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cysteine and iron mineral
adsorption limit cadmium mobility during
metabolic activity of Geobacter sulfurreducens†

E. J. Tomaszewski, *ab L. Olson,a M. Obst, c J. M. Byrne, ad A. Kappler a

and E. M. Muehe ae

Cadmium (Cd) adversely affects human health by entering the food chain via anthropogenic activity. In

order to mitigate risk, a better understanding of the biogeochemical mechanisms limiting Cd mobility in

the environment is needed. While Cd is not redox-active, Cd speciation varies (i.e., aqueous, complexed,

adsorbed), and influences mobility. Here, the cycling of Cd in relation to initial speciation during the

growth of Geobacter sulfurreducens was studied. Either fumarate or ferrihydrite (Fh) was provided as an

electron acceptor and Cd was present as: (1) an aqueous cation, (2) an aqueous complex with cysteine,

which is often present in metal stressed soil environments, or (3) adsorbed to Fh. During microbial Fe(III)

reduction, the removal of Cd was substantial (�80% removal), despite extensive Fe(II) production (ratio

Fe(II)total : Fetotal ¼ 0.8). When fumarate was the electron acceptor, there was higher removal from

solution when Cd was complexed with cysteine (97–100% removal) compared to aqueous Cd (34–50%)

removal. Confocal laser scanning microscopy (CLSM) demonstrated the formation of exopolymeric

substances (EPS) in all conditions and that Cd was correlated with EPS in the absence of Fe minerals

(r ¼ 0.51–0.56). Most notable is that aqueous Cd was more strongly correlated with Geobacter cells

(r ¼ 0.72) compared to Cd–cysteine complexes (r ¼ 0.51). This work demonstrates that Cd interactions

with cell surfaces and EPS, and Cd solubility during metabolic activity are dependent upon initial

speciation. These processes may be especially important in soil environments where sulfur is limited and

Fe and organic carbon are abundant.
Environmental signicance

Cadmium (Cd) in phosphorus-based fertilizers is mobile in soils and can bioaccumulate in crops. Long-term consumption of contaminated food causes several
health problems. Therefore, it is imperative that factors controlling themobility and biogeochemical cycling of Cd in soils are understood. Here, we demonstrate
that initial speciation (aqueous, complexed or adsorbed) directly impacts the fate of Cd during microbial metabolism, inuencing the extent of Cd removal from
solution, and the association of Cd with biomass, as shown using confocal laser scanning microscopy. This work highlights the importance of metal speciation
in relation to microbial metabolism and trace metal fate, even in cases of non-redox active metals.
Introduction

Cadmium (Cd) is a toxic, non-redox-active metal that can enter
soils through the use of low-quality phosphate fertilizers,1–3

and/or anthropogenic waste, such as mining and smelting
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waste.4,5 Due to its relatively stable electronic conguration as
Cd2+ ([Kr] 4s2 3d10), Cd does not readily oscillate between
oxidation states in the environment. Once in soils, Cd can
bioaccumulate in plants, including foodstuffs such as rice and
wheat.6,7 The consumption of Cd leads to a wide variety of
health problems, the most infamous of which is itai–itai
disease, which emerged in Japan in the 1940's and 50's. This
disease induces extreme spinal deformation and pain, caused
by the substitution of calcium by Cd into human bone.8,9 Today,
Cd contamination is once again a human health issue, espe-
cially in China where Cd soil concentrations range from 0.003 to
9.57 mg kg�1.4

There are many constituents of soil matrices with which Cd
can interact, such as carbonate minerals, sulde minerals and
iron (Fe) (oxyhydr)oxide minerals.7,10–13 Recently, the solubility
Environ. Sci.: Processes Impacts
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of Cd has been closely linked to the transformation of transition
metal (oxyhydr)oxides, highlighting the importance of these
phases for Cd biogeochemical cycling in soils.12 In addition to
limiting solubility, the adsorption of Cd onto phases such as
ferrihydrite (Fh) (Fe10O14(OH)2) can also limit the bioavailability
of Cd to certain plant species.14 Fe(III)-reducing bacteria, such as
Geobacter sulfurreducens, play an important role not only in the
biogeochemical cycling of Fe and carbon in soil environments,
but also of trace metals and metalloids, such as chromium (Cr)
and arsenic (As), that may be adsorbed to high surface area,
reactive Fe minerals. There have been many studies which
examine microbial Fe metabolism in relation to Cr and As,15–18

but relatively few examining the fate of Cd during microbial Fe
metabolism.13,19

In addition to adsorption processes with Fe(III) (oxyhydr)
oxides and other mineral phases, Cd can also form aqueous
phase complexes with organic matter (OM)3 and smaller organic
carbon molecules such as cysteine.2,20 Cysteine is a small amino
acid that is oen associated with metallothionein proteins that
are active in vivo in removing heavy metals via the thiol moiety.20

Cadmium can form complexes with cysteine via this moiety and
the presence of cysteine can mitigate Cd toxicity for microbial
species such as Escherichia coli and tobacco plant species.21,22

This thiol moiety is also capable of binding other chalcophilic
metals such as mercury (Hg) and the complexation of Hg with
cysteine has been linked to higher rates of cellular uptake and
methylation in G. sulfurreducens and other species.23,24 The fate
of Cd when complexed with cysteine during the metabolic
processes of G. sulfurreducens remains poorly understood.

