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A B S T R A C T

Hybrid Pennisetum (Pennisetum americanum � P. purpureum Schumach L.) is a tall and rapidly growing
perennial C4bunch grass. It has been considered as a promising plant for phytoremediation of heavy metal-
contaminated soil due to its high biomass, high resistance to environmental stress, pests and diseases.
Heavy metal bioavailability level is the most important parameter for measurement of the
phytoremediation efficiency. Endophytic bacteria were used to further enhance phytoremediation of
heavy metals through bioaccumulation or bioabsorption process. In the present study, the endophytic
Bacillus megaterium strain ‘BM18’ isolated from hybrid Pennisetum was screened under 10-70 mM
cadmium (Cd) stress for Cd-resistant mutant colonies. And one such mutant colony‘BM18-2’ was obtained
from the screen. Comparably, ‘BM18-2’ was more Cd-tolerant and had higher Cd removal ability than the
original strain‘BM18’. The amount of IAA and ammonia production, and phosphate solubilization were
1.09, 1.23 and 1.24 times in ‘BM18-2’ than those of ‘BM18’, respectively. Full genome sequencing of these
two strains revealed 6 different genes: BM18GM000901, BM18GM005669 and BM18GM005870 encoding
heavy metal efflux pumps, BM18GM003487 and BM18GM005818 encoding transcriptional regulators for
metal stress biosensor and BM18GM001335 encoding a replication protein. Inoculation with ‘BM18-2’ or
‘BM18’ both significantly reduced the toxic effect of Cd on hybrid Pennisetum, while the effect of ‘BM18-2’
on plant growth promotion in the presence of Cd was significantly better that of ‘BM18’. Therefore, the
mutated strain ‘BM18-2’ could be used as a potential agent for Cd bioremediation, improving growth and
Cd absorption of hybrid Pennisetum in Cd contaminated soil.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Discharges of heavy metals into environment due to industrial
revolution, use of different fungicides and land chemical fertilizers,
wastewater irrigation and sewage sludge impose considerable
health threat worldwide [1,2]. Heavy metals cannot break down
to non-toxic forms, and therefore have long-lasting effects on the
ecosystem. Many of them are toxic even at very low concentrations,
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e.g. arsenic, cadmium (Cd), chromium, copper, lead, mercury, nickel,
selenium, and silver, are not only cytotoxic but also carcinogenic and
mutagenic in nature [3,4,5]. Cd is the most dangerous metal ion
characterized by high stability and toxicity [6]. Cd is known to bind
with essential respiratory enzymes such as oxidases [6,7] causing
oxidative stress and cancer [8, 9]. Cd is highly corrosion resistant and
is widely used to plate metal parts in general industrial hardware as
well as in automobiles, electronics, marine and aerospace industries
[10]. It is urgent to find cost-effective method for remediation of
heavy metal contamination and protect the environment from their
toxic effects [11].

Remediation of heavy metal polluted soils through phytor-
emediation has received a wide attention for its cost-effective and
eco-friendly in situ remediation nature [4]. Hybrid Pennisetum
(Pennisetum americanum � P. purpureum Schumach L.) is a tall
and fast-growing perennial C4 bunch grass, with high biomass
productivity, adaptability to environmental stress condition, quick
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regeneration capacity, free from pests and diseases [12,13].
Therefore, hybrid Pennisetum is an ideal plant species for
phytoremediation. However, low metal bioavailability was limited
by the uptake of heavy metal ions from soil or water by plant roots
and subsequent translocation and accumulation in shoots [4].
Alternatively, phytoremediation of heavy metal ions in the
environment by microorganisms, especially by endophytic plant
growth-promoting bacteria (PGPB), has acquired great attention
[14,15].These bacteria greatly affect plant growth and development
due to their production of plant-growth-promoting compounds,
such as indole-3-acetic acid (IAA), siderophores, and 1-amino-
cyclopropane-1-carboxylate (ACC) deaminase [16], improve plant
resistance to various biotic and abiotic stresses [17,18], and prevent
or reduce the toxicity of heavy metals in plants by producing
biosurfactants and extracellular polymeric substances [19,20].
Bacteria have been used for the effective removal of heavy metals
through biosorption and bioaccumulation processes [21,22].

Bacillus megaterium, generally considered a soil microbe, is
gram-positive and has great potential for phytoremediation of
metal-polluted sites [23]. Li et al. (2017) demonstrated that hybrid
Pennisetum with endophytic B. megaterium H3 may be utilized for
biomass production and Cd phytostabilization in different levels of
Cd-contaminated aquatic environments [24]. And it was found that
B. megaterium could enhance Cd desorption from soil and increase
Cd accumulation in plants by decreasing the negative effects of the
heavy metals [23].

