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ARTICLE INFO ABSTRACT

Editor: Don Porcelli A range of bacterial species are known to be capable of reducing soluble Cr(VI) to Cr(IIl), causing the precipi-
tation of Cr(III) phases from solution, but the mechanism responsible for the initial interaction between anionic
aqueous Cr(VI) and the negatively charged cell surface has not been identified. Our study examines Cr(VI)
removal from solution by the Gram-positive soil bacterial species Bacillus subtilis. We measured the kinetics of Cr
(VD) removal as a function of pH in B. subtilis suspensions with different Cr(VI):cell ratios, and we measured the
effect of pH on the extent of Cr(VI) removal at a fixed time in experiments with B. subtilis biomass (cells plus
exudates) and in experiments involving B. subtilis exudates alone. The roles of sulfhydryl and amine binding sites
in Cr(VI) removal were constrained using site-specific blocking molecules, and the impact of the site blocking on
Cr(VI) removal was studied as a function of pH. Our results indicate that Cr(VI) removal by B. subtilis cells under
the experimental conditions is at least partially non-reversible and is dependent on binding site concentration,
pH, and metal loading. Our results are consistent with a two step removal process: Cr(VI) first adsorbs reversibly
onto a cell wall binding site, followed by Cr(VI) reduction to Cr(Ill) likely via electron transfer from cell wall
electron transport chain molecules. B. subtilis exudates are capable of removing a relatively small fraction of Cr
(VD) from solution, and hence our results indicate that the dominant mechanism of Cr(VI) removal requires
interaction with bacterial biomass. The presence of either the sulfhydryl-specific blocking molecule or the amine-
specific blocking molecule or both in the experimental systems dramatically reduces the extent of Cr(VI)
reduction, especially under circumneutral pH conditions, strongly suggesting that both sulfhydryl and amine
binding site types participate in the initial attachment of Cr(VI) onto the cell surface. The experiments with either
sulfhydryl or amine sites blocked both exhibited a similar reduction in Cr(VI) removal to the experiments with
both types of sites blocked, strongly suggesting that both types of sites are involved simultaneously in binding Cr
(VD) species to the cell surface. For example, these sites could both be involved in forming a bidentate bond with
Cr(VI) species, or the positive charge of an amine site in close proximity to a sulfhydryl site could be necessary in
order to enable the Cr(VI) species to approach the cell wall and to bind to a sulfhydryl site. The results of this
study are the first to propose a viable mechanism that can explain the binding of anionic Cr(VI) onto an overall
negatively charged cell surface as a first step in the reduction to Cr(Ill) and subsequent removal of Cr from
solution.
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1. Introduction 1988). The fate and transport of chromium in contaminated waters is

controlled primarily by its oxidation state and the solution pH (Barce-

Chromium is a widespread heavy metal pollutant in soils, surface
waters, and groundwater, and it poses significant safety hazards to
humans and ecosystems. Chromium is commonly released into surface
water as waste from electroplating, leather tanning, and textile in-
dustries (Fishbein, 1981; Avudainayagam et al., 2003; Johnson et al.,
2006) and common sources of chromium contamination of soils include
the disposal of commercial products and coal ash (Nriagu and Pacyna,
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loux, 1999). The common oxidation states of chromium under typical
environmental conditions are Cr(III) and Cr(VI) (Nieboer and Jusys,
1988; Shupack, 1991; Avudainayagam et al., 2003). Cr(VI) is much
more soluble, bioavailable, and carcinogenic than Cr(IIl), therefore
remediation typically focuses on removal of Cr(VI) or reduction of Cr
(VI) to the less toxic and less mobile Cr(III) (Rai et al., 1987; Liu et al.,
2012; Nur-E-Alam et al., 2020). Several methods have been developed

Received 4 October 2023; Received in revised form 9 July 2024; Accepted 25 July 2024

Available online 26 July 2024
0009-2541/© 2024 Published by Elsevier B.V.


mailto:jbrown53@nd.edu
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2024.122299
https://doi.org/10.1016/j.chemgeo.2024.122299
https://doi.org/10.1016/j.chemgeo.2024.122299
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2024.122299&domain=pdf

J.C. Brown et al.

for remediation of Cr(VI) contaminated water and industry effluent
including ion exchange, membrane separation, and chemical precipi-
tation (Fathima et al., 2005; Nur-E-Alam et al., 2020). These Cr(VI)
remediation approaches produce highly concentrated waste that is
difficult to dispose of and has high risk for secondary pollution (Lian
et al., 2019). Bioremediation of Cr(VI) uses Cr(VI)-reducing bacteria to
facilitate Cr(VI) reduction, and leads to efficient removal of chromium
from the system as Cr(IlI) (Thacker et al., 2007; Liu et al., 2012; da
Rocha Junior et al., 2018; Hossan et al., 2020). For example, Cr(VI)
reducing microbial strains have been used to remediate contaminated
soils through bacterial soil amendment, and this method is both effective
and has a relatively low environmental impact (Kamaludeen et al.,
2003).

There are several possible mechanisms involved in microbially-
mediated Cr(VI) reduction depending on the bacterial species
involved, and a common motif observed across several species is the
involvement of chromate reductase enzymes (e.g., Campos-Garcia et al.,
1997; Thatoi et al., 2014; Paul et al., 2020). For example, enzymatic Cr
(VD) reduction in Bacillus subtilis is mediated by the chromate reductase
nfrA2, which facilitates the reduction of flavin mononucleotide (FMN, a
sugar commonly involved in metabolic processes), cellular toxins, such
as nitro-organic compounds, azo dyes, and chromate (Campos-Garcia
et al., 1997; Ackerley et al., 2004; Morokutti et al., 2005). Cr(VI)
reduction can occur in different locations, including on the cell mem-
brane, within the cytosol, and exterior to the cell facilitated by bacterial
exudates (Cheung et al., 2006; Cheung and Gu, 2007). For example, Fein
et al. (2002) demonstrated that microbially-mediated Cr(VI) reduction
by Bacillus subtilis cells without the presence of an electron donor in the
experiments is a surface phenomenon with kinetics driven by solution
pH such that higher rates of Cr(VI) removal are associated with lower
pH. Whether Cr(VI) reduction occurs on attached EPS material or on the
cell membrane, Cr(VI) must bind onto the bacterial molecules in order
for electron transfer to occur. Although previous studies have docu-
mented the capacity for bacterial biomass to reduce Cr(VI) to Cr(III), the
mechanisms by which Cr(VI) attaches to the molecules involved in
electron transfer are poorly understood. Depending on pH, Cr(VI) is
present in aqueous solutions predominantly as the negatively charged
HCrO3, Cry072, or CrO;? species (Shupack, 1991). Bacterial surfaces
are overall negatively charged under neutral pH conditions (Mozes
etal., 1987; Wilson et al., 2001; Jiang et al., 2004), leading to significant
electrostatic repulsion between Cr(VI) anions and bacterial surface
molecules.

Sulthydryl binding sites (-SH) or amine binding sites (—NHy), or both
could be responsible for Cr(VI) binding onto bacterial surfaces. Sulfhy-
dryl sites are present on bacterial surfaces in significantly lower con-
centrations than other metal binding sites (Yu et al., 2014), but they
have a much higher affinity for binding chalcophile elements through
the formation of strong covalent bonds (Yu and Fein, 2015; Yu et al.,
2018; Fein et al., 2019). Under low metal loading conditions, where
metal cation concentrations are less than cell surface sulfhydryl site
concentrations, metal-sulfhydryl binding controls metal adsorption onto
bacteria for a range of chalcophile cations such as Zn (Guiné et al.,
2006), Cd (Mishra et al., 2010; Yu and Fein, 2015; Yu et al., 2020), Hg
(Yu and Fein, 2017b), Cu (Pokrovsky et al., 2012), and Au (Song et al.,
2012). In addition, sulthydryl binding sites are responsible for the
binding of anionic chalcophile elements onto cell surfaces. For example,
the reduction of aqueous Se(IV) in the form of selenite (SeO3 ’2) to Se(0)
mediated by Bacillus subtilis is strongly inhibited when the sulfhydryl
sites on B. subtilis are inactivated with a sulfhydryl-specific blocking
molecule, emphasizing the importance of sulfhydryl binding of Se(IV) as
a first and necessary step in the reduction process (Yu et al., 2018).
Similarly, tellurite (TeOs ) binding onto Escherichia coli K-12 bacterial
cells occurs predominantly onto sulfhydryl sites located on cell-
associated extracellular polysaccharide molecules (Goff et al., 2021).

Cell surfaces also contain amine group binding sites (e.g., Beveridge
and Murray, 1980), which are proton active and positively charged at
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pH values below their pK, values. Beveridge and Murray (1980) esti-
mated an amine site concentration of 0.3 mmol/g on the B. subtilis cell
wall. The concentration of surface sites in B. subtilis with pK, around 8.9
(suggesting amine) was estimated potentiometrically to be 0.075 mmol/
g biomass, and similar methods were used to estimate a site concen-
tration of 0.11 mmol/g biomass in Shewanella oneidensis with pKa 9.4 +
0.5 (Fein et al., 2005; Mishra et al., 2010). Although the exact concen-
tration of amine sites on bacterial surfaces remains ambiguous, their
presence there and their likely positive charge at circumneutral pH
suggests that amine sites could play a role in binding anionic species,
such as CrO‘zf, to cell surfaces. Several studies have analyzed Cr(VI)
binding onto cell surfaces with FTIR and measured peak shifts associated
with the binding in ranges corresponding to the amine stretching bond
(N—H) (e.g., Banerjee et al., 2019; Zakaria et al., 2007; Hossan et al.,
2020), although unique assignment of an FTIR signal to a specific
binding mechanism can be problematic for surfaces as complex as the
bacteria-water interface (Kenney and Gorzsas, 2019). To our knowledge,
there have been no studies that have used more direct analytical
methods, such as X-ray absorption spectroscopy, to characterize the
binding of Cr(VI) with cell surface amine sites. At present, although the
presence of amine binding sites has been documented on bacterial cell
walls and there is likely electrostatic attraction between these sites and
anionic aqueous Cr(VI), the role of these sites in bacterial bioavailability
of Cr(VI) has not been determined.