Understanding the fate of Cd during microbial metabolic
processes is important because the interaction of this heavy
metal with biomass can have profound effects on its solubility
and mobility. Although some heavy metals can be used as
a terminal electron acceptor25,26 and metal-responsive genes are
present in G. sulfurreducens,27 this microbial species can still be
subject to heavy metal stress and toxicity. Microorganisms
exhibit several types of stress response pathways toward heavy
metals, such as exportation out of cells or intra/extracellular
complexation. Heavy metals may inhibit the metabolic activity
of soil microbes, which can alter the extent of carbon cycling
and lead to the accumulation of OM at the surface soils.28 This
change in carbon cycling could directly impact the fate of Cd by
leading to increased Cd–OM complexation and/or formation of
mineral surface ternary Cd–OM complexes.3,29 Other possible
stress responses of microbial species to heavy metals include
the formation of poorly soluble metal complexes, the binding of
metals to cells walls or proteins and the production of exopo-
lymeric substances (EPS) as sorbents to lower the dissolved
concentration of the toxic metal.28

The goal of this work was to examine how the initial speci-
ation of Cd can inuence the mobility of this metal during
metabolic activity. The initial Cd species studied included: (1)
aqueous Cd, (2) Cd complexed with cysteine and (3) Cd adsor-
bed to ferrihydrite. Cysteine was used as a small organic
molecule for Cd complexation due to the fact that it is oen
produced by plants30,31 and/or present on important metal
detoxication metallothionein proteins.32,33 G. sulfurreducens
Environ. Sci.: Processes Impacts
was exposed to these different Cd species while growing on
either acetate and fumarate or acetate and the Fe(III) mineral
ferrihydrite.
Methods
Microbial cultivation

Geobacter sulfurreducens strain PCA was grown in a 22 mM
HCO3

� pH 7.0 buffered growth medium, containing NH4Cl
(5.5 mM), MgSO4$7H2O (2 mM), KH2PO4 (3.5 mM), CaCl2$2H2O
(0.68 mM) and NaCl (3.45 mM). Supplements added for growth
include a selenium tungstate solution (SeW),34 a trace element
solution,35 and a 7-vitamin solution.36 Growth medium was
prepared anoxically and under sterile conditions according to
Widdel et al.34 During pre-culture growth, acetate (25 mM) was
supplied as an electron donor and fumarate (40 mM) as an
electron acceptor. Cultures were grown for 5 days until the late
log phase, in the dark at 30 �C prior to inoculation for micro-
cosm experiments. Separate stock cultures were used for Fe and
fumarate microcosms, containing 2.7 � 108 cells per mL for Fe
microcosm experiments and 1.2� 108 cells per mL for fumarate
microcosm experiments, as determined by ow cytometry.
Microcosm experiments

For Fe microcosm experiments, ferrihydrite was synthesized by
rapidly titrating 0.5 M ferric chloride (FeCl3) with 1 M KOH to
a nal pH of 7, while not exceeding pH 7.5. The resulting slurry
was centrifuged and resuspended four times with deionized
water. Aer the last centrifugation step, ferrihydrite was resus-
pended in ultrapure water (18.2 MU cm�1) in a 100 mL glass
serum vial. The vial was sealed with a butyl stopper the head-
space was exchanged with N2. The stock concentration of the
ferrihydrite was veried via dissolution in 6 M HCl and analysis
using the ferrozine method.37

Microcosm experiments were growth experiments, where
changes in either gene copy numbers or cell numbers were
measured. Fe microcosm experiments were prepared in tripli-
cate in 50 mL glass serum bottles, which were sterilized via acid
washing (1 M HCl) and baking (4 h, 180 �C) prior to use. The
medium used was a 10 mM PIPES (1,4 piper-
azinediethanesulfonic acid) buffered growth medium (pH 6.8),
containing the same ions, trace metals and nutrients as the pre-
culture growth medium with the exception of KH2PO4 which
was reduced from 3.5 mM to 0.05 mM, to limit precipitation of
Cd with PO4, a change which also inuences the precipitation of
Fe(II) phases. Acetate (10 mM), ferrihydrite (10 mM) and Cd as
CdCl2 (100 mMor 11mg L�1) were added to serum vials 24 hours
prior to inoculation with cells. This concentration of Cd was
chosen for Fe microcosms because it has been previously
demonstrated Geobacter sulfurreducens tolerates this concen-
tration of Cd without the expense of diminishing Fe(III) reduc-
tion.13 Furthermore, 100 mM Cd gives rise to an aqueous/
bioavailable amount of Cd oen found in the environment.19

Aer 24 hours, 82 � 1.2% of the added Cd was adsorbed to the
Fe solid. Geobacter sulfurreducens cells (2.7 � 107 cells per mL)
were then added to microcosms for a total of 40 mL and
This journal is © The Royal Society of Chemistry 2020
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incubated in the dark at 30 �C for 14 days. Microcosm reactors
were sampled in an anoxic chamber (MBraun; 100% N2) to
preserve Fe(II) during sampling.