Previously, our group isolated a B. megaterium strain ‘BM18’
from a hybrid Pennisetum inflorescence. ‘BM18’ can only grow in LB
medium with � 40 mM Cd. By inducing in increasing cadmium
stress step by step, we obtained a mutated strain ‘BM18-2’ with
higher cadmium resistance ability to 70 mM Cd.

The objective of this study was to compare the Cd removal
capability of ‘BM18-2’ and the original strain ‘BM18’ at different
concentrations of Cd, to investigate their properties in promoting
plant growth and Cd accumulation as well as differences in their
genome sequences.

2. Material and methods

2.1. Source of entophytic bacteria ‘BM18’ and ‘BM18-2’

The wild type ‘BM18’: The bacterial isolate used in the present
studywasaPatent (publicationnumberPCT/ CN2018/119676)which
isolated from the regenerated plants cultured from young spikes of
hybrid Pennisetum in vitro and was identified as Bacillus megaterium.

Bacterial mutation ‘BM18-2’: The ‘BM18’ were activated and
cultured in LB broth comprising of 10 g tryptone, 5 g yeast extract,
5 gNaClperliter.ThepHof themediumwasadjustedto7.0–7.2. ‘BM18’
storedat-80 �Cwereactivatedintubeswith5 mlLBbrothonarotating
shaker (200 rpm) for 16 h, then 50 ml activated ‘BM18’ solution was
transferred to LB solid medium supplemented with different
concentrations of Cd and cultured for 24 h at 30 �C. Then ‘BM18’
was screened in solid medium with increasing Cd (CdCl2.5/2 H2O) step
by step until a separable mutant strainwas obtained at 70 mM Cd. And
then, the mutant strainwas subcultured for 10 generations in LB liquid
medium without Cd stress for 24 h at 30 �C. The selected single
colonies were subcultured for 10 generations in LB solid medium
without Cd stress for 24 h at 30 �C. The last selected single colony was
verified in LB solid medium with 70 mM Cd and finally stored at -80 �C
as the mutant strain ‘BM18-2’.

2.2. Measurement of the plant growth promoting (PGP) characteristics
of ‘BM18-2’and ‘BM18’

The bacterial ability to produce IAA was determined by the
Salkowski method [25]. The ‘BM18-2’and ‘BM18’ were inoculated
in liquid LB medium then incubated at 30 �C under 200 rpm
agitation for 16 h, respectively. The absorbance of bacterial
solution was adjusted to OD600 = 0.8. 0.2 ml ‘BM18-2’ or ‘BM18’
was inoculated in 8 ml 100 mg/L tryptophan medium on a rotating
shaker (200 rpm) at 30 �C. After incubation for 48 h, bacteria
solutions were transferred to Eppendorf tubes and centrifuged at
10,000 rpm for 5 min respectively. 2 ml supernatant was added to
4 ml of Salkowski coloring solution (10 ml 0.5 mol�L�1 FeCl3 mixed
with 500 ml 35% perchloric acid). After incubating in the dark for
30 min, the absorbance of the solution was measured at 540 nm.
The amount of IAA produced by bacteria was determined by using
standard curve plotted for OD540 according to standard IAA
solution at 0.5, 1.0, 5.0, 10.0, 20.0 and 25.0 mg�L�1. The production
of ammonia of ‘BM18-2’ and ‘BM18’ were tested in peptone water.
10 ml fresh ‘BM18-2’ or ‘BM18’ (OD600 = 0.3) was added into tubes
containing 10 ml peptone broth and was incubated at 30 �C. After
incubation for 72 h Nessler’s reagent was added into the tube and
the development of faint yellow to dark brown color was
considered as a positive result for ammonia production and the
absorbance was measured at a wavelength of 420 nm [26]. The
phosphate solubilization efficiency of ‘BM18-2’ and ‘BM18’ were
detected using Pikovskaya medium [27]. 2 ml fresh ‘BM18-2’ or
‘BM18’ (OD600 = 0.3) was inoculated onto Pikovskaya agar plate
containing inorganic phosphate [Ca3(PO4)2 5.0 g/L] and incubated
at 30 �C for 5 d. Formation of a clear zone around the bacterial
colony was considered as an index of solubilization of mineral
phosphate. Index = the diameter of clear zone/ the diameter of
bacterial colony.

