a 
bacterium to grow on ACC and act as a PGPB, whereas it 
is observed that the higher levels of ACCD activity (from 
300 to 400 nmol α-ketobutyrate  mg− 1h− 1) and lower level 
of enzyme activity both can promote plant growth equally 
(Penrose and Glick 2003).

Uptake of Cd in PGPB

The uptake (intracellular accumulation) of Cd in bacterial 
cells increased with increasing  CdCl2 concentrations. The 
amounts of intracellular Cd accumulation were from 123 
to 392 µg  g− 1  Cd2+ in strain Bc09; from 94 to 457 µg  g− 1 
 Cd2+ in strain So23; from 108 to 285 µg  g− 1  Cd2+ in strain 
E02; from 114 to 350 µg g − 1  Cd2+ in strain Oj24; and from 
159 to 367 µg  g− 1  Cd2+ in mixed PGPB. These results were 
obtained from cultures containing 10, 20, 50, and 100 µM 
 CdCl2 (Fig. 2).

Influence of endophytic PGPB on the growth 
of switchgrass cvs Alamo and CIR under Cd stress 
in hydroponic culture

Plant height and biomass

The root and shoot lengths of plants were recorded after 
Cd treatment prior to harvest. The root and shoot lengths of 
PGPB-inoculated plants were longer than the noninoculated 

Cd control plants in both cultivars in Cd stress conditions, 
showing a significant difference of p < 0.001 (Fig. 3a, b).

In the Cd stress condition, the fresh and dry weights 
of endophytic PGPB-inoculated plants were significantly 
higher (p < 0.001) than the noninoculated Cd control plants 
in both cultivars shown in Fig. 3c–f. The root dry biomass 
of Bc09-, So23-, E02-, Oj24-, and mixed PGPB-inoculated 
plants under Cd stress were significantly increased by 57%, 
97%, 93%, 96%, and 76% in Alamo and 70%, 53%, 137%, 
29%, and 28% in CIR, respectively, compared to their cor-
responding Cd controls. The shoot dry biomass of Bc09-, 
So23-, E02-, Oj24-, and mixed PGPB-inoculated plants 
under Cd stress were also significantly higher, showing 
higher values of 105%, 136%, 130%, 105%, and 85% in 
Alamo and 97%, 138%, 169%, 42%, and 54% in CIR, respec-
tively, compared to the noninoculated Cd control. In the case 
of the two cultivars, CIR had more root dry biomass than 
Alamo. In CIR, the shoot dry biomass of noninoculated con-
trol plants without Cd stress acquired higher biomass than 
those of the Alamo in the same treatment. On the other hand, 
the phenomenon of shoot dry biomass production under Cd 
stress conditions was reversed. In this case, PGPB-inocu-
lated Alamo plants had higher shoot biomass compared to 
the PGPB-inoculated CIR.

Estimation of Cd concentration and TF inside plant tissues

The Cd concentrations in Alamo and CIR (root, shoot, and 
whole plants) are shown in Fig. 4a–c. Bacterial inoculation 
showed significant effects on the concentrations of Cd in 

Table 3  Assay of ACCD activity (α-Ketobutyrate formation), produc-
tion of IAA, and phosphate solubilization activity by the four Cd-tol-
erant shoot endophytic PGPB

±SEM (n = 6). Different letters in different columns indicate statisti-
cally significant differences according to Duncan’s multiple range test 
at p < 0.05
ND not detected

Shoot 
endophytic 
bacteria

ACCD activity 
µM α-ketobutyrate

Production of 
IAA µg  ml− 1

Phosphate 
solubilization 
activity

Control ND ND ND
Bc09 ND 21.42 ± 0.28b Positive
So23 0.09 ± 0.002b 6.88 ± 0.06d Negative
E02 0.20 ± 0.003a 12.66 ± 1.27c Negative
Oj24 ND 27.50 ± 0.33a Positive

