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Abstract Stimulation of microbial reduction of Cr(VI) to the
less toxic and less soluble Cr(III) through electron donor ad-
dition has been regarded as a promising approach for the re-
mediation of chromium-contaminated soil and groundwater
sites. However, each site presents different challenges; local
physicochemical characteristics and indigenous microbial
communities influence the effectiveness of the biostimulation
processes. Here, we show microcosm assays stimulation of
microbial reduction of Cr(VI) in highly alkaline and saline
soil samples from a long-term contaminated site in
Guanajuato, Mexico. Acetate was effective promoting anaer-
obic microbial reduction of 15 mM of Cr(VI) in 25 days ac-
companied by an increase in pH from 9 to 10. Our analyses
showed the presence of Halomonas, Herbaspirillum,
Nesterenkonia/Arthrobacter, and Bacillus species in the soil
sample collected. Moreover, from biostimulated soil samples,
it was possible to isolate Halomonas spp. strains able to grow
at 32 mM of Cr(VI). Additionally, we found that polluted
groundwater has bacterial species different to those found in
soil samples with the ability to resist and reduce chromate
using acetate and yeast extract as electron donors.

Keywords Chromate .Biostimulation . Soil andgroundwater
pollution

Introduction

The uncontrolled generation of industrial wastes with Cr(VI)
and their improper disposal has resulted in pollution of several
soils and aquifers. Hexavalent chromium is a dangerous con-
taminant due to its strong oxidizing properties. It is highly
soluble and therefore, very mobile in groundwater systems
and it can be transported into the cells through sulfate perme-
ases where it exerts mutagenic and carcinogenic effects
(Roberts and Marzluf 1971; Messer et al. 2006; Zhitkovich
2011). Several bacterial species have been found to possess
mechanisms to promote Cr(VI) reduction to the less-soluble
Cr(III) (Chovanec et al. 2012; Field et al. 2013; Garbisu et al.
1998; He et al. 2010; Horton et al. 2006), which cannot be
transported across cell membranes and it is retained by soil as
Cr(III) hydroxide precipitates (Brose and James 2010; Sass
and Rai 1987).

The microbial reduction of Cr(VI) can potentially be pro-
moted by the addition of electron donors like acetate, lactate,
or molasses as a safe and cost-effective technology alternative
to the expensive traditional physicochemical methods of
Cr(VI) reduction to treat contaminated soils, aquifers, and
sediments. This technology has been shown to be successful
in diverse soils and aquifers (Brodie et al. 2011; Horton et al.
2006; Somenahally et al. 2013; Varadharajan et al. 2015).
However, each polluted site has its own challenges; the effi-
ciency of different electron donors depends on the indigenous
microbial communities and the physicochemical characteris-
tics of each site. Therefore, laboratory studies are required to
determine the efficiency of the electron donors to be tested in a
specific soil.
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Leon Valley, located in Guanajuato, Mexico, has several
sources of chromium contamination, including a deposit of chro-
mite ore product residues piles (COPRP), which has given rise to
very high concentrations of Cr(VI) in nearby soil and groundwa-
ter. Soil pollution in this area has been continually monitored,
reporting concentrations that surpass the permissible limit for
industrial land in Mexico (500 mg/kg, NOM-147-
SEMARNAT_SSA1–2004) (Armienta et al. 1996). Cr(VI) in
groundwater has also been monitored since its detection in
1975, through wells and piezometers. Chromium concentration
fluctuates in an area of 5 km2 in the vicinity of the COPRP and it
has been reported above the limit permitted for drinking water
(0.05 mg/l), reaching record values up to 95.1 mg/l in the last
decades (Armienta andRodriguez-Castillo 1995, Villalobos et al.
2012).

In this study, we present microcosm assays in order to
explore the effectiveness of sodium acetate in promoting the
microbial Cr(VI) reduction in soil samples from this long-term
contaminated landfill in León, Guanajuato, Mexico.
Additionally, microorganisms able to resist Cr(VI) and some
of them also reduce Cr(VI) to Cr(III), were isolated from these
polluted soils and groundwater for further characterization.