2.3. Comparison of Cd resistance ability of‘BM18-2’ and ‘BM18’
The growth rates and resistance of ‘BM18-2’and ‘BM18’ were

compared in LB broth with different Cd concentration. ‘BM18-2’
and ‘BM18’ were activated in tubes with 5 ml LB broth on a rotating
shaker (200 rpm) for 16 h at 30 �C, then 10 ml activated ‘BM18-2’
and ‘BM18’ (OD600 = 0.3) were transferred to 100-ml tubes
containing 10 ml LB broth supplemented with 10, 20, 30, 40, 50,
and 60 mM Cd respectively. After incubation at 30 �C, the optical
density OD600 was measured at different time using spectropho-
tometer (UV-1800 spectrophotometer, Mapada 131000 C) to assess
the effect of Cd on the growth of ‘BM18-2’ and ‘BM18’.

2.4. Comparison of Cd enrichment capacity (Cd removal capability) of
‘BM18-2’ and ‘BM18’

The Cd removal capacity of ‘BM18-2’ and ‘BM18’ was assessed
based on measuring the difference of the concentration changes of
Cd in incubation medium in the presence and absence of ‘BM18-2’
or ‘BM18’, respectively. The incubation mediums were LB medium
supplemented with different concentrations of Cd (40, 50 and
60 mM CdCl2.). One hundred ml of ‘BM18-2’ or ‘BM18’ was
inoculated in 10 ml incubation medium on a rotating shaker
(200 rpm) at 30 �C. The incubation medium without inoculation
bacteria was as control. At initial 0 h and final 48 h after incubation,
the bacteria solutions were transferred to Eppendorf tubes
and centrifuged at 3,000 rpm for 20 min respectively. The pH
and Cd concentrations of upper supernatant were monitored. The
Cd concentrations were determined using atomic absorption
spectroscopy [28]. The experiment was repeated triplicate.

2.5. Comparison of DNA sequences for ‘BM18-2’ and ‘BM18’

Isolation of genomic DNA for ‘BM18-2’ and ‘BM18’ was carried
out using SDS method. The quality of total DNA obtained was
investigated using agarose gel electrophoresis and evaluated by
Qubit. The bacterial genome was sequenced with MPS (massively
parallel sequencing) Illumina technology. The DNA library was



Table 1
Plant-growth-promoting (PGP) characteristics of ‘BM18-2’ and ‘BM18’.

Bacterial
isolate

NH3

production
(OD420)

IAA
(mg�L-1)

Phosphate
solubilization

‘BM18-2’ 0.42 � 0.04a 3.00 � 0.25a 1.56 � 0.15a

‘BM18’ 0.34 � 0.03b 2.76 � 0.36b 1.26 � 0.09b

Note: ‘BM18-2’, Bacillus megaterium strain 18–2; ‘BM18’, Bacillus megaterium strain
18; all data are the means of three independent biological replicates and are
expressed as means � standard deviation. Different small letters within rows
indicate significant differences at p <0.05 between ‘BM18-2’ and ‘BM18’.
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constructed: a paired-end library with an insert size of 350 bp. An
illumina HiSeq4000 using PE150strategy was applied for sequenc-
ing the 350 bp library. Library construction and sequencing was
carried out at the Beijing Novogene Bioinformatics Technology Co.,
Ltd. Additionally, Using in-house program the quality control of
paired-end reads was performed.

The sequence comparison is the basis of the resequencing
analysis. The variation information of samples and the reference is
obtained by aligning the sample reads with the designated
reference. Burrows-Wheeler Aligner (BWA) software was used
for mapping the sample reads to the reference sequence, while the
SAMTOOLS software was applied to calculate the similarity of the
reads to the reference sequence and to understand the alignment
results. The unigenes’ functions were predicted according to the
databases of GO and KEGG.

The unigenes (� 200 bp) assembled by the SOAP de novo program
were analyzed by Blastx alignment search (E-value � 10�5) against
protein databases including the Nr, Swiss-Prot, GO, KEGG. The best
aligning results were used to determine the sequence direction of
the unigenes. To identify the best Blastx hits from the alignments,
putative gene names and predicted proteins of the corresponding
assembled sequences were produced. The orientation of sequences
was also derived from Blastx annotations. Functional categorization
by gene ontology (GO) terms was performed based on the best
Blastx hits from the Nr database using the Blast 2GO program
according to molecular function, biological process and cellular
component ontology.