For microcosm experiments where fumarate was used as the
electron acceptor (i.e., no Fe present), the same growth medium
as described for Fe microcosms was employed and reactors
were also prepared in 50 mL sterile glass serum vials, in tripli-
cate. Acetate (25 mM) was used as the electron donor and
fumarate (40 mM) was used as the electron acceptor. Cadmium
was added to microcosms 24 hours prior to inoculation with
cells, either in the presence or absence of 2 mM cysteine,
ensuring all reactants were in serum vials before cell addition.
Cysteine was in excess compared with Cd (20 times more
cysteine) to ensure complete complexation of Cd would occur
and no other possible ligands were present prior to inoculation
with cells. Two different Cd concentrations were tested in
fumarate microcosm experiments, 5.6 mg L�1 (50 mM) or
11 mg L�1 (100 mM) in order to account for the likely intolerance
of Geobacter sulfurreducens to Cd in the absence of Fe. Aer 24
hours, Geobacter sulfurreducens cells (1.2 � 107 cells per mL)
were added to microcosms for a total of 40 mL and incubated in
the dark at 30 �C for 14 days. Microcosms were sampled in
a sterile and anoxic manner on the bench top.
Analytical methods

For Fe microcosm experiments, samples for aqueous Fe(II)
analysis were centrifuged for 10 minutes at 14 000 rpm in the
anoxic chamber and the supernatant was then diluted in 1 M
HCl. The remaining supernatant was discarded and the solid
pellet was dissolved in 6 M HCl in order to determine total Fe
and solid Fe(II). Prior to bringing the samples outside of the
anoxic chamber, samples were diluted in 1 M HCl to avoid Fe(II)
oxidation by O2.38 The concentration of Fe in all of the afore-
mentioned samples was measured using the ferrozine
method.37 16S rRNA gene copy quantities were determined by
extracting DNA from samples stored at�20 �C using the DNeasy
Power Soil kit (QIAGEN) according to the manufacturers
protocol and quantitative polymerase chain reaction (q-PCR)
and analysis with SsoAdvanced Universal SYBR Green Super-
mix (Bio-Rad-Laboratories, Hercules, CA, USA) using a q-PCR
cycler (Bio-Rad, Hercules, CA, USA). This method was chosen
due to the limited interference with Fe minerals during anal-
ysis. The supernatant from centrifuged samples was used for
aqueous Cd quantication. Aqueous Cd was determined using
microwave plasma atomic emission spectroscopy (MP-AES)
(Agilent 4200). For fumarate microcosm experiments, cell
numbers were determined using ow cytometry. Briey,
samples (3 mL) were prepared under sterile conditions in ster-
ilized Eppendorf tubes with 10 mM PIPES buffer (194 mL) and
BactLight green dye (2 mL) (Thermo Fischer). Samples (65 mL)
were then pipetted into a 96-well plate and analyzed in tech-
nical, as well as biological triplicates, along with positive (cells
from stock cultures) and negative controls (PIPES buffer only).
For aqueous Cd, samples were centrifuged (14 000 rpm, 10
minutes) and Cd concentration was determined from the
supernatant using MP-AES.
This journal is © The Royal Society of Chemistry 2020
Confocal laser scanning microscopy and data analysis

For confocal laser scanning microscopy (CLSM) experiments,
separate duplicate microcosm reactors were prepared. All pre-
culture growth conditions and experimental conditions were
as similar as possible to previous microcosm experiments.
Aqueous Cd geochemistry results from microcosm experiments
for CLSM experiments are shown in Fig. S1.† Only one
concentration of Cd (11 mg L�1) was used in the fumarate
cultures for these experiments, to ensure Cd detection would
not be an issue and to have similar concentration between
fumarate and Fe cultures for this analysis.

Samples (100 mL) were taken from the aqueous phase of
cultures and stained with 1 mL of two 1 mg mL�1 Lectin-Alexa
Fluor conjugate solutions, ConA-Alexa 633 (excitation 635 nm,
detection 645–700 nm) and WGA-Alexa 555 (excitation 561 nm,
detection 566–620 nm), as well as 1 mL of Syto 40 (excitation
405 nm, detection 420–480 nm). The ConA-Alexa 633 is expected
to stain alpha-mannopyranosyl and alpha-glucopyranosyl
compounds, and WGA-Alexa 55 is expected to stain N-acetyl-
glucosamine and N-acetylneuraminic acid residues. The Syto 40
stain reacts with DNA and is used to visualize cells. Samples
were not taken from any biolms on the bottom of vials. Aer
a 20 minute incubation period, 1 mL of the 1 mg mL�1 Cd-
sensitive uorescence dye (Heliosense, HS010-002-1, excitation
488 nm, emission 500–550 nm) was added and samples were
incubated for an additional two minutes. For control samples
with no Cd, a dilution of 1 : 10 was used for the Cd heliosense
dye to sample in order to minimize uorescence interference
from the background. Samples from Fe cultures were stained in
an anoxic chamber with a N2 atmosphere. Image stacks (44� 44
mm with 1024 � 1024 pixels) were obtained in sequential mode
using an upright Leica TCS SPE system equipped with four solid
state lasers (405, 488, 456, 635 nm) with an ACS APO 63� water
immersion CS objective (Leica Microsystems, Wetzlar, Ger-
many). The reection signal was measured using the 488 nm
laser. The pinhole was set to 0.5 Airy units to optimize lateral
and axial resolution at the cost of uorescence intensity. The
pixel size of 42.7 � 42.7 nm2 ensures Nyquist sampling at the
optical resolution limit of the system and allows for high quality
correlation analysis. Five to six image stacks were acquired for
each sample condition. Blind deconvolution was applied to all
3D image stacks using the Auto-Quant™ deconvolution algo-
rithm without background subtraction and rescaling. Fiji, an
open source image analysis soware (https://ji.sc/), was used
for data handling, visualization and statistical analysis.39,40