Materials and methods

Soil sampling, processing, and characterization

Soil sample used for biostimulation assays was taken at 30 to
40 cm depth, at 6 m away in direction north from a chromite
ore product residue pile (COPRP), located in León,
Guanajuato, Mexico (21° 04′ 27″ N, 101° 79′ 10″ W). As
control, one sample was taken at the same depth, 1 km away
from the residues pile in the northeast direction. Samples were
grounded, sieved (#20 mesh), homogenized, and stored in
glass bottles at 4 °C until processing.

For chromate quantification, alkaline digestion of soil was
performed. First, dissolve the Cr(VI) by mixing 5 g of soil with
25 ml of NaOH 0.5 M/Na2CO3 0.28 M, and heat at 100 °C for
1 h (Vitale et al. 1994). After the mixture was filtered and adjust-
ed to 100 ml, Cr(VI) was quantified by polarography. For pH
determination of soil samples, 5 g of soil were mixed with 50 ml
of distillated water, vortex for 1 h, then stand for 1 h before pH
was determined with an Orion* 2-Star Bench top pH Meter
(Thermo Scientific). Soil electrical conductivity was determined
with 5 g of soilmixedwith 10ml of distillatedwater, and agitated
1 h. Finally, electrical conductivity was measured with a pH/
CON 510 bench top meter (Oakton).

Microcosm biostimulation assays

Biostimulation assays were carried out by triplicate in sterile
glass bottles with 15 g of soil and 30 ml of sterile distilled

water. The bottles were sealed with a rubber stopper, purged
by injecting N2, and maintained at room temperature for 72 h.
After this time, 600 μl of anaerobic sterile sodium acetate 2 M
solution were added to each bottle, except for the controls.
Abiotic reduction was assessed by autoclaving soil at 120 °C
for 1 h and treated in the same way as with acetate. Finally, all
microcosm assays were incubated at 30 °C.

Analytical methods

The microcosm assays were sampled periodically to monitor
pH, Cr(VI), and acetate concentrations. Hexavalent chromium
was determined by a colorimetrical reaction with
diphenylcarbazide in acid solution at 540 nm (American
Public Health Association, American Water Works
Association, and Water Environment Federation 1999).
Acetate was quantified at 210 nm in an Agilent series 1100
HPLC (Agilent Technologies, Inc., Albany, NY) with an
Aminex HPX-87H column (Bio-Rad, Hercules, CA) and pH
was measured with pH indicator strips pH 0–14 Universal
indicator (Merck Millipore) and Orion* 2-Star Bench top pH
Meter (Thermo Scientific).

Statistical analysis

All experiments were conducted by triplicate. Data were
expressed as mean ± standard deviations (SD). We performed
a univariate analysis of variance (ANOVA) of data using
Minitab 17. Probability less than 0.05 was considered as sta-
tistically significant difference.

Soil DNA extraction, PCR amplification, and sequencing
of 16S rDNA genes

DNAwas isolated using the Power Soil® DNA Isolation Kit,
according to the manufacturer’s protocol (Mo Bio). We used
the universal bacterial primers 27F (5 ʹ-AGAGTTT
GATCCTGGCTCAG ) a n d 1 4 9 2 R ( 5 ′ - TACC
TTGTTACGACTT) for 16S ribosomal RNA (rRNA) gene
amplification (Lane 1991). These primers are widely used in
soil studies and amplify almost entirely the length of 16S
rRNA gene (Fredriksson et al. 2013).

Purified PCR products were cloned into pJET1.2 using the
CloneJET PCR Cloning Kit according to the manufacturer’s
protocol (Thermo Fisher Scientific), and transformed by elec-
troporation into Escherichia coli MC1061. Fragment inserts
were sequenced using the primers included in the CloneJET
PCR Cloning Kit. Sequencing was performed in an Applied
Biosystems 3100Genetic Analyzer/ABI PRISM device. Gene
sequences reported in this study have been deposited in
GenBank with accession numbers described in figure
captions.