Bacterial exudates are dissolved organic compounds that are
released by cells actively and/or passively, and they can influence
important geochemical processes such as microbially-mediated metal
reduction (e.g., Ohnuki et al., 2007; Seders and Fein, 2011; Kenney
et al., 2012; Sullivan et al., 2022). Exudates contain proton-active
functional groups that are likely responsible for interactions between
exudates and metals (Seders and Fein, 2011), and exudates can exert a
significant impact on the environmental behavior of metals, including
promoting the reduction of anionic metalloids such as aqueous Se(IV)
species (Sullivan et al., 2022). Previous characterization of Bacillus
subtilis exudates by Seders and Fein (2011) determined the major com-
ponents to be polysaccharides and DNA. Because of the similarities be-
tween Se(IV) and Cr(VI) aqueous species (i.e., both are present in
solution as anions) it is possible that bacterial exudates could influence
Cr(VI) reduction, but the importance of exudate-promoted reduction
relative to cell surface-promoted reduction is unknown.

In this study, we use sulfhydryl- and amine-specific blocking mole-
cules to test whether these binding site types are involved in Cr(VI)
reduction by Bacillus subtilis, a common Gram-positive soil bacterial
species. Cr(VI) removal was measured as a function of time, Cr loading,
and pH, with and without the use of sulfhydryl and amine binding site
blockers to constrain Cr(VI) removal due to both types of binding sites.
Sulfhydryl binding sites were blocked using monobromo(trimethy-
lammonio)bimane bromide (qBBr), which has been demonstrated to
bind sulfhydryl sites on cell surfaces selectively and irreversibly (Joe-
Wong et al., 2012; Yu et al., 2014). N-hydroxysulfosuccinimide acetate
(sulfo-NHS acetate) selectively binds to primary amines and renders
them inactive by capping them with an acyl group (Wan et al., 1999). In
addition to determining the role of sulfhydryl and amine binding sites in
the reduction of Cr(VI) by bacterial cells, we also examined the role of
B. subtilis exudates in Cr(VI) reduction, the effects of pH and metal
loading on the kinetics of Cr(VI) removal, and the reversibility of Cr(VI)
removal. Our results indicate that bacterial exudate molecules play a
relatively minor role in Cr(VI) reduction, at least for B. subtilis biomass
grown under our experimental conditions, and that the reduction likely
involves a reversible Cr(VI) binding step followed by a less reversible
reduction to Cr(IIl). Furthermore, our results indicate that both sulfhy-
dryl and amine binding sites on the bacterial surface are involved in the
initial binding of Cr(VI) onto negatively charged bacterial cell surfaces
and that this binding likely controls the bacterial bioavailability of Cr
(VD).
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2. Methods
2.1. Bacterial biomass growth and preparation

Bacillus subtilis cells were grown and prepared following a previously
established method (Fein et al., 1997; Yu et al., 2014; Yu and Fein,
2017a). Briefly, B. subtilis cells were cultured in a growth medium
consisting of autoclaved trypticase soy broth (TSB, 30 g/L) with yeast
extract (5 g/L). Initially, 3 mL of growth medium in a test tube was
inoculated with B. subtilis cells, and the test tube was gently agitated for
24 h in an incubating shaker (32 °C, 100 rpm). The test tube contents
were then added to 1 L of fresh growth medium (50 g/L glucose, 30 g/L
TSB, 5 g/L yeast extract) which was prepared by autoclaving 750 mL of
TSB and yeast extract (40 g/L, and 6.67 g/L respectively) and adding
250 mL of a 200 g/L glucose solution that was vacuum filtered using a
0.2 pm nylon membrane filter (Corning® #430515) to remove
contaminant cells. Glucose was added to yield biomass with elevated
cell surface sulfhydryl site concentrations (Yu and Fein, 2017a). The
inoculated growth medium was gently agitated for another 24 h in an
incubating shaker (32 °C, 100 rpm).

B. subtilis biomass was prepared for the experiments using the
following washing method. The biomass was first separated from the
growth solution by centrifugation (11,060 g, 5 min), and then rinsed
using 0.1 M NaCl three times, removing the biomass from the NaCl rinse
by centrifugation (8100 g, 5 min) after each wash. The biomass was then
centrifuged twice (8100 g, 30 min), and the liquid that separated from
the biomass after each centrifuge cycle was removed from the pre-
weighed container, thereby yielding the ‘wet’ biomass weight used for
biomass concentration that we report for the experiments. The ratio of
wet biomass to dried B. subtilis biomass is approximately 4.7:1 (Yu et al.,
2014; Yu and Fein, 2015).

2.2. Chromium removal experiments

We probed Cr(VI) reduction by B. subtilis biomass by measuring the
extent of Cr(VI) removal from solution as a function of time, pH, and Cr
loading onto the biomass in batch experiments without the presence of
an electron donor. The reduction of Cr(VI) to Cr(III) results in removal of
total dissolved Cr from solution because of the low solubility of Cr(III),
which causes precipitation of Cr(IIl) from the system as Cr(OH)s) (Rai
et al., 1987). The experimental systems used in this study are closed
batch systems and Cr loss only occurs as precipitated or adsorbed Cr is
removed by filtration. Therefore, the concentration of total dissolved Cr
in our experiments was measured in each sample, and the extent of Cr
(VD) reduction that occurred in each system was quantified by the
decrease in concentration of dissolved Cr. The solubility of Cr(IIl) hy-
droxide solid is <10~/ M under circumneutral pH but increases with
decreasing pH (Rai et al., 1987), suggesting a potential for release of
reduced Cr(Ill) into experimental solutions under low pH conditions.
Additionally, precipitated Cr(III) hydroxide particles smaller than 0.45
um that are not attached to bacterial cells could remain suspended in
solution after filtration and preparation of samples for ICP-OES analysis
(see Kinetics Experiments), which could also cause the inclusion of any
Cr(III) in solution in the measurement of the total Cr concentration
remaining in solution. However, the product of bacterial Cr(VI) reduc-
tion is typically Cr(III) oxide nanoparticles which remain bound to cell
surfaces (e.g. Daulton et al., 2002; Li et al., 2023a) and would be
removed during filtration. Hence, our results represent minimum rates
of Cr(VI) reduction under the experimental conditions. We anticipate
that the extent of Cr(III) dissolution is small, especially above pH ~4
where the solubility of Cr(III) oxide is low.

For all experiments, the Cr(VI)-bearing solutions were prepared by
diluting a commercial volumetric Cr(VI) standard solution (1000 + 5
ppm) with 0.01 M NaCl. An aliquot of the diluted Cr(VI) solution was
collected prior to the addition of biomass in each experiment in order to
measure the initial dissolved Cr concentration. Biomass-free and
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exudate-free abiotic controls (Supplementary S1) showed no significant
Cr(VI) removal from solution in the pH range of 3.1-9.5 after 4 h or
when reacted for 4 h with gqBBr and sulfo-NHS acetate (see Site Blocking
Experiments). Duplicates for our kinetics experiments (see below) were
conducted to demonstrate experiment reproducibility and to estimate
the extent of natural variation in these biological systems. Our revers-
ibility experiments were run in triplicate, and the experiments con-
ducted as a function of pH with and without site blocking treatments (see
below) were repeated with different bacterial growths at least twice for
each treatment (Supplementary S4). The exudate experiments were
conducted twice using exudates extracted at two different solution pH
with high reproducibility observed between the two treatments. All
treatments conducted in duplicate reflect a high level of reproducibility
in our biological systems and therefore, duplicates rather than triplicates
are used to probe the uncertainty in our data due to natural biological
variation.

2.3. Kinetics experiments

The kinetics of Cr(VI) removal from solution were measured by
removing aliquots of solution from batch bacterial biomass suspensions
as a function of time. Washed and weighed B. subtilis biomass was sus-
pended in Cr(VI)-bearing solutions of three different initial concentra-
tions and three different pH values (0.1 ppm Cr at pH 6, 1 ppm Cr at pH
6, and 2 ppm Cr at pH 4, 6, and 8) to reach a biomass concentration of
25 g wet biomass/L. The solution pH was adjusted to approximately 4, 6,
or 8 using additions of small volumes of 0.1 and/or 0.5 M HCl, and/or
0.1, 0.2, and/or 1 M NaOH. 8 mL aliquots of the solution were removed
at 0.5, 1.5, 2.5, and 4 h, and then every 4-8 h after that until 48 h after
initiation of the experiment. Aliquots were removed while agitating the
solution to minimize changes in biomass concentration throughout the
kinetics trials, and each was immediately placed into a polypropylene
50 mL centrifuge tube and centrifuged (10 min, 8100 g). The superna-
tant was filtered using a 0.45 pm nylon syringe filter (VWR #514-1267)
and saved for total dissolved Cr analysis (see below. The pH of the
experimental system solution was measured every 15 min for the first 2
h, every 30 min for the next 2 h and after the removal of each sample,
and the pH was re-adjusted if necessary to the starting pH using 0.1 and/
or 0.5 M HCl, and/or 0.1, 0.2, and/or 1 M NaOH. The systems at pH 4
and 6 increased in pH over time, requiring addition of NaOH, while the
system with solution pH 8 decreased in pH over time. The most signif-
icant drift in pH in these systems was observed at early times (< 4 h),
and changes in pH were minimal throughout the rest of the experiment
duration. The reaction container was attached to and spun on a test tube
rotator (25 rpm) between collection of samples. The results from these
kinetics trials indicate that Cr(VI) is continuously removed from solution
throughout the course of these experiments. Continuous growth of
bacteria throughout the duration of these kinetics experiments is un-
likely since the biomass is suspended in solution without an electron
donor source. All subsequent experiments were run for 4 h to stan-
dardize reaction time and to observe the other factors that influence the
Cr(VI) removal rates.

