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Abstract
Investigation of bacterial chromate tolerance has mostly focused on strains originating from polluted sites. In the present 
study, we isolated 33 chromate tolerant strains from diverse environments harbouring varying concentrations of chromium 
(Cr). All of these strains were able to grow on minimal media with at least 2 mM hexavalent chromium (Cr(VI)) and their 
classification revealed that they belonged to 12 different species and 8 genera, with a majority (n = 20) being affiliated to the 
Bacillus cereus group. Selected B. cereus group strains were further characterised for their chromate tolerance level and the 
ability to remove toxic Cr(VI) from solution. A similar level of chromate tolerance was observed in isolates originating from 
environments harbouring high or low Cr. Reference B. cereus strains exhibited the same Cr(VI) tolerance which indicates 
that a high chromate tolerance could be an intrinsic group characteristic. Cr(VI) removal varied from 22.9% (strain PCr2a) 
to 98.5% (strain NCr4). Strains NCr1a and PCr12 exhibited the ability to grow to the greatest extent in Cr(VI) containing 
media (maximum growth of 65.3% and 64.9% relative to that in the absence of Cr(VI), respectively) accompanied with high 
chromate removal activity (73.7% and 74.4%, respectively), making them prime candidates for the investigation of chromate 
tolerance mechanisms in Gram-positive bacteria and Cr(VI) bioremediation applications.

Keywords Bacillus cereus group · Chromate resistance · Chromate tolerant cultivable bacteria · Hexavalent chromium 
removal · Serpentine soil · Unpolluted

Introduction

Chromium (Cr) is used in an array of industrial applications 
and, as a result, is a common contaminant of terrestrial and 
aquatic ecosystems. In the environment, Cr is mostly pre-
sent in two stable oxidation states: hexavalent [Cr(VI)] and 
trivalent [Cr(III)]. Naturally occurring Cr (e.g., serpentine 
soils derived from ultramafic rocks) is almost exclusively 
found in a trivalent form, while hexavalent Cr compounds 
are released by anthropogenic pollution. Trivalent Cr is con-
sidered far less toxic than hexavalent Cr and shows little or 
no effect on cells, as it forms insoluble hydroxides (Cr(OH)3) 
and complexes with organic ligands at environmental pH 
values (Bencheikh-Latmani et al. 2007). In contrast, hexava-
lent Cr has notable toxic, mutagenic and teratogenic effects 
and is classified as a group 1 human carcinogen (Interna-
tional Agency for Research on Cancer 2012). Its high water 
solubility, bioavailability and transport across the cell mem-
brane result in a major toxic effect, mainly through oxidative 
stress (Ramírez-Díaz et al. 2008).

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1127 4-019-2638-5) contains 
supplementary material, which is available to authorized users.

 * Dragan Radnović 
 dragan.radnovic@dbe.uns.ac.rs

1 Faculty of Sciences, Department of Chemistry, Biochemistry 
and Environmental Protection, University of Novi Sad, Trg 
Dositeja Obradovića 3, Novi Sad 21000, Serbia

2 Department of Microbial Genetics, Institute of Molecular 
Biology, Slovak Academy of Sciences, Dubravska cesta 21, 
Bratislava 845 51, Slovakia

3 Faculty of Sciences, Department of Biology and Ecology, 
University of Novi Sad, Trg Dositeja Obradovića 2, 
Novi Sad 21000, Serbia

4 Environmental Microbiology Laboratory, Ecole 
Polytechnique Fédérale de Lausanne, 1015 Lausanne, 
Switzerland

http://orcid.org/0000-0003-3753-1887
http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-019-2638-5&domain=pdf
https://doi.org/10.1007/s11274-019-2638-5


 World Journal of Microbiology and Biotechnology           (2019) 35:56 

1 3

   56  Page 2 of 17

Microorganisms are known for their ability to toler-
ate high Cr(VI) levels and to reduce it to more innocuous 
Cr(III), which is the feature employed in bioremediation 
of Cr(VI) contaminated sites (reviewed by Ahemad 2014; 
Cheung and Gu 2007; Chirwa and Molokwane 2011; Dhal 
et al. 2013; Ramírez-Díaz et al. 2008). A great majority of 
studies have focused on contaminated sites for the isolation 
of bacterial strains with high chromate tolerance (e.g., Alam 
et al. 2011; Camargo et al. 2005; Patra et al. 2010), as long 
term chromate exposure is presumed to select for members 
of the microbial community that possess high chromate tol-
erance. Soil Cr level could be considered high if its concen-
tration is > 50 mg/kg, as these are the most common limits 
for soil quality in regulations of many countries (Gawlik and 
Bidoglio 2006; He et al. 2015). In contrast, uncontaminated 
environments with low background Cr levels (e.g., < 50 mg/
kg in soil) are rarely probed for the presence of chromate 
tolerant strains, even though the few studies conducted have 
shown they also can contain highly chromate tolerant strains 
(Wani et al. 2007; Ibrahim et al. 2011). Therefore, it is pos-
sible that basal chromate tolerance exists amongst bacteria 
even without selective pressure for Cr resistance, but that, 
at the same time, elevated Cr levels can lead to a significant 
enrichment of strains which exhibit high chromate tolerance.

Investigation of the chromate resistance mechanisms 
and their genetic regulation has been primarily conducted 
in Gram-negative bacteria such as Pseudomonas spp. (Alva-
rez et al. 1999; Ackerley et al. 2004), Shewanella oneidensis 
(Middleton et al. 2003), Cupriavidus metalidurans (Nies and 
Silver 1989), or Ochrobactrum tritici (Branco and Morais 
2013). However, some studies have suggested that cultivated 
chromate tolerant strains from chromium polluted sites were 
predominantly Gram-positive bacteria (Branco et al. 2005; 
Caliz et al. 2012; Viti and Giovannetti 2001). Furthermore, 
Gram-positive bacteria are an abundant and important group 
within the soil microbial community and the ability of some 
to form endospores enables survival in even the harshest 
environmental conditions. Endospores, as metabolically 
dormant biological entities, are not typically considered for 
metal cycling. However, the ability of endospores to sur-
vive adverse environmental conditions (e.g., extremes of 
pH and temperature, desiccation, toxic chemicals), allows 
them to persist in the environment even under unfavorable 
conditions. Thus, the extreme resilience of endospores is an 
attractive characteristic for remediation purposes (Nicholson 
et al. 2000).

Hence, it is not surprising that, in recent years, more 
research has focused on the investigation of chromate 
resistance mechanisms in Gram-positive bacteria, includ-
ing endospore-forming species of the Bacillus genus (Díaz-
Magaña et al. 2009; He et al. 2010, 2011; Chen et al. 2012; 
Murugavelh and Mohanty 2013; Zheng et al. 2015). How-
ever, the majority of Bacillus sp. strains examined originated 

either from Cr polluted environments or were reference 
laboratory strains, while strains from uncontaminated habi-
tats were not examined in detail. A comparison of strains 
isolated from both high Cr and low Cr environments could 
give insights into whether chromate tolerance is significantly 
enhanced by selective pressure from Cr in the environment 
or if it is innately present to a similar degree regardless of 
previous Cr exposure.

A number of studies examined the abundance and pro-
portion of chromate tolerant cultivable bacteria (CrCB) in 
environmental samples and found conflicting results. Some 
found a connection between soil Cr or Cr(VI) level and 
CrCB (Viti and Giovannetti 2001), indicating that high Cr/
Cr(VI) soils are a better source of CrCB. Conversely, others 
did not find a clear connection between environmental Cr 
level and counts of cultivable and chromate tolerant bacteria 
(Turpeinen et al. 2004; Branco et al. 2005). Further investi-
gations of this question could facilitate better decision-mak-
ing of where to search for possible hexavalent chromium 
tolerant and Cr(VI) bioreducing strains.

