
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

ScienceDirect

Geochimica et Cosmochimica Acta 180 (2016) 66–96
Binding of heavy metal ions in aggregates of microbial cells,
EPS and biogenic iron minerals measured in-situ using

metal- and glycoconjugates-specific fluorophores

Likai Hao a,⇑, Yuan Guo a, James M. Byrne b, Fabian Zeitvogel a, Gregor Schmid a,
Pablo Ingino a, Jianli Li c, Thomas R. Neu d, Elizabeth D. Swanner e,

Andreas Kappler b, Martin Obst f,⇑

aEnvironmental Analytical Microscopy, Center for Applied Geosciences, Eberhard Karls University Tübingen, Hölderlinstr. 12, 72074
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Abstract

Aggregates consisting of bacterial cells, extracellular polymeric substances (EPS) and Fe(III) minerals formed by Fe(II)-
oxidizing bacteria are common at bulk or microscale chemical interfaces where Fe cycling occurs. The high sorption capacity
and binding capacity of cells, EPS, and minerals controls the mobility and fate of heavy metals. However, it remains unclear to
which of these component(s) themetals will bind in complex aggregates. To clarify this question, the present study focuses on 3D
mapping of heavy metals sorbed to cells, glycoconjugates that comprise the majority of EPS constituents, and Fe(III) mineral
aggregates formed by the phototrophic Fe(II)-oxidizing bacteria Rhodobacter ferrooxidans SW2 using confocal laser scanning
microscopy (CLSM) in combination with metal- and glycoconjugates-specific fluorophores. The present study evaluated the
influence of glycoconjugates, microbial cell surfaces, and (biogenic) Fe(III) minerals, and the availability of ferrous and ferric
iron on heavy metal sorption. Analyses in this study provide detailed knowledge on the spatial distribution of metal ions in the
aggregates at the sub-lm scale, which is essential to understand the underlying mechanisms of microbe–mineral–metal interac-
tions. The heavy metals (Au3+, Cd2+, Cr3+, CrO4

2�, Cu2+, Hg2+, Ni2+, Pd2+, tributyltin (TBT) and Zn2+) were found mainly
sorbed to cell surfaces, present within the glycoconjugates matrix, and bound to the mineral surfaces, but not incorporated into
the biogenic Fe(III) minerals. Statistical analysis revealed that all ten heavy metals tested showed relatively similar sorption
behavior that was affected by the presence of sorbed ferrous and ferric iron. Results in this study showed that in addition to
the mineral surfaces, both bacterial cell surfaces and the glycoconjugates provided most of sorption sites for heavy metals.
Simultaneously, ferrous and ferric iron ions competed with the heavy metals for sorption sites on the organic compounds. In
summary, the information obtained by the present approach using a microbial model system provides important information
to better understand the interactions between heavy metals and biofilms, and microbially formed Fe(III) minerals and heavy
metals in complex natural environments.
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1. INTRODUCTION

Over a billion tons of toxic heavy metals (i.e. Cr, Co, Ni,
Cu, Zn, As, Cd, Hg, and Pb) have been released into the
environment over the last 30 years (Haferburg and Kothe,
2012), due to anthropogenic activities (Pacyna et al.,
2007). Once released into the environment, the mobility
and fate of heavy metals is controlled by a suite of linked
physical, chemical and microbiological processes. However,
microbial activity and metal behavior influence each other,
reflecting the physical overlap of microbial habitats and
reactive metal zones in the environment (Warren and
Haack, 2001). In such heterogeneous, complex systems it
is often challenging to unambiguously identify binding
and sorption sites and mechanisms for heavy metal species.
Previous studies revealed the heterogeneous spatial distri-
bution of heavy metals at the 100 lm scale in a biofilm
but further spatial resolution is lacking (Teitzel and
Parsek, 2003). Furthermore, imaging and quantifying the
in-situ spatial relationships of glycoconjugates, microbial
cell surfaces, and (biogenic) minerals, while simultaneously
accounting for the contribution of these components to
heavy metals sorption has proven difficult due to sample
disturbance during preparation. However, detailed knowl-
edge on the spatial distribution of heavy metal species in
aggregates and biofilms on the sub-lm scale is essential to
understand the contribution of microbe–mineral–metal
interactions to heavy metal sorption.