2.4. pH effects

The pH dependence of Cr(VI) removal by B. subtilis was measured in
batch experiments in which bacterial cells were suspended in 0.1 ppm or
1 ppm Cr(VI)-bearing solutions at different pH values, allowed to react
for 4 h, and then sampled and analyzed for total dissolved Cr. Washed
and weighed B. subtilis biomass was suspended in the Cr(VI)-bearing
solution to achieve a bacterial concentration of 25 g wet biomass/L.
The suspension was vortexed to ensure homogeneity, and then separated
into 10 mL aliquots in individual polypropylene containers. The pH of
each suspension was adjusted within a range of 3-9 using small addi-
tions of 0.1 and/or 0.5 M HCI, and/or 0.1, 0.2, and/or 1 M NaOH and
then all of the experimental systems were rotated at 25 rpm. 30 min and
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1 h after the initial pH adjustment, the pH was checked and re-adjusted
to the desired pH, and the test tubes were allowed to react for a total of 4
h. The final pH of each suspension was measured, and each test tube was
centrifuged (10 min, 8100 g) and the supernatant of each was filtered
and saved for measurement of total dissolved Cr, as previously
described.

2.5. Reversibility experiments

The reversibility of Cr(VI) removal by B. subtilis was measured using
pH adjustment trials, in which the biomass was first reacted in a Cr(VI)-
bearing solution at a pH of approximately 5 for 4 h before the pH was
increased to approximately 8, and the system was allowed to react for
another 4 h prior to sampling. First, washed and weighed biomass was
suspended in 1 ppm Cr(VI) solution to obtain a biomass concentration of
25 g wet biomass/L. 20 mL aliquots of the suspension were removed
quickly while agitating the bulk suspension to keep homogeneity in the
solution and added to 50 mL polypropylene containers. The solution in
each system was adjusted to a pH of 5.0 & 0.5 using 10 pL additions of
0.1 and/or 0.5 M HCl, and/or 0.1, 0.2, and/or 1 M NaOH. Every
container was placed on a test tube rotator (25 rpm) for 4 h. After 30 min
and 1 h of reaction time, the pH of each container was measured, and
adjusted back to the initial pH if necessary. After 4 h, the pH of the
solution was measured and a 10 mL aliquot was removed and added to a
50 mL polypropylene centrifuge tube, centrifuged, and then filtered as
described above, and kept for total dissolved Cr analysis. The remaining
experimental suspension was adjusted to a pH of 8.0 + 0.5 using small
volumes of 0.2 and/or 1 M NaOH before being rotated again and
allowed to react for an additional 4 h with pH adjustments at 30 min and
1 h. After the additional 4 h of reaction, the pH was measured before a
final 10 mL aliquot was collected and analyzed for total dissolved Cr
analysis as described above. The reversibility experiments were
repeated, except with an initial pH adjustment of 8.0 + 0.5, and no pH
adjustment at 4 h to serve as a control with no pH change and a total
reaction time of 8 h.

2.6. Exudate experiments

Similar Cr(VI) reduction experiments were conducted using exudates
isolated from B. subtilis suspensions (Seders and Fein, 2011; Sullivan
etal., 2022; Sullivan et al., 2024) in order to compare the reduction rates
of the exudates alone to those of the biomass in general. The exudate
solutions were collected from either a pH 5 or a pH 9 suspension (20 g
wet biomass/L) of washed and weighed B. subtilis biomass in 0.01 M
NaNOsg, after 72 h of 100 rpm agitation on a platform mixer. Then, the
suspension was centrifuged (10 min, 8100 g) and the supernatant con-
taining the dissolved exudate molecules was filtered through a 0.45 pm
nylon syringe membrane, weighed, and then spiked to achieve a final Cr
(VD) concentration of 0.1 ppm. A 10 mL sample was immediately
removed, filtered, and saved for total dissolved Cr analysis. The
remaining Cr-bearing exudate solution was separated into 10 mL vol-
umes. The pH of each of these systems was adjusted to different values in
the range of 3 to 10, the systems were allowed to react for 4 h, and then
the pH of each solution was measured before they were filtered and
analyzed for total dissolved Cr as described previously.

2.7. Site blocking experiments

We tested the role of sulfhydryl and amine binding sites in the
reduction of Cr(VI) by conducting similar Cr(VI) removal experiments to
those described above, but using B. subtilis biomass that had been treated
with either a sulfhydryl-specific blocking molecule, monobromo(tri-
methylammonio)bimane bromide (qBBr), an amine-specific blocking
molecule, N-hydroxysulfosuccinimide acetate (sulfo-NHS acetate), or
both. After growing and washing B. subtilis using identical procedures to
those described above, the biomass was suspended in 0.1 M NaCl (15 g
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wet biomass/L), and one or both of the site blockers was added to the
suspension so that the total blocker:site ratio was approximately 2:1. For
the qBBr treatment, we used a blocker:site ratio of 180 pmol qBBr/g wet
biomass, following the results of Yu et al. (2014). The concentration of
amine sites on the cell wall has not been directly measured for B. subtilis,
but we estimated an approximate maximum amine site concentration of
1.1 x 10™* £ 0.6 mol/g wet biomass based on the concentration of sites
with a pKa value of 9.4 + 5 reported by Mishra et al. (2010), yielding a
treatment ratio of 0.0570 g sulfo-NHS acetate/g wet biomass. The ex-
periments completed with amine blockers were repeated with a blocker:
site ratio of 3:1 to confirm saturation of amine sites, and no significant
differences were observed with the increased sulfo-NHS acetate treat-
ment concentration (Supplementary S1). In each experiment involving
only one type of site blocker, the bacterial suspension with the blocker
was shaken vigorously by hand before the pH was adjusted to 7.0 & 0.1
using additions of small volumes of NaOH. The mixture was secured to a
test tube rotator and allowed to equilibrate for 2 h, which has been
shown to be a sufficient length of time for the blocking reaction to go to
completion (Yu et al., 2014). In experiments using both types of site
blockers, both were added and equilibrated simultaneously as pre-
liminary experiments demonstrated that the order of addition had no
significant effect on the results (Supplementary S1). In order to reduce
the breakdown of gBBr or NHS molecules under light exposure, the
addition of the site blockers was conducted in the dark, and the reaction
container was wrapped with Al foil and placed in the dark during the
reaction period. After the blocking treatment, the treated biomass was
washed three times with 0.1 M NaCl to remove excess unreacted sulfo-
NHS acetate and/or gBBr, as described above (see Bacterial biomass
growth and preparation), weighed to obtain the wet biomass, and 4 h Cr
(VI) removal experiments were conducted as a function of pH, as
described above (see pH effects).

2.8. Total dissolved Cr analyses

The samples obtained from our experimental bacterial suspensions
formed a white cloudy precipitate when acidified likely due to the
presence of proton-active bacterial exudate organic molecules, and so
the samples were not acidified prior to analysis. All total dissolved Cr
analyses were conducted within 2 days of each of the Cr(VI) removal
experiments, except for kinetics experiments which were analyzed
within 6 days. Samples were refrigerated for the entire duration between
filtration and before analysis on the ICP-OES. Repeat analysis of Cr-
containing aqueous samples (Supplementary S1) showed no significant
loss of Cr from solution for at least the 6 day period tested. The con-
centration of total dissolved Cr in each sample was measured using
inductively coupled plasma optical emission spectroscopy (ICP-OES),
analyzing at a wavelength of 267.716 nm. Matrix-matched standards
were prepared over a range of 0 to 0.2 ppm for the experiments with a
total dissolved Cr concentration of 0.1 ppm; over a range of 0 to 2 ppm
for the experiments with a total dissolved Cr concentration of 1 ppm;
and over a range of 0 to 3 ppm for the 2 ppm Cr experiments. A yttrium
standard (analyzed at a wavelength of 371.029 nm) was added to each
sample and standard in order to check for instrument drift throughout
the run, and the magnitude of drift throughout the run was used to
correct the intensity at the wavelength associated with Cr (267.716 nm).
Most of the analyses had less than +10% drift in the Y standard
throughout the run (Supplementary S1). All analyses were run in trip-
licate, and the standard deviation of triplicate measurements for most
samples was <3% (Supplementary S3).

3. Results and discussion
3.1. Chromium removal by Bacillus subtilis cells and exudates

In contrast to cation adsorption onto bacterial cells which typically
reaches equilibrium within 1-2 h (e.g., Fein et al., 1997; Yu and Fein,
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2017b), Cr(VI) sorption by Bacillus subtilis cells is relatively slow and
takes at least 24 h to reach steady-state (Fig. 1). The biomass removes
higher concentrations of Cr(VI) from solutions with higher Cr(VI) con-
centrations within a given amount of time (Fig. 1A), however the Cr(VI):
biomass ratio does not impact the proportional rate of Cr(VI) removal or
the proportion of Cr(VI) removed within 48 h (Fig. 1B). For example, in
solutions with 0.1, 1, and 2 ppm Cr, 80-90% of the initial Cr(VI) con-
centration is removed after 24 h (Fig. 1B). Therefore, the system is un-
dersaturated in Cr(VI) relative to binding site availability on the biomass
at a pH of 6. B. subtilis biomass removes Cr(VI) more quickly and to a
greater extent in solutions with lower pH (Fig. 1C). For example, after
10 h of reacting B. subtilis biomass in a 2 ppm Cr solution at pH 4, 80% of
the initial Cr(VI) is removed, while only 70% is removed in the same
time in a solution at pH 6, and 50% in a solution at pH 8. Additionally,
the maximum proportion of Cr(VI) removed by B. subtilis biomass within
the experiment duration decreases with increasing pH, with a maximum
of approximately 50% Cr(VI) removed from the pH 8 solution, compared
to a maximum removal of 80-90% by pH 4 and 6 solutions (Fig. 1C).
Both the pH 4 and pH 6 systems exhibited an initial relatively rapid
rate of Cr(VI) removal over the first few hours of the experiment, with
continuously slowing rates of removal over the next ~24 h until a
steady-state was reached (Fig. 1C). In contrast, the pH 8 experiment
exhibited a nearly constant rate of Cr(VI) removal over the first 15-24 h,
followed by a decrease in removal rate after 24 h, and even a reversal of
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the rate such that the concentration of Cr that was present in solution
after 24 h increased with time until the end of the experiment (Fig. 1C).
We hypothesize that the release of Cr after 24 h in the pH 8 system
occurs due to the release of organic exudate molecules by B. subtilis cells.
The total organic carbon (TOC) concentration increases throughout the
experiment duration (Supplementary S1), indicating the release of or-
ganics over time in our experiments. Dissolved organic molecules
contain binding sites that compete with cell surface sites to bind Cr(III),
increasing the soluble fraction of Cr(IIl) through the formation of Cr(III)
aqueous complexes (Gustafsson et al., 2014). Therefore, as the concen-
tration of these molecules increases in the system over 48 h, higher
proportions of Cr(III) will be bound in the soluble exudate fraction, and
consequently the dissolved concentration of Cr also increases. The effect
of these exudates is largest at pH 8, likely because the functional groups
on the exudate binding sites are more highly deprotonated at this pH
relative to pH 4 and 6 conditions (Seders and Fein, 2011).