The aim of this study was the isolation of chromate toler-
ant bacteria from diverse environmental samples and charac-
terization of their level of chromate tolerance, with the main 
focus on Gram-positive endospore forming bacteria. A sec-
ond objective was to determine whether high environmental 
chromium concentrations select for the presence of a greater 
proportion of cultivable chromate tolerant bacteria, which 
could indicate such environments are preferable sources for 
their isolation.

Materials and methods

Sampling sites

Diverse samples (soil, sediment, water, solid waste materi-
als) with elevated and background Cr concentrations were 
collected at various sites in the Republic of Serbia (detailed 
description available in Supplementary material Table S1).

Soils

Soil samples were collected at locations with elevated Cr 
levels of natural and anthropogenic origin and at locations 
with background levels of Cr. Serpentine soils with natu-
rally high concentration of chromium (samples labeled NCr) 
were collected at Mt. Zlatibor and Mt. Maljen in western 
Serbia. Chromium polluted soils (samples labeled PCr) 
were obtained on the grounds of a former chemical factory 
and leather tannery in the city of Subotica. Sites with back-
ground low Cr soil (samples labeled LCr) were primarily 
chosen because they were similar to the locations of NCr 
and PCr sites by all characteristics, except for their low Cr 
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level (similar/same habitat type, vegetation cover, soil type, 
chemical and physical characteristics, close proximity). Low 
Cr soils were also collected in halophilic habitats at the salt 
marshes Slano Kopovo and Medura. Soil samples were col-
lected as follows: vegetation, stones and visible soil fauna 
was removed from an area of 50 × 50 cm and the surface 
soil layer (0–10 cm depth) was thoroughly homogenized 
in a large sterile polyethylene bag. Subsequently, approxi-
mately 1 kg of sample was collected in a sterile polyethylene 
bag. Additional layers of 10–20 and 20–30 cm depth were 
collected only at locations where distinct differences in the 
general appearance and characteristics of soil layers were 
observed (PCr locations in Subotica). Samples were sieved 
through a sterile 2 mm sieve before use.

Sediments

A sediment sample was collected from a canal receiving 
wastewater from a leather tannery located in Ruma. Sedi-
ment sampling was performed from a surface layer by Van 
Ween grab sampler.

Water

Water samples were obtained at the salt marshes Slano Kop-
ovo and Medura from the surface water layer.

Solid waste

A solid waste sample was collected from waste container at 
the Zrenjanin leather tannery.

All sampling was performed using sterile technique; 
samples were kept in a cold box until arrival at the labora-
tory and kept at 4 °C until further analysis. In ten selected 
soil samples divided in three groups (LCr—low Cr soils, 
PCr—soils polluted with Cr and NCr—soils with naturally 
high Cr) count of cultivable bacteria (CB) and chromate 
tolerant cultivable bacteria (CrCB) was determined, in order 
to compare cultivable soil bacterial community among the 
three soil groups. Isolation of chromate tolerant strains was 
conducted in all the 26 collected samples in order to isolate 
diverse chromate tolerant strains both from high and low Cr 
environments.

Chemical characterization of samples

Total chromium content was determined by flame atomic 
absorption spectroscopy (PerkinElmer Aanalyst 700) 
according the USEPA 7000B method (USEPA 2007). Soil 
pH values were determined in a 1:5 water suspension by the 
International Organization for Standardization (ISO) method 
10390:2005 (ISO 2005) and particle size fraction < 2 μm 
percentage by ISO 11277:2009 (ISO 2009). Dry matter 

content of the soil was determined based on the soil weight 
after drying at 105 °C by BS EN 15934:2012 (BSI group 
2012).

Media composition and incubation conditions

R2A agar (Torlak, Serbia) contained (g/l): yeast extract 
0.5; tryptone 0.25; peptone 0.75; dextrose 0.5; starch 0.5; 
 K2HPO4 0.3;  MgSO4 0.024; sodium pyruvate 0.3 and agar 
15.0. Liquid LB medium contained (g/l): tryptone 10.0; 
yeast extract 5.0 and NaCl 10.0, while for solid LB 15 g/l 
of agar was added. The composition of the acetate minimal 
medium (AMM) was (g/l):  NH4Cl 1.0;  MgSO4·7H2O 0.2; 
 CH3COONa 3.02;  KH2PO4 0.5 and yeast extract 0.5 (Pat-
tanapipitpaisal et al. 2001). M9 medium contained (g/l): 
 Na2HPO4 6.0;  KH2PO4 3.0;  NH4Cl 1.0; NaCl 0.5; glucose 2; 
 MgSO4·7H2O 0.25, thiamine·HCl 0.001;  CaCl2 0.0147 and 
yeast extract 0.5. The composition of standard M9 medium 
(Atlas 2010) was modified by the addition of a small quan-
tity of yeast extract in order to supply all required micronu-
trients and growth factors for diverse environmental isolates. 
Media with Cr(VI) were prepared by adding filter-sterilized 
1M  K2CrO4 stock solution (Sigma-Aldrich, Germany) to 
cooled autoclaved medium. Media used for Cr(VI) toler-
ance testing were freshly prepared from chemicals of the 
same batch in order to minimize variation in composition. 
The pH value of all media was 7.2 ± 0.1. Incubations were 
performed at 26 °C. Liquid cultures were incubated on an 
orbital shaker at 150 rpm.

The oligotrophic medium R2A was used for cultivable 
soil bacteria counts because it enables growth of a wider 
diversity of environmental bacteria and gives higher counts 
compared to high nutrient media such as LB agar or Nutrient 
Agar which favor fast-growing strains. AMM was used for 
the selective enrichment phase of strain isolation. However, 
at later stages M9 medium was used because it is a more 
well known medium widely used in many studies of metal 
resistance and contains better carbon source for bacterial 
growth compared to acetate minimal medium (e.g. Barak 
et al. 2006; Branco et al. 2008; Díaz-Magaña et al. 2009; 
Zheng et al. 2015).

Enumeration of cultivable chromate tolerant 
bacteria

Count of cultivable bacteria (CB) and chromate tolerant 
cultivable bacteria (CrCB) was determined in ten selected 
soil samples divided in three groups (LCr—low Cr soils, 
PCr—soils polluted with Cr and NCr—soils with natu-
rally high Cr), in order to compare cultivable soil bacterial 
community characteristics among the three soil groups. 
Cultivable heterotrophic bacteria counts (also known as 
heterotrophic plate counts (HPC)) of selected soil samples 
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were determined by a spread plate method. A soil slurry 
was prepared by mixing 5 g of soil in 45 ml of sterile 0.1% 
sodium pyrophosphate solution on an orbital shaker for 
10 min at 180 rpm, after which decimal dilutions were 
prepared and spread plated. R2A agar (Torlak, Serbia) 
without Cr(VI) was used to determine the count of CB. 
R2A agar supplemented with various concentrations of 
Cr(VI) (0.25, 1, 2, 4 and 8 mM) was used to determine the 
count of CrCB (Mergeay 1995; Viti et al. 2006). CrCB 
proportion was calculated as a percentage of counts on 
Cr(VI) containing media compared to no Cr(VI) media. 
By testing a range of Cr(VI) concentrations, we could 
assess which portion of cultivable soil bacteria is highly 
chromate sensitive and inhibited by even the lowest tested 
concentration (0.25 mM). Likewise, we could determine 
which proportion of cultivable bacteria is highly tolerant 
and could grow even with 8 mM of Cr(VI) in medium. 
Nystatin (a fungal growth inhibitor) was added to R2A at 
30 mg/l to prevent fungal overgrowth. A minimum of three 
replicates were performed. Colonies were counted after 7 
days of incubation and bacterial counts were calculated as 
colony forming units per gram of soil, calculated on a dry 
weight basis (CFU/g dry soil).