25514 Environ Sci Pollut Res (2017) 24:25513–25521



Sequence and phylogenetic analyses

Sequencing analysis was performed using Bioedit. All clones
were first screened for potential chimeric structures using
CHIMERA-CHECK (http://rdp.cme.msu.edu), After
sequencing, the closest relatives of each sequence in
GenBank were identified. Alignment of sequences was
carried out using the program ClustalW on MEGA. The
phylogenetic inferences were performed using the maximum
likelihood method based on Kimura 2 parameters algorithm
with 1000 bootstrap replications test.

Soil bacterial enrichment, isolation, and characterization

A sample of soil biostimulated with acetate was inoculated in
assay tubes anaerobic nutrient broth with acetate and fumarate
(NBAF) (Coppi et al. 2001) without resazurin and cysteine,
supplemented with 0.05% yeast extract and 2 mMCr(VI) and
were incubated at 30 °C in order to enrich those resistant
microorganisms. After serial dilutions, cells were plated on
NBAF-agar medium with 2 mM of Cr(VI) and grown aerobi-
cally. The resulting colonies were subcultured. Isolated bacte-
ria were identified by amplifying its 16S rRNA gene by PCR.
The PCR products were sequenced and analyzed.

Determination of chromate minimal inhibitory
concentration

The growth of Halomonas sp. SCr1 isolate was assayed at
30 °C on LB agar pH 9 on microplates with increasing con-
centrations of Cr(VI) (1, 10, 20, 30, 32, and 34 mM). The
minimum inhibitory concentration (MIC) was considered
when no growth was observed after 10 days of incubation.

Aquifer sampling, enrichment, and bacterial isolation

Water from the aquifer was collected at 30-m depth through
the piezometer #2 (from the monitoring system in this area).
The piezometer #2 was selected because it is located inside the
area and is where the pollution plume begins (Villalobos et al.
2012). The environment temperature was about 27 and 23 °C
in the aquifer. This water sample was transferred to a serum
bottle with sterile anaerobic mineral medium acetate-fumarate
NBAF (Coppi et al. 2001) without resazurin and cysteine,

supplemented with 0.05 % yeast extract and 0.5 mM Cr(VI),
these cultures were incubated at 30 °C in order to enrich mi-
croorganisms resistant to Cr(VI). The ability to reduce Cr(VI)
by the microbial enrichment, was tested in NBAF medium
with different increasing concentrations of Cr(VI), growth
(OD 600 nm), and Cr(VI) concentration were quantified peri-
odically. After that, we proceed with microbial isolation, serial
dilution cells were plated on NBAF-agar medium with 2 mM
of Cr(VI) and grown aerobically. Isolated bacteria were iden-
tified by 16S rDNA gene sequencing and analysis.

Results

Soil biostimulation with acetate using microcosms assays

A sample of Cr(VI)-contaminated soil taken from 30 to 40 cm
deep was used for all assays. Cr(VI) concentration in the soil
sample was 1768.8 ± 47.7 mg/kg, pH 9.17 (Table 1). It over-
comes the permissible limit of Cr(VI) (500 mg/kg). Anaerobic
biostimulation assays were conducted as described in the
BMaterials and Methods^ section. Three different assays were
performed by triplicate: (1) Soil with acetate to test biological
reduction, acetate-dependent (biostimulated soil); (2) Sterilized
soil with acetate to determine abiotic reduction triggered by ac-
etate (control); and (3) soil with only water as a second control.

Cr(VI) and acetate concentrations as well as pH were de-
termined at different times: 0, 15, 20, 25, 30, and 35 days after
incubation at 30 °C. Cr(VI) was completely reduced within
25 days, as shown in Fig. 1, and only 18 % of acetate was
consumed (Fig. 2) in biostimulated soil. The initial pH in all
experiments was 9 and it was maintained on this value in both
controls. In the biostimulated soil, the pH changed from 9 to
10 at the end of the assay. These results indicate that acetate is
effective to stimulate Cr(VI) bio-reduction in soil under anaer-
obic conditions, while acetate alone does not cause abiotic
reduction. The Cr(VI) reduction in biostimulated soil was sig-
nificantly different to controls.