Scatterplots for correlation analysis were made using the Scat-
terJ plugin.41
Results and discussion
Cd geochemistry during microbial Fe(III) reduction

The percentages of Cd removed from solution in all setups is
relative to the initial total Cd measured (Fig. S2†). In Fe micro-
cosm experiments, aer the rst day of incubation with cells, 97
� 0%of the total Cd was removed from solution (Fig. 1); however,
in the abiotic control (i.e., no cells), only 79 � 3% of the total Cd
Environ. Sci.: Processes Impacts
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Fig. 1 Removal of Cd (%) from solution in Fe microcosm experiments.
Cd–Fh + cells (closed red squares) represents microcosms where
11 mg L�1 Cd was initally primarily adsorbed to Fh and Geobacter
sulfurreducens cells were added. Day 0 was taken before the addition
of cells. Cd–Fh, no cells (open red squares) represents microcosms
where no cells were added to reactors containing Cd adsorbed to Fh.
Error bars represent standard deviation of triplicate reactors.
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was removed aer the rst 24 hours. As a result ofmicrobial Fe(III)
reduction, an increase of Fe(II)total : Fetotal (from 0 to 0.05� 0.003)
was observed, which could have led to a Fe(II) catalyzed trans-
formation of ferrihydrite to initially more crystalline phases, such
as goethite (a-FeOOH) or magnetite (Fe3O4) (Fig. 2). Mineral
transformation would likely decrease the surface area as well as
the adsorption capacity of the mineral phase,42,43 such that an
increase in aqueous Cd is expected, and thus, a lower % removal
of Cd from solution. However, the opposite trend in Cd behavior
was observed, with an initial increase in the % removal of Cd in
the rst 24 hours of incubation (Fig. 1). Therefore, this increase in
Fig. 2 Ratio of total Fe(II) : total Fe during microbial Fe(III) reduction by
Geobacter sulfurreducens. Fh + cells, no Cd (black circles) represents
microcosms with Geobacter sulfurreducens cells and Fh but no Cd.
Cd–Fh + cells (red squares) represents microcosms where 11 mg L�1

Cd was initally primarily adsorbed to Fh and Geobacter sulfurreducens
cells were added. Fe(II) and Fe total were quantified via the ferrozine
method. Error bars represent the standard deviation of triplicate
reactors.

Environ. Sci.: Processes Impacts
% removal of Cd is more likely due to an interaction with
biomass, rather than the mineral phase, as discussed later.

Throughout the experiment, the extent of Cd removal
decreased from 97 � 0% at day 1 to 87 � 1.2% at day 14 (Fig. 1).
During this Cd release, the ratio of Fe(II)total : Fetotal steadily
increased, reaching 0.82 � 0.04 in the presence of Cd by day 14
(Fig. 2). This considerable microbial Fe(III) reduction lead to
mineral transformation (based on color change observations,
Fig. S3†) and a small release of Cd into solution. Following
extensive microbial Fe(III) reduction, less than 15% (12.4% �
1.2) of Cd was detected in solution aer 14 days (Fig. 1). Further
examination of the aqueous Cd species measured (i.e., deter-
mining aqueous Cd–organic carbon phases, Cd–PO4

3� or Cd–
CO3

2� complexes) was not performed. Calculations using Visual
MINTEQ demonstrated the majority (ca. 80%) of Cd would be
present as Cd2+ or CdCl+ at equilibrium in the absence of
cysteine. Only 12% of Cd would be present as an aqueous
CdHPO4

� complex and the remaining Cd species would be less
than 5% each. The precipitation of CdCO3 is expected to be
minimal at equilibrium. While speciation is certainly impor-
tant, here we focused on understanding how initial speciation
ultimately inuences solubility and interactions with biomass.
This limited concentration of aqueous Cd is similar to what has
been observed in microbial Fe(III) reduction experiments with
other Geobacter species, Geobacter metallireducens GS-15 and
Geobacter sp. Cd1, a Cd resistant strain.13 In comparison to
these two strains, more microbial Fe(III) reduction occurred
when Geobacter sulfurreducens was used in this study, with 82 �
4% observed here compared to �20–70% previously.13 It must
be noted that higher initial cell numbers (2.7 � 107 cells per
mL) were used in this growth study compared to the previous
study (5� 105–106 cells per mL), which could be one reason why
a higher extent of microbial Fe(III) reduction occurred here.
Nevertheless, it is interesting that a similar trend in aqueous Cd
behavior was observed for both Geobacter sp. Cd1 and Geobacter
sulfurreducens during microbial Fe(III) reduction in this study,
despite the differences in initial cell numbers and differences in
the extent of microbial Fe(III) reduction.13 These ndings here
highlight that Fe minerals are a strong sink for Cd, even under
highly reduced conditions, despite the fact that incorporation
of Cd into the lattice structure of Fe(III) (oxyhydr)oxides is in
theory limited due to the relatively large hydrated ionic radius of
Cd(II) (95 pm), compared to that of Fe(II) (78 pm) and Fe(III) (65
pm).44
The mobility of Cd in the presence and absence of cysteine