Isolation of chromate tolerant strains

Chromate tolerant strains were isolated by selective 
enrichment on AMM with increasing Cr(VI) concentra-
tions. Soil slurry prepared as stated previously was used to 
inoculate tubes with 5 ml of AMM with 0.25 mM Cr(VI). 
Tubes were incubated for 24 to 72 h and inspected daily 
for growth by visual observation. When visible growth 
was observed, a small volume (0.5 ml) of the culture was 
transferred to a fresh AMM with the next higher Cr(VI) 
concentration. The concentrations of Cr(VI) tested were: 
0.25, 0.5, 0.75, 1, 1.5, and 2 mM. In 0.25 mM Cr(VI) 
tubes some initial turbidity from sample particles was 
evident before incubation, but further increase of turbid-
ity caused by bacterial growth was clearly noticeable by 
visual inspection. If visible growth was observed on 2 mM 
Cr(VI), an aliquot was spread plated on LB agar, in order 
to select strains based on distinct colony morphology. 
For this step, LB agar without Cr(VI) was used, because 
use of Cr(VI) containing medium would influence typi-
cal colony morphology characteristics. Morphologically 
distinct single colonies were then purified by repetitive 
streaking. As obtaining pure cultures proved to be diffi-
cult in some cases, additional steps of dispersion in 0.1% 
sodium pyrophosphate solution and subsequent dilution 
plating were conducted. Pure cultures were rechecked for 
growth on AMM with 2 mM of Cr(VI) and preserved as 
glycerol stocks at − 80 °C until further analysis.

MALDI‑TOF analysis

Chromate tolerant isolates were grown overnight on LB 
agar and analyzed using the standard Bruker’s direct transfer 
sample preparation procedure for MALDI-TOF MS (matrix-
assisted laser desorption/ionization mass spectrometry). 
Briefly, a loopful of an individual bacterial colony was spot-
ted directly onto a 96-spot MALDI polished steel sample tar-
get plate (Bruker Daltonics, Bremen, Germany), allowed to 
dry, and immediately overlain with 1.0 μl of the matrix solu-
tion (Bruker Matrix HCCA; α-Cyano-4-hydroxycinnamic 
acid). If classification was not reliable by direct transfer pro-
cedure, then protein extraction with formic acid and acetoni-
trile was performed according to manufacturer’s manual.

MALDI-TOF mass spectra were obtained with Microflex 
BioTyper spectrometer (Bruker Daltonics) equipped with a 
nitrogen laser (λ = 337 nm) under control of Flexcontrol soft-
ware ver. 3.1 (Bruker Daltonics). Automated spectra acquisi-
tion in the mass range of 2 to 20 kDa were collected using 
the Auto Execute option by accumulating 240 laser shots 
(laser frequency, 60 Hz; ion source 1 voltage, 19.9 kV; ion 
source 2 voltage, 18.53 kV; lens voltage, 6 kV) acquired at 
the minimum laser power necessary for ionization of sam-
ples (30–40% of maximum power).

Identification of strains

Selected Bacillus sp. strains were further identified by 16S 
rRNA and pycA sequence analysis. Genomic DNA was 
isolated as described previously by Sambrook and Russell 
(2001). The identification of strains was obtained through 
16S rRNA gene sequence analysis using the universal bac-
terial primers 27F (5′-AGA GTT TGATCMTGG CTC AG-3′) 
and 685R (5′-TCT ACG CAT TTC ACC GCT AC-3′). The final 
PCR mixture (50 µl) consisted of 0.4 μM of each primer, 
250 µM of each of dNTP, 1U Dynazyme Taq DNA poly-
merase (Finnzymes Reagents, Thermo Fisher Scientific, Inc. 
Finland), 1 × PCR Dynazyme buffer with final concentration 
of  MgCl2 1.5 mM, and 1 µl of the template DNA solution. 
The temperature program consisted of an initial denaturation 
at 94 °C for 1 min, 30 cycles (94 °C for 30 s, 60 °C for 30 s, 
72 °C for 1 min) and a final polymerization step at 72 °C for 
8 min. PCR products were purified by QIAquick PCR Puri-
fication Kit (Qiagen, Hilden, Germany) or by 0.8% agarose 
gel electrophoresis followed by extraction with QIAquick 
Gel Extraction Kit (Qiagen, Hilden, Germany). Purified 
PCR products were sequenced (GATC-Biotech, Konstanz, 
Germany) using PCR primers and analyzed by BLASTn 
search (Zhang et al. 2000). Additional distinction was based 
on sequence of pycA gene which allows better resolution 
among species of B. cereus group (Liu et al. 2015). Primers 
used for pycA gene were F: 5′-TTA GCA GAT GAA GAG GGC 
AATG-3′ and R: 5′-CAC TTC CTC TTG CTT TGG AACAC-3′ 
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(Microsynth AG, Balgach, Switzerland) with the annealing 
temperature at 52 °C. Sequence alignment and phylogenetic 
tree building were performed in MEGA7: Molecular Evo-
lutionary Genetics Analysis version 7.0 for larger datasets 
(Kumar et al. 2016).

To exclude the possibility of strains being B. anthracis 
we tested the presence of virulence factor genes pagA and 
capA located on plasmids pXO1 and pXO2, respectively, 
as described elsewhere (Ramisse et al. 1996). Additional 
characterisations included testing of motility, growth at 5 °C, 
ampicillin susceptibility, mannitol fermentation and haemol-
ysis by standard microbiological methods as recommended 
by Dworkin et al. (2006) and Logan and De Vos (2009).

Determination of Cr(VI) minimal inhibitory 
concentration (MIC)

MIC of Cr(VI) of selected strains was tested on different 
media, namely M9, AMM and LB medium, by macrodilu-
tion method. An overnight culture grown on LB was set to 
an optical density of 2 McFarland units (Grant bio DEN-1B 
densitometer, Grant instruments) and inoculated 1:100 in 
4 ml of media in tubes. The concentrations of Cr(VI) tested 
on LB medium were 0, 30, 60, 120 and 240 mM, while 0, 
0.5, 1, 2, 4 and 8 mM were tested on M9 and AMM. Each 
concentration was tested in triplicate. The lowest Cr(VI) 
concentration on which no visible growth was observed after 
24 h incubation was recorded as a MIC.

Hexavalent chromium removal assay

The ability of selected strains to remove hexavalent chro-
mium from solution (likely through its reduction to a triva-
lent state) was tested on a starting concentration of 0.2 mM 
Cr(VI). An overnight culture grown on LB was set to optical 
density of 2 McFarland units (Grant bio DEN-1B densitom-
eter, Grant instruments) and inoculated 1:100 in M9 medium 
with 0 and 0.2 of Cr(VI), each in triplicate. The assay was 
performed in 100 ml flasks with 25 ml of medium. Abiotic 
chromate removal was also monitored, as some ingredients 
of cultivation media (e.g. glucose) and dead cells can con-
tribute to Cr(VI) removal. An abiotic control was obtained 
by the addition of gentamycin to a final concentration of 
16 μg/ml, which is double the highest recorded MIC for 
tested strains. With this set-up, we inhibited the growth of 
the cells and accounted for the abiotic process of Cr(VI) 
removal mediated by medium components (e.g. glucose) and 
dead cell biomass (biosorption). Reported Cr(VI) removal 
of strains accounted for the abiotic removal, which included 
unspecific removal by medium components as well as 
biosorption by dead cells (abiotic removal was subtracted in 
the calculations). This way only the activity of living cells in 
the Cr(VI) removal was measured. Flasks were incubated for 

72 h at 150 rpm. Measurements of  OD600 and Cr(VI) con-
centration were performed every 12 h.  OD600 was analyzed 
by microplate spectrophotometer (Multiskan GO, Thermo 
Fisher Scientific). The Cr(VI) concentration was determined 
by the standard diphenylecarbazide method (Urone 1955) 
in cell-free solution obtained by centrifugation for 5 min at 
10.000 g.

Accession numbers

16 s rRNA sequence data have been deposited in the Gen-
Bank with accession numbers MH587689, MH587690, 
MH587691, MH587692, MH587693, MH587694, 
MH587695, MH587696, MH587697, MH587698, 
MH587699, MH587700, MH587701. pycA sequence data 
have been deposited in the GenBank with accession num-
bers: MH646621, MH646622, MH646623, MH646624, 
MH646625, MH646626, MH646627, MH646628, 
MH646629, MH646630, MH646631, MH646632, 
MH646633.