Soil bacterial diversity

In order to study the bacterial community present in the soil
sample used in biostimulation assays, total environmental
DNA was extracted and used as template for PCR

Table 1 Soil sample characteristics

Sample Deep Distance to COPRP
m

Cr(VI) concentration
mg/kg

Electrical conductivity
μS/cm

pH

1 Polluted soil 30–40 6 1768.8 ± 47.7 12,347,5±281.94 9.17 ± 0.12

2 Unpolluted soil 30–40 1000 Not detectable 201±11.2 8.83 ± 0.03
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amplification of 16S rDNA, as described in the BMaterial and
Methods^ section. PCR products were cloned and sequenced
to further analysis. Eighty clones were sequenced and the best
matches were with Firmicutes, Actinobacteria, and
Proteobacteria (beta and gamma). Specifically, 47 clones be-
long toHalomonas sp., 28 to Bacillus sp., 2 toHerbaspirillum
sp., and 3 to Nesterenkonia sp. (Fig. 3).

Isolation of bacteria from biostimulated soil

From acetate biostimulated soil, we carried out an enrichment
of Cr(VI)-resistant bacteria on solid anaerobic NBAF medi-
um, pH 9, with 2 mM Cr(VI) at 30 °C. Only one morpholog-
ical type was obtained. The isolated bacterium was identified
as Halomonas sp. by 16S rDNA gene amplification and se-
quencing (Fig. 4). This bacterium showed minimal inhibitory
concentration for Cr(VI) of > 32 mM in LB agar plates at pH
9. Further characterization of this isolated is currently being
performed in our group.

Microbial isolation from the long-term chromate
contaminated aquifer

The aquifer is located in the zone near of the COPRP with
highly fluctuating concentrations of Cr(VI) (Armienta and
Quéré 1995; Villalobos-Aragon et al. 2012). The sample taken
for this study had a Cr(VI) concentration of 52.3 mg/l. We
investigated the presence of Cr(VI) resistant and reducers bac-
teria with potential use in remediation of chromium contami-
nation sites. First, a water sample was taken from 30-m deep
through a monitoring well and an aliquot was incubated in
anaerobic NBAF media with 0.5 mM Cr(VI) for growth.
The bacterial enriched consortium was able to grow and re-
duce Cr(VI) under increasing concentrations (Figs. 5 and 6).
Then, in order to isolate individual microorganisms resistant
to Cr(VI), we performed serial dilutions from the initial

enrichment. They were plated on solid NBAF media with
2 mMCr(VI) and incubated at 30 °C. Different morphological
types of bacteria colonies were obtained and 23 isolates were
subjected to 16S rDNA gene PCR amplification, sequence
analysis and phylogenetic inference. As shown in Fig. 7, bac-
teria identified belong to Actinobacteria, Firmicutes, and
Gammaproteobacteria clades.

Discussion

Biostimulation and microbial reduction of Cr(VI) to the less
toxic and less soluble Cr(III), through electron donor addition
has been regarded as a promising approach for the remediation
of soil and groundwater chromium contamination. However,
diverse factors such as pH, salinity, and indigenous microbial
community influence the effectiveness of the biostimulation
processes. In this study, acetate was selected as electron donor
because it is a key intermediate in degradation of organic
matter in soil (Lovley and Phillips 1989; Lovley and Phillips
1986), and several microorganisms have been reported to cou-
ple its oxidation to the reduction of alternative electron do-
nors, such as Cr(VI) (Anderson et al. 2003; Lovley 1993; Xu
et al. 2011). We found that acetate was effective in promoting
microbial reduction of Cr(VI) in alkaline and saline soil sam-
ples under anaerobic conditions.

