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Heavy metal accumulation in mesquite trees (Prosopis laevigata) growing in aluminum,
titanium, chromium and zirconium-polluted soils of a semi-arid region in Mexico
was investigated using wavelength dispersive X-ray fluorescence analysis. The results
showed that P. laevigata trees can hyper accumulate up to 4100 mg/kg of Al,
14000 mg/kg of Fe, 1600 mg/kg of Ti, 2500 mg/kg of Zn, but not chromium, regarding
high chromium concentrations found in soils (435 mg/kg). Since plant-associated
microorganism can modulate phytoremediation efficiency, the biodiversity of P. laevigata
associated bacteria was studied. Eighty-eight isolates from P. laevigata nodules were
obtained; all isolates tolerated high concentrations of Al, Fe, Zn and Cr in vitro. The
top-six chromium tolerant strains were identified by 16S rRNA sequence analysis
as belonging to genus Bacillus. Bacillus sp. MH778713, close to Bacillus cereus
group, showed to be the most resistant strain, tolerating up to 15000 mg/L Cr (VI)
and 10000 mg/L of Al. Regarding the bioaccumulation traits, Bacillus sp. MH778713
accumulated up to 100 mg Cr(VI)/g of cells when it was exposed to 1474 mg/L of Cr VI.
To assess Bacillus sp. MH778713 ability to assist Prosopis laevigata phytoremediation;
twenty plants were inoculated or non-inoculated with Bacillus sp. MH778713 and
grown in nitrogen-free Jensen’s medium added with 0, 10 and 25 mg/L of Cr(VI).
Only plants inoculated with Bacillus sp. grew in the presence of chromium showing
the ability of this strain to assist chromium phytoremediation. P. laevigata and Bacillus
spp. may be considered as good candidates for soil restoration of arid and semiarid
sites contaminated with heavy metals.

Keywords: heavy metal, tolerance, phytoremediation, Bacillus, Prosopis (mesquite), chromium (VI)

INTRODUCTION

With the onset of fast-developing industries, farming, energy stations and the inappropriate waste
disposal practices, soil and water have been deeply contaminated with organic compounds and
heavy metals with permanent toxic effects on ecosystems and human health (Kalbitz and Wennrich,
1998; Claret et al., 2011; Mahar et al., 2016). In the arid and semiarid zones, the major sources
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of heavy metals as contaminants are the use of pesticides for
plant protection or vector control, large-scale crop protection
campaigns, mining and inadequate management of industrials
wastes. The vulnerability of ecosystems to contaminants is closely
related to water flow (Everts, 1997), so that the low rainfall,
characteristic of arid and semiarid zones, make these ecosystems
easily affected by the presence of toxic elements. Heavy metal is
the generic name given to the group of elements with an atomic
density greater than 6 g/cm3, ubiquitous in the Earth’s crust.
These metals include lead (Pb), cadmium (Cd), nickel (Ni), cobalt
(Co), iron (Fe), zinc (Zn), chromium (Cr), silver (Ag), titanium
(Ti) and copper (Cu). Chromium is widely used in electroplating,
leather tanning, textile dyeing, and metal processing industries.
In metal cleaning, plating, and metal processing industries,
chromium concentration of effluents can reach 20000–75000,
15000–52000 and 100000–270000 ng/mL (Gowd and Govil,
2018). The most stable and abundant forms of chromium in
nature are chromium (III) and chromium (VI), the latter being
the most toxic (Kotas and Stasicka, 2000).

Conventional soil remediation techniques like excavation,
landfill, soil leaching/acid extraction and soil washing, are
inadequate, costly and often involve the storage of contaminated
effluents in designated areas, postponing rather than solving
the problem (Ullah et al., 2015; Wang et al., 2017). The use
of plants in metal extraction (phytoremediation) has appeared
as a safe and cost-effective alternative in the removal of heavy
metal excess from soil and water (Chaney et al., 1997; Glass,
1999; Mulligan et al., 2001). There are two types of plants
suitable for phytoremediation, the biomass producers and the
metal hyperaccumulators; both remove heavy metal from the
soil through the roots with subsequent transport to aerial
parts. Hyperaccumulator species can accumulate one or more
inorganic toxic element up to 100-fold higher than other species
growing under the same conditions (Cappa and Pilon-Smits,
2014). Because of their capacity to act as efficient interceptors
and accumulators of chemicals, vegetation species are widely
employed as passive monitors in contaminated areas by heavy
metals (Álvarez et al., 2003; Marques et al., 2003).

Prosopis spp., commonly known as mesquite, can tolerate
drought, alkaline pH, extreme temperatures and high
concentrations of salt. Mesquite is a native flora in areas
with water deficit where it is a valuable economic resource.
These trees can produce a large amount of biomass until 14.5 T
ha−1yr−1 in hot and arid conditions (Felker et al., 1983). Assays
have demonstrated the ability of Prosopis to tolerate, translocate,
and hyper accumulate heavy metals such as Pb (Jayaram and
Prasad, 2009), As (Aldrich et al., 2003, 2007; Gardea-Torresdey
et al., 2004; Mokgalaka et al., 2008), Cu (Nivethitha et al.,
2002; Zappala et al., 2014), Zn (Nivethitha et al., 2002) and
the capability to reduce Cr (VI) to Cr (III) (Aldrich et al.,
2003). Prosopis juliflora, a multipurpose perennial tree native
to South America (Sajjad et al., 2012), has been studied as a
possible bioindicator of soil pollution (Senthilkumar et al., 2005).
Therefore, selecting the appropriate plant species is fundamental
for a successful phytoremediation process.