In addition to Cd adsorbed to ferrihydrite, two other initial Cd
species, at two different Cd concentrations (5.6 and 11 mg L�1),
were examined during the growth of Geobacter sulfurreducens
using fumarate as an electron acceptor: aqueous Cd and Cd
complexed with cysteine. As stated, two different concentra-
tions of Cd were used in fumarate microcosms because the Cd
tolerance was expected to be lower in the absence of Fe.

In microcosms containing initially aqueous Cd without
cysteine, there was a steady removal of Cd from solution from
day 1 to 5 when the total Cd concentration was 11 mg L�1
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Removal of Cd from solution during the growth of Geobacter
sulfurreducenswhen Cd was initially an aqueous cation (blue triangles,
green diamonds) and complexed with cysteine (open blue triangles,
open green diamonds). All data shown is from reactors with cells.
Abiotic controls (no cells) are shown in ESI (Fig. S4†). Samples for day
0 were taken before the addition of cells. Cd concentrations were
quantified with MP-AES. Error bars represent standard deviation of
triplicate reactors.
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(Fig. 3). However, aer day 5 only an average of 48 � 2.6% of the
total Cd was removed from solution. In microcosms containing
5.6 mg L�1 Cd, Cd removal from solution did not begin until day
3, reached 48� 2.3% by day 5 but stabilized at 33� 1.5% by day
10 (Fig. 3). At both concentrations of aqueous Cd, aer day 5
when the amount of Cd removed from solution began to
decrease, cell numbers also began to decrease (Fig. 4). One
theory behind this correlation is that potentially cells lysed due
to toxicity effects, which liberated 8–14% Cd (#1.12 mg L�1)
into solution (Fig. 3). This process would mean aqueous Cd was
highly available to biomass during the rst ve days of growth.
Therefore, Cd was in proximity of cell surfaces, allowing for
adsorption to cell walls or potentially cellular uptake, both of
which will be discussed further later. The release of Cd aer
initial removal was not observed in microcosms with Cd–
cysteine complexes, and therefore it seems when Cd is initially
present as an aqueous cation it is moremobile duringmicrobial
Fig. 4 Cellular growth as demonstrated by Geobacter sulfurreducens
5.6 mg L�1 and 11 mg L�1 Cd, respectively. Cell numbers were determine
Error bars represent standard deviations.

This journal is © The Royal Society of Chemistry 2020
metabolism compared to when it is initially present as an
aqueous cysteine-complex.

Conversely, when Cd was initially complexed with cysteine,
regardless of the initial concentration, extensive and rapid
removal of Cd from solution was observed during incubation
with cells, with 94 � 3.1% Cd removal in microcosms with
5.6 mg L�1 Cd and 65� 3.4% of Cd removal in microcosms with
11 mg L�1 Cd aer 1 day (Fig. 3). By the end of the 14 day
incubation, 97–100% Cd removal was measured in all micro-
cosms containing Cd–cysteine complexes, regardless of
concentration. Microcosm reactors were well mixed prior to
sampling, and abiotic controls did not show the same near
complete removal of Cd from solution in the presence of
cysteine, occurring by day 3 (Fig. S4†). Therefore, there is a clear
combined effect of Cd complexation with cysteine and subse-
quent interaction with biomass on the removal of Cd from
solution. One possibility for the extensive removal of Cd in this
system is the formation of CdS nanoparticles. Studies have
shown microbial species such as Escherichia coli can enzymat-
ically degrade cysteine to produce dissolved sulde, which in
turn forms nanoparticles with chalcophilic metals such as
Hg.45–47 Specically, the production of 13–20 mM sulde by G.
sulfurreducens in the presence of 100–1000 mM cysteine led to
the precipitation of HgS nanoparticulate phases.46 Here, we
used a much higher concentration of cysteine (2 mM), which
has been shown to limit HgS precipitation at 50 nM Hg
concentrations.45 While our concentrations of cysteine and Cd
were higher than these studies, we cannot rule out the possi-
bility that CdS nanoparticles formed and became associated
with biomass (i.e., cells and/or EPS), contributing to the exten-
sive removal of Cd from solution. Other potential removal
mechanisms are discussed further below.
Potential cellular adsorption and uptake of Cd

There are several potential mechanisms which may be respon-
sible for the removal of Cd from solution in all three experi-
mental setups investigated here. First, the adsorption of Cd to
cell walls can occur through carboxyl, phosphoryl, sulydryl or
hydroxyl functional groups present on cell surfaces.48–51 At
cell numbers. Panels (A) and (B) represents data from reactors with
d using flow cytometry and results shown are from triplicate reactors.