2.6. Effect of ‘BM18-2’ and ‘BM18’ on plant growth of Hybrid
Pennisetum in the presence of Cd in pot experiment

Seeds of Hybrid Pennisetum were firstly germinated in soil for
7 d, then the roots of seedlings were immersed in 10 mL fresh
‘BM18-2’ or ‘BM18’ (108CFU�mL�1) for 2 h, and then seedlings were
transplanted in plastic pots (7 cm diameter and 10 cm high)
containing 40 mM Cd in sand. Plants planted without treatment
with 40 mM Cd and bacterial set as the control 1 (CK1), and plants
planted with treatment with 40 mM Cd but without bacterial set as
the control 2 (CK2). Pots were placed in a controlled growth room
(16 h photoperiod, 28–30 o C temperature range) and watered
daily. Plants were harvested after transplanting two weeks, and
subdivided into roots and shoots and washed with deionized
water, and then the fresh weight and the length of shoot and root
were measured.

2.7. Effect of ‘BM18-2’ and ‘BM18’ on plant growth and Cd
accumulation in Hybrid Pennisetum in Cd contaminated field

Hybrid pennisetum was subjected to field trials in
Cd-contaminated fields in 2018. The plants were cultivated in
the same experimental field. The primary pollutants in the soil are
Cd, with concentrations of 0.50 mg�kg�1. The field experiment
consisted 9 plots (each is 4 m long and 4 m wide) arranged in
completely random plot design with 3 replicates for control
(without ‘BM18-2’ inoculation) and treatment (with ‘BM18-2’ or
‘BM18’ inoculation), respectively. The root divisions of HP in a
seedling bedded on 15 April 2018. The seedlings were transplanted
to fields on 29 May 2018 after their roots soaking in ‘BM18-2’ or
‘BM18’ suspension (OD600 = 0.2) for 2–3 h. Seedlings without
bacterial soaking were control. The planting density was
40 cm � 40 cm. 225 kg ha�1 nitrogen fertilizer (urea) were applied
during the whole growth period and the application was 33.3% on
the 7th day after transplanting, 66.7% on the 30th day after
transplanting. All plots were managed using the same field
management. The plants were harvested on 30 October 2018.
Plants were harvested 5–7 cm above the ground and divided into
4–5 cm leaves and stems (including leaf sheath). One whole plant
was randomly selected from each plot, and a total of 3 plants were
selected for each treatment to sample and weigh the fresh leaves
and stems. After that, leaves and stems sample were dried (30 min
at 105 �C and then dried at 70 �C to constant weight), weighed and
finely ground to pass through 40-mesh sieve. 200 mg of plant
sample and 5 mL HNO3 and 1 mL HClO4 were added into a glass
tube and let the tube sit overnight with cover; on the second day,
remove the cap and heat the tube at 90 �C for 30 min and then at
180 �C to yield a clear white or yellow solution, then at 220 �C until
the bottom of the tube was nearly dry; Add 1 ml HCl solution
(HCl: deionized water 1: 1, v/v) to dissolve the residue after tube
cooling, and then diluted with deionized water to 50 mL, filtered
through a filter membrane (0.45 mm). The total Cd concentration of
plant samples was determined using an atomic absorption
spectrophotometer (AAS-Perkin Elmer, PinAAcle 900T). All samples
were analyzed in triplicates and a reagent blank (without sample)
was carried out through the complete digestion process. Certified
materials (GBW07405 and GBW07401) from the National Research
Center for Standards, China, were used for quality assurance.

2.8. Statistical analysis

The results obtained in the present study were subjected to
analyses using the IPM SPSS20 statistics software. The data were
analyzed by the mean, standard deviation and one-way analysis of
variance (two-way ANOVA), followed by the Duncan’s multiple
range test (DMRT) to determine significant differences among
the data.

3. Result

3.1. PGP characteristics of ‘BM18-2’ and ‘BM18’

‘BM18-2’ and ‘BM18’ were examined for their plant-growth
promotion (PGP) properties (Table 1). The results revealed that
both ‘BM18-2’ and ‘BM18’ were able to produce NH3 and IAA. And
‘BM18-2’ produced significantly more NH3 and IAA than ‘BM18’
(p < 0.05), and the same was true for its higher phosphate
solubilization ability (p < 0.05).

3.2. Cd resistance ability of ‘BM18-2’ and ‘BM18’

Cd resistance abilities of ‘BM18-2’ and ‘BM18’ were investigated
in 10-60 mM Cd solutions. The results indicated that ‘BM18-2’
tolerated 60 mM Cd and grew normally while ‘BM18’ only just grew
normally in solution with Cd less than 40 mM.