Several microorganisms have the exceptional ability to adapt
to metal-polluted environments, where higher organisms are

unable to occur. These microorganisms have developed the
capabilities to protect themselves from heavy metal toxicity by
various mechanisms such as adsorption, uptake, methylation,
oxidation, and reduction. The reduction of the highly soluble and
toxic chromium (VI) to the less soluble and less toxic chromium
(III) is carried out by Acinetobacter sp. (Francisco et al.,
2002), Arthrobacter sp. (Megharaj et al., 2003), Pseudomonas sp.
(Rajkumar and Nagendran, 2005), Serratia marcescens (Campos
et al., 2005), Ochrobactrum sp. (Thacker and Madamwar, 2005),
Desulfovibrio vulgaris (Goulhen et al., 2006), Cellulomonas
sp. (Viamajala et al., 2007), and Bacillus sp. (Elangovan
et al., 2006; Rehman et al., 2008). Thus, microorganisms
by themselves can be used to remediate metal-contaminated
soils (Park et al., 2011). The synergism of plants and their
rhizosphere-associated microorganisms can be used to enhance
the removal of toxic contaminants from the environment,
improving phytoremediation processes (Ashraf et al., 2017).
Microorganisms appear to be beneficial in phytoremediation
by improving metal solubility because of the production of
organic acids, by modifying the soil structure because of the
secretion of polysaccharides, or by producing plant growth-
promoting substances (Wang et al., 2017). Phytoremediation
could be significantly boosted by the inoculation of metal-
resistant beneficial microorganism due to the potential of
microbes to bio-accumulate metals from contaminated soils
enhancing the metal mobilization by plants (Mench and Martin,
1991; Ullah et al., 2015). In fact, inoculation of plants with
mycorrhizal or plant growth-promoting bacteria have shown
augmented positive effects on phytoremediation experiments
(Dimkpa et al., 2009; Hou et al., 2015; Xun et al., 2015).

The interactions of metal tolerant microorganisms and hyper-
accumulating plants working together in natural wildlife habitat
are scarcely studied. This work aimed to describe the levels
of heavy metals prevalent in rhizospheric and non-rhizospheric
soils of a semiarid site, and the levels of accumulation in
different plant tissues of mesquite trees (Prosopis laevigata)
grown in an area contaminated with heavy metals of Nexapa
river in Chietla, Puebla, Mexico. This river is contaminated
with high concentrations of metals such as Fe, Al, Pb, Cd,
Zn and Cr (Pérez et al., 2018). Beside to describe the
phytoremediation ability of mesquite trees grown in their natural
wildlife habitat, the microbial diversity inside the roots nodule
of mesquites trees is described. 88 endophytic bacteria isolated
from the root nodules of Prosopis laevigata are characterized and
their chromium biosorption properties and phytoremediation
assistance are described.

MATERIALS AND METHODS

Sampling Location
The site of this field study was in the region of Nexapa River
Chietla, Puebla, Mexico, 18◦31′27. 5′′N 98◦35′02. 0′′W.1000
MASL where soils and Prosopis laevigata trees were sampled. The
average annual precipitation in this area is 806.7 mm (Martínez-
Pérez et al., 2012) corresponding to the superior threshold for
semi-arid lands (Fao Conservation Guide 20, 1989). All young
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P. laevigata trees were nodulated, while adult trees were not, or
nodules were not detectable by our observation method. The
sheaths and leaves samples were taken at the main branches at
2 meters, above the floor; the stems samples were taken at 1.2
meters above of the ground; the main tree roots were sampled at
50 cm depth for nodules collection; rhizospheric soils were taken
at 20 cm depth (Ernst, 1995).

Strains and Culture Conditions
Eighty-eight bacterial strains were isolated from P. laevigata
nodules on Yeast Mannitol Agar (YMA) (Vincent, 1970). Strains
were grown on YMA at 28◦C. They were checked for purity by
repeated streaking and by microscopic examination. The strains
were kept in 20% (v/v) glycerol at−80◦C.