Various analytical microscopy approaches can be used
for quantitatively studying the distribution of heavy metals
in chemically fixed biological specimens (Denkhaus et al.,
2007). However, analytical (electron) microscopy studies
of cell-EPS-Fe(III)-mineral aggregates and biofilms are
experimentally challenging, as these complex and heteroge-
neous systems contain both soft organic matter and mineral
phases that are easily affected by artifacts from sample
preparation. Dehydration and critical point drying (CPD)
or embedding procedures often involve various types of sol-
vents and chemicals that can alter the distribution and con-
centration of the chemical constituents (Chang and
Rittmann, 1986; Schädler et al., 2008), and consequently
alter the native heavy metal sorption. Thus samples are best
studied under natural, hydrated conditions using an appro-
priate nondestructive, noninvasive approach such as scan-
ning transmission X-ray microscopy (STXM) (Kemner
et al., 2005; Templeton and Knowles, 2009), or confocal
laser scanning microscopy (CLSM) (Hao et al., 2013).

CLSM is a powerful tool for in-situ deciphering the 3D
structure, composition, dynamics, and reactivity of biofilms
(Bridier and Briandet, 2014; Neu and Lawrence, 2014a,b).
For example, coupled with fluorescence lectin-binding anal-
ysis (FLBA), it has been used to study the functional group
composition of glycoconjugates in microbial aggregates and
biofilms (Neu and Lawrence, 1999, 2003). It also has been
used to map the spatial distribution of metals in biofilms
(McLean et al., 2008), to localize the spatial distribution
of Zn2+ and active biomass in biofilms (Hu et al., 2005),
to evaluate the effect of Ni2+ on a natural river biofilm
(Lawrence et al., 2004), and to determine the heterogeneous
distribution of Ni2+, Zn2+, Fe3+ and Cd2+ in various
biofilms (Wuertz et al., 2000; Ueshima et al., 2008; Shumi
et al., 2009), using relatively poorly selective, commercially
available metal fluorescence probes. Other studies used
CLSM to show the heterogeneity of physicochemical
microenvironments in complex natural biofilms (Zhang
et al., 2011b; Reuben et al., 2014) and to measure pH with
specific pH-dependent fluorescent indicators in biofilms
(Hunter and Beveridge, 2005), and around Fe(II)-
oxidizing bacteria in-situ (Hegler et al., 2010), in microbial
biofilms by silica nanoparticle sensors (Hidalgo et al.,
2009). However, almost all studies were limited to imaging
cells or extracellular polymers (Chen et al., 2006, 2007), or
rather focused on the diversity and abundance of microbial
species, cell activity, and the composition of extracellular
polymeric substances (Halan et al., 2012). Because of a lack
of applicable, highly sensitive and selective metal fluores-
cent probes (Marx, 2013), metal distributions in wet envi-
ronmental samples have rarely been studied by CLSM
until recently. The development of highly selective and sen-
sitive metal fluorescence probes in the last years has allowed
for studying local heavy metal distributions and concentra-
tions in bacterial microenvironments (Hao et al., 2013;
Wessel et al., 2013; Schmid et al., 2014; Wu et al., 2014).

Many of these probes can be used for microscopic metal
localization in biological samples in combination with fluo-
rescence microscopy or CLSM (Nagano, 2010; Dean et al.,
2012; Vendrell et al., 2012; Yang et al., 2012). These com-
pounds therefore represent a novel possibility for in-situ

imaging of heavy metals sorbed to the cell surface, glyco-
conjugates, and biomineral components. Therefore, in this
study, novel, metal-specific, metal-induced rhodamine
spirolactam ring-opening ‘turn-on’-type fluorescent probes
(Beija et al., 2009; Yang et al., 2012) were screened
(Table 1). The strategies of how to select particularly speci-
fic and sensitive metal fluorescence probes for environmen-
tal research and in particular to map the distribution of
various heavy metal species such as Au3+, Cd2+, Cr3+,
CrO4