We tested the ability of several kinetics models to fit the first 24 h of
Cr(VI) removal data (see Supplementary S2 for modeling details and
results), testing first and second order kinetics models (Harcourt and
Esson, 1865), and nonlinear pseudo first- and second-order (PFO and
PSO, respectively) models (Weber and Morris, 1963; Ho and McKay,
1999; Revellame et al., 2020). The PSO model yields the best fit to the
datasets as a whole. The calculated non-linear PSO rate constants ranged
from 6.58 x 107> to 1.68 x 10~* g/mg min. These values are
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Fig. 1. A) Chromium removed over time by 25 g/L B. subtilis in systems with 0.1 ppm (empty squares), 1 ppm (2 replicate experiments in grey triangles and grey
circles, labeled ‘A’ and ‘B’, respectively), and 2 ppm (black squares) Cr(VI) at pH 6 + 0.5; B) proportion of Cr removed in the same system (pH 6 + 0.5) over time; and
C) proportion of Cr removed over time by 25 g/L B. subtilis in systems with 2 ppm Cr(VI) at pH 4 (black circles), pH 6 (grey circles), and pH 8 (2 replicate experiments
in white circles and white triangles, labeled ‘A’ and ‘B’, respectively). Error bars represent the range of duplicates.
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significantly lower than the PSO rate constants that describe the kinetics
of metal cation adsorption onto bacterial surfaces. For example, the rate
constant value for a non-linear PSO model of Cd*? adsorption onto a
gram-negative bacterial species is 0.0465 g/mg min (Li et al., 2023b).
The significantly slower rate of removal that we observed in the Cr(VI)
experiments compared the rate of metal cation removal due to bacterial
adsorption alone strongly suggests that Cr(VI) removal involves more
than a simple bacterial surface binding mechanism.

Subsequent experiments were conducted with a 4 h reaction time
period in order to measure the effects of pH and Cr(VI) loading on the
removal behavior of the system and to match the Cr(VI) exposure period
of previous work by Fein et al. (2002). Because these systems continue to
remove Cr(VI) beyond 4 h, these results are snapshots of the system at a
set time point, rather than values that represent a steady state in the
system. The slow Cr(VI) removal kinetics relative to typical bacterial
adsorption kinetics and the dependence of removal on pH suggest that
Cr(VI) removal from solution is a multi-step process that is dependent on
the concentration of bacterial sites responsible for Cr(VI) binding. Our
results suggest that the rate-determining step is not the attachment of Cr
(VD) to the bacterial surface, but rather a slower process, likely the
reduction of Cr(VI) to Cr(IlI), which occurs after attachment. This two-
step mechanism is consistent with previously proposed multi-step
mechanisms of microbially mediated Cr(VI) reduction; for example,
several bacterial species can reduce Cr(VI) to Cr(III) using membrane
bound enzymes (e.g. nfrA2 in B. subtilis) that facilitate the transfer of
electrons to Cr(VI) (e.g., Morokutti et al., 2005; Cheung and Gu, 2007).

Both pH and Cr(VI) loading significantly influence the extent of Cr
(VD) removal by B. subtilis biomass over 4 h of reaction time (Fig. 2). For
both the 0.1 ppm and the 1.0 ppm Cr(VI) solutions, increasing pH de-
creases the amount of chromium removed, but there is still significant
chromium removal even under the highest pH conditions tested. For
example, in the 0.1 ppm Cr experiments, 89% and 49% of the Cr(VI) is
removed at pH 4.6 and 9.3, respectively, and in the 1 ppm Cr experi-
ments 84% and 18% of the Cr(VI) is removed at pH 4.6 and 8.4. Cell
surface charge becomes increasingly negative as pH increases due to
deprotonation of surface sites. Therefore, because Cr(VI) is present in
solution as HCrOz, Cr,07 2 and CrOy 2 electrostatic repulsion increases
with increasing pH. However, if the dominant control on Cr(VI) binding
to the cell surface is electrostatic, we would expect to see a much
stronger pH effect. For example, adsorption studies of the negatively
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Fig. 2. The extent of Cr(VI) removed by 25 g/L B. subtilis biomass after 4 h of
reaction. Open squares represent experiments with an initial total Cr(VI) con-
centration of 0.1 ppm; closed squares represent experiments with an initial total
Cr(VI) concentration of 1 ppm.
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charged ligand EDTA onto B. subtilis show a dramatic decrease in EDTA
adsorption with increasing pH such that EDTA adsorption is insignifi-
cant above a pH of 4 (Fein and Delea, 1999). Electrostatic repulsion
between aqueous Cr(VI) and the bacterial surface likely explains the
general decrease in Cr(VI) removal with increasing pH. However,
because significant Cr(VI) removal is observed even under the highest
pH conditions studied, our results suggest that electrostatics are not the
only influence on Cr(VI) removal and that covalent bonding with one or
more binding sites on the bacterial cell surface may occur. In addition, it
should be emphasized that the systems represented by the data in Fig. 2
are not at equilibrium, and pH effects on the Cr(VI) reduction kinetics
could explain the pH trend as well.

Adsorption of aqueous cations (e.g. Cd%", Ca?*) onto bacteria is both
rapid and fully reversible (Fowle and Fein, 2000), indicating that the
process can be modeled successfully as a simple one-step binding
mechanism (Fein et al., 1997). In order to test if Cr(VI) removal is
controlled by a similar binding reaction, we measured the reversibility
of Cr(VI) removal by first equilibrating a system under low pH condi-
tions where Cr(VI) removal is most extensive, and then adjusting the pH
upwards, allowing the system to re-equilibrate, and testing whether the
concentration of Cr in solution increases due to desorption reactions
(Fig. 3). After the initial 4 h sorption step, the extent of Cr removal is
consistent with our first set of 4 h removal experiments; adjusting the pH
upward and allowing the systems to react for another 4 h causes some Cr
to desorb from the bacterial cells, but the extent of Cr desorption is not
enough to have the systems reach the lower extents of Cr removal that
we observed in the first set of Cr removal experiments. In the 1 ppm Cr
system (Fig. 3), increasing pH from a range of 4.3-4.6 to a range of
7.5-8.2 decreases Cr removal by 21% (from 78% to about 57%
removed). In the system reacted under the same conditions, but kept at
pH 7.6-7.9 for the entire experiment, only 20% of the Cr(VI) was
removed after 4 h, and 27% was removed after the full 8 h. If the Cr
removal was solely a bacterial surface adsorption phenomenon, then
30% more Cr should have been released back to solution after the pH
was adjusted from pH ~4.5 to pH ~8.0. In contrast, the results of these
reversibility tests strongly suggest that Cr(VI) removal in the experi-
mental systems involves more than a simple binding reaction between
Cr(VI) and the bacterial surface. The reversal experiments suggest that
approximately half of the Cr(VI) that is removed during the initial 4 h
reaction period under low pH conditions in these experiments remains
as desorbable Cr(VI), and that the remaining Cr(VI) is not available for
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Fig. 3. Chromium removed by 25 g/L B. subtilis in a 1 ppm Cr-bearing system
reacted for 8 h with pH increased after 4 h (see arrow, squares), and in a system
reacted for 8 h with pH kept constant (circles), grey squares/circles are
measured at 4 h, and black squares/circles are measured at 8 h. Also shown:
chromium removed after 4 h as a function of pH (open squares, same data as
shown in Fig. 2).
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desorption back into solution. The results of the reversibility experi-
ments are consistent with results from Fein et al. (2002) which showed
that interaction between Cr(VI) and non-metabolizing B. subtilis cells
leads to attachment of Cr(VI) to the cell surface followed by Cr(VI)
reduction to Cr(IIl) after attachment. Although we do not identify the
valence state of irreversibly bound Cr in our experiments, our results
suggest that Cr(VI) is reduced to Cr(III), which when pH is adjusted
higher in these reversibility tests, would either remain as an adsorbed
Cr*3 cation on the highly negatively charged bacterial surface, or as a Cr
(ITI) solid phase precipitate.