Environ. Sci.: Processes Impacts
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Fig. 5 Confocal laser scanning microscopy images of samples taken
from Fe microcosoms without Cd (A and B) and with Cd (C and D).
Colored images represent fluorescence channels, with the sum of
ConA and WGA lectins in red, the Syto 40 stain in green and the Cd
heliosense stain in blue. Black and white images are transmission data
of the same area wherein the contrast is dominated by the absorbance
of the Fe-minerals. Scale bars are 5 mm.
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pH 6.8, it is expected that carboxyl (pKa y 4.6) and phosphoryl
(pKa y 6.6) groups are to some extent deprotonated and are
therefore the major functional groups able to bind Cd.49,52 At
low metal loadings (i.e., 25 mmol Cd/g bacteria), sulydryl
groups have been shown to be responsible for nearly all of Cd
binding to cells, even though these sites only comprise 5% of
total available sites.53–55 However, in the systems discussed here,
the metal loading is beyond the range where sulydryl groups
have been shown to dominate Cd adsorption processes to cells
and are therefore not considered in these present calculations.
The equilibrium constants for the binding of Cd by carboxyl and
phosphoryl functional groups has already been established
using potentiometric techniques, and the total site concentra-
tions are calculated based on the cell numbers (1 cell ¼ 10�12 g)
and carboxyl and phosphoryl site densities.49,56 These site
densities for cell walls are not specic to G. sulfurreducens but to
Gram-negative bacteria, that in theory should have similar cell
surface structures. In order to calculate the concentration of Cd
adsorbed to cells, we used the equilibrium expression shown in
eqn (1) and assumed literature site density values.

Kads ¼ ½R� Si �Mþ�
aM2þ

�
R� Si

�� (1)

Here, Kads is the equilibrium constant for Cd binding with
carboxyl or phosphoryl functional groups, [R–Si–M

+] is the
concentration of Cd bound, aM

2+ is the activity of Cd and [R–Si
�]

is the concentration of binding sites. Gene copy numbers from
the Fe microcosm experiments (Fig. S5†) were used to estimate
cell numbers during growth. When the amount of Cd adsorp-
tion to cell surfaces was calculated for Fe microcosm experi-
ments, <1 mM Cd likely was bound the cell surface. Therefore,
although Cd adsorption to cell surfaces was possible, these
calculations suggest it was not the dominant mechanism
driving Cd cycling during microbial Fe(III) reduction at this
concentration investigated. However, correlation analysis from
CLSM results demonstrates there exists a slight correla-
tion between Cd and the cells, visualized by the Syto-40 stain
(r ¼ 0.43 � 0.06) (Fig. 5). From these experiments, however, we
cannot conclude whether the functional groups binding Cd are
associated with the outer membrane, lipopolysaccharides or
a closely bound glycocalyx around the cell. To better understand
Cd-cell associations, an additional CLSM experiment was per-
formed using a lipid membrane specic dye (FM-4-64, 1 mg L�1;
Thermo Fisher Scientic) and is discussed further below.

Another mechanism by which Cd could be removed from
solution is via cellular uptake. Cell growth relative to cultures
without Cd suggests that cellular uptake of Cd was either
limited in Fe microcosm experiments or that the concentration
taken up was not extremely toxic (Fig. 2 and S5†). When
comparing 16S rRNA gene copy numbers of Geobacter sulfurre-
ducens during microbial Fe(III) reduction in the presence of
11 mg L�1 Cd and in the absence of Cd, there was a minimal
difference (Fig. S5†).There was clear growth in both sets of
cultures aer 24 hours of incubation, increasing from 2.7 � 107

to 1.2 � 108 gene copies per mL in the absence of Cd and to
2.3 � 108 gene copies per mL in the presence of Cd (Fig. S5†).
Environ. Sci.: Processes Impacts
Furthermore, the ratio of Fe(II)total : Fetotal in microcosms with
and without Cd was similar throughout the 14 day experiment
(Fig. 2), indicating the presence of Cd did not greatly affect the
rate or extent of microbial Fe(III) reduction. Whether or not
cellular uptake of 1.7 mg L�1 or 10% of total Cd occurred aer
24 hours of inoculation is unclear, but the trends in metabolic
activity suggest that the toxic effects of Cd were minimal with
respect to growth during microbial Fe(III) reduction of
ferrihydrite.

In microcosms where Cd was initially present as either an
aqueous cation or complexed with cysteine, the concentration
of Cd adsorbed to cell walls was calculated to be <2 mM
throughout the 14 day experiment. Therefore, at the concen-
trations of Cd investigated, adsorption to cell walls was not
expected to be the primary mechanism of Cd removal from
solution. However, the correlation between Cd and cells was
stronger compared to Fe cultures and the extent of this corre-
lation depends on the initial speciation of Cd. For example,
in the aqueous Cd cultures, Cd positively correlated with cells
(r ¼ 0.72 � 0.02) and micrographs illustrated a diffusion of Cd
throughout the image (Fig. 6). Individual cells were less
noticeable than in the Cd–cysteine system, as was the Syto 40
stain (shown in green) in general. The Syto 40 stain is active with
both DNA and RNA; thus, the depleted green color in these
images could elude to decreased microbial activity. This
decrease in microbial activity and DNA aligns with lower cell
numbers in aqueous Cd cultures and further illustrates the toxic
effect of aqueous Cd. Conversely, Cd correlated with cells in Cd–
cysteine cultures (r ¼ 0.51 � 0.05), and these cultures demon-
strated higher cell numbers compared to aqueous Cd counter-
parts. CLSM analysis, in conjunction with ow cytometry data,
shows that the complexation of Cd with cysteine leads to better
growth of G. sulfurreducens compared to the system with
initially aqueous Cd, as well as a lower association of Cd with
microbial cells.
This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/d0em00244e