The growth rate and bacteria concentration of ‘BM18-2’ and
‘BM18’ were measured at 10-40 mM Cd stress. The result showed
that growth rates of both ‘BM18-2’ and ‘BM18’ decreased gradually
with increasing Cd concentration in solution (Fig. 1a). Yet,
significant difference in their growth was observed even when
the growth medium was supplemented with 10 mM Cd, and the



Fig. 1. Effect of Cadmium on the growth rate of ‘BM18-2’ and ‘BM18’. (a) 10 mM Cd, (b) 20 mM Cd, (c) 30 mM Cd, (d) 40 mM Cd.

Table 2
Cadmium accumulation by ‘BM18-2’ and ‘BM18’ grown in LB medium supple-
mented with different Cd concentration.

Bacterial
isolate

Initial Cd
concentration

in solution (mM)

Absorbed Cd
concentration

in solution (mΜ)

Cd removal
percentage

40 16.85 � 0.08bB 42.13%
‘BM18-2’ 50 28.78 � 2.44aA 57.55%

60 10.93 � 0.57cC 18.22%
40 3.50 � 0.10eD 8.75%

‘BM18’ 50 7.28 � 4.10dCD 14.55%
60 6.15 � 0.31deCD 10.25%

Note: The different small letters indicate significant differences at p <0.05 and
upper letters indicate significant differences at p <0.01 among different bacteria
and different Cd concentration according to DMRT.

Table 3
General characters of ‘BM18’ and ‘BM18-2’ genome.

Character ‘BM18’ ‘BM18-2’

Total number(#) 34 37
Total length (bp) 5,749,928 5,751,931

Average length (bp) 169115.53 155457.59
N50 length (bp) 942,386 942,494
N90 length (bp) 82,892 83,041

Maximum length (bp) 2,385,191 2,385,104
Mininum length (bp) 545 518

GC content 37.61% 37.61%
Genes predicted 6,126 6,139
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difference between their growth increased with higher concen-
tration of Cd (Fig. 1). For example, the lag phase where the bacteria
started to grow in the medium took only 3 h after inoculation for
‘BM18-2’ at 20–40 mM Cd but in case of BM18, the lag phase
delayed to 9 h, 15 h, and 21 h after inoculation in growth medium
with 20 mM, 30 mM, and 40 mM Cd,respectively (Fig.1 b–d).

3.3. Cadmium removal capacity of ‘BM18-2’ and ‘BM18’

The Cd removal capacity of ‘BM18-2’ and ‘BM18’ was showed in
Table 2. In general, it was indicated that the Cd removal ability of
‘BM18-2’ was higher than that of ‘BM18’ in all cases (p < 0.01). With
increased Cd concentration, the Cd removal ability of ‘BM18-2’ and
‘BM18’ increased at the beginning and then decreased: in growth
medium with 40–60 mM Cd, the Cd removal percentage was
8.75%–14.55% of ‘BM18’, while those by‘BM18-2’ was 18.22%–
57.55%. The maximal Cd removal ability of ‘BM18-2’ reached 57.56%
at 50 mM Cd (Table 2).

3.4. Comparison of DNA sequences for ‘BM18-2’ and ‘BM18’

Whole genome of‘BM18-2’ and ‘BM18’ were sequenced using
illumina HiSeq4000 high throughout method. The genomic data of
two genomes were compared with NCBI genomes database, and
the Bacillus megaterium ‘QM B1551’ (NC_014019.1) was the
maximum similarity (84.25%). Then taking QM B1551 as a
reference, the genomic data of ‘BM18-2’ and ‘BM18’ were de novo
assembled and annotated.

Genome of the original strain ‘BM18’ has a total length of
5,749,928 bp with an average G + C content of 37.61%, while that of
the mutant strain ‘BM18-2’ has 5,751,931bp length and average
G + C content of 37.61% (Table 3). Total numbers of predicated
genes were 6,126 and 6,139 in ‘BM18’ and ‘BM18-2’, respectively
(Table 3). All predicted genes were classified into GO (Gene
Ontology) families composed of 36 categories. Biological roles
were assigned to 49.5% genes of the predicted CDS based on
similarity searches with BWA. However, 31.11% and 19.31% genes
were attributed for molecular function and cellular component,
respectively.

Gene Ontology (GO) and KEGG pathwayanalyses were conducted
(Figs. 2 and 3). The sequences comparison of annotated genes



Fig. 2. GO enrichment classification of annotated functional genes in Bacillus megaterium ‘BM18-2’ and ‘BM18’.