Fig. 2  Cd uptake of PGPB at different  CdCl2 concentrations. 
Bc09 = Pseudomonas grimontii, So23 = Pantoea vagans, E02 = P. 
veronii, Oj24 = P. fluorescens and Mixed = combined culture of this 
four PGPB. Bar in each column represents ± SEM (n = 6). Culture 
condition: 10 times diluted KB medium, supplemented with different 
concentrations of  CdCl2, incubated at 30 °C at 160 rpm for 24 h
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roots and shoots (Fig. 4a–c). In both cultivars, the concentra-
tions of Cd in roots were higher than in the shoots. The CIR 
contained more Cd in both roots and shoots than those in the 
Alamo. The roots of the So23-, E02-, and Oj24-inoculated 
Alamo plants under Cd stress possessed 24%, 10%, and 12% 
lower Cd concentrations, respectively, compared to plants 
in the Cd control, except for Bc09 and the mixed treatment 
(Fig. 4a). CIR inoculated with the bacterial strains Bc09, 
E02, Oj24, and mixed PGPB exhibited 21%, 14%, 7%, and 
10% lower concentrations of Cd in root compared to the 
noninoculated Cd control, respectively (Fig. 4a).

Under Cd stress in the Alamo, the shoot Cd concen-
trations of Bc09-, So23-, and E02-inoculated plants were 
16%, 20%, and 5% lower than those in the Cd control, 
respectively (Fig. 4b). The shoot Cd concentrations of 
Bc09-, So23-, E02-, Oj24-, and mixed PGPB-inoculated 

CIR was 37%, 16%, 27%, 26%, and 47% lower than those 
in the Cd control, respectively (Fig. 4b).

The total Cd concentrations of the PGPB-inoculated 
plants were less than those of the noninoculated Cd 
control plants, except for Bc09- and mixed PGPB-inoc-
ulated Alamo plants and So23-inoculated CIR plants 
(Fig. 4c). Significant differences were observed among 
the treatments (p < 0.001) in the root, shoot, and total Cd 
concentrations.

The TF values indicate the translocation and distribu-
tion of heavy metals more precisely. In Cd stress, the 
Bc09- and mixed PGPB-inoculated Alamo plants pos-
sessed 18 and 9% lower TFs compared to the Cd control 
plants, respectively. However, 4%, 3%, and 13% higher 
TF was observed in the So23-, E02-, and Oj24-inoculated 
Alamo plants, respectively, compared to the Cd control 

Fig. 3  Height and biomass of switchgrass cv Alamo and Cave-in-
Rock (CIR). a Root length b shoot length, c root fresh weight, d shoot 
fresh weight, e root dry weight, and f shoot dry weight under 20 µM 
 CdCl2 stress. CK contain no Cd and no endophytic PGPB. Cd treated 
with Cd and no endophytic PGPB and others treated with endophytic 

PGPB + Cd, Mixed combined culture of four endophytic PGPB + Cd. 
Bar represents ± SEM (n = 6). Different letters in different columns 
indicate statistically significant differences according to Duncan’s 
multiple range test at p < 0.05
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plants, whereas the PGPB-inoculated CIR exhibited 
19–42% lower TFs (Fig. 4d).

Green fluorescent protein (GFP)‑labeled bacterial 
strain

Stability of the transformant and bacterial growth 
comparison

The colony count is presented in Table 4. The growth pat-
terns, morphology of colony and cells of the GFP-labeled 
bacteria on KB medium were similar to those of the non-
GFP-labeled strains. Colonies appeared for up to 11 gen-
erations on KB medium with spectinomycin, indicating 
that the labeling of the bacterial chromosome was stable.

Fig. 4  Cd uptakes of switchgrass cv Alamo and Cave-in-Rock (CIR). 
a Cd concentration in root, b Cd concentration in shoot, c Cd con-
centration in whole plant, and d translocation factors under 20  µM 
 CdCl2 stress. CK contain no Cd and no endophytic PGPB. Cd treated 
with Cd and no endophytic PGPB and others treated with endophytic 

PGPB + Cd, Mixed combined culture of four endophytic PGPB + Cd. 
Bar represents ± SEM (n = 6). Different letters in different columns 
indicate statistically significant difference according to Duncan’s mul-
tiple range test at p < 0.05

Table 4  Transformant stability of GFP-labeling strain Oj24 grown on 
KB medium

G generation, cfu colony forming unit

Bacterial generation Wild (cfu  ml− 1) GFP 
tagged (cfu 
 ml− 1)