Results

Effect of Cr(VI) on cultivable bacteria in soils 
harboring Cr from natural or anthropogenic origin

Although a cultivation approach can uncover only a part of 
the microbial diversity, it remains an indispensable analysis 
tool, as cultivable strains or consortia can be probed directly 
for the mechanism of heavy metal resistance. Thus, in this 
study, a cultivation approach was used to recover chromate 
tolerant strains from diverse environments. We assessed the 
proportion of CrCB in soils polluted with Cr, in soils with 
naturally high levels of Cr and in soils with low background 
level of Cr. Counts of CB were determined on R2A agar 
without Cr(VI) while CrCB counts were determined on R2A 
with varying concentrations of Cr(VI) (Table 1). CrCB pro-
portion was calculated as a percentage of counts on Cr(VI) 
containing media compared to no Cr(VI) media. To clarify, 
counts obtained on medium without Cr(VI) were taken to 
represent 100%, and counts on medium with varying Cr(VI) 
concentrations are reported relative to that number. For 
example, in sample PCr3, the CB count on no Cr(VI) was 
1.9 × 108 CFU/g, while the CrCB count on medium with the 
0.25 mM Cr(VI) was 0.68 × 108 CFU/g. From that data, the 
percentage of CrCB tolerant to 0.25 mM Cr(VI) was calcu-
lated by dividing the CrCB count by the CB count times 100, 
giving the value of 36%.

In total, 10 soil samples were analysed. In two samples 
(samples PCr3 and PCr5), the high Cr level was a conse-
quence of industrial pollution (leather tannery), while in five 
samples Cr was of natural geogenic origin (serpentine soils 
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on ultramafic parent rock) (samples NCr1-5). Three samples 
had background Cr levels and were collected nearby high 
Cr samples, to serve as low Cr controls (LCr1-3). In the 
following experimental sections (3.2 and 3.3), an additional 
16 samples were considered to make a total of 26. However, 
for this first phase, we analysed only the 10 selected samples 
from the three different soil groups, in order to get an ini-
tial overview of the overall chromate tolerance in different 
groups.

Cultivable bacterial counts of soils ranged from  107 to  108 
CFU/g. CB count in soils polluted with Cr was not affected 
by the contamination, in fact PCr samples exhibited higher 
counts as compared to NCr and LCr samples. No significant 
correlation was observed between CB count and total Cr 
concentration in soil in the present study (Pearson correla-
tion coefficient, p < 0.05).

Furthermore, no obvious connection between CrCB pro-
portion, soil Cr level, origin or other soil properties could 
be observed. A large variation in CrCB proportion among 
samples of all the three groups was observed, with none 
of the groups having noticeably larger nor smaller propor-
tion of CrCB. Depending on the sample, 14.0 to 74.1% CB 
were tolerant to the lowest tested concentration of 0.25 mM 
Cr(VI), while 1.5 to 11.4% were able to grow even on the 
highest tested concentration of 8 mM Cr(VI) in R2A agar. 
Colony size was noticeably smaller on R2A medium with 
Cr(VI) concentrations above 1 mM, suggesting a toxic effect. 
Interestingly, the percentage of cultivable bacteria tolerant 
to 8 mM Cr(VI) (11.4%) is identical for the sample with 
the highest Cr concentration (sample NCr2 with 1287 mg/
kg) and that with the lowest Cr content (sample LCr2 with 
25 mg/kg). The most chromate sensitive cultivable bacte-
rial community was found in samples NCr4 and PCr5. They 
contained the lowest proportion of CrCB tolerant to the 
lowest tested Cr(VI) concentration, even though they did 
contain elevated levels of Cr of natural or anthropogenic 
origin, respectively. In some of the soils (NCr1, NCr2, NCr5, 
LCr1-3), the decrease in CB as the Cr(VI) concentration 
in the medium increased was not as precipitous as in oth-
ers. These samples had no outstanding physical or chemical 
characteristics which could be linked to their higher CrCB 
proportion compared to the rest of the samples.

Isolation of chromate tolerant strains from diverse 
environmental samples

Diverse environmental samples with low and elevated chro-
mium concentrations (soil, sediment, water and solid waste 
samples; see Supplementary material, Table S1 for detailed 
properties) were used for the isolation of chromate tolerant 
strains. By attempting isolation from various habitat types, 
we aimed to isolate diverse strains and to determine whether Ta
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chromate resistant strains are present both in environments 
with high and low chromium.

In total, 26 environmental samples were collected and 
used as a source to isolate chromate tolerant bacteria. The 
low Cr sample group contained 9 samples with low back-
ground Cr concentration below 50 mg/kg, marked as LCr1 
to LCr9. The high Cr group encompassed 17 samples in 
which Cr was elevated due to industrial pollution (n = 12) 
or was of natural geogenic origin (n = 5). In 15 samples, the 
Cr concentration was above the European Union proposed 
threshold of 100 mg/kg soil (Gawlik and Bidoglio 2006), 
while two (PCr5 and PCr12) had a concentration slightly 
below limit value (92.4 and 85 mg/kg, respectively). How-
ever, they also were regarded as high Cr samples because 
they were collected from industrially polluted sites and had 
higher Cr compared to corresponding nearby unpolluted low 
Cr controls.

We isolated a total of 33 bacterial strains with the abil-
ity to grow on 2 mM Cr(VI) in minimal media (Table 2). 
A detailed overview is given in a Supplementary material 
Table S2. According to MALDI TOF classification, the iso-
lated strains belong to the 8 different genera and 12 species. 
Strains belonging to the Bacillus genus were predominant 
among the isolated chromate tolerant strains (21 out of 33 
isolates). Among them, one strain (PCr7) was classified as 
B. subtilis, while the rest were from the B. cereus species 
group according to the MALDI TOF results.

Samples with elevated Cr levels exhibited higher strain 
diversity as 11 different species were isolated from a total of 
17 samples (Table 2). An especially high number of distinct 
species was noted among PCr samples (9 species from 12 
samples), while NCr soils yielded strains from only three 

different species. Conversely, LCr samples showed a lower 
diversity of chromate tolerant isolates as only three different 
species were recovered. Thus, PCr samples seem to harbor 
a higher diversity of chromate tolerant strains, even though 
the proportion of chromate tolerant cultivable bacteria is 
not necessarily higher. In the majority of samples (21 out 
of 26), only one chromate tolerant strain was isolated per 
sample (Supplementary material, Table S2). This is prob-
ably a consequence of the strain’s ability to outgrow other 
chromate tolerant strains during selective enrichment, as it is 
highly unlikely that only one strain in the sample is chromate 
tolerant. It should be noted that the isolation methodology 
could limit the diversity of isolated strains.

Characterization of selected chromate tolerant 
Bacillus cereus group strains

As stated previously, the majority of isolated strains 
belonged to the Bacillus cereus group, which is environ-
mentally important but less studied in respect of its chromate 
tolerance as compared to Gram-negative species such as O. 
tritici and P. aeruginosa. Thus, we focused further investi-
gations on the 13 selected B. cereus group strains (from the 
20 isolated). The isolates were chosen so that the various 
sample types were represented to an approximately propor-
tionate degree. Four strains isolated from soil and water sam-
ples obtained from the uncontaminated salt marshes were 
selected (LCr6, LCr7, LCr8 and LCr9a). Six strains (NCr1a, 
NCr1b, NCr1c, NCr2, NCr3 and NCr4) isolated from ser-
pentine soils with elevated concentrations of chromium of 
natural geological origin were selected. Finally, three strains 

Table 2  Summary of chromate 
tolerant strains isolated from 
the environmental samples with 
varying level of Cr

PCr samples polluted with Cr, NCr samples with natural geogenic Cr

Genus Species Number of isolated strains

High Cr samples Low Cr sam-
ples (n = 9)

Total

PCr (n = 12) NCr (n = 5)

Arthrobacter Arthrobacter woluwensis 1 1
Bacillus Bacillus cereus group 6 6 8 20

Bacillus subtilis 1 1
Cellulosimicrobium Cellulosimicrobium cellulans 1 1
Microbacterium Microbacterium maritypicum 1 1
Ochrobactrum Ochrobactrum anthropi 1 1

Ochrobactrum grignonense 2 2
Ochrobactrum tritici 1 1

Rhodococcus Rhodococcus erythropolis 1 1
Serratia Serratia fonticola 1 1
Staphylococcus Staphylococcus haemolyticus 1 1 2

Staphylococcus warneri 1 1
Total 15 8 10 33
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(PCr1, PCr2a and PCr12) isolated from locations impacted 
by industrial Cr pollution were selected.