Fig. 3. KEGG enrichment classification of annotated functional genes in Bacillus megaterium ‘BM18-2’ and ‘BM18’.
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between‘BM18-2’ and ‘BM18’ revealed that there were six different
genes, including BM18GM003487, BM18GM000901, BM18GM005669,
BM18GM001335, BM18GM005870 and BM18GM005818, among
which BM18GM003487 and BM18GM005818 had 99% similari-
ties to the transcription regulator protein in Bacillus sp.;
BM18GM001335 gene had 91% similarity to the replication,
recombination and repair protein of Bacillus sp.; while
BM18GM000901, BM18GM005669 and BM18GM005870 had
98%, 97% and 95% similarity to a hypothetical protein encoded
in Bacillus sp., respectively.
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3.5. Effect of ‘BM18-2’ and ‘BM18’ inoculation on plant growth

Effects of BM8-2 and ‘BM18’ on growth and Cd accumulation
of hybrid Pennisetum were studied (Table 4). Treatment with
40 mM Cd significantly decreased the growth of hybrid Pennisetum
and biomass accumulation in both aboveground (shoot) and
belowground (root). Yet, inoculation with ‘BM18’ or ‘BM18-2’ both
significantly alleviated the growth inhibition effect imposed by Cd
in the soil. Moreover, inoculation of ‘BM18-2’ increased fresh shoot
and whole plant biomass by 105.2% and 83.1% while the original
strain ‘BM18’ improved fresh shoot and whole plant biomass by
64.9% and 68.1% in the presence of 40 mM Cd. ‘BM18-2’ promoted
plant growth slightly stronger than BM18 (Table 4).

3.6. Effect of ‘BM18-2’ and ‘BM18’ on plant growth and Cd
accumulation in Hybrid Pennisetum in Cd contaminated field

The Effects of BM8-2 and ‘BM18’ on growth and Cd accumula-
tion of Hybrid Pennisetum in field were also studied (Table 5).
Comparing with control, the dry matter yield of above part of plant
inoculated with ‘BM18-2’ increase by 8.1% while that of plant
inoculated with ‘BM18’ decrease by 28.6%. The highest Cd
accumulation in the above part of plant was obtained in plants
inoculated with ‘BM18-2’ (572 mg plant�1), which increased by
28.6% than control. However, the lowest Cd accumulation (345 mg
plant�1) was in plants inoculated with BM18.

4. Discussion

Our results of bacterial resistance to different Cd concen-
trations proved the ability of mutated strain ‘BM18-2’ to tolerate
and adapt rapidly with metal toxicity. The differences in the
bacterial growth manner could be related to the bioavailability
and toxic effect of metals [29]. Higher amount of Cd accumulation
in the mutated strain ‘BM18-2’ could be associated with Cd
tolerance due to persistent exposure of the bacteria to Cd, leading
to acquire a strong resistance to the metal toxicity through
Table 4
Root and shoot properties of hybrid Pennisetum seedling grown in Cd contaminated s

Treatment CK1 

Cd concentration (mM) 0 

Fresh shoot biomass (mg�plant�1) 36.38 � 9.83aA

Fresh root biomass (mg�plant�1) 7.87 � 1.93bA

Fresh whole plant biomass (mg�plant�1) 44.25 � 10.42abA

Shoot length (cm) 8.43 � 1.93aA

Root length (cm) 3.10 � 1.35aA

Note: CK1, Hybrid pennisetum planted without Cd or bacterial treatment; CK2, Hybrid
pennisetum planted with 40 mM Cd and ‘BM18-2’; ‘BM18’, Hybrid pennisetum planted wit
and are expressed as means � standard deviation. Different small letters within rows
differences at p < 0.01.

Table 5
Cadmium phytoremediation performance of Hybrid pennisetum with or without endo

Items HP

Dry matter yield (g�plant�1） leave 1
stem 4

above part 5
Cd concentration (mg�kg�1） leave 0.

stem 0.
Cd content (mg�plant�1） leave 12

stem 33
above part 45

Note: The data in the table is the Dry matter yield and Cd accumulation data with H
pennisetum; HP-’BM18-2’, Hybrid pennisetum inoculated with Bacillus megaterium strain 