The environments contaminated with Cr(VI) commonly
have high pH (Mary et al. 2011; VanEngelen et al. 2008).
However, several studies of microbial Cr(VI) reduction have
been reported at neutral pH, and very few biostimulation as-
says have been reported under alkaline conditions (Stewart
et al. 2007; Stewart et al. 2010). In our biostimulation assay,
the initial pH was 9 and it was increased by microbial activity
during the process. Studies with isolatedmicroorganisms have
shown that optimal pH for Cr(VI) reduction varies widely
(from 6.0 to 10.0). For Enterobacter (Wang et al. 1990),

Fig. 1 Cr(VI) reduction during microcosm soil biostimulation with
acetate. Soil biostimulated with acetate (circles), soil without acetate
(square), and soil sterilized and treated with acetate (triangle). Data
were expressed as mean ± standard deviations (SD)

Fig. 2 Acetate consumption during microcosm soil biostimulation.
Circles correspond to soil biostimulated with acetate and triangles to
soil sterilized and treated with acetate (control). Data were expressed as
mean ± standard deviations (SD)
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Arthrobacter sp. SUK 1201 (Dey and Paul 2012),
Acinetobacter sp. Cr-B2 (Narayani and Shetty 2012), and
Serratia sp. Cr-10 (Zhang and Li 2011) optimum reduction
takes place at neutral pH and it is negatively affected by alka-
line conditions. However, other bacteria like Leucobacter sp.
G161 (Ge et al. 2013), Pannonibacter phragmitetus LSSE-09
(Xu et al. 2011), Bacillus sp. FM1 (Masood and Malik 2011),
Baci l lus subt i l i s (Mangaiyarkaras i et a l . 2011) ,
Pseudochrobactrum saccharolyticum LY10 (Long et al.
2013), Amphibacillus sp. KSUCr3 (Ibrahim et al. 2011), and
Halomonas sp. TA-04 (Xu et al. 2011) show optimum reduc-
tion at pH from 8 to 10. Our analyses showed the presence of
microorganisms belonging to Halomonas, Herbaspirillum,
Nesterenkonia/Arthrobacter, and Bacillus genera in the soil

used in the biostimulation assays. Moreover, it was possible
to isolate a Halomonas strain (SCr1) with high tolerance to
Cr(VI), whose 16S rDNA gene sequence analysis showed
high sequence similarity to SKP6195 clone, which was ob-
tained from soil microbial diversity analyses (Figs. 3 and 4).
D i v e r s e H a l o m o n a s s p p . a r e h a l o t o l e r a n t
Gammaproteobacteria (Vreeland et al. 1980) and several mi-
croorganisms from this genus are also alkaliphilic (Berendes
et al. 1996; Duckworth et al. 2000; Romano et al. 2006).
Besides, some Halomonas have been reported to resist and
reduce Cr(VI) under alkaline conditions (Focardi et al. 2012;
Mabrouk, Arayes, and Sabry 2014; Shapovalova et al. 2009;
Watts et al. 2015). The first reported was Halomonas SL1,
which is able to reduce Cr(VI) with acetate as electron donor

Fig. 3 Phylogenetic reconstruction of clones sequences from soil and the
closest sequences from GenBank using maximum likelihood method
based on the Kimura 2-parameters model. Numbers on nodes represent
percent bootstrap values based on 1000 replicates. There were a total of

951 positions in the final dataset. The tree was rooted with 16 rDNA of
Methanobacterium sp. AL-21 Archea sequence. GenBank accession
numbers of clone sequences are KU965478 to KU965556
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under anaerobic conditions at pH 9 (VanEngelen et al. 2008);
then, it is likely that Halomonas could have a primary role in
Cr(VI) reduction in our biostimulation assays with acetate. On
the other hand, alkaline Cr(VI) reduction has been reported in
species belonging to Bacillus (Megharaj, Avudainayagam,
and Naidu 2003), Nesterenkonia (Amoozegar et al. 2007)
and Arthrobacter genera (Bakradze et al. 2003; Córdoba,
Vargas, and Dussan 2008; Megharaj, Avudainayagam, and
Naidu 2003; Ziagova, Koukkou, and Liakopoulou-
Kyriakides 2014) but not in Herbaspirillum. In accord with
this, in our biostimulation assays, Cr(VI) reduction can be the
result of the process carried out by one or more
microorganisms.