2�, Cu2+, Fe2+, Fe3+, Hg2+, Ni2+, Pd2+, TBT and
Zn2+ in cell-EPS-Fe(III)-minerals aggregates and biofilms
are discussed. These probes were used to map metal species
and compared the distribution to other constituents of cell-
EPS-Fe(III)-mineral aggregates formed by the anoxygenic,
phototrophic Fe(II)-oxidizing bacteria Rhodobacter

ferrooxidans strain SW2 as a proof-of-concept. The present
study detailed how spectral overlaps in both excitation and
the emission spectra can be minimized during simultaneous
staining of bacterial cells, metals, and glycoconjugates.
Here a labeling scheme using Syto 40� or Syto 9� for label-
ing DNA of bacterial cells, rodamine 6G and rodamine B
as the fluorophore in probes for labeling heavy metal
species, and Lectin-Alexa Fluor conjugates (Table 2) for
labeling glycoconjugates was developed (Hao et al., 2013;
Schmid et al., 2014; Wu et al., 2014). Various statistical
analysis approaches, namely correlation analysis, were used
on the resulting multi-dimensional datasets to determine
the differences in sorption behavior of the metal species.
Thus, the results of this study provide an important basis
of understanding that will help for predicting the stability
of heavy metals sorption under varying environmental
conditions: They describe – under in-situ conditions – the



Table 1
Specific metal fluorescent probes that were used in the staining scheme.

Mea Chemical formula Fluorophore Linker RYb

(%)
Exc

(nm)
Emd

(nm)
DLe (lM) DRf

(lM)
Solventg References

Fe3+

O

N

NN

N

O O

Rhodamine B Acetylacetone 84 570 592 0.004 lM 0.5–50 lM EtOH-H2O Zhang et al.
(2011a)

Fe2+

O

N

NN

O

N

N

Rhodamine B N,N-dimethylaminocinnamaldehyde 78 470 582 0.060 lM 0–20 lM THF-H2O Kumar et al.
(2011)
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KO3S

O

N+N B-

F F

BODIPY
cyanine

40-(amino-methylphenyl)-2,20,60,200-
terpyridine

10 569 635 0.012 lM 0.1–7 lM HEPES Li et al.
(2011)

Cu2+

O

N

NN

NH

O

H
N

S

Rhodamine B n-Butyl isothiocyanate 68 510 580 0.16 lM 0.08–
2.5 lM

CH3CN-HEPES Yu et al.
(2008)
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Cu2+bc
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Rhodamine
6G

2,4-dihydroxybenzaldehyde 90 480 545 0.1 lM 0.05–5 lM HEPES Xi et al. (2010)

Cu2+bc
O

N

O

H
N

H
N

N N

N

Rhodamine
6G

2-acetyl-(1,4)-benzodiazine 80 520 545 0.04 lM 0.5–1 lM PBS Yu et al. (2009)

Zn2+

O N
N

N
N

S

HO

Rhodamine B Salicylaldehyde 70 560 590 0.04 lM 0.2–20 lM CH3CN-HEPES Han et al. (2010)

Zn2+b O OHHO

N

O

NH

NH

S

O

Fluorescein Benzoylthiourea 60 490 528 0.002 lM 0–50 lM CH3CN-H2O Yang et al. (2015)

Cd2+

O

N

NN

O

NH

O
N

Rhodamine B 2,3-indolinedione 63 563 582 0.5 lM 1–20 lM MeOH-H2O Xu et al. (2012)
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Au3+

O

N

NN

O

Rhodamine B Prop-2-yn-1-amine 92 558 579 0.5nM 0.5–4 lM EtOH-H2O Jung Jou et al. (2009)

Cr3+

O

N

NN

O

N

S

Rhodamine B Thiophene-2-furanaldehyde 81 510 583 0.5 lM 0.5–8 lM CH3CN Weerasinghe et al.
(2009)