Nodulation Test
All isolated strains were evaluated for their ability to induce
nodules on Macroptilium atropurpureum plants, previously
reported to be one of the most promiscuous legume hosts in
the group of rhizobia (Somasegaran and Hoben, 1994), and
only MH778712 and MH778713 isolates were further assayed
for nodulation capability in their natural host (P. laevigata).
Prosopis or Macroptilium seeds were rinsed in water and sterilized
by immersion in concentrated sulfuric acid (98%) for 20 min,
rinsed with sterile water, and then left in water overnight. Seeds
were placed onto water agar (0.75% w/v) in Petri dishes until
germination before transferring them to agar slants (20 ml of
agar in 50 ml tube) with Jensen’s N-free medium (Somasegaran
and Hoben, 1994). A single colony of each isolate was picked
from YMA plates and grown aerobically in yeast extract-mannitol
broth (YM) (at 130 rpm) and 28◦C. Cells were harvested by
centrifugation at 5000 rpm for 10 min at 4◦C. Each seedling
was inoculated with 1 × 106 UFC suspended in 1 ml of sterile
distilled water. For each plant species tested, controls consisted of
non-inoculated seedlings, either supplied with mineral nitrogen
(as 0.1% KNO3 in nutrient solution) or grown without nitrogen
(Somasegaran and Hoben, 1994). Plants were incubated at 20◦C
with a 16-h light, 8-h dark cycle. Tubes were observed for root
nodule formation 3 to 4 weeks after inoculation, the nodulation
test was done in triplicate for each isolate.

Bacterial Endospore Stain on
Schaeffer-Fulton
Bacterial strains isolated from P. laevigata nodules were stained
with malaquite green according to the method of Schaeffer and
Fulton for endospore observation (Schaeffer and Fulton, 1933).

Amplification of 16S rRNA Gene
Total DNA was extracted from overnight cultures at 28◦C in
15 ml of YM broth using the Wizard Genomic DNA Purification
Kit (Promega Corporation, United States), according to the
manufacturer’s protocol, and stored at 4◦C. Amplification of 16S
rRNA gene was carried out in a 2400 GeneAmp PCR Systems R©

Perkin Elmer thermocycler. A PCR amplification product of
16S rRNA gene was obtained for each strain using universal
primers UN27F (5′-TAGAGTTTGATCCTGGCTCAG-3′) and

UN1392R (5′-CAGGGGCGGTGTGTACA-3′) (Morales et al.,
2011) in a reaction volume of 25 µl using the Phusion R©

High-Fidelity DNA Polymerase following the manufacturer’s
instructions. The conditions were as follows: an initial activation
step at 95◦C for 3 min, followed by 26 cycles comprising
denaturation at 94◦C for 30 s, primer annealing at 57◦C
for 1 min, primer extension at 72◦C for 70 s and finally
extension at 72◦C for 10 min. PCR products were purified
with QIAquick PCR purification kit (QIAGEN GmbH, Hilden,
Germany), and visualized under ultraviolet light after staining
with ethidium bromide. In all cases, the amplification product
size of 1500 bp was determined using the GeneRuler 1kb
DNA Ladder (Thermo Fisher Scientific Inc., NYSE:TMO).
Sequencing was performed using the sequencing unit service
of the Biotechnology Institute (UNAM) (Applied Biosystems
3730XL DNA sequencer). Consensus sequences were obtained
using the AutoAssembler software (Applied Biosystems).

Sequence Alignment and Phylogenetic
Analyses
The obtained 16S rRNA sequences were compared with
those of strains belonging to the genus Bacillus retrieved
from the Genbank/EMBL/DDBJ databases. Nucleotide sequence
alignments were made using CLUSTAL_X (Thompson, 1997)
and corrected manually using GeneDoc (Nicholas and Nicholas,
1997). The evolutionary history was inferred by using the
Maximum Likelihood analyses performed with MEGA version
7 (Tamura et al., 2011; Kumar et al., 2016). ML analyses
were performed using the Kimura 2-parameter model and
were performed with 2000 bootstrap replications. Trees were
visualized using MEGA version 7 (Tamura et al., 2011;
Kumar et al., 2016).

WDXRF (Wavelength Dispersive X-Ray
Fluorescence) Assay
Samples of sheath, leaf, stem and root from 20 different mesquite
trees were collected. These samples were dried and cut into 1 cm
fragments, crushed and calcined at 500◦C for 44 h, the ashes
were sieved, and wax was added as a binder to prepare the
composed samples. Twenty samples of rhizospheric soil, non-
rhizospheric soil and sediment were also collected. Samples from
each soil type were mixed, sieved, and 10 g of each soil sample
were placed at 500◦C for 24 h. Ashes were also sieved, and
wax added as a binder to prepare the samples. All the samples
were processed in a manual press and placed in an aluminum
matrix. The quantitative analysis of the multi-elements was
performed according to ISO9516-1: 2003 using the QUANT-
EXPRESS method (Fundamental parameters) in the range of
sodium (Na) to Uranium (U) in the wavelength dispersive x-ray
fluorescence spectrometer of 1 kw Bruker model S8 TIGER,
which has a detector of scintillation (Heavy elements) and flow
(light elements), Rhodium (Rh) tube as an X-ray source and
high-pressure goniometer for theta and 2 theta angles, with a
sensitivity of up to 20 mg/kg. The total analysis time for each
sample was 20 min. Which comprises a unique multipurpose
prepared calibration using certified standards (STG2).
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Evaluation of Chromium Tolerance
One percent (v/v) of the log-phase culture was inoculated in YMA
plates added with different concentrations of Cr (VI) (K2CrO4)
(10000-15000 mg/L) and incubated at 28◦C for 24 h (Corral
et al., 2012). The minimal inhibitory concentration (MIC) of Cr
(VI) at which no colony growth was observed, was determined
using the Massive Stamping Drop Plate method, based on serial
dilutions of the liquid samples (McLean et al., 2000). The chrome
tolerance evaluation was done in triplicate for each isolate and
concentration tested.