Bacteria release a range of organic acids either actively as a result of
metabolic processes or passively due to cell lysis, and hence these exu-
dates are present to some extent in our experimental systems. TOC
concentrations in our experimental systems increase over time (Sup-
plementary S1), demonstrating that there is a release of dissolved
organic exudates over time in our systems. Additionally, cell lysis
occurring over time in our systems could allow soluble enzymes to be
released, which may interact and reduce Cr(VI) anions. In order to
constrain the extent to which bacterial exudate molecules affect the Cr
(VD) reduction behavior that we observed in the above experiments, we
conducted parallel experiments using exudate molecules isolated from
20 g/L bacterial suspensions maintained at either pH 5 or pH 9. Exudate
solutions were collected after soaking B. subtilis biomass for 72 h, and
therefore contain exuded components from both active production and
from lysed cells, as is possible in our 4 h and 48 h experimental systems.
The results from the exudate experiments indicate that while the exu-
dates isolated from B. subtilis biomass are capable of removing Cr(VI)
from solution, particularly when the solution pH is below 7 (Fig. 4), the
extent of Cr(VI) removal that can be ascribed to exudate interactions is
small relative to that promoted by the cells themselves. The extent of Cr
removal from solution by B. subtilis exudates decreases from a maximum
of approximately 20% removal at pH 4.5-5.0, to a negligible amount of
Cr removal above pH 7. In addition, we do not observe a significant
difference in the ability of the exudate solutions to reduce Cr(VI) be-
tween the two different pH conditions used to produce the exudates,
suggesting that any differences in exudate production by cells under
these different pH conditions does not alter the Cr(VI) reduction capa-
bility of B. subtilis exudates. The decrease in the observed extent of Cr
(VD) removal with increasing pH that we observed in the exudate
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Fig. 4. Chromium removal by exudates collected from 20 g/L B. subtilis pre-
pared in solutions with pH 5 (grey squares) and 9 (black squares), compared to
the extent of removal that we measured in a system containing biomass after 4
h as a function of pH (open squares, same data as shown in Fig. 2) in 0.1
ppm Cr.
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experiments mimics the decrease in Cr removal that we observed for the
bacterial biomass experiments (Fig. 2), and likely reflects the increasing
electronegativity associated with the organic acid molecules that
comprise bacterial exudates (Seders and Fein, 2011). Our results suggest
that Cr(VI) removal from solution by both bacteria and bacterial exu-
dates is first mediated by Cr(VI) attachment to either the bacterial sur-
face or the bacterial exudate molecule, and hence pH and electrostatics
represent important factors in controlling the rate and extent of Cr
removal. The results of the exudate experiments demonstrate that while
exudates released by B. subtilis can influence Cr(VI) reduction to some
extent, the interactions between Cr(VI) and the bacterial surface
significantly outpace those of Cr(VI) and the exudate molecules, and that
bacterial surface binding and reduction represent the dominant mech-
anism for Cr(VI) reduction.

3.2. Sulfhydryl and amine sites involvement in Cr(VI) reduction

The slow kinetics and non-reversibility of Cr(VI) removal in our ex-
periments suggest that Cr(VI) removal by B. subtilis biomass involves a
more complex process than simple binding of Cr(VI) onto bacterial
surface sites. Our blocking experiments probe the possible role of cell
surface sulfhydryl and/or amine binding sites as the first step in Cr(VI)
removal from solution (Fig. 5). Cr(VI)-sulfhydryl binding would involve
covalent bonding that could offset the electrostatic repulsion between
aqueous Cr(VI) anions and the predominantly negatively-charged bac-
terial surface. Similarly, the positively-charged amine sites, although
located amidst other binding sites on the cell surface that are negatively
charged, could serve as a location for anionic Cr(VI) binding as well. In
experiments with either 0.1 or 1 ppm Cr(VI), qBBr treatment of the
B. subtilis biomass dramatically decreases the extent of Cr(VI) removal
from solution compared to what is observed from unblocked biomass
(Fig. 2), with the effect increasing with increasing pH (Fig. 5). For
example, at pH 7 in the 1 ppm Cr(VI) experiments without qBBr treat-
ment, the B. subtilis biomass removes approximately 60% of the initial
dissolved Cr(VI) after 4 h of exposure time, and the biomass with sulf-
hydryl sites blocked removes <10% of the Cr(VI) from solution (Fig. 5b).
Under lower pH conditions, the effect of the qBBr blocking is dimin-
ished. For example at pH 3.8 in the 1 ppm Cr(VI) experiments, the
blocking treatment reduces the extent of Cr(VI) removal from solution
from 80 to 64% only. In the 1 ppm Cr(VI) experiments, the amine
blocker exerts a nearly identical effect on Cr(VI) removal to what we
observe for the sulfhydryl site blocker, and the 1.0 ppm Cr(VI) experi-
ments with cells treated by both blockers also displays nearly identical
Cr(VI) removal behavior as a function of pH. The 0.1 ppm Cr(VI) ex-
periments exhibit similar behavior to that of the 1.0 ppm experiments,
with nearly complete blockage of Cr(VI) removal under near-neutral pH
conditions, and less of an effect with decreasing pH (Fig. 5A).

Our blocking experiments suggest that most, but not all, of the
binding sites on the cell surface that bind Cr(VI) anions are blocked
using qBBr and sulfo-NHS acetate. Therefore, both amine and sulfhydryl
binding sites appear to play a role in Cr(VI) removal. Blocking either
sulfhydryl or amine sites, or blocking both sites simultaneously, yield
similar effects in terms of decreasing the overall Cr(VI) removal by the
system in a given period of time. One possible mechanism controlling Cr
(VD) reduction is that Cr(VI) binding onto either sulfhydryl or amine sites
can lead to Cr(VI) reduction and that the sites operate independent from
each other. If this were the case, then our results would suggest
approximately similar concentrations of amine and sulfhydryl sites on
the cell surface because blocking of one type of site yields a decrease in
the extent of Cr(VI) removal that is approximately equal to the decrease
in Cr(VI) removal that is caused by blocking the other site type. How-
ever, the experiment that involved both blocking molecules suggests
that the sites are not operating independently. If Cr(VI) was binding onto
both sulfhydryl and amine sites independently, then the use of both
blocking molecules in the same experiment should lead to an additive
effect. That is, the experiment with both blocking molecules should
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Fig. 5. Chromium removal by 25 g/L B. subtilis over 4 h in systems with initial total aqueous Cr(VI) concentrations of: A) 0.1 ppm or B) 1 ppm. Experiments with no
blocker treatment (open squares, same data as shown in Fig. 2), gBBr blocking of sulfhydryl sites (grey triangles), sulfo-NHS acetate blocking of amine sites (grey
circles), and simultaneous gBBr and sulfo-NHS acetate treatments (black diamonds).

exhibit significantly less removal than was observed in either of the
single blocker experiments. The observation that the presence of either
type of blocking molecule, or the presence of both blocking molecules,
all led to similar effects and not an additive effect suggests that both
types of sites are involved and required simultaneously in the binding
and removal of Cr(VI). Thus, blockage of either binding site type, or both
types of sites, hinders the capability of B. subtilis to reduce Cr(VI) to the
same extent.

Simultaneous contributions by different types of binding sites have
been demonstrated previously to control metal binding to cell surfaces.
For example, Mishra et al. (2020) describe the attachment of 7Zn?t to
plant cell surfaces and the subsequent accumulation of the metal in plant
tissue as a dynamic process involving both amine and carboxyl binding
sites. Under enzymatically driven Cr(VI) reduction, both amine sites and
sulfhydryl sites could be involved simultaneously in Cr(VI) attachment
to the reducing enzyme or protein. Simultaneous binding of metals by
sulfhydryl and amine sites is common in protein structures. For example,
sulfhydryl sites on cysteine and an amine site on histidine act simulta-
neously to bind trace metals such as Zn*? within proteins (Klug et al.,
1979; Pace and Weerapana, 2014). Additionally, cysteine and histidine
residues in cysteine-rich proteins are important for binding Zn(II), Cd
(ID, and Ni(Il) in eukaryotic intracellular processes (such as detoxifi-
cation), demonstrating the potential for sulfhydryl and amine in-
teractions when binding metal ions (Kulon et al., 2007; Lukacs et al.,
2021). Little is known about the complexation of Cr(VI) species with
these amino acids, or with sulfhydryl and amine binding sites in general.
It could be that both site types are involved simultaneously in forming
bidentate Cr(VI) complexes, or that binding occurs only on the sulfhy-
dryl site with the amine site facilitating the approach of anionic Cr(VI) to
the sulfhydryl due to the positive electric field surrounding the amine
site. For example, the reductase found in Bacillus subtilis (nfrA2) con-
tains multiple amines in the ligand binding site from both histidine and
arginine residues, and a sulfhydryl group from a cysteine residue outside
of the ligand binding site (Morokutti et al., 2005). It is therefore possible
that both amine and sulfhydryl binding sites in nfrA2 must interact with
chromate at some point during enzymatic Cr(VI) reduction. The exact
mechanism of interaction between Cr(VI) and both amine and sulfhydryl
binding sites on B. subtilis during Cr(VI) reduction remains uncon-
strained by our work. However, the observation that the presence of
both blocker types yields the same result as the presence of either of the
blocker types alone strongly suggests that both sites play a role in Cr(VI)
binding simultaneously.

Blocking both sulfhydryl and amine sites does not fully stop Cr(VI)
removal by B. subtilis, particularly at low pH (Fig. 5). The reactions

between gBBr and sulfhydryl binding sites and sulfo-NHS acetate and
amine binding sites are most favorable under circumneutral pH condi-
tions (e.g. Kosower and Kosower, 1987). For example, Salvucci (1993)
demonstrated that sulfo-NHS acetate causes inactivation of the enzyme
ATPase within minutes at pH 7 by binding to an amine site in the active
site of the enzyme, and blocking further binding of substrates to the
active site. However, the low functionality of site blockers observed in
our experiments under low pH conditions is not likely caused by these
trends because biomass was treated with gBBr and/or sulfo-NHS acetate
prior to division of the biomass suspension into separate experiments,
and therefore the biomass in each pH experiment had the same extent of
sites blocked prior to pH adjustment. It is possible that there is another
type of binding site responsible for binding Cr(VI), but we propose that
there are sulfhydryl and amine binding sites in the complex three-
dimensional network of the cell surface that are not accessible to bind-
ing by the relatively large qBBr and sulfo-NHS acetate blocking mole-
cules, and therefore remain unreacted in our blocking experiments.
These unblocked sites appear to remain accessible to the smaller Cr(VI)
anion and provide a means for Cr(VI) to bind to the surface even during
our site-blocked experiments. Yu et al. (2018) observed similar Se(IV)
removal behavior in response to gBBr blocking of sulfhydryl sites on the
B. subtilis surface. In that study, qBBr treatment of the cells decreased Se
(IV) removal under all pH conditions tested, but the effect was dimin-
ished under lower pH conditions. In both cases, the blockers used in this
study appear to block most, but not all, cell surface sulthydryl and amine
sites, especially under near-neutral pH conditions. The ability of the
unblocked sites to bind Cr(VI) or Se(IV) is minimal under near-neutral
pH conditions but increases with decreasing pH.