CrO4
2�

O

N

NN

O

N

OH

Rhodamine B Salicylaldehyde 55 520 591 0.0015 lM 0.01–
0.3 lM

H2O Zheng et al. (2009)

Pd2+

O

N

NN

O

NH

Rhodamine B 3-Bromopropene 45 530 580 0.185 lM 0.094–
1 lM

EtOH-H2O Li et al. (2010)

Ni2+ O

N

OHHO

O

N
N

S

Fluorescein Thiazole-2-carbaldehyde 75 470 515 2 lM 4–20 lM DMSO-H2O Abebe et al. (2011)
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TBT

O

N

O

N

N

O

O

N

H

Rhodamine B Piperonyl aldehyde 78 558 577 0.25 lM 6–20 lM CH3CN-PBS Jin et al. (2015)

Hg2+

O NN

O

NH

N

N

S

Rhodamine B 2-Hydrazinobenzothiazole and
triethylamine

22 550 574 0.03 lM 0.03–
20 lM

EtOH-PBS Yang et al. (2013a)

Hg2+bc

O
H
NH

N

N NH

O NH

S

Rhodamine
6G

Thiosemicarbazide 20 500 557 0.4 lM 0.1–12 lM PBS Ko et al. (2006)

a Me: metal; Fe2+a probe and Me2+bc probes were used for triple metal ion labeling, Me2+b probes were used for dual metal ion labeling.
b RY: reaction yield.
c Ex: excitation.
d Em: emission.
e DL: detection limit.
f DR: detection range.
g MeOH: methanol, EtOH: ethanol, THF: tetrahydrofuran, CH3CN: acetonitrile, HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, PBS: phosphate buffered saline, DMSO: dimethyl

sulfoxide, H2O: water.

L
.
H
ao

et
al./

G
eo
ch
im

ica
et

C
o
sm

o
ch
im

ica
A
cta

180
(2016)

66–96
71



Table 2
The stains used in the staining scheme.

Fluorescent probes LWa (nm) SDRb (nm) Exc (nm) Emd (nm) Targets

SYTO� 9 Green 488 496–560 485 498 Total cells nucleic acids
SYTO� 40 Blue 405 415–475 420 441 Total cells nucleic acids
Con A Conjugates, Alexa Fluor� 488 488 496–560 495 519 a-Mannopyranosyl,a-glucopyranosyl

residues
PNA Conjugates, Alexa Fluor� 568 561 570–620 579 603 Terminal b-galactose
PNA Conjugates, Alexa Fluor� 647 635 640–700 650 668 Terminal b-galactose
SBA Conjugates, Alexa Fluor� 647 635 640–700 650 668 Terminal a- and b-N-

acetylgalactosamine and
galactopyranosyl residues

SBA Conjugates, Alexa Fluor� 488 488 496–560 495 519 Terminal a- and b-N-
acetylgalactosamine and
galactopyranosyl residues

WGA Conjugates, Alexa Fluor� 555 561 570–620 555 565 N-acetylglucosamine and
N-acetylneuraminic acid residues

WGA Conjugates, Alexa Fluor� 633 635 640–700 632 647 N-acetylglucosamine and
N-acetylneuraminic acid residues

a LW: laser wavelength used in this study.
b SDR: spectra detection range used in this study.
c Ex: excitation maximum.
d Em: emission maximum.
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partitioning of various heavy metal species between bio-
genic and organic and inorganic sorbents. As these react
differently to changes in pH (e.g. deprotonation of func-
tional groups), redox state or metal concentrations (e.g.
affecting the excretion EPS by bacteria), this fundamental
understanding of the partitioning is essential.