Biosorption Assays
A standard curve for the reaction between chromium and its
binding dye, 1,5 diphenyl carbazide was constructed to determine
the chromium concentration in each sample. The diphenyl
carbazide forms a purple complex with hexavalent chromium but
not with trivalent chromium (Young et al., 2003). Biosorption
of chromium assay was carried out in 500 ml Erlenmeyer flask
containing 100 ml of Cr (VI) (K2CrO4, Sigma-Aldrich, 7789-
00-6) at 55, 218, 664, 905, 968, 1094 and 1474 mg/L and 1 g
of Bacillus sp. MH778713 cells (3 × 1013 CFU). To obtain 1 g
of cells, overnight cultures of Bacillus sp. MH778713 grown in
YM medium were centrifuged, supernatants were discharged,
and pellets were used to prepare 1g of biomass for each assay.
The Erlenmeyer flasks containing chromium and 1g of cells
were incubated at 37◦C and 130 rpm in an orbital shaker for
7 h. Every hour, 10 ml samples were removed from Erlenmeyer
flasks, cells were separated by centrifugation at 5000 rpm for
10 min at 4◦C and residual Cr (VI) concentration in the
supernatant was determined using diphenyl carbazide method
(Bankar et al., 2009) at 540 nm using a UV-VIS JENWAY
6305 spectrophotometer. After each measurement, cells were
returned to the Erlenmeyer flasks keeping sterile conditions.
At the beginning and end of the experiment, serial dilutions
were made and 10 µL of cell suspension was plated in YMA to
determine the CFU/g and cell survival as described by Schell and
Beermann (2014). The biosorption assay was done in triplicate
for each concentration evaluated (Schell and Beermann, 2014).

Adsorption Isotherm
The biosorption capacities (qeq) at equilibrium were calculated as
follows:

qeq = (C0 − Ceq)V/X

where C0 was the initial Cr (VI) concentration (mg∗L−1); Ceq the
Cr (VI) concentration at equilibrium (mg∗L−1); V the volume of
solution used (L); X was biosorbent mass (g∗L−1).

The removal efficiency (%) was defined as the ratio of
metal ion concentration at equilibrium to the initial metal ion
concentration and was calculated as follows:

removal efficiency % = (C0 − Ceq)/C0 × 100

Plant Chromium-Tolerance Assays
Seeds of Prosopis laevigata were scarified with concentrated
sulfuric acid (98%) for 20 min in constant agitation. Scarified
seeds were placed onto water agar (1%) for 3 days in the dark

for germination and then transferred to bottles with nitrogen-
free Jensen’s medium added with 0, 10 and 25 mg/L of Cr(VI)
(Davies et al., 2002; Shanker et al., 2005). Twenty plants for
each treatment were incubated at 20◦C with 16-h light, 8-h dark
cycle. Three days later, seedlings were inoculated with 1 × 106

UFC/ml of Bacillus sp. MH778713 whose cell were previously
washed. Two months later, after true leaves appear, the plant-
growth promotion was evaluated in the presence and absence
of Cr(VI). Controls consisted of seedlings, either inoculated or
non-inoculated, in nitrogen-free Jensen’s medium.

RESULTS

The Wavelength Dispersive X-Ray Fluorescence (WDXRF) is a
powerful tool for qualitative and quantitative elemental analysis.
Prosopis laevigata wildlife trees grown in a heavy metal-polluted
landform were analyzed for their heavy-metal bioaccumulation.
Table 1 shows the heavy metals concentrations found in the soil
next to the edge of Nexapa river (the main source of heavy-
metal contamination of the explored site), rhizospheric and non-
rhizospheric soils, plant tissues (root, stem, leaf, sheath), and
reference values (as reported in the literature) (Marguí et al.,
2007). Fe, Zn, Al, Cr, and Ti elements were found in high
levels in rhizospheric and non-rhizospheric soils; Al, Cr, and
Ti high-levels confirm the heavy-metal contamination of the
terrain (Table 1). Other elements like Si, Ca, S, P, K, and Na,
were detected but their concentrations fell inside the normal
range. Plant tissue analysis of adult trees showed that Prosopis
laevigata grown in wildlife habitat can hyperaccumulate up to
4.1 × 103 mg/kg of Al, 1.4 × 104 mg/kg of Fe, 1.6 × 103 mg/kg
of Ti and 2.5 × 103 mg/kg of Zn; being sheaths the most
hyperaccumulator tissue (Table 1). Remarkably, Cr was not
detected in any tissue of the trees despite the high concentration
of Cr found in rhizospheric (208 mg/kg) and non-rhizospheric
(435 mg/kg) soils. Similar results of heavy-metal bioaccumulation
were obtained from young Prosopis trees (Supplementary
Table S1). Wavelength Dispersive X-Ray Fluorescence spectrums
are shown in Supplementary Figures S1–S7).