The decrease in the effectiveness of the blocking molecules with
decreasing pH likely results from a combined effect of the speciation of
Cr(VI) in solution, the charge of the bacterial cell surface, and Cr(VI)
reduction kinetics. Above pH 5.5-6.0, Cr(VI) exists in solution pre-
dominantly as CrO%~, and at lower pH it exists as HCrOz (Ramsey et al.,
2001). The cell surface has an overall negative charge that becomes
more negative with increasing pH due to the deprotonation of binding
sites such as phosphoryl and carboxyl sites on the cell surface. Because of
these pH effects, electrostatic repulsion between the Cr(VI) anion and
the negatively charged bacterial surface increases with increasing pH,
making it more difficult for Cr(VI) to bind to sulthydryl and/or amine
binding sites on the cell surface and hence decreasing Cr(VI) removal
with increasing pH (Fig. 2). Overall, these combined effects act to reduce
the rate of Cr removal with increasing pH. At circumneutral pH, the
relative inaccessibility of cell surface binding sites to anionic Cr(VI)
species effectively makes the process a site-limited one, and blocking a
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large majority of sulthydryl and/or amine sites causes a significant
decrease in the ability of B. subtilis to bind and reduce Cr(VI), even if a
fraction of binding sites remain unblocked and accessible to Cr(VI) an-
ions. Similarly, decreasing pH leads to a decrease in electrostatic
repulsion between aqueous anionic Cr(VI) species and the cell surface as
the overall negatively charged electric field surrounding the cell surface
becomes weaker. The effect of changes in electrostatic favorability is to
increase the rate and extent of Cr binding to the cell surface as it be-
comes more favorable for Cr(VI) to reach the cell surface. In addition to
these electrostatic effects, the rate of electron transfer from the cell
surface to bound Cr(VI) may occur faster under lower pH conditions
(Yan and Chen, 2019), and therefore could contribute to the lack of
effectiveness of the blocking molecules under low pH conditions. Since
Cr(VI) binding and reduction occur much faster under low pH condi-
tions, binding site availability is no longer a strong limiting factor at low
pH, and even the small fraction of sites remaining unblocked after the
blocking treatment allow for significant Cr(VI) removal to occur in our
systems. These effects thereby reduce the overall effectiveness of the
blocking molecules under the low pH conditions studied here.

Our results strongly suggest that Cr(VI) removal by B. subtilis is a
multi-step process (Fig. 6). The first step in Cr(VI) removal is the binding
of aqueous Cr(VI) anions to cell surface sulfhydryl and/or amine sites,
likely followed by electron transfer from cell wall electron donors to the
bound Cr(VI), reducing it to Cr(III). FTIR studies of the interaction of Cr
(VD) with Cr(VI)-reducing bacterial cells have suggested that Cr(VI)
binds with carboxyl and phosphoryl sites on the cell surface, but these
studies have not constrained the valence state of Cr (e.g., Man-
gaiyarkarasi et al., 2011; Banerjee et al., 2019; Prabhakaran et al.,
2019). Our results indicate that the initial binding of Cr(VI) onto the cell
wall involves sulfhydryl and/or amine binding sites. Therefore, the FTIR
results from previous studies suggest that there is a re-arrangement of Cr
atoms on the cell surface after Cr(VI) reduction occurs such that the Cr®*
cation that is created from Cr(VI) reduction migrates to nearby anionic
carboxyl and phosphoryl sites. These sites are plentiful on the cell
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surface, and may exhibit a higher affinity to bind Cr*™ than sulfhydryl or
amine sites, especially if the positively charged amine site is in close
proximity to the sulfhydryl site. Cr(Il) has been found to bind to
carboxyl and phosphoryl binding sites on exopolymeric substances
(unfiltered exudates) from Pseudomonas aeruginosa (Kantar et al., 2011),
and similar binding likely occurs on the bacterial surface. After the re-
arrangement, the Cr either remains as adsorbed Cr>* or precipitates as
a Cr(111) (hydr)oxide on the cell surface (Rai et al., 1987). The migration
of Cr®" to anionic sites would free sulfhydryl and amine sites to bind
additional Cr(VI) anions, and therefore the extent of Cr(VI) reduction
does not necessarily directly reflect the concentration of Cr(VI) binding
sites. Our results suggest that the overall role of sulfhydryl and amine
sites in Cr(VI) reduction is to bind Cr(VI) such that it is in close enough
proximity to cell wall electron donors for electron transfer to occur, and
hence Cr(VI) binding to these sites represents the first step in the
reduction process.

4. Conclusion

Bacterially mediated Cr(VI) reduction has been documented both in
laboratory and in field studies (e.g. Kamaludeen et al., 2003; Cheung
et al., 2006; Thacker et al., 2007; Liu et al., 2012), but the molecular-
scale mechanisms involved in the reduction have been poorly con-
strained. First, the chromate anion CrOF~ must cross the diffuse layer to
reach the cell surface. This step becomes increasingly unfavorable with
increasing pH due to increased electrostatic repulsion between the
negatively charged CrO% anion and the negatively charged electric
field surrounding the cell surface, and these electrostatic effects lead to
the decreased rate of Cr(VI) removal that we observed with increasing
pH (Figs. 1, 2). Next, the chromate anion must be brought into close
proximity to cell wall electron donors, which requires binding of Cr(VI)
to binding sites located on and within the cell wall. Cr(VI) removal by
B. subtilis is primarily dependent on the attachment of CrO3~ to the cell
wall, evidenced by the low removal capability of isolated B. subtilis
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Fig. 6. The proposed mechanism of Cr(VI) removal from solution by B. subtilis: (1) anionic Cr(VI) species must first diffuse across an electrostatic barrier and towards
the negatively charged cell surface; (2) the Cr(VI) species binds to cell surface sulfhydryl and/or amine sites; (3) Cr(VI) is reduced to Cr(II); (4) Cr(III) species are
released from the site of reduction; and (5) Cr(IIl) is removed from the aqueous fraction by precipitation of Cr(III) (hydr)oxide or by attachment to negatively charged

cell surface binding sites.
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exudates, especially under circumneutral pH (Fig. 4). Our results
demonstrate that both sulfhydryl and amine sites play an important role
in the removal of Cr(VI) from solution, such that blocking either type of
site significantly inhibits the capacity of Cr(VI) reduction to the same
degree (Fig. 5). Our observation that blocking both sulfhydryl and amine
sites at the same time yields a similar, and not an additive, effect to
blocking only one type of site strongly suggests that sulfhydryl and
amine sites work simultaneously to bind Cr(VI). If the sites bind Cr(VI)
together, then blocking either type of site separately, or blocking both
types of sites jointly, would yield similar effects. The mechanism of Cr
(VI) removal, therefore, requires the attachment of Cr(VI) to both types
of binding sites, likely as the initial step in the removal process. After Cr
(VI) binds to cell wall sulfhydryl and amine binding sites, electrons are
transferred from electron donors and Cr(VI) is reduced to Cr(III), which
either either re-adsorbs to the cell surface by binding to the abundant
negatively charged carboxyl and phosphoryl sites, or precipitates as a
solid phase Cr(III) (hydr)oxide. The lack of full reversibility with an
increase in pH (Fig. 3) suggests the presence of Cr(III) on the cell wall
because increasing pH would not promote desorption of Cr®" or the
dissolution of solid phase Cr(III) (hydr)oxide. The relatively slow ki-
netics of Cr(VI) removal from solution compared to most solute
adsorption reactions by bacteria suggests that the removal mechanism
involves more than simple binding to the bacterial surface sites, and is
consistent with a model of Cr(VI) removal from solution by a process
that involves both Cr(VI) binding and reduction to Cr(IIl). Our results
provide the first evidence that bacterial cell surface sulthydryl and
amine sites are involved in the initial binding of Cr(VI) and that these
sites are involved simultaneously in binding Cr(VI) during bacterially-
mediated Cr(VI) reduction. Furthermore, our findings suggest that the
use of bacterial cells grown under conditions that promote enhanced
concentrations of these site types on the cell wall (e.g., Yu and Fein,
2017a, 2017b) may yield faster and more complete Cr(VI) reduction in
bioremediation approaches.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.chemgeo.2024.122299.

CRediT authorship contribution statement

Jessica C. Brown: Writing — review & editing, Writing — original
draft, Visualization, Methodology, Investigation, Formal analysis, Data
curation. Quinn Mackay: Investigation. Qiang Yu: Supervision,
Methodology, Funding acquisition. Jeremy B. Fein: Writing — review &
editing, Writing — original draft, Visualization, Supervision, Project
administration, Methodology, Investigation, Formal analysis,
Conceptualization.

Declaration of competing interest

Authors have no competing interests to declare.
Data availability

Data will be made available on request.
Acknowledgements

ICP-OES analyses were conducted at the Center for Environmental
Science and Technology (CEST) at the University of Notre Dame, with
the assistance of Jon Loftus, and Leah Sullivan helped with bacterial
exudate preparation techniques. Two journal reviews were thorough
and very helpful in improving the presentation of the work. The research

was funded in part by U.S. National Science Foundation grants EAR-
1904192 and EAR-2149717.

10

Chemical Geology 664 (2024) 122299

References

Ackerley, D.F., Gonzalez, C.F., Keyhan, M., Blake, LLR., Matin, A., 2004. Mechanism of
chromate reduction by the Escherichia coli protein, NfsA, and the role of different
chromate reductases in minimizing oxidative stress during chromate reduction.
Environ. Microbiol. 6, 851-860.

Avudainayagam, S., Megharaj, M., Owens, G., Kookana, R.S., Chittleborough, D.,
Naidu, R., 2003. Chemistry of chromium in soils with emphasis on tannery waste
sites. Rev. Environ. Contam. Toxicol. 178, 53-91.

Banerjee, S., Misra, A., Chaudhury, S., Dam, B., 2019. A Bacillus strain TCL isolated from
Jharia coalmine with remarkable stress responses, chromium reduction capability
and bioremediation potential. J. Hazard. Mater. 367, 215-223.

Barceloux, D.G., 1999. Chromium. Clin. Toxicol. 37, 173-194.