Identification of selected chromate tolerant Bacillus cereus 
group strains

Based on MALDI TOF, all the 13 strains considered 
belonged to the B. cereus group which up until recently con-
tained six species: B. cereus, B. anthracis, B. thuringiensis, 
B. mycoides, B. pseudomycoides and B. weihenstephanen-
sis (Fritze 2004). In the past few years, more species have 
been proposed, adding up to 11 described species (Jung 
et al. 2011; Jiménez et al. 2013; Liu et al. 2014) and 19–20 
species which are awaiting further characterization (Liu 
et al. 2015). For the purposes of this paper, we will limit 
comparison of isolates to the six well known species for 
which detailed characterization information exists. All six 
species are highly similar in morphological, biochemical and 
genetic characteristics and are difficult to distinguish. For 
certain strains (NCr1a, NCr1b, NCr1c, NCr2, NCr3, PCr2a, 
PCr12, LCr8), MALDI TOF classification gave ambiguous 
results, as the best match and the second best match did 
not belong to the same B. cereus species or the second best 
match was not reliable (Supplementary material, Table S3). 
For example, for strain PCr2a, the best match was B. cereus 
and the second best match was B. mycoides. For the remain-
ing strains, the best and second best match belonged to the 
same species (B. cereus), but the score value and consistency 
of the results indicated reliable identification at the genus 
level, but only probable rather than definite species identifi-
cation. Thus, the MALDI TOF analysis could only classify 
all strains in the B. cereus group but could not make reliable 
species identification due to the high degree of similarity 
amongst species belonging to this group.

To further characterize these strains at the species level, 
we tested morphological and biochemical characteristics as 
well as 16S rRNA and pycA gene sequences.

Biochemical and morphological properties (Supplemen-
tary material, Table S4, Fig. S1) suggested for the identi-
fication of B. cereus group species include haemolysis, 
penicillin resistance, motility, colonial morphology and the 
presence of parasporal crystals (Dworkin et al. 2006; Logan 
and De Vos 2009). None of the strains grew at 5 °C, which 
eliminated B. weihenstephanensis. B. anthracis contains vir-
ulence genes, does not produce haemolysis, is non-motile, 
and the majority of strains are ampicillin sensitive. Of the 
13 strains, all were negative for the presence of B. anthra-
cis virulence genes, were beta-haemolytic, motile (except 
strain NCr1a) and resistant to ampicillin. Hence, it was con-
firmed that none of the strains is B. anthracis. Isolate NCr1a 
exhibited rhizoidal colony morphology and lack of motility 
characteristic of B. mycoides or B. pseudomycoides (Sup-
plementary material, Fig. S1). Other strains exhibited the 

typical B. cereus colony morphology (large, irregular, rough, 
slightly raised, opaque, whitish to cream) and were motile.

Analysis of the 16S rRNA gene sequence confirmed that 
all chromate tolerant isolates were closely related to species 
in the B. cereus group (Fig. 1). The 27F and 685R universal 
bacterial primers used in present study allowed sequencing 
of the V1–V3 variable region, which was proposed as the 
most applicable for Bacillus species identification (Black-
wood et al. 2004). However, BLASTn search resulted in 
multiple B. cereus group and Bacillus sp. strain hits with 
the identical max score, total score, coverage, E-value and 
identity (data not shown), precluding precise identification. 
Thus, 16S rRNA gene amplicon sequence analysis revealed 
only the closest relative of isolates within the B. cereus 
group, but did not allow identification at the species level.

We examined the sequence of the pycA gene, which was 
reported to aid in the identification of B. cereus group (Liu 
et al. 2015). Sequencing the pycA gene proved to be more 
applicable and restricted hits only to members of B. cereus 
group, but still did not allow unambiguous species assign-
ment (Supplementary material, Table S5).

We constructed a phylogenetic trees based on the 16S 
rRNA and the pycA genes (Fig. 1). A few clear findings 
emerge from comparison of the trees. First, it is evident that 
strains NCr1c and NCr2 are closely related to B. mycoides 
and B. weihenstephanensis (based on both trees). Second, 
strain NCr1a is closely related to B. pseudomycoides. Third, 
strains PCr1, PCr12, and LCr9a are closely related. Finally, 
strains LCr6, LCr7, LCr8, and NCr4 are closely related. 
Nonetheless, in most cases, no definitive species assignment 
is possible.

Chromate tolerance of selected Bacillus cereus group strains

The level of chromate tolerance for the selected strains was 
described by MIC of Cr(VI) determined on different types of 
media: minimal defined media (M9 and AMM) and nutrient 
rich media (LB) (Table 3). Only strain NCr1a stood out with 
a MIC value well above that of others, 8 mM Cr(VI) on M9 
medium and 4 mM on AMM. Strain NCr1a forms clumps 
in liquid media which may protect cells inside the clumps 
from Cr(VI) if the matrix provides diffusional limitations. 
The 12 other strains selected had very similar levels of chro-
mate tolerance (MIC of 4 mM) despite their distinct origins. 
MIC value on nutrient rich LB medium was at least 15 times 
higher and ranged from 120 to 240 mM.

Hexavalent chromium removal by selected Bacillus cereus 
group strains

The ability of the strains to remove chromate was tested 
on M9 minimal medium with a starting Cr(VI) concentra-
tion of 0.2 mM. This concentration was selected as it was 
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sufficiently low to allow for substantial bacterial growth, but 
is also high enough to be relevant in terms of Cr(VI) pollu-
tion removal. For instance, Cr content in tannery effluents 
can range from 10.348 mg/l (0.2 mM) (Jahan et al. 2015) to 
as high as 2075 mg/l (39.9 mM) (Chowdhury et al. 2015). 
Additionally, 0.2 mM concentration of Cr(VI) has been used 
in a number of previous studies of chromate resistance and 
removal (e.g. Cheung and Gu 2005; Nancharaiah et al. 2010; 
Zheng et al. 2015).

Strains exhibited varying removal ability (Fig. 2a, b). 
The chromate concentration in the supernatant medium 
declined between 22.9% (strain PCr2a) to 98.5% (strain 
NCr4) compared to the starting Cr(VI) concentration. The 

maximum relative growth was calculated as a percentage 
of maximum OD600 in media with Cr(VI) compared to 
no Cr(VI) media. The maximum relative growth varied 
from 29.5% to 65.3% depending on the strain (Fig. 2c). 
In most cases, the presence of chromate halted bacterial 
growth after 12 h or 24 h of incubation after which station-
ary phase was established (Supplementary material, Fig. 
S2). In the growth control without Cr(VI), the increase in 
OD600 continued until 36, 48 or 72 h, depending on the 
strain. Removal of Cr(VI) continued through the stationary 
phase, resulting in a linear decrease in Cr(VI) concentra-
tion over time for all strains (r > 0.912).