G1 9.76 × 105 7.30 × 105

G2 3.78 × 105 3.35 × 105

G3 3.72 × 105 2.57 × 105

G4 1.50 × 105 3.30 × 105

G5 1.54 × 105 1.44 × 105

G6 1.26 × 105 1.36 × 105

G7 1.03 × 105 8.6 × 104

G8 8.8 × 104 6.2 × 104

G9 3.3 × 104 6.5 × 104

G10 6.4 × 104 4.3 × 104

G11 3.9 × 104 4.4 × 104



Acta Physiologiae Plantarum (2018) 40:170 

1 3

Page 11 of 16 170

Confirmation of colonization of the strain Oj24 
inside the plant

The GFP labeling was confirmed by observations using the 
fluorescence microscope, where tagged bacteria showed a 
green fluorescence appearance (Fig. 5a). Two days after 
GFP-labeled bacteria inoculation, green fluorescence was 
visible in both roots and shoots in confocal microscopic 
observations. No bacteria were visible in the noninoculated 
control plant (Fig. 5b–i). The bacteria from the colony (from 
the Petri plate containing ground surface-sterilized shoot tis-
sue) were visible in the fluorescence microscope, indicating 
their successful colonization inside the tissues and the endo-
phytic nature of the bacterial strain.

Discussion

The experimental design was set up to isolate novel endo-
phytic PGPB from the interior of the above-ground parts 
of plants growing in heavy metal-contaminated sites. 
These potential bacteria were inoculated into two cultivars 
of switchgrass, Alamo and CIR, for the enhancement of 
improving biomass under Cd stress conditions. It should 
be noted that diverse pollution-tolerant microorganisms 
isolated from natural contaminated sites have shown adap-
tive properties in stressful environments (Pal et al. 2005; 
Rajkumar et al. 2010). Furthermore, isolated endophytic 
strains of the hyperaccumulator Sedum plumbizincicola 

Fig. 5  Images of fluorescing 
Pseudomonas fluorescens strain 
Oj24 in suspension or in root 
and shoots after colonization. 
a GFP-labeled Pseudomonas 
fluorescens strain Oj24 in an 
aqueous suspension observed 
under a fluorescent microscope. 
b–i Confocal images of several 
independent observations from 
roots (b–e) or shoots (f–i) taken 
2 days following switchgrass 
cv. Alamo inoculation with 
P. fluorescens strain Oj24, 
showing bacterial colonization 
inside the plants. In figure b and 
f is the root and shoot of the 
noninoculated control plant and 
others are GFP-labeled Oj24 
inoculated plant. In each section 
b, c, d, e, f, g, h, i left panels 
were observed under fluores-
cent light and right panels were 
under visible light. Bar = 5 µm 
in a, 5.8 µm in b, c, d, e; 5.2 µm 
in f and 15 µm in g, h, i 
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with ACC deaminase activity accumulated Cd and Zn from 
mine soils containing various metals; thus, this organism 
can tolerate stressful conditions (Ma et al. 2015a). The 
present study showed consistency with the above-men-
tioned study because, here, all the endophytic bacteria 
were isolated from the interior of the above-ground parts 
of plants grown in Cd-contaminated soils, and they were 
highly tolerant to Cd (> 500 µM  CdCl2).