Prosopis laevigata trees were the primary plant present in
the heavy-metal contaminated site of this study, suggesting
that Prosopis plant has special traits that allow it to grow in
hostile soils. The plant-associated microorganisms could provide
such special traits. To determine the diversity of root-nodule
bacteria associated with Prosopis laevigata, nodules of young trees
growing in nature were analyzed. Prosopis trees were uprooted
and nodule inhabiting bacteria were isolated using standard
procedures (Vincent, 1970). Eighty-eight bacterial strains were
isolated from nodules and tested for nodulation capacity in the
promiscuous legume Macroptilium atropurpureum. None of 88
bacterial strains was able to induce nodule formation.

Since the interaction of metal-tolerant bacteria with hyper-
accumulating plants can improve phytoremediation, we looked
for Fe-, Zn-, Cr-tolerant strains by growing each of the 88
nodule-isolated bacteria with increasing concentrations of each
metal in YMA plates. All isolates grew with 500 mg/L of Fe, 19
isolates tolerated up to 1000 mg/L Fe but none of them stood
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at 1100 mg/L. Zn tolerance was also assayed; the 88 isolated
strains grew with 300 mg/L, fifteen of them tolerated up to
2000 mg/L and no one endured 2100 mg/L of Zn. Regarding Cr
(VI) tolerance, all isolates grew in the presence of 1500 mg/L
Cr (VI) and six of them tolerated up to 10000 mg/L (Table 2).
The MH778712 and MH778713 isolates grew at 10500 mg/L,
being the MH778713 strain the only one able to tolerate up
to 15000 mg/L Cr (Table 2). Considering the high aluminum
concentrations in the soils, the hyper Cr-tolerant strain (Bacillus
sp. MH778713) was also challenged with aluminum, being able to
tolerate up to 10000 mg/L (Supplementary Figure S8). The 16S
rRNA sequence analysis of the top-six Cr (VI) tolerant strains
isolated from Prosopis laevigata nodules indicated that all-six
strains belong to the genus Bacillus. Furthermore, the Bacillus
genus was corroborated by endospore observation through
Schaeffer-Fulton staining. 16S rRNA-based phylogenies indicated
that MH778713 and MH778712 strains are close to Bacillus cereus
and Bacillus subtilis groups (Figure 1). Finally, the ability of
isolates MH778713 and MH778712 to nodulate Prosopis laevigata
was tested. Both strains failed to induce nodule in their native
host Prosopis laevigata.

The growth of strain MH778713 was compared with
Pseudomonas putida KT2440 in YMA plates without and with
15000 mg/L Cr (VI) (Figure 2). Both strains grew in YMA
plates without chromium but only our isolate MH778713 grew
with 15000 mg/L of Cr and reached 1.5 × 109 CFU/mL

(Figure 2 lines G–I). Even P. putida KT2440 is known by
its metal-tolerance qualities, it did not grow in the presence
of 15000 mg/L Cr (Figure 2 lines J–L). To determine
chromium-biosorption capability of Bacillus sp.MH778713 a
colorimetric assay was performed using 1,5 diphenyl carbazide
(Supplementary Figure S9). Biosorption equilibrium data were
analyzed by fitting experimental data into the Langmuir isotherm
model (Figure 3) (Bankar et al., 2009). Thus, Bacillus sp.
MH778713 showed a sorbent capacity (As) of 116 mg of Cr
(VI)/g of cell, which was higher than it reported for Yarrowia
lipolytica (Bankar et al., 2009). The survival of Bacillus cells
after 7 h exposure to this chromium concentration was 85%
(3 × 1011 CFU/g) (Supplementary Figure S10). In all cases,
Bacillus strain MH778713 was capable to absorb more than
65% of environmental chromium (VI), with the maximum
percentage of biosorption (95%) at 218 mg/L (Figure 4 and
Supplementary Figure S9). A linear relationship between initial
chromium concentration and the maximum metal-uptake value
was obtained (Supplementary Figure S9). This biosorption
capability of Bacillus sp. MH778713 might contribute to the
elimination of chromium from Prosopis tissues (Table 1).

Nodulating bacteria are known for their nitrogen-fixing
capabilities. Since Bacillus sp. MH778713 was isolated from
Prosopis nodules, its nitrogen-fixing capability was tested in vivo
by growing twenty sprouting seeds of Prosopis laevigata in
Jensen’s nitrogen-free medium; besides, the ability of Bacillus

TABLE 1 | Heavy Metal content of sediment, soil and plant tissues from the Nexapa river region.