Fig. 1  Phylogenetic tree 
showing the relationship of 13 
chromate tolerant isolates to 
closely related Bacillus cereus 
group strains and other Bacillus 
reference strains. Clostridium 
acetobutylicum was used as an 
out-group. Constructed using 
Neighbor-Joining method, 
evolutionary distances were 
computed using the p-distance 
method, the bootstrap prob-
abilities calculated from 1000 
replications with values greater 
than 50% indicated at the nodes, 
the bar represents distance value 
calculated in MEGA7, Gen-
Bank accession no. indicated in 
brackets: a 16S rRNA partial 
sequence, 588 positions. b pycA 
gene partial sequence, 240 
positions
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In the present study, a number of the isolated strains 
exhibited a high hexavalent Cr removal capacity. Three 
strains (NCr1b, NCr2, and NCr4) displayed the highest 
Cr(VI) removal of over 90% in 72 h. Interestingly, the great-
est extent of removal was not necessarily accompanied by 
the most substantial growth, as their growth rate was not 
among the highest (42.5%, 35.8% and 41.8% relative to the 

no Cr control, respectively). Furthermore, these strains did 
not exhibit as high an OD600 as other strains (e.g., NCr3 or 
PCr1) even in the absence of Cr(VI). Additionally, Cr(VI) 
had the least impact on growth for strains NCr1a and PCr12 
(65.3% and 64.9% of the no Cr case, respectively) accompa-
nied with high Cr(VI) removal activity (73.7% and 74.4%, 
respectively).

The rest of the strains (NCr3, PCr1, PCr2a, LCr6, LCr7, 
LCr8 and LCr9a) exhibited lower removal activity (< 50%). 
Possibly some other chromate resistance mechanisms, such 
as reduced chromate uptake or enhanced chromate efflux, 
also play a part in their chromate tolerance.

Chromate tolerance of environmental and reference 
Bacillus sp. strains

Chromate tolerance of selected isolates and reference labora-
tory strains of Bacillus sp. was compared by measurement 
of OD600 after growth in minimal M9 medium with 0.5, 
1 and 2 mM of Cr(VI) (Fig. 3). We tested these concentra-
tions to compare growth ability at different Cr(VI) levels. 
Strains PCr12 and NCr1a do have higher MIC values, but we 
aimed to compare their growth to the growth of a chromate 
sensitive B. subtilis PY79 strain. This strain was inhibited 

Table 3  Minimal inhibitory 
concentration of Cr(VI) (mM) 
for selected chromate resistant 
Bacillus cereus group strains 
determined on complex 
nutrient-rich (LB broth) and 
defined minimal (M9 and 
acetate minimal medium 
(AMM)) media

Strain LB M9 AMM

NCr1a 120 8 4
NCr1b 120 4 4
NCr1c 120 4 4
NCr2 120 4 4
NCr3 120 4 4
NCr4 240 4 4
PCr1 120 4 4
PCr2a 120 4 4
PCr12 120 4 4
LCr6 120 4 4
LCr7 120 4 4
LCr8 120 4 4
LCr9a 120 4 4

Fig. 2  Hexavalent chromium 
removal from solution of 
environmental chromate tolerant 
Bacillus cereus group strains in 
M9 medium with a starting con-
centration of 0.2 mM Cr(VI): 
a removal curve for strains 
with a lower removal activity 
(< 50% removed after 72 h), 
b removal curve for strains 
with a higher removal activity 
(> 50% removed after 72 h), c 
maximum relative growth—per-
centage of maximum OD600 in 
medium with Cr(VI) compared 
to no Cr(VI) medium
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on much lower concentrations, therefore we used stated con-
centrations for a better comparison.

For improved growth of the B. subtilis reference strain, 
phenylalanine, tryptophan and increased amount of glucose 
(5 g/l) were added to M9 medium in this experiment, which 
resulted in higher growth compared to chromate removal 
assay results. Strains NCr1a and PCr12 were selected as 
they had the highest maximum relative growth in the pres-
ence of Cr(VI) accompanied with moderately high level of 
Cr(VI) removal. Isolate NCr1a originated from a serpentine 
soil with naturally elevated level of Cr (presumably Cr(III)), 
while PCr12 was isolated from tannery industry solid waste 
material with high levels of Cr (presumably Cr(VI)). Ser-
pentine soil isolate NCr1a proved to be the most tolerant, 
with no reduction in growth even in 2 mM Cr(VI). Isolate 
PCr12 and reference strains of B. cereus group (B. pseudo-
mycoides DSM 12442 and B. cereus ATCC 14579) were not 
affected by 0.5 mM Cr(VI) while growth on 1 and 2 mM was 
similar and around 60%. Conversely, B. subtilis PY79 was 
highly sensitive to Cr(VI) and even the lowest concentration 
(0.5 mM Cr(VI)) strongly inhibited its growth.

Discussion

The influence of any particular metal on microorganisms 
is a complex and intricate phenomenon that is difficult to 
elucidate. Cultivable bacteria represent only a fraction of the 
total microbial diversity (Torsvik et al. 1990), however they 
are still highly important in studies of metal tolerance. To 
better understand how the Cr level in soil affects cultivable 
bacteria and in which environments the highest proportion 
of chromate tolerant cultivable bacteria might be expected, 
we compared the CB counts and percentage of CrCB in soil 
samples with low background Cr level and elevated Cr level 
of natural and anthropogenic origin.

No significant correlation was observed between CB 
count and total Cr concentration in soil in the present study. 
This is not surprising as it was also observed by Viti and 
Giovannetti (2001) who did not found a statistically signifi-
cant relationship between total Cr soil concentration and CB 
counts. In comparison to our study, they recorded relatively 
low cultivable bacteria counts - from 6.4 × 105 CFU/g in 
Cr contaminated soil to 1.0 × 106 CFU/g in uncontaminated 
soil (Viti and Giovannetti 2001). This discrepancy could be 
due to the use of nutrient rich medium (Luria agar) in their 
case rather than the oligotrophic medium (R2A agar), in 
our case. A separate study that examined sites polluted with 
Cr, As and Cu and unpolluted control soils reported similar 
counts to those in the present study, in the range of  106 to 
 107 CFU/g and also concluded that metal contamination did 
not affect CB counts (Turpeinen et al. 2004).

Furthermore, CrCB proportion was also not linked to soil 
Cr level or origin and other soil properties. For instance, the 
samples with the highest Cr and with the lowest Cr content 
had identical percentage of cultivable bacteria tolerant to 
8 mM Cr(VI). Similar conclusions were found in the previ-
ous study where no significant correlation between Cr(VI) 
concentrations in polluted river sediments and cultivable 
counts, diversity at the genus level, or the ability of the 
microbial community to withstand or to reduce high Cr(VI) 
concentrations was observed (Branco et al. 2008). All this 
suggests that, unsurprisingly, a complex interplay of factors 
(e.g., soil pH, Cr speciation, the presence of other toxic ele-
ments, organic matter content) rather than the Cr content 
alone determine the bacterial abundance.

Since bioreduction and bioaccumulation are promising 
and economically viable methods for the bioremediation 
of chromium contaminated sites (Dhal et al. 2013), strains 
with such abilities have a potential for practical application. 
Numerous studies of chromate reducing bacterial strains iso-
lated from polluted environments have been conducted. In 

Fig. 3  Growth of chromate 
tolerant isolates NCr1a and 
PCr12 and reference Bacillus 
sp. strains measured as OD600 
after 24 h of incubation in M9 
minimal medium with different 
concentrations of Cr(VI) (maxi-
mum relative growth—percent-
age of maximum OD600 in 
medium with Cr(VI) compared 
to no Cr(VI) medium)
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the present study, in addition to chromium polluted environ-
ments, we attempted isolation of Cr(VI) tolerant strains from 
low Cr samples and samples with naturally elevated levels 
of Cr. We identified chromate tolerant strains in all sample 
groups regardless of Cr level or origin. Results indicate that 
even environments without previous chromium exposure 
contain chromate tolerant strains, suggesting that tolerance 
can exist without direct selective pressure from this metal. 
This finding could be explained by the fact that chromate tol-
erance is likely related to determinants whose primary func-
tion is not chromate resistance (e.g., unspecific chromate 
reduction, sulfur or iron homeostasis, and reactive oxygen 
species detoxification) (Ramírez-Díaz et al. 2008) which are 
present in the bacteria regardless of Cr level in their habitat.