The endophytic bacteria Serratia sp. RSC-14 increased 
the growth and biomass production under Cd-induced stress 
in Solanum nigrum (Khan et al. 2015). In our closer observa-
tion, it was observed that the 20 µM  CdCl2 in the Hoagland 
nutrient solution inhibited the growth of the noninoculated 
switchgrass cvs Alamo and CIR. However, inoculation with 
Cd-tolerant endophytic PGPB Bc09, So23, E02, Oj24, and a 
mixed culture of these four PGPB, mitigated the inhibitory 
effects and even stimulated the growth of switchgrass. This 
is because the isolated strains So23 and E02 had ACCD 
activities and IAA-producing abilities, while the strains 
Bc09 and Oj24 had phosphate-solubilizing and IAA-pro-
ducing abilities. PGPB triggered these novel mechanisms 
when they encountered adverse conditions, such as biotic 
or abiotic stresses (Kong et al. 2017). The bacterial ACCD 
is activated under stresses and converts ACC, the immedi-
ate ethylene precursor, into α-ketobutyrate and ammonia, 
which reduce the ethylene level in plants (Kong and Glick 
2017). Thus, PGPB protected plants and facilitated growth 
and development. Furthermore, it has been reported that by 
controlling cell division and differentiation, the bacterial 
IAA could help in plant growth and development (Berleth 
and Sachs 2001). Thus, these PGPB could impart profound 
effects on plant growth through their IAA-producing mecha-
nisms. It is worthwhile to mention that phosphorous (P) is a 
major macronutrient, but 75% of the applied P goes in com-
plex forms and becomes unavailable for plant uptake (Ma 
et al. 2016; Kong and Glick 2017). The PGPB in stress con-
ditions can make this complex P available for plant uptake 
in different ways. Phosphate solubilization is a common phe-
nomenon of the rhizosphere bacteria (Walia et al. 2017). 
Similarly, many of the shoot endophytic PGPB also observed 
to solubilize mineral phosphate (Verma et al. 2001; de Abreu 
et al. 2017). This is because endophytic PGPB during their 
initial colonization inside the root region could solubilize 
insoluble phosphate and delivered to the host plant (Rajku-
mar et al. 2009). The work of Kuklinsky-Sobral et al. (2004) 
supported this suggestion as 49% of the soybean endophytic 
PGPB were phosphate solubilizer. Our work also supported 
this because two of our shoot endophytic PGPB strain Bc09 
and Oj24 could solubilize insoluble phosphate. Thus, the 
PGPB in the present study benefitted switchgrass using one 
or more different mechanisms to adapt plants to Cd stress 
by increasing biomass. In the comparison between cultivars, 
it was revealed that PGPB-inoculated Alamo gained higher 

shoot biomass than the PGPB-inoculated CIR in Cd stress, 
but without Cd stress, CIR exhibited a higher shoot biomass. 
In the natural environment, diverse PGPBs work together 
and enhance plant growth through their plant growth-pro-
moting mechanisms (Rajkumar et al. 2009). The important 
finding in the present study was that the biomass of mixed 
PGPB-inoculated plants under Cd stress in both cultivars 
were significantly higher than those of the noninoculated Cd 
control plants, which means that the combined or synergistic 
actions of the four PGPB mitigated the inhibitory effects of 
Cd stress.