Moreover, we found that the consortia enriched from con-
taminated groundwater showed the ability to reduce Cr(VI)
with acetate and yeast extract as electron donors. From this
consortium, we were able to isolate individual microorgan-
isms closely related to nine different genera able to grow in

2 mM Cr(VI): Klebsiella, Bacillus, Tessaracoccus,
Enterococcus, Arthrobacter, Micrococcus, Jeotgalicoccus,
Brachybacterium, Planomicrobium, and Citrococcus.
Chromate reduction has been deeply studied in several
Bacillus species (Garbisu et al. 1998; He et al. 2010;
Megharaj, Avudainayagam, and Naidu 2003; Sau, Chatterjee,
andMukherjee 2010) and also reportedmicroorganisms belong-
ing to Klebsiella (Wani and Omozele 2015), Enterococcus
(Sayel et al. 2012), Arthrobacter (Bakradze et al. 2003), and
Micrococcus genera (Sultan and Hasnain 2005) but there are
no repor ts wi th Tessaracoccus , Jeotgal icoccus ,
Brachybacterium, Planomicrobium, or Citrococcus genera.

Previous studies in the same chromate industrial landfill
have reported the microbial community from COPRP and
lixiviates but not from contaminated soil or groundwater. In
those studies, the authors also foundHalomonas spp. but only
from lixiviates (Brito et al. 2013; Piñón-Castillo et al. 2010).

Further studies are being conducted with Halomonas sp.
SCr1 and other bacteria isolates from the aquifer to study the
limiting factors that could bemanipulated for the development
of in situ program of bioremediation. This haloalkaliphilic
isolate and enriched consortia have a potential in bioremedia-
tion of alkaline environments, where suitable indigenous mi-
crobes have not been selected naturally yet, due to a recent
chromate contamination.

Conclusions

In summary, we proved that acetate is effective in promoting
microbial reduction of Cr(VI) in soil. The isolation of
haloalkaliphilic bacteria as Halomonas sp. has a potential
use via bioaugmentation as a feasible in situ treatment for

Fig. 4 Phylogenetic reconstruction of 16S rDNA sequence from SCr1
isolated from soil, the clone sequence SPK6195 and the closest sequences
from GenBank using maximum likelihood method based on the Kimura
2-parameters model. Numbers on nodes represent perceny bootstrap
values based on 1000 replicated. Scale bar represents 0.05 substitutions
per site. There were a total of 860 positions in the final dataset. The tree
was rooted with 16 rDNA of Methanobacterium sp. AL-21 Archea se-
quence. GenBank accession number of 16S rDNA gene sequence from
isolated SCr1 is KU985305

Fig. 6 Optical density of aquifer consortium growing on NBAFmedium
(pH 7) with increased initial concentrations of Cr(VI): 0 μM (asterisk),
85 μM (circle), 180 μM (square), 266 μM (triangle), and 356 μM
(diamond). Data were expressed as mean ± standard deviations (SD)

Fig. 5 Anaerobic Cr(VI) reduction by aquifer consortium under different
initial Cr(VI) concentrations using NBAF medium (pH 7): 85 μM
(circle), 180 μM (square), 266 μM (triangle), and 356 μM (diamond).
Data were expressed as mean ± standard deviations (SD)
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highly alkaline soil environments. We also demonstrated that
groundwater from this contaminated area also has microor-
ganisms that can resist and reduce high Cr(VI) concentrations
and, therefore, could also have a primordial role in bioreme-
diation of this and other sites with similar characteristics.
These studies provide evidence of promising treatment of
long-term chromate contaminated groundwater by transfor-
mation of toxic and soluble Cr(VI) into less toxic and poorly
soluble Cr(III) and provide information from microbial com-
munities resistant and with reducing capabilities for further
studies.
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