Element Sediment
(mg/kg)

Non-rhizospheric
soil (mg/kg)

Rhizospheric
soil (mg/kg)

Root
(mg/kg)

Stem
(mg/kg)

Leaf
(mg/kg)

Sheath
(mg/kg)

R Plant
(mg/kg)

R Soil
(mg/kg)

Al 5.29 × 104 4.43 × 104 6.18 × 104 4.1 × 103 – 3.4 × 103 – 1 × 103 1 × 105

Fe 4.55 × 104 4.36 × 104 5.13 × 104 9.6 × 103 3.2 × 103 4.3 × 103 1.4 × 104 1200 500

Ti 5 × 103 4.9 × 103 5.3 × 103 <20 – <20 1.6 × 103 80 9 × 103

Cr 862 435 208 <20 – – – 0.2 50

Zn 154 108 174 638 <20 928 2.5 × 103 20 120

Cu 135 <20 66.9 729 – – 765 1500 100

Ni 218 <20 – <20 – – – 100 90

Zr – <20 – – – – 47.5 12 500

The concentration of metal is given in mg/kg of dry weight. Sediment mean samples of Nexapa river sediment, Non-rhizospheric soil mean soil samples taken 300 m
away from Nexapa river, Rhizospheric soil mean samples of Prosopis laevigata rhizospheric soil of trees located 200 m away from Nexapa river. The WDXRF specters
are shown in Supplementary Figures S1–S7. Reference values for heavy metals found in plants and soils are shown in columns “R Plant” and “R soil” in this table
(Kabata-Pendias, 2010).

TABLE 2 | Tolerance of Bacillus strains to Cr(VI) by serial dilution using the Massive Stamping Drop Plate method.

Bacillus
strains

UFC/ml at
10 000 mg/L

UFC/ml at
10 500 mg/L

UFC/ml at
11 000 mg/L

UFC/ml at
11 500 mg/L

UFC/ml at
12 000 mg/L

UFC/ml at
15 000 mg/L

LEM1004 2 × 105 1 × 104 NG NG NG NG

LEM1054 2 × 105 1 × 105 NG NG NG NG

LEM1080 6 × 104 4 × 103 NG NG NG NG

MH778712 1 × 106 2 × 105 4 × 103 2 × 103 NG NG

LEM1085 2 × 105 NG NG NG NG NG

MH778713 2 × 109 3 × 109 1 × 109 1.8 × 109 1.4 × 109 1.5 × 109

Bacteria were grown in YMA medium with different chromium concentrations and incubated at 30◦C for 24 h. The growth of the top six tolerant strains are shown in this
table. NG (No growth).
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FIGURE 1 | Maximum likelihood tree based on 16S rRNA gene sequences showing the relationships of Bacillus strains MH778713, MH778712 and other Bacillus
species in the Bacillus cereus group (A) and Bacillus subtilis group (B). The evolutionary history was inferred using the Neighbor-Joining method. The optimal tree
with the sum of branch length = 1.82220521 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (2000
replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood method and are expressed as the units of the number of
base substitutions per site. The analysis involved 378 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of
1114 positions in the final dataset. Evolutionary analyses were conducted in MEGA7.

FIGURE 2 | Bacillus sp. MH778713 (A–C) and Pseudomonas putida KT2440 (D–F) in YMA medium without Cr (VI). Cr (VI) tolerance of Bacillus sp. MH778713
plating in YMA with 15000 mg/L of Cr (VI) using the Massive Stamping Drop Plate method (G–I) comparing with Pseudomonas putida KT2440 (J–L).

sp. MH778713 to assist plant-growth in presence of 0, 10 and
25 mg/L Cr (VI). Higher chromium concentrations were not
allowed due to strong phytotoxic effects of this metal on the
Prosopis seedlings. A representative single-plant picture of the
twenty plants experiment is shown in Figure 5. Figures 5A,B

showed that Prosopis laevigata itself was unable to grow in
Jensen’s nitrogen-free medium, but Prosopis plants inoculated
with Bacillus sp. MH778713 grew and developed true leaves, an
indication of the nitrogen-fixing trait of Bacillus sp. MH778713.
Furthermore, Bacillus sp. MH778713 assisted Prosopis to grow
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FIGURE 3 | Langmuir adsorption isotherm of chromium (VI) by Bacillus sp.
MH778713 using 1,5-Diphenyl carbazide method at 37◦C, 130 rpm, and
t = 0–420 min. Data represent the average of triplicate experiments.

in the presence of 10 and 25 mg/L Cr (VI) (Figures 5C,D);
uninoculated plants were unable to grow in the presence
of 10 or 25 mg/L Cr and did not produce true leaves.
Six plants of the experiment described previously were used
to measuring plant growth parameters. The length of leaves
and stems, and the weight of plants inoculated with Bacillus
sp. MH778713 subjected to the chromium stress of 10 and
25 mg/L were significantly higher than those of uninoculated
plants (Figure 6). Cr (VI) concentrations above 0.1 mg/kg in
the soil are described as toxic for most of plants and some
plants can accumulate up to 0.006–18 mg/kg of this metal
(Shanker et al., 2005).