2. MATERIALS AND METHODS

2.1. Medium and bacterial culture

An anoxic, freshwater, minimal-salts medium with a
phosphate concentration of 1 mM was prepared according
to (Hegler et al., 2008). Sterilized vitamins and trace-
element solutions (1 mL each per liter) were added to the
medium after autoclaving. The medium contained sodium
bicarbonate (22 mM) in equilibrium with a headspace of
N2–CO2 (80:20) introduced immediately after autoclaving
to keep the medium anoxic. The pH was adjusted to 6.8
using additions of anoxic 1 N HCl or 1 M NaCO3. When
R. ferrooxidans SW2 was cultivated with Fe(II) as electron
donor, FeCl2 was added from an anoxic stock bottle
(10 mM) to the medium and left to precipitate any Fe(II)
carbonate or phosphate minerals for 48 h at room temper-
ature. The medium was then filtered through 0.22 lm Mil-
lipore filters in an anoxic glove box (100% N2). After
filtration, the medium contained a final concentration ca.
4.5–6 mM dissolved Fe(II) and approximately 10�20 lM
phosphate (Kappler et al., 2010). One percent (vol.) of a
preculture in stationary phase that had been grown on H2

as an electron donor (Croal et al., 2007) was used as the
inoculum for the Fe(II)-oxidizing culture. Cultures were
incubated at 20 �C under continuous illumination. For
CLSM analyses, 10-day old aliquots of the same culture
were sampled under anoxic conditions (Miot et al., 2009).
For mineralogical analysis, 180-day old of the same culture
were sampled under anoxic conditions.

2.2. Confocal laser scanning microscopy (CLSM)

Image stacks (512 � 512 pixels) were acquired in sequen-
tial mode using an upright Leica TCS SPE system with an
ACS APO 63� water immersion CS objective (NA: 1.15)
(Leica Microsystems, Wetzlar, Germany). The CLSM was
equipped with four solid state lasers (405, 488, 561, and
635 nm). Staining schemes and instrument settings used in
this study are summarized in Tables 2 and 3. The reflection
signal was recorded using the 488 nm laser and a detection
wavelength range of 485–495 nm. Frame averaging of 3–6
frames was used to reduce noise and to improve image
quality. Images of different channels were obtained sequen-
tially (Clarke et al., 2010; Hao et al., 2013). The pinhole was
set to 0.5 Airy units (77.5 lm for the 63� lens, NA = 1.15)
to optimize lateral and axial resolution at the cost of signal
intensity. Z-stacks were acquired over a depth of 3.2 lm
using a step-size of 0.08 lm. Three to five image stacks were
acquired with the same settings. Triplicate measurements of
each sample type were used for the subsequent quantitative
data analysis.

2.3. Fluorescent probes preparation

Selective metal chelators are linked to rhodamine to
form nonfluorescent lactam molecules under acidic condi-
tions (Nguyen and Francis, 2003). Thereby the spirolactam
or spironolactone ring creates a specific metal ion binding
site (Hao et al., 2013). All the following probes used rho-
damine B as fluorescent reporter and lactam as turn-on
switch of the fluorescence. All probes have a common
detection mechanism. The presence of the target metal
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triggers the ring-opening of the corresponding spirolactam/
lacton resulting in a strong rise of fluorescence emission
upon excitation with the appropriate wavelength of visible
light. This allows for visualization of the metal distribution
in cell-EPS-Fe(III)-minerals aggregates on the submicrome-
tre scale (Hao et al., 2013).

Rhodamine B lactam was synthesized by dropwise addi-
tion of 5 mL phosphorus oxychloride to a stirred solution
of 0.01 mol rhodamine hydrochloride in 10 mL of 1,2-
dichloroethane. Afterwards it was refluxed for 6 h, then
concentrated by evaporation. Finally the crude acid chlo-
ride obtained was dissolved in 10 mL acetonitrile (She
et al., 2012; Yang et al., 2013b). The specific linkages used
for each metal are described below. After synthesis of each
sensor, all the crude products were purified twice by column
chromatography. The final products were confirmed by
absorbance spectroscopy (Shimadzu UV-1700 spectropho-
tometer) and fluorescence spectroscopy (HITACHI F-
4500 fluorescence spectrophotometer), while the molecular
structures were confirmed based on their NMR spectra
(Varian INOVA-400 MHz spectrometer, 400 MHz for 1H
NMR and 100 MHz for 13C NMR) with tetramethylsilane
as reference (She et al., 2012; Yang et al., 2013b). All