Endophytic PGPB has potential effects on Cd concen-
tration, accumulation, and TF inside plant tissues under Cd 
stress. Our experimental results showed that inoculation of 
endophytic PGPB in switchgrass under Cd stress reduced 
the Cd concentration (in roots, by 10–24% and in shoots, by 
5–47%) and translocation (9–42% lower) inside plant tissues 
compared to the noninoculated Cd control plants. Moreover, 
the CIR cultivar took up more Cd than the Alamo cultivar in 
Cd stress. Previously, our research group isolated and identi-
fied five Cd-tolerant root endophytic PGPB P. putida strain 
Bj05, P. fluorescens strain Ps14, Enterobacter spp. strain Le14, 
So02, and Bo03. We observed decreased Cd accumulation and 
TF in PGPB-inoculated switchgrass compared to the nonin-
oculated switchgrass grown in the presence of 20 µM  CdCl2 
(Afzal et al. 2017). Yuan et al. (2014) stated that endophytic 
Rahnella sp. JN27-inoculated Amaranthus hypochondriacus, 
A. mangostanus, and Solanum nigrum exhibited increased bio-
mass, Cd concentration, and Cd uptake capacity. However, 
Madhaiyan et al. (2007) reported that the Nickel (Ni) and Cd 
uptake in the tomato plant were reduced due to the inocula-
tion of rice endophytic bacteria Methylobacterium oryzae and 
Burkholderia sp. Furthermore, inoculation of Bacillus subtilis 
in rice significantly reduced the Cd accumulation compared 
to the noninoculated control plant in a Cd-contaminated soil 
(Treesubsuntorn et al. 2017). The aforementioned reports are 
consistent with our study. There is no doubt that roots accu-
mulated more heavy metals than shoots in most of the vascular 
herbaceous plants (Reed et al. 2002). These findings are con-
sistent with our study, where roots contained more Cd than the 
shoots. It is important to mention that the present study also 
explored the efficiency of the PGPB to uptake Cd from a given 
medium (uptake 94 to 457 µg g− 1  Cd2+ in bacterial cells from 
10 to 100 µM  Cd2+ containing medium). PGPB inoculants 
can alleviate metal toxicity; alter metal uptake capacity and 
translocation in plants using biosorption, bioaccumulation, 
detoxification, transformation or sequestration mechanisms; 
and offer protective effects on the plants under unfavorable 
toxic metal conditions, which results in more growth and 
yields (Kong and Glick 2017). It is noteworthy to mention 
that, in our study, the Cd accumulation in the cells of four 
studied PGPB was measured after two times of washing with 
EDTA, which is believed to be a strong chelating agent and can 
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remove the attached Cd on the cell surface of bacteria (Huang 
et al. 2017). Consequently, the four PGPB used in this study 
could accumulate Cd in their cells using biosorption and bio-
accumulation. The biosorption mechanisms of heavy metals 
refer to the adsorption of metals on the cell surface, extracel-
lular precipitation, and intracellular accumulation into vacuole 
or by forming special components (Wu et al. 2017). However, 
the underlying mechanisms of metal absorption in toxic metal 
conditions to protect plants are poorly understood (Ma et al. 
2015b). All the PGPB used in our experiment were capable of 
taking up Cd with concurrent profuse growth. These beneficial 
PGPB helped reduce the Cd concentration inside the plant tis-
sues. It is worthwhile mentioning that the noninoculated Cd 
control plants had decreased biomass.

In this study, all four PGPB strains were found to be truly 
endophytic, as the fluorescent-labeled bacteria confirmed 
their colonization inside the roots and shoot tissues. Simi-
lar findings have been reported earlier in the switchgrass 
cultivar Alamo (Kim et al. 2012), in grapevine (Compant 
et al. 2005) and potato (Reiter et al. 2002) with Burkholderia 
phytofirmans PsJN inoculation, where PsJN traveled through 
the flow of vascular system from roots to the upper parts of 
the plants. The aforementioned is the first step in the endo-
phytic PGPB and plant interaction (Shi et al. 2017).

During the entire life cycle of plants, any particular PGPB 
can go through one or more different plant growth-regulating 
mechanisms and influence plant growth and development 
under drought, salinity, metal stress, and pesticide toxicity 
(Glick 2015). We were successfully able to study differ-
ent plant growth-promoting mechanisms of PGPB such as 
ACCD activity, production of IAA, phosphate solubiliza-
tion ability and their high tolerance to Cd stress, and our 
findings suggested that PGPB facilitated the growth of the 
plants through above mechanisms. Previously, Reed et al. 
(2002) demonstrated that at a 16 mg  L− 1 Cd concentration 
in nutrient solutions, the maximum biomass of switchgrass 
reduced and the plants showed various levels of tolerance 
to Cd. Zhang et al. (2015) further reported that switchgrass 
cv CIR was tolerant to 5 mg  L− 1 Cd, and they suggested 
that this energy crop was tolerant to Cd stress. We observed 
that PGPB-inoculated plants achieved more above-ground 
biomass by influencing the metal concentrations inside 
plants and changing metal bioavailability through their plant 
growth-promoting mechanisms of ACCD activity, IAA pro-
duction, and phosphate solubilization.

Conclusions

This study shows that the application of PGPB in plants 
can counteract the environmental pollutant of high Cd con-
centrations. We have investigated the beneficial potential of 
shoot endophytic PGPB on the betterment of switchgrass 

yield and growth under Cd toxicity. Inoculation with shoot 
endophytic PGPB assisted switchgrass by increasing bio-
mass and diminishing the inhibitory effects of Cd by lower-
ing the Cd concentration and minimizing the translocation 
using their growth-regulating properties of ACCD activity, 
IAA production, and phosphate solubilizations. Thus, the 
results of the work would add some relevant information to 
plant–microbe interactions in a Cd-contaminated area.
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