Beveridge, T.J., Murray, R.G., 1980. Sites of metal deposition in the cell wall of Bacillus
subtilis. J. Bacteriol. 141, 876-887.

Campos-Garcia, J., Martinez-Cadena, G., Alvarez-Gonzalez, R., Cervantes, C., 1997.
Purification and partial characterization of a chromate reductase from Bacillus. Rev.
Latinoam. Microbiol. 39, 73-81.

Cheung, K.H., Gu, J.-D., 2007. Mechanism of hexavalent chromium detoxification by
microorganisms and bioremediation application potential: a review. Int. Biodeterior.
Biodegrad. 59, 8-15.

Cheung, K.H., Lai, H.Y., Gu, J.-D., 2006. Membrane-associated hexavalent chromium
reductase of Bacillus megaterium TKW3 with induced expression. J. Microbiol.
Biotechnol. 16, 855-862.

Daulton, T.L., Little, B.J., Lowe, K., Jones-Meehan, J., 2002. Electron energy loss
spectroscopy techniques for the study of microbial chromium (VI) reduction.

J. Microbiol. Methods 50 (1), 39-54.

Fathima, N.N., Aravindhan, R., Rao, J.R., Nair, B.U., 2005. Solid waste removes toxic
liquid waste: adsorption of chromium(VI) by iron complexed protein waste. Environ.
Sci. Technol. 39, 2804-2810.

Fein, J.B., Delea, D., 1999. Experimental study of the effect of EDTA on Cd adsorption by
Bacillus subtilis: a test of the chemical equilibrium approach. Chem. Geol. 161,
375-383.

Fein, J.B., Boily, J., Yee, N., Gorman-Lewis, D., Turner, B.F., 2005. Potentiometric
titrations of Bacillus subtilis cells to low pH and a comparison of modeling
approaches. Geochim. Cosmochim. Acta 69, 1123-1132.

Fein, J.B., Daughney, C.J., Yee, N., Davis, T.A., 1997. A chemical equilibrium model for
metal adsorption onto bacterial surfaces. Geochim. Cosmochim. Acta 61,
3319-3328.

Fein, J.B., Fowle, D.A., Cahill, J., Kemner, K., Boyanov, M., Bunker, B., 2002.
Nonmetabolic Reduction of Cr(VI) by Bacterial Surfaces under Nutrient-absent
Conditions. Geomicrobiol J. 19, 369-382.

Fein, J.B., Yu, Q., Nam, J., Yee, N., 2019. Bacterial cell envelope and extracellular
sulfhydryl binding sites: their roles in metal binding and bioavailability. Chem. Geol.
521, 28-38.

Fishbein, L., 1981. Sources, transport and alterations of metal compounds: an overview.
1. Arsenic, beryllium, cadmium, chromium and nickel. Environ. Health Perspect. 40,
43-64.

Fowle, D.A.,, Fein, J.B., 2000. Experimental measurements of the reversibility of metal-
bacteria adsorption reactions. Chem. Geol. 168, 27-36.

Goff, J.L., Wang, Y., Boyanov, M.IL, Yu, Q., Kemner, K.M., Fein, J.B., Yee, N., 2021.
Tellurite Adsorption onto Bacterial Surfaces. Environ. Sci. Technol. 55,
10378-10386.

Guiné, V., Spadini, L., Sarret, G., Muris, M., Delolme, C., Gaudet, J.P., Martins, J.M.F.,
2006. Zinc sorption to three gram-negative bacteria: combined titration, modeling,
and EXAFS study. Environ. Sci. Technol. 40, 1806-1813.

Gustafsson, J.P., Persson, 1., Oromieh, A.G., van Schaik, J.W.J., Sjostedt, C., Kleja, D.B.,
2014. Chromium(III) complexation to natural organic matter: mechanisms and
modeling. Environ. Sci. Technol. 48, 1753-1761.

Harcourt, A.G.V., Esson, W., 1865. III. On the laws of connection between the conditions
of a chemical change and its amount. Proc. R. Soc. Lond. 14, 470-474.

Ho, Y.S., McKay, G., 1999. Pseudo-second order model for sorption processes. Process
Biochem. 34, 451-465.

Hossan, S., Hossain, S., Islam, M.R., Kabir, M.H., Ali, S., Islam, M.S., Imran, K.M.,
Moniruzzaman, M., Mou, T.J., Parvez, A.K., Mahmud, Z.H., 2020. Bioremediation of
Hexavalent Chromium by Chromium Resistant Bacteria Reduces Phytotoxicity. Int.
J. Environ. Res. Public Health 17, 6013.

Jiang, W., Saxena, A., Song, B., Ward, B.B., Beveridge, T.J., Myneni, S.C.B., 2004.
Elucidation of Functional groups on Gram-positive and Gram-negative Bacterial
Surfaces using infrared Spectroscopy. Langmuir 20, 11433-11442.

Joe-Wong, C., Shoenfelt, E., Hauser, E.J., Crompton, N., Myneni, S.C.B., 2012. Estimation
of reactive thiol concentrations in dissolved organic matter and bacterial cell
membranes in aquatic systems. Environ. Sci. Technol. 46, 9854-9861.

Johnson, J., Schewel, L., Graedel, T.E., 2006. The contemporary anthropogenic
chromium cycle. Environ. Sci. Technol. 40, 7060-7069.

Kamaludeen, S.P.B., Arunkumar, K.R., Avudainayagam, S., Ramasamy, K., 2003.
Bioremediation of chromium contaminated environments. Indian J. Exp. Biol. 41,
972-985.

Kantar, C., Demiray, H., Dogan, N.M., Dodge, C.J., 2011. Role of microbial exopolymeric
substances (EPS) on chromium sorption and transport in heterogeneous subsurface
soils: 1. Cr(IlI) complexation with EPS in aqueous solution. Chemosphere 82,
1489-1495.

Kenney, J.P.L., Gorzsas, A., Kenney, J.P.L., 2019. Applications of fourier-transform
infrared spectroscopy in geomicrobiology. In: Veeramani, H., Alessi, D.S. (Eds.),
Analytical Geomicrobiology: A Handbook of Instrumental Techniques. Cambridge
University Press, Cambridge, pp. 288-313.


https://doi.org/10.1016/j.chemgeo.2024.122299
https://doi.org/10.1016/j.chemgeo.2024.122299
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0005
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0005
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0005
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0005
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0010
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0010
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0010
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0015
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0015
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0015
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0020
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0025
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0025
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0030
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0030
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0030
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0035
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0035
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0035
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0040
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0040
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0040
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0045
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0045
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0045
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0050
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0050
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0050
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0055
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0055
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0055
http://refhub.elsevier.com/S0009-2541(24)00379-6/optg39BGuoX6G
http://refhub.elsevier.com/S0009-2541(24)00379-6/optg39BGuoX6G
http://refhub.elsevier.com/S0009-2541(24)00379-6/optg39BGuoX6G
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0060
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0060
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0060
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0065
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0065
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0065
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0070
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0070
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0070
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0075
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0075
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0075
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0080
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0080
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0085
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0085
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0085
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0090
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0090
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0090
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0095
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0095
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0095
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0100
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0100
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0105
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0105
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0110
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0110
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0110
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0110
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0120
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0120
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0120
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0125
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0125
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0125
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0130
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0130
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0135
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0135
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0135
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0140
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0140
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0140
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0140
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0145
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0145
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0145
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0145

J.C. Brown et al.

Kenney, J.P.L., Song, Z., Bunker, B.A., Fein, J.B., 2012. An experimental study of au
removal from solution by non-metabolizing bacterial cells and their exudates.
Geochim. Cosmochim. Acta 87, 51-60.

Klug, A., Jack, A., Viswamitra, M.A., Kennard, O., Shakked, Z., Steitz, T.A., 1979.

A hypothesis on a specific sequence-dependent conformation of DNA and its relation
to the binding of the lac-repressor protein. J. Mol. Biol. 131, 669-680.

Kosower, N.S., Kosower, E.M., 1987. Thiol labeling with bromobimanes. Methods
Enzymol. 143, 76-84.

Kulon, K., Wozniak, D., Wegner, K., Grzonka, Z., Kozlowski, H., 2007. Specific
interactions of metal ions with Cys-Xaa-Cys unit interested into the peptide
sequence. J. Inorg. Biochem. 101, 1699-1706.

Li, T., He, Y., Wang, J., Xiang, H., Xu, X., Li, C., Wu, Z., 2023a. Bioreduction of
hexavalent chromium Vis Bacillus subtilis SL-44 enhanced by humic acid: an
effective strategy for detoxification and immobilization of chromium. Sci. Total
Environ. 888, 164246.

Li, X., Li, L., Zhao, Z., Zhang, Z., Kong, J., Liu, L., Li, R., 2023b. Adsorption kinetics of Cd
(II) from aqueous solutions onto live vs. dead biosorbents of Sphingomonas sp. GX_15.
Mater. Chem. Phys. 305, 127940.

Lian, G., Wang, B., Lee, X., Li, L., Liu, T., Lyu, W., 2019. Enhanced removal of hexavalent
chromium by engineered biochar composite fabricated from phosphogypsum and
distillers’ grains. Sci. Total Environ. 697, 134119.

Liu, Z., Wu, Y., Lei, C., Liu, P., Gao, M., 2012. Chromate reduction by a chromate-
resistant bacterium, Microbacterium sp. World J. Microbiol. Biotechnol. 28,
1585-1592.

Lukdcs, M., Pélinkas, D.C., Szunyog, G., Varnagy, K., 2021. Metal binding ability of small
peptides containing cysteine residues. ChemistryOpen 10, 451-463.

Mangaiyarkarasi, M.M.S., Vincent, S., Janarthanan, S., Subba Rao, T., Tata, B.V.R., 2011.
Bioreduction of Cr(VI) by alkaliphilic Bacillus subtilis and interaction of the
membrane groups. Saudi J. Biol. Sci. 18, 157-167.

Mishra, B., Boyanov, M., Bunker, B.A., Kelly, S.D., Kemner, K.M., Fein, J.B., 2010. High-
and low-affinity binding sites for Cd on the bacterial cell walls of Bacillus subtilis and
Shewanella oneidensis. Geochim. Cosmochim. Acta 74, 4219-4233.