‘BM18’; All data are the means of 3 independent biological replicates and are expressed as
differences at at p < 0.05 and upper letters indicate significant differences at p < 0.01.
genetic variation in the population [30,31]. The metal resistance
ability may be correlated with production of additional proteins
in the bacterial cell. Some of these are enzymes used for
conversion of metals to harmless forms or used for sequestration
of metals by intracellular metal binding proteins such as
metallothioneins (MT) and phytochelatins along with compounds
such as bacterial siderophores which are mostly catecholates. Cd
efflux or Cd binding with extracellular polymeric substances in
the cell wall was alternative mechanism to decrease the
intracellular Cd concentration [32,33]. On other hands, the
decrease in removal percentage with increasing Cd concentra-
tions is indication of Cd toxicity which negatively affects the
bacterial growth and was directly related to the amount of Cd
removed by the biomass [34]. Bacterial strain like Escherichia coli
and Moreaxella sp. secreting cell surface phytochelatin 20 have
been appeared to collect 25 times more Cd than the wild-type
strains [35,36]. In this study, ‘BM18-2’ reduced the toxic effect of
Cd on plants and promoted Cd accumulation in the above part of
Hybrid Pennisetum in the Cd contaminated field.

The PGPB can be applied not only in agricultural soils for food
production, but also in stressful environments for phytoremedia-
tion purposes [37]. Their effectiveness for promoting plant growth
depends on the intimate interaction with their host plant and soil
characteristics besides their inherent capabilities [38,39]. The
mutated strain ‘BM18-2’ showed capability of IAA and ammonia
production and phosphate mobilization, which, in turn, promoted
plant growth. The bacterial IAA plays a very important role in
improving the absorption of minerals and nutrients uptake
therefore the enhancement of lateral and adventitious rooting,
leading, and inducing a bacterial proliferation on the roots by root
exudation [1]. It has been reported that many endophytes
including Enterobacter, Azotobacter, Serratia, Klebsiella produced
IAA which stimulated plant growth [40,41]. Moreover, production
of ammonia can be taken up by plants as a source of nitrogen [42].
Ullah et al. [43] reported the ability of four endophytic bacterial
isolates to produce ammonia. Additionally, Phosphorus is essential
element for plants growth and development, but its present in
and with and without endophytic bacterial inoculation.

CK2 ‘BM18-2’ ‘BM18’

40 40 40
17.40 � 4.43bA 35.70 � 5.64abA 28.70 � 5.02abA

12.47 � 4.34abA 18.97 � 9.11abA 21.50 � 6.22aA

29.87 � 8.18bA 54.70 � 13.44aA 50.20 � 10.95abA

4.63 � 0.35cB 5.96 � 0.72bcAB 6.93 � 0.47abAB

2.17 � 0.67aA 2.53 � 1.09aA 2.63 � 0.40aA

 pennisetum planted with 40 mM Cd but without the bacteria; ‘BM18-2’, Hybrid
h 40 mM Cd and ‘BM18’. All data are the means of 3 independent biological replicates

 indicate significant differences at p < 0.05 and upper letters indicate significant

phytic bacterial inoculation.

（control） HP-‘BM18-2’ HP-‘BM18’

54�35aA 152 � 11aA 168 � 8Aa

29�49bA 478 � 26aA 248 � 33bB

83 � 80aA 630 � 40aA 416 � 30bB

79 � 0.05aA 0.61 � 0.03bB 0.66 � 0.02bB

77 � 0.02cC 1.00 � 0.01aA 0.94 �v0.03bB

1 � 14.37aA 93 � 4.89bB 112 � 13.21aA

2 � 6.73bB 479 � 2.60aA 233 � 7.71cC

4 � 6.67bB 572 � 4.74aA 345 � 9.43cC

ybrid pennisetum planted for one season in field with 0.5 mg�kg�1 Cd. HP, Hybrid
‘BM18-2’; HP-‘BM18’, Hybrid pennisetum inoculated with Bacillus megaterium strain

 means � standard deviation. Different small letters within rows indicate significant
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agriculture soils in low amount [44,45]. Endophytes are known to
improve plant growth by the phosphate solubilization [46,47]. In
the study conducted by Ullah et al. [43] all tested endophytic
bacterial strains were found to have the potential to solubilize
phosphorous.

With the annotated genome sequence of ‘BM18-2’, many
biological pathways can be predicted. We reported redundant
heavy metal resistance related genes (BM18GM003487 and
BM18GM005818) encoding heavy metal-sensing transcriptional
regulators protein, genes BM18GM000901, BM18GM005669 and
BM18GM005870 encoding heavy metal efflux pump and
BM18GM001335 which predicted to induce the replication protein
in the complete genome sequence of ‘BM18-2’ isolate. By
comparing six gene sequences of ‘BM18-2’ with those from other
bacterial genomes, we demonstrated that each gene located in the
chromosome or plasmid of ‘BM18-2’ cells are similar to those of
various near or distant microbes, suggesting the role of evolution-
ary trajectories of redundant heavy metal resistance genes.
Exposure of bacteria to heavy metals leads to altered expression
of genes involved in metal transport as well as other stress
responses such as heat shock and oxidative stress [48,49]. As a rule,
bacteria affected by one stress even at low levels can stimulate a
consequent increase in resistance to the same (adaptive) or
different (cross-protection) stress [49,50].