DISCUSSION

WXRF analysis indicated that explored soils contain considerable
heavy metal concentrations e.g., aluminum, iron, titanium, zinc,
copper, and chromium (Table 1). Aluminum is considered a toxic
heavy metal which can be found in nature at concentrations
of 4.5 × 103–1 × 105 mg/kg. High Al concentrations in the
soil cause surface rooting in plants, changes in cell division,
nutrition and chlorosis (Nilsson and Bergkvist, 1983; Taylor et al.,
1998). The normal content of Al in plants is 1 × 103 mg/kg
(Clark, 1977; Foy et al., 1978; Slaski, 1994). In this study,
P. laevigata trees accumulated up to 3.8 × 103 mg/kg of Al in
leaves and 4.1 × 104 mg/kg in roots (Table 1), an indication
of its bioaccumulation capability. In Table 1, Al accumulation
was not shown by stem but shown by the root and leaf. This
discrepancy could be due to differences in transpiration rate of
shoot organs that affect Al distribution (Shen and Ma, 2001).
Furthermore, the high oxalate concentrations in roots and leaves
chelate Al forming a stable, non-phytotoxic complex of Al-
oxalate that can be accumulated in those organs (Shen and Ma,
2001). When Al-oxalate is translocated from roots to leaves, Al-
oxalate is converted to Al-citrate complex to be transported by
xylem whose low concentrations are probably undetectable for
our analytical methods.

FIGURE 4 | Percentage of chromium (VI) removal by Bacillus sp. MH778713
from supernatant after 7 h of exposure at different Cr (VI) concentrations.
Bacillus sp. MH778713 is capable to remove more than 95% of environmental
chromium (VI) at 218 mg/L. Data represent the average of triplicate
experiments.

Iron is the main component of the lithosphere (Kabata-
Pendias, 2010). Typical amounts of Fe in the soil are 30–
550 mg/kg; in acid soils values reach up to 2000 mg/kg (Wuana
and Okieimen, 2011). The Fe concentration found in different
species of plants is 220–1200 mg/kg (Price et al., 1972; Boardman,
1975; Markert, 1987). We found 51300 mg/kg in rhizospheric soil,
and 9000 mg/kg in roots, 4800 mg/kg in leaves, and 3200 mg/kg in
the stem of Prosopis laevigata exceeding by far the concentrations
found in other plants. Titanium concentrations of soils are 1000–
9000 mg/kg (Bain, 1976; Kiser et al., 2009). Ti participates in
the nitrogen fixation process carry out by Anabaena variabilis
(Cherchi and Gu, 2010) and stimulates the growth of some
Rhizobia (Simon et al., 1990). Typical concentrations of Ti in
plants are 0.15 and 80 mg/kg. High Ti concentrations produce
chlorosis and necrotic spots on leaves (Wallace et al., 1977). The
Ti concentration in our soil (5300 mg/kg) was into the average
range reported but the concentration of Ti accumulated in the
sheath of adult trees was two orders higher than those previously
reported; demonstrating that P. laevigata trees are good Ti
hyperaccumulator. Zinc typical concentrations in plants are 10–
20 mg/kg. Solanum nigrum can accumulate up to 638 mg/kg
of Zn in roots, 411 mg/kg in stems and 1054 mg/kg in leaves
(Marques et al., 2006). P. laevigata plants also surpassed those
bioaccumulation concentrations, showing that P. laevigata can
tolerate higher levels of Zinc.

Typical chromium concentrations in soils are 5–120 mg/kg
(Kabata-Pendias, 2010). High chromium content in soils causes
poor crop growth (Wedepohl, 1974). In most of plants,
chromium concentrations are 0.02–0.2 mg/kg. Laboratory
experiments of Prosopis seedlings in association with Glomus
deserticola grown in 80 or 160 mg Cr/kg soil, showed that Cr
(III) and Cr (VI) are accumulated in roots and stem up to 700
or 1000 mg/kg (Arias et al., 2010, 2011). Although chromium
concentration in our soil samples was high (435 and 208 mg/kg),
plant tissues of Prosopis trees did not contain any detectable
amount of chromium, which was unexpected. To investigate if
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FIGURE 5 | Chromium (VI) tolerance assay of Prosopis laevigata seedlings inoculated with Bacillus sp. MH778713 grown in a hydroponic system. (A) Uninoculated
P. laevigata seedlings in nitrogen-free Jensen’s medium as negative controls. (B) P. laevigata seedlings inoculated with Bacillus sp. MH778713 in nitrogen-free
Jensen’s medium as a control. (C) P. laevigata seedlings inoculated with Bacillus sp. MH778713 in nitrogen-free Jensen’s medium added with 10 mg/L of Cr(VI).
(D) P. laevigata seedlings inoculated with Bacillus sp. MH778713 in nitrogen-free Jensen’s medium added with 25 mg/L of Cr(VI). This single-plant picture is a
representative image of the response of 20 mesquite plants to the different treatments.

endophytic microorganism of Prosopis could play any role in the
detoxification of soil allowing Prosopis trees to grow, the diversity
of associated bacteria was investigated.