Chromate tolerant strain isolation procedure consisted of 
selective enrichment during which microbial community of 
environmental samples was gradually exposed to increasing 
Cr(VI) levels. In field conditions, depending on the type of 
pollution (slow continuous release of Cr(VI) vs. catastrophic 
release), microorganisms may have a similar opportunity to 
adapt to the increase of Cr(VI). For instance, Cr(VI) can be 
released slowly through leakage of a chrome-plating baths, 
and such pollution sites would be representative of the sce-
nario we are considering here. It can be said that we selected 
bacteria which have inherent Cr(VI) tolerance or which have 
the capacity to quickly gain Cr(VI) tolerance upon Cr(VI) 
exposure, both of which are useful traits for chromate toler-
ance mechanism investigation and potential bioremediation 
application.

The 33 strains isolated represented 12 species (consider-
ing the B. cereus group as one species), all of which were 
previously known for their chromate tolerance. Higher iso-
late diversity was found in samples with elevated levels of 
Cr, as 11 different species were isolated from a total of 17 
samples. Samples with high Cr levels of anthropogenic ori-
gin (polluted sites) gave an especially high number of dis-
tinct species (9 species from 12 samples). Anthropogenic Cr 
sources usually contain Cr in its more toxic hexavalent form. 
Therefore, presence of this toxic form at sites polluted with 
Cr could have contributed to the higher diversity of chromate 
tolerant strains as the microbial community had to adapt to 
the high toxic hexavalent chromium levels. Soils with high 
Cr levels of natural geological origin (NCr soils) yielded 
only three different species among chromate tolerant iso-
lates. Geogenic Cr is dominantly in the form of far less toxic 
trivalent chromium which poses much less selective pressure 
on the microbial community. This could explain the lower 
chromate tolerant isolate diversity in NCr soils. Similarly, 
samples with low Cr level exhibited low diversity of chro-
mate tolerant isolates as only three different species were 
recovered in 9 tested samples. Thus, samples polluted with 
Cr(VI) seem to harbour a higher diversity of chromate toler-
ant strains, even though the proportion of chromate tolerant 

cultivable bacteria is not necessarily higher as determined 
by measuring CB and CrCB counts. Nevertheless, it should 
be noted that the number of analyzed samples is too low to 
infer any definitive and robust conclusions on the subject.

There are numerous reports of Cr(VI) reduction under 
nominally aerobic conditions (Cheung et al. 2006; Chirwa 
and Molokwane 2011; Dhal et al. 2013; Ahemad 2014), 
which is how the isolation and chromate resistance testing 
of isolates was conducted in the present study. Typically, 
this means that dissolved oxygen is depleted enough to allow 
Cr(VI) reduction despite no specific effort to keep  O2 out. In 
the context of vadose zone remediation, the establishment of 
truly reducing conditions is very unlikely. Therefore, the iso-
lated aerobic strains would be useful for such applications.

As mentioned before, isolated strains belonged to spe-
cies which were previously known for their chromate tol-
erance. For instance, the chromate tolerant strain Cellulo-
simicrobium cellulans KUCr3, isolated from sludge waste 
canal, exhibited chromate reduction activity and promoted 
the growth of plants in chromium-contaminated soil (Chat-
terjee et  al. 2009). The tannery wastewater multi-drug 
and multi-metal resistant isolate Cellulosimicrobium sp. 
KX710177 was also characterized for its Cr(VI) reduction 
ability (Bharagava and Mishra 2018). The enhancement of 
plant growth on Cr contaminated soils and the reduction of 
chromate have been reported for Rhodococcus erythropolis 
(Trivedi et al. 2007; Banerjee et al. 2017). Microbacterium 
sp. GM-1 was used for the biocementation of chromium slag 
based on microbially induced calcium carbonate precipita-
tion leading to lower leaching toxicity of Cr(VI) waste (Lun 
et al. 2016), while polyvinyl alcohol bead-immobilised M. 
liquefasciens MP30 was used for Cr(VI) bioreduction in 
batch and continuous-flow bioreactors (Pattanapipitpaisal 
et al. 2001a, b). Chromate tolerance and reduction of Arthro-
bacter sp. has been documented by several authors (Córdoba 
et al. 2008; Henne et al. 2009a, b; Dey and Paul 2015), and 
it was revealed that chromate efflux was the main resistance 
mechanism.

Two Gram-negative species were also isolated: Serratia 
fonticola and three Ochrobactrum species (Table 2). A Ser-
ratia biofilm formed on activated carbon was utilised for 
Cr(VI) removal from tannery waste water (De Bruijn and 
Mondaca 2000). Serratia strain Cr-10 isolated from a chro-
mium contaminated site was tested for Cr(VI) removal from 
aqueous solutions and it was found that reduction had more 
significant role compared to bioadsorption (Zhang and Li 
2011). Additionally, the chromate resistance of Ochrobac-
trum species is well characterised. The genes chrA and chrB 
located on transposon element TnOtChr in O. tritici 5bvl1 
were found to be essential for chromate resistance accom-
panied with a role in specific or unspecific Cr(VI) reduc-
tion, free-radical detoxifying activities, and DNA damage 
repair (Morais et al. 2011). This strain was also successfully 
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bioengineered for the use as a microbial bioreporter for the 
measurement of bioavailable chromate in contaminated 
water (Branco et al. 2013).

Chromate tolerance of Staphylococcus haemolyticus and 
S. warneri strains has been briefly reported (Roychowdhury 
et al. 2016; Singh et al. 2016), while in other species of the 
genus, namely S. aureus, S. saprophyticus, S. epidermidis 
and S. arlettae, chromate resistance was characterised in 
more detail (Vatsouria et al. 2005; Sagar et al. 2012; Claude 
and Adolphe 2013; Zhang et al. 2016).

Strains characterized in all the above mentioned pub-
lished studies were isolated from contaminated environ-
ments such as waste materials, wastewater and contaminated 
soil. Thus, in future studies, it will be of interest to compare 
their chromate tolerance characteristics to S. warneri LCr1, 
S. haemolyticus LCr9b and B. cereus group strains (LCr2, 
to LCr8 and LCr9a) isolated in the present study from the 
low chromium environments.

Six B. cereus group strains and one S. haemolyticus strain 
were obtained from soil and water samples collected at the 
salt marshes Slano Kopovo and Medura. It is argued that 
halotolerance could be a useful trait for survival in polluted 
environments such as tannery wastewater effluents which, 
usually, beside high Cr levels, contain high salt concentra-
tions (Branco et al. 2004). Therefore, chromate tolerant 
strains from halophilic habitats could have an advantage in 
the bioremediation of waste material with high salt levels.

The majority (28 out of 33) of the Cr(VI) tolerant strains 
isolated were Gram-positive (Table 2). This result should not 
necessarily be construed as a preponderance of Gram-pos-
itive bacteria amongst Cr(VI)-tolerant bacteria. It is likely 
due to a bias in colony selection, which could also be a rea-
son for the prevalence of the Bacillus genus (20 out of the 
28 strains) amongst Cr(VI)-tolerant Gram-positive strains 
isolated in this study (Table 2). However, it is helpful to have 
identified so many spore-forming bacteria as they clearly 
offer an advantage in that they can resist extreme conditions 
(e.g., heat, desiccation, toxicity). The 13 B. cereus group 
strains selected were characterized, which included identifi-
cation and determination of chromate tolerance level as well 
as Cr(VI) removal ability. Precise identification of isolates 
to the species level was not possible due to the high similar-
ity amongst B. cereus group species. 16S rRNA analysis 
indicated high relatedness of all 13 isolates to the B. cereus 
group and to certain Bacillus sp. strains, while pycA gene 
sequence analysis restricted the hits only to members of 
the B. cereus group. Nonetheless, in many cases, BLASTn 
results were ambiguous with hits for more than one species 
having identical scores.