Microbial Cd resistance was demonstrated in about six
distinct mechanisms. These include toxic metal accumulation
in the cell wall, changed collection of the toxic compound and
modification of the cell wall plasma membrane complex
[49,51]. Cd can get into bacterial cells through different
mechanisms, such as divalent cation uptake systems such as
Mn or Zn, active Cd efflux pump and improved transcription of
metallothionein genes [49,52,53]. The bacterial cells can
develop resistance mechanisms against toxic substances
which disturb membranes such as solvent efflux pumps [54].
For example, numerous bacteria showed ability to resist Cd
through metal efflux systems involving ATPases that encoded
by plasmid and require energy in addition to chemiosmotic
ion/proton pumps [55,56].

ATPase genes were found to associate with Cd tolerance and
involved in the ATP pumping mechanism in Bacillus Cereus S5
strain [57]. Muneer et al. [58] detected the presence of different
molecular weight proteins in supernatant as well as in the pellet of
Pseudomonas aeruginosa EP-Cd1 under Cd stress. While in other
strain P. aeruginosa gene (czcABC) for Cd resistance was detected
[59]. This gene encodes ion transporters proteins which were used
to pump metal ions out of cytoplasm [60]. Chakraborty and Das
[59] demonstrated the Cd resistance phenomena depending on the
efflux mechanism as well as Cd binding to its biofilm EPS.

Several studies have demonstrated the ability of metal-
resistant plant growth-promoting endophytic bacteria to increase
plant growth and phytoremediation potential in metal-contami-
nated soils [61,62]. Afzal et al. (2017) indicated that inoculation of
switchgrass with endophytic root bacteria protected plants from
the inhibitory effects of Cd, improves plant growth and decreases
Cd concentration in plant [63]. Furthermore, Rice-isolated metal-
resistant methylotrophic bacteria were shown to decrease the Cd
accumulation and enhance tomato plant growth [64]. Additionally,
cadmium-tolerant bacterial strains isolated from the root zone of
Indian mustard (Brassica juncea) seedlings were capable of
improving the development of B. juncea seedlings in the presence
of toxic Cd concentrations [65].

In the present study, the growth of Hybrid pennisetum in
Cd contaminated soil greatly enhanced after inoculation with
‘BM18-2’ which reflects the ability of mutant strain to improve
plant growth and plant resistance to Cd toxicity. Plant growth
promoting endophytic bacteria can improve the growth of the
plants by reducing the toxic effects of metals or by producing the
phytohormones [66]. Depending on the PGP traits which play a key
role in promoting plant development besides reducing the degree
of toxicity or damage to plants exposed to stress generated by
different heavy metals. The phosphate solubilization ability of
tested bacterial isolates may play important role in enhancing the
plant uptake of soil minerals such as P in metal contaminated soils
[67]. The enhanced biomass growth of the plant grown in heavy
metals contaminated soils after inoculation with endophytic
bacteria may also attributed to the phytohormone production by
bacteria such as auxin IAA [68]. Therefore, Different studies
reported the ability of heavy metals resistant bacteria for
producing phytohormones even under stress conditions.
Dell'Amico et al. [69] reported that the ability of endophytic
bacteria to reduce the inhibitory effects of Cd and improve the
growth of canola (Brassica napus) under Cd toxicity may be
attributed to the bacterial production of IAA and siderophores.
The phytoremediation of Cd contaminated soil by Sulla Coronaria
and plant growth was greatly enhanced after inoculation with
heavy metals resistant PGPR due to their production of PGP
compounds [70].

5. Conclusion

The mutated endophytic B. megaterium isolate ‘BM18-2’ had
significant improved ability for reducing Cd toxicity with plant
growth-promoting characteristics, such as IAA and ammonium
production, and phosphate solubilization. ‘BM18-2’ inoculation
significantly improved Cd tolerance and promoted plant growth of
hybrid Pennisetum grown in Cd contaminated soil. The endophytic
bacteria ‘BM18-2’ could be used as one effective means in Cd
phytoremediation.
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