Fig. 6 Confocal scanning laser microscopy images from fumarate
cultures with difference initial Cd species, aqueous Cd (A), Cd com-
plexed with cysteine (B) and no Cd (C). The sum of ConA and WGA
lectin stains are shown in red, the Syto 40 stain is shown in green and
the Cd heliosense stain is shown in blue. Scale bars are 5 mm.

Paper Environmental Science: Processes & Impacts

Pu
bl

is
he

d 
on

 1
0 

A
ug

us
t 2

02
0.

 D
ow

nl
oa

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

8/
19

/2
02

0 
2:

20
:1

9 
A

M
. 

View Article Online
Similar to the Fe cultures, the association of Cd with cells
could also be a result of the cellular uptake of Cd when fumarate
is the electron acceptor. For example, the complexation of
cysteine with metals such as mercury (Hg) and Cd can increase
cellular uptake of metals into microbial and phytoplankton
cells.23,57 Specically, when Hg was bound to cysteine, the extent
of Hg uptake and rate of methylation were both signicantly
higher for G. sulfurreducens compared to when Hg was bound to
other thiols.23 Thus, because Hg and Cd are in the same group
in the periodic table it is possible that these metals have similar
chemical behavior and potentially similar mechanisms of
cellular uptake strategies by G. sulfurreducens. If this mecha-
nism of Cd removal was occurring, it would mean that the toxic
effects of Cd were somehow neutralized when complexed with
cysteine and taken up by cells because cell growth continued
throughout the 14 day experiment (Fig. 4). In fact, microcosms
containing Cd–cysteine complexes had a longer lag phase at
both 5.6 and 11 mg L�1 but clear growth trends were observed,
with cell numbers reaching 2.6 � 108 cells per mL and 8.6 � 107

cells per mL respectively (Fig. 4). Cellular concentrations of Cd
were not measured, but by estimating the density of cells (ca.
0.25 mm3 per cell), the theoretical concentration of Cd in a cell
was calculated to be 840 000 mg L�1 (750 mM) if all of the Cd
was taken up in the 5.6 mg L�1 Cd reactors, for example,
illustrating that complete uptake was impossible.

Although complete cellular uptake of Cd was impossible, an
additional CLSM experiment demonstrated a clear association
of Cd with cellular lipid membranes (Fig. S12 and S13†). The
FM-4-64 stain, specic to lipid membranes, was used in
conjunction with the CdHeliosense dye. In Fig. S12,† clear rings
of Cd around cell walls are visible and there is a distinct
correlation between Cd and the lipid membranes. Pearson's
correlation analysis demonstrated a strong correlation between
Cd and FM-4-64 (r ¼ 0.87), as well as Cd and cells (r ¼ 0.66)
(Fig. S13†). Conversely, the correlation between FM-4-64 and the
Syto 40 stain was not as strong as the other two at an r value of
0.35. These correlation analyses illustrate that, although the
This journal is © The Royal Society of Chemistry 2020
concentration of Cd bound to cell wall functional groups was
not calculated to be high, some Cd was clearly bound to cell
walls or to the closely bound glycocalyx. Furthermore, the CLSM
data conrms that there was likely little Cd within the cells, but
rather Cd surrounding cell structures.
The production and adsorption capacity of EPS

The nal potential mechanism of Cd removal from solution
discussed here is the adsorption of Cd to EPS, which is likely an
important mechanism in all systems studied. EPS have a three-
dimensional, gel-like and highly hydrated structure which can
be comprised of polysaccharides, proteins, nucleic acids and
phospholipids.58,59 In the environment biolms and ocs are
formed primarily of EPS and even in laboratory conditions EPS
production has been measured. Thus, EPS production seems to
be an important feature of survival, as many bacteria occur as
ocs and in biolms58–60 and may be particularly important in
the presence of toxic metals. EPS have similar carboxyl, phos-
phoryl and sulydryl binding sites for Cd as cell surfaces and
binding site concentrations have been reported in some cases to
be 20–30 higher on EPS compared to cell surfaces.53,61 In addi-
tion to these binding sites, protein and polysaccharide content
have also been shown to be important factors in the removal of
Cd from solution.52 When G. sulfurreducens was previously
grown on fumarate, the production of EPS was quantied
during both the exponential and stationary phase and was
determined to be made up primarily of proteins and
carbohydrates.62