Chromate tolerant B. cereus group strains were described 
in previous studies and they mostly originated from sites 
highly contaminated with chromium (Singh et al. 2006; 
He et al. 2010; Chen et al. 2012; Murugavelh and Mohanty 

2013; Kumari et al. 2016). In contrast, isolates in the present 
study originated both from uncontaminated low Cr environ-
ments and samples with either anthropogenic or naturally 
elevated levels of Cr. Their chromate tolerance level was 
very similar (MIC of 4 or 8 mM in minimal medium) despite 
their distinct origins. Reference strains of B. cereus group 
also exhibited similar level of chromate tolerance to the one 
detected in environmental B. cereus group isolates, while 
B. subtilis reference isolate proved to be far more sensitive 
(Fig. 3). This may indicate that B. cereus group species 
inherently have a high level of chromate tolerance medi-
ated through a conserved mechanism within species of this 
group. Previous studies have considered the mechanism of 
Cr(VI) uptake, as well as Cr(VI) bioreduction by B. cereus 
strains (He et al. 2010; Chen et al. 2012; Murugavelh and 
Mohanty 2013) but no specific characteristic of B. cereus 
group species was uncovered.

Their chromate tolerance may be a secondary function 
of certain constitutive metabolic processes (e.g., unspecific 
chromate reduction, sulfur or iron homeostasis, and reactive 
oxygen species detoxification) (Ramírez-Díaz et al. 2008) 
and is thus present in the bacteria regardless of their previ-
ous chromium exposure. Thus, high chromate tolerance of 
this group could be a species specific characteristic rather 
than a consequence of a selective adaptation to high Cr envi-
ronments. Also, horizontal gene transfer common in these 
species could contribute to overall increased chromate toler-
ance (He et al. 2010).

In the present study, MIC values of isolated strains in 
LB medium were exceptionally high (120–240 mM Cr(VI)), 
while in minimal M9 and acetate media values were in the 
range of 4–8 mM Cr(VI). In previous studies chromate tol-
erance has been reported for a number of B. cereus strains. 
Reported stains exhibited varying level of chromate toler-
ance in LB medium. For instance, B. cereus strain isolated 
from chromate slag heap could grow in 2 mM Cr(VI) in LB 
(Chen et al. 2012). Bacillus cereus SJ1 isolated from waste-
water of a metal electroplating factory could grow in LB 
with 20 mM if cells were uninduced, while it could tolerate 
even more Cr(VI) (30 mM) if cells were previously induced 
with low Cr(VI) levels (He et al. 2010). Bacillus mycoides 
200AsB1 tolerated 2.4 mM in LB medium (Wang et al. 
2016). Some studies have reported even higher tolerance 
to Cr(VI) in LB medium—Bacillus sp. ATCC 700729 was 
reported to tolerate 80 mg/ml  K2Cr2O7 in LB agar (equiva-
lent to 544.2 mM Cr(VI)) (Shakoori et al. 2000). However, 
comparison of metal tolerance of different strains reported in 
published studies is problematic due to the lack of standard 
conditions for comparison. Several experimental parame-
ters can impact MIC measurements, for instance incubation 
time and temperature, inoculum preparation, and starting 
cell density. Most importantly, the medium composition 
greatly affects MIC as observed in this study. As mentioned 
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before many ingredients of culture media can contribute to 
abiotic nonspecific chromate reduction (e.g., glucose). MIC 
on nutrient rich LB medium was at least 15 times higher 
as compared to that obtained with minimal defined media. 
Minimal media gave similar or identical MICs values for all 
of the strains. A likely explanation for this discrepancy is 
the role of organic carbon in complexing Cr(III) produced 
by Cr(VI) reduction in the LB medium (Bencheikh-Latmani 
et al. 2007). Therefore, MIC values should not be taken as 
absolute values but rather relative within a specific study 
comparing MICs amongst strains.

Strain NCr1a, which exhibited the highest chromate toler-
ance in the present study, is suspected to belong to B. pseu-
domycoides or B. mycoides, based on its typical rhizoidal 
morphology and sequence analysis. Based on 16S rRNA 
BLASTn search, B. pseudomycoides Acc. No. KY625609.1 
was the highest ranked hit. However, B. mycoides Acc. No. 
CP009651.1 was the highest hit based on pycA sequence. 
To definitively differentiate these two species, the analysis 
of fatty acid profiles (level of 12:O iso and 13:0 anteiso fatty 
acid in particular) content is required (but not done in this 
study). Chromate tolerance of B. mycoides and B. pseudomy-
coides strains has been scarcely characterized (Singh et al. 
2006; Wang et al. 2016). B. mycoides strain 200AsB1 iso-
lated from the rhizosphere of the arsenic-hyperaccumulator 
Pteris vittata tolerated 2.4 mM Cr(VI) in LB medium and 
could remove Cr(VI) from aqueous solution by both bio-
adsorption and bioaccumulation, while reduction to Cr(III) 
was moderate (Wang et al. 2016). Cr(VI) uptake by a B. 
mycoides wastewater isolate was increased under higher 
Cr(VI) concentrations and in sulfate limiting conditions 
(Singh et al. 2006). Studies on B. pseudomycoides chromate 
response have not been published to date, to the best of our 
knowledge, but its response could probably be comparable 
to the B. mycoides response as these two species are highly 
similar.

Biological reduction of highly toxic Cr(VI) to inert and 
less toxic Cr(III) has been proposed as an effective means of 
hexavalent chromium bioremediation (Chirwa and Molok-
wane 2011; Dhal et al. 2013; Thatoi et al. 2014). However, 
intracellular reduction results in high amount of produced 
ROS and contributes to cell damage (Thatoi et al. 2014). 
Effective tolerance mechanisms require mitigation of the 
oxidative stress generated during the reduction process. 
Several studies showed an increase in expression of super-
oxide dismutase (SOD), catalase, glutathione S-transferase, 
thioredoxin, and glutaredoxin during exposure of bacteria to 
chromate (Hu et al. 2005; Ackerley et al. 2006; Samuel et al. 
2013). The ability to reduce or biosorb toxic heavy metals 
would be a favourable feature for the survival of an organ-
ism and would make it a good candidate for engineered Cr 
removal (Thatoi et al. 2014). In the present study, chromate 
tolerant strains exhibited varying level of Cr(VI) removal 

from the solution. Three strains removed over 90% of Cr(VI) 
in minimal medium. However, beside high removal activity, 
robust growth in the presence of Cr(VI) is also needed for 
potential practical application. In this respect, the best com-
bination of Cr(VI) removal and growth was noted in strains 
NCr1a and PCr12, which thus are promising candidates for 
the investigation of chromate resistance mechanisms and 
engineered Cr removal.

Conclusions

In summary, total chromium soil concentration and origin 
did not have a clear impact on the cultivable bacteria abun-
dance nor on the proportion of chromate tolerant cultivable 
bacteria in soil. Similarly, both high and low Cr samples 
contained chromate tolerant strains, however their diversity 
was seemingly higher in samples polluted with Cr compared 
to samples with naturally high Cr or with low Cr. Among the 
33 chromate tolerant isolates, Bacillus cereus group strains 
were predominant. Isolates originating from high and low Cr 
environments exhibited similar level of chromate tolerance, 
thus highlighting the importance of probing both polluted as 
well as uncontaminated environments when seeking the iso-
lation of chromate-resistant strains. Furthermore, reference 
B. cereus group strains were Cr(VI) resistant to a similar 
degree, indicating innate nature of this group’s chromate 
tolerance which could be a species-specific characteristic 
rather than a consequence of a selective adaptation to high 
Cr environments. Certain isolates exhibited strong Cr(VI) 
removal activity coupled with robust growth in Cr(VI) con-
taining medium, making them a potential candidate for engi-
neered Cr removal.
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