Mishra, B., McDonald, L.M., Roy, M., Lanzirotti, A., Myneni, S.C.B., 2020. Uptake and
speciation of zinc in edible plants grown in smelter contaminated soils. PLoS One 15,
€0226180.

Morokutti, A., Lyskowski, A., Sollner, S., Pointner, E., Fitzpatrick, T.B., Kratky, C.,
Gruber, K., Macheroux, P., 2005. Structure and Function of YenD from Bacillus
subtilis, a Flavin-CONTAINING OXIDoreductase. Biochem 44, 13724-13733.

Mozes, N., Marchal, F., Hermesse, M.P., Van Haecht, J.L., Reuliaux, L., Leonard, A.J.,
Rouxhet, P.G., 1987. Immobilization of microorganisms by adhesion: Interplay of
electrostatic and nonelectrostatic interactions. Biotechnol. Bioeng. 30, 439-450.

Nieboer, E., Jusys, A.A., 1988. Biologic chemistry of Cr. In: Nriagu, J.O., Nieboer, E.
(Eds.), Chromium in the Natural and Human Environments. John Wiley & Sons, New
York, pp. 21-80.

Nriagu, J.O., Pacyna, J.M., 1988. Quantitative assessment of worldwide contamination
of air, water and soils by trace metals. Nature 333, 134-139.

Nur-E-Alam, M., Mia, M.A.S., Ahmad, F., Rahman, M.M., 2020. An overview of
chromium removal techniques from tannery effluent. Appl Water Sci 10, 205.

Ohnuki, T., Yoshida, T., Ozaki, T., Kozai, N., Sakamoto, F., Nankawa, T., Suzuki, Y.,
Francis, A.J., 2007. Chemical speciation and association of plutonium with bacteria,
kaolinite clay, and their mixture. Environ. Sci. Technol. 41, 3134-3139.

Pace, N.J., Weerapana, E., 2014. Zinc Binding Cysteines: Diverse Functions and
structural Motifs. Biomolecules 4, 419-434.

Paul, M., Pranjaya, P.P., Thatoi, H., 2020. In silico studies on structural, functional, and
evolutionary analysis of bacterial chromate reductase family responsible for high
chromate bioremediation efficiency. SN Appl. Sci. 2, 1997.

Pokrovsky, O.S., Pokrovski, G.S., Shirokova, L.S., Gonzalez, A.G., Emnova, E.E., Feurtet-
Mazel, A., 2012. Chemical and structural status of copper associated with oxygenic
and anoxygenic phototrophs and heterotrophs: possible evolutionary consequences.
Geobiology 10, 130-149.

Prabhakaran, D.C., Bolanos-Benitez, V., Sivry, Y., Gelabert, A., Riotte, J.,

Subramanian, S., 2019. Mechanistic studies on the bioremediation of Cr(VI) using

11

Chemical Geology 664 (2024) 122299

Sphingopyxis macrogoltabida SUK2c, a Cr(VI) tolerant bacterial isolate. Biochem. Eng.
J. 150, 107292.

Rai, D., Sass, B.M., Moore, D.A., 1987. Chromium(III) hydrolysis constants and solubility
of chromium (III) hydroxide. Inorg. Chem. 26, 345-349.

Ramsey, J.D., Xia, L., Kendig, M.W., McCreery, R.L., 2001. Raman spectroscopic analysis
of the speciation of dilute chromate solutions. Corros. Sci. 43, 1557-1572.

Revellame, E.D., Fortela, D.L., Sharp, W., Hernandez, R., Zappi, M.E., 2020. Adsorption
kinetic modeling using pseudo-first order and pseudo-second order rate laws: a
review. Clean. Eng. Technol 1, 100032.

da Rocha Junior, R.B., Meira, H.M., Almeida, D.G., Rufino, R.D., Luna, J.M., Santos, V.A.,
Sarubbo, L.A., 2018. Application of a low-cost biosurfactant in heavy metal
remediation processes. Biodegradation 30, 215-233.

Salvucci, M.E., 1993. Covalent modification of a highly reactive and essential lysine
reside of ribulose-1,5-biphosphate carboxylase/oxygenase activase. Plant Physiol.
103, 501-508.

Seders, L., Fein, J.B., 2011. Proton binding of bacterial exudates determined through
potentiometric titrations. Chem. Geol. 285, 115-123.

Shupack, S.I., 1991. The chemistry of chromium and some resulting analytical problems.
Environ. Health Perspect. 92, 7-11.

Song, Z., Kenney, J.P.L., Fein, J.B., Bunker, B.A., 2012. An X-ray absorption fine structure
study of au adsorbed onto the non-metabolizing cells of two soil bacterial species.
Geochim. Cosmochim. Acta 86, 103-117.

Sullivan, L., Yu, Q., Shrout, J.D., Fein, J., 2024. Characterization of bacterial exudates
through potentiometric titrations. Geomicrobiol J. 41 (2), 172-182.

Sullivan, L.C., Boyanov, M.I., Wright, J.T., Warren, M.C., Kemner, K.M., Fein, J.B., 2022.
Reduction of selenite by bacterial exudates. Geochim. Cosmochim. Acta 338,
154-164.

Thacker, U., Parikh, R., Shouche, Y., Madamwar, D., 2007. Reduction of chromate by
cell-free extract of Brucella sp. isolated from Cr (VI) contaminated sites. Bioresour.
Technol. 98, 1541-1547.

Thatoi, H., Das, S., Mishra, J., Rath, B.P., Das, N., 2014. Bacterial chromate reductase, a
potential enzyme for bioremediation of hexavalent chromium: a review. J. Environ.
Manag. 146, 383-399.

Wan, K.M., Nickerson, J.A., Krockmalnic, G., Penman, S., 1999. The nuclear matrix
prepared by amine modification. Proc. Natl. Acad. Sci. 96, 933-938.

Weber, W.J., Morris, J.C., 1963. Kinetics of adsorption on carbon from solution. J. Sanit.
Eng. Div. 89, 2.

Wilson, W.W., Wade, M.M., Holman, S.C., Champlin, F.R., 2001. Status of methods for
assessing bacterial cell surface charge properties based on zeta potential
measurements. J. Microbiol. Methods 43, 153-164.

Yan, B.Z., Chen, Z.F., 2019. Influence of pH on Cr(VI) reduction by organic reducing
substances from sugarcane molasses. Appl Water Sci 9, 61.

Yu, Q., Fein, J.B., 2015. The effect of metal loading on Cd adsorption onto Shewanella
oneidensis bacterial cell envelopes: the role of sulfhydryl sites. Geochim.
Cosmochim. Acta 167, 1-10.

Yu, Q., Fein, J.B., 2017a. Controls on bacterial cell envelope sulfhydryl site
concentrations: the effect of glucose concentration during growth. Environ. Sci.
Technol. 51, 7395-7402.

Yu, Q., Fein, J.B., 2017b. Enhanced removal of dissolved Hg(II), Cd(II), and au(IIl)from
water by Bacillus subtilis bacterial biomass containing elevated concentration of
sulfhydryl sites. Environ. Sci. Technol. 51, 14360-14367.

Yu, Q., Szymanowski, J., Myneni, S.C.B., Fein, J.B., 2014. Characterization of sulthydryl
sites within bacterial cell envelopes using selective site-blocking and potentiometric
titrations. Chem. Geol. 373, 50-58.

Yu, Q., Boyanov, M.L, Liu, J., Kemner, K.M., Fein, J.B., 2018. Adsorption of selenite onto
Bacillus subtilis: the overlooked role of cell envelope sulfhydryl sites in the microbial
conversion of Se (IV). Environ. Sci. Technol. 52, 10400-10407.

Yu, Q., Mishra, B., Fein, J.B., 2020. Role of bacterial cell surface sulfhydryl sites in
cadmium detoxification by Pseudomonas putida. J. Hazard. Mater. 391, 122209.

Zakaria, A.A., Aruleswaran, N., Kaur, S., Ahmad, W.A., 2007. Biosorption and
bioreduction of Cr(VI) by locally isolated Cr-resistant bacteria. Water Sci.Technol.
56, 117-123.


http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0150
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0150
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0150
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0155
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0155
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0155
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0160
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0160
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0165
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0165
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0165
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0170
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0170
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0170
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0170
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0175
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0175
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0175
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0180
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0180
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0180
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0185
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0185
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0185
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0190
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0190
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0195
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0195
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0195
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0200
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0200
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0200
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0205
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0205
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0205
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0210
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0210
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0210
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0215
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0215
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0215
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0220
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0220
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0220
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0225
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0225
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0230
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0230
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0235
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0235
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0235
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0240
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0240
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0245
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0245
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0245
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0250
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0250
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0250
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0250
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0255
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0255
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0255
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0255
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0260
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0260
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0265
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0265
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0270
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0270
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0270
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0275
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0275
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0275
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0280
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0280
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0280
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0285
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0285
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0290
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0290
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0295
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0295
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0295
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0300
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0300
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0305
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0305
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0305
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0310
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0310
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0310
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0315
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0315
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0315
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0320
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0320
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0325
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0325
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0330
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0330
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0330
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0335
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0335
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0340
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0340
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0340
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0345
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0345
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0345
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0350
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0350
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0350
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0355
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0355
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0355
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0360
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0360
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0360
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0365
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0365
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0370
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0370
http://refhub.elsevier.com/S0009-2541(24)00379-6/rf0370

	The role of cell surface sulfhydryl and amine binding sites in the removal of Cr(VI) from solution by Bacillus subtilis bac ...
	1 Introduction
	2 Methods
	2.1 Bacterial biomass growth and preparation
	2.2 Chromium removal experiments
	2.3 Kinetics experiments
	2.4 pH effects
	2.5 Reversibility experiments
	2.6 Exudate experiments
	2.7 Site blocking experiments
	2.8 Total dissolved Cr analyses

	3 Results and discussion
	3.1 Chromium removal by Bacillus subtilis cells and exudates
	3.2 Sulfhydryl and amine sites involvement in Cr(VI) reduction

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