From the 88 nodule-isolate strains, six of them resulted
in high-Cr tolerance (10000–15000 mg/L), being the
MH778713 strain the most tolerant. Among hyper Cr-tolerant
microorganism known up to now are Streptomyces sp. CG52
(500 mg/L of Cr), Staphylococcus aureus and Pediococcus
pentosaceus (2000 mg/L) (Srinath et al., 2002; Quintelas et al.,
2008). Compared to P. pentosaceus, our MH778713 isolated
tolerate 7.5-fold more Cr. All six Cr-tolerant strains of this
study belonged to the genus Bacillus. Although Bacillus has not
been described as legume symbiont, several Bacillus strains have
been identified as endophytic bacteria. They have been isolated
from a variety of plants, including legume plants as Medicago
polymorPha (Chinnaswamy et al., 2018), Dalbergia odorifera
(Lu et al., 2017), Glycine max (Hong et al., 2007), Cajanus cajan
(Rajendran et al., 2007), Hedysarum spinosissimum (Sbabou
et al., 2016) and Prosopis species. Bacteria belonging to genus
Bacillus have been isolated from the endosphere and rhizosphere
of Prosopis juliflora (Khan et al., 2014; Abdelmoteleb et al.,
2017) and Prosopis farcta nodules (Fterich et al., 2011). Though
our Bacillus strains failed to induce nodule formation, the
co-existence of Bacillus genus with rhizobial bacteria into legume
nodule and the ability of Bacillus to influence the growth and

fitness of plants has been well established (Arias et al., 2011).
Thus, we reasoned, if Cr-tolerant strains assisted Prosopis
trees to tolerate chromium toxicity, those strains might uptake
chromium from the environment in addition to tolerate it.

Thus, chromium biosorption assays were carried out using
the most Cr-tolerant strain, the Bacillus sp. MH778713. Results
showed the removal of 116 mg/g of biomass when cells were
exposed to 1474 mg/L of Cr (VI). Bacillus circulans and Bacillus
megaterium can bioaccumulate 34.5 and 32.0 mg of chromium
(VI)/g of dried weight (Cánovas et al., 2003). B. coagulans can
absorb up to 1.5, 1.98 and 5.3 mg/g of biomass, in experiments
with initial Cr concentrations of 10, 50 and100 mg/L (Srinath
et al., 2002). A mixed culture of Pseudomonas aeruginosa and
Bacillus subtilis have shown to uptake up to 1.44 mg Cr (VI)/g
of biomass in aqueous solution (10 mg/L) (Quintelas et al.,
2008). Bacillus subtilis can remove 63 mg/g of biomass in a
solution of 100 mg/L after 6 h of exposure (Tarangini et al.,
2009). Comparing with other Bacillus species, our Bacillus sp.
MH778713 showed superior efficiency in the biosorption of
chromium (VI), highlighting the potential of this strain for
bioremediation of Cr contaminated sites.

The ability of genus Bacillus to produce compounds associated
with an increase in size and weight in plants is well
documented; for example, the AIA production (indolyl-3-acetic
acid) (Sethuraman and Balasubramanian, 2010). Bacillus sp.
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FIGURE 6 | Plant growth parameters of seedlings inoculated with Bacillus sp. MH778713, with 0, 10 and 25 mg/L of Cr(VI) in Jensen’s free nitrogen medium.
Non-inoculated plants grown in chromium-containing media were used as negative controls. Bars represent an average of twelve plants which were measured and
weighed after completing 2 months of treatment.

MH778713, the most tolerant strain to chromium (VI), was
not responsible for inducing nodulation in mesquite plants,
but probably is a natural endophyte bacterium. This strain
may produce substances that promote plant development, or
may has systems to neutralize the negative effect of chromium
(VI) such as Cr (VI) efflux pumps, Cr (VI) reduction to Cr
(III), activations of enzymes involved in the Reactive Oxygen
Species (ROS) detoxifying process, and repair DNA lesions
(Bitas et al., 2013; Viti et al., 2014); all these mechanisms
probably involved in assistance of plants to Cr adaptation. The
results of in vitro inoculation of Bacillus sp. MH778713 on
mesquite plants showed that this strain is capable of conferring
tolerance to heavy metal (Cr) toxicity, since non-inoculated
plants, exposed to high concentrations of chromium, did not
develop true leaves (Figure 5) and showed smaller plant growth
parameters (Figure 6).

CONCLUSION

In the present study, Prosopis laevigata, an indigenous desert
plant, showed the ability to hyperaccumulate heavy metals such
as Al, Fe, Zn, Ti, and Zr in association with bacteria belonging
to genus Bacillus. The Bacillus strain MH778713 isolated from
Prosopis nodules showed high tolerance to chromium (VI), more
than any other microorganism reported until now. Compared
with other Bacillus species, Bacillus strain MH778713 showed a
higher capacity to remove chromium (VI) from aqueous media,
which could be beneficial for plants growing in soils with elevated
chromium content. Further analyses will be needed to explore
the full potential of Bacillus sp. MH778713 as an inoculant for
plants in sustainable rehabilitation strategies of contaminated
or disturbed land; as well as the nature of the substances and
mechanisms involved in this tolerance.
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