Fluor Alexa stains ConA and WGA were used to stain glyco-
conjugates and the sum of these uorescence channels (via Fiji)
was used to represent a major fraction of EPS produced by these
cells. It must be noted that these lectin stains likely do not stain
all EPS but it is a good approximation.63 From CLSM analysis, it
is clear EPS is produced by G. sulfurreducens across all three
starting Cd conditions, as well as in Cd-free controls (Fig. 5 and
6). In the Fe cultures, there was not a strong correlation between
EPS and Cd (r ¼ 0.31 � 0.08) and it is clear from visual
inspection of CLSM images that the majority of the Cd was
associated with the Feminerals and not directly with either cells
nor necessarily EPS (Fig. 5). EPS was clearly observed associated
with the Fe minerals (Fig. 5), as expected.63 Nevertheless, the
additional removal of Cd in Fe cultures compared to the abiotic
control can still be attributed to association with biomass, even
though the adsorption of Cd onto cell walls was calculated to be
minimal and there was not a strong correlation between Cd and
EPS. For example, in the Fe system, a 15 � 1.2% increase in Cd
removal from solution was observed aer the rst 24 hours of
inoculation with cells, compared to only a 2 � 1.6% increase in
abiotic controls. Additional adsorption sites provided by EPS for
Cd could have contributed to the removal of Cd from solution,
even though there is not a strong correlation between Cd and
EPS in Fe cultures.

In the fumarate cultures, EPS was clearly present (Fig. 6) but
qualitatively more was observed in the Fe cultures. Thus, the
production of EPS by G. sulfurreducens is not necessarily in
direct response to the presence of Cd; however, the chemical
Environ. Sci.: Processes Impacts
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structure of the EPS produced may be different in the presence
of Cd and this merits further investigation. For example, in
cultures with Cd–cysteine complexes, a strong biolm formed
on the bottom of the serum vials aer 1 day of growth and this
was not broken up during sampling. This biolm that formed
Cd–cysteine reactors was in addition to the dense suspension of
biomass, from which CLSM samples were taken. It is important
to note that cysteine was in excess in relation to Cd in order to
ensure complete complexation of Cd. It was suggested that Cd
can form bidentate complexes with cysteine at circumneutral
pH;20 thus 1.8–1.9 mM cysteine is still available to be used by
microbes for other purposes, such as biomass production and
detoxication. Cysteine in particular is an important residue on
proteins responsible for heavy metal detoxication in both
plants andmicrobial species.21,64 Therefore, in the environment,
it is possible that excess cysteine may be produced by plant
species and a microbial community, not only limiting the
mobility of Cd but also providing excess cysteine to species such
as G. sulfurreducens. The excess cysteine in this system could
have been used in the formation of a robust biolm and/or EPS
with sulydryl groups, which could have contributed to the
extensive removal (97–100%) of Cd in this system (Fig. 3).
There exists a slight correlation between Cd and EPS in these
cultures (r ¼ 0.56 � 0.05), as well as in aqueous Cd cultures
(r ¼ 0.51 � 0.04), suggesting that EPS was adsorbing some Cd.
When a correlation analysis was done for individual lectin
stains vs. Cd, there was more of difference between the aqueous
Cd and Cd–cysteine systems, specically with respect to the
WGA stain. The WGA stain specically targets N-acetylglucos-
amine and N-acetylneuraminic acid residues.63 In the Cd–
cysteine system, WGA vs. Cd correlation analysis produced an
r value of 0.43 � 0.04; however, in the aqueous Cd system,
r ¼ 0.19 � 0.02. It is clear that Cd–cysteine complexes are
interacting differently with lectins, which could be inuencing
overall toxicity and mobility.

Conclusions

While Cd is not a redox-active metal, this work illustrates that
different geochemical species of Cd can have different fates
during microbial metabolism. When initially adsorbed to
a poorly crystalline Fe(III) (oxyhydr)oxide such as ferrihydrite,
>85% of the total Cd in the system remained associated with the
solid phase, even when�80% of the Fe(III) underwent microbial
Fe(III) reduction. The extent of this reduction may differ in the
environment, where different microbial species are present and
individual strain cell numbers differ; however, this work
demonstrates how strong the interaction between Cd and Fe
minerals can be, even during extensive (82 � 3%) Fe(III) reduc-
tion. Furthermore, this Cd–Fe mineral interaction appears to
ameliorate some of the toxic effects of Cd toward Geobacter
sulfurreducens, given that 16S rRNA gene copy numbers do not
change dramatically during growth in the presence of adsorbed
Cd.

In addition to the fate of Cd with Fe minerals during
microbial Fe(III) reduction, the fate of Cd complexed with
cysteine and aqueous Cd during the reduction of fumarate was
Environ. Sci.: Processes Impacts
also examined. From this work, it is clear that cysteine
increased the rate and extent of Cd removal from solution, with
97–100% removal regardless of the initial starting concentra-
tion. Although an increased lag phase was observed, microbial
growth prevailed in the Cd–cysteine system, especially
compared to the aqueous Cd system. Finally, CLSM data
demonstrated different degrees of correlation of Cd with cells
and EPS depending on the initial Cd speciation. Aqueous Cd
was more highly correlated with microbial cells and in the
presence of cysteine, the correlation of Cd with N-acetylglu-
cosamines was stronger. Overall, it is clear that cysteine and
Fe(III) minerals can limit Cd mobility during microbial metab-
olism, though the specic molecular biological mechanistic
details of these phenomena remain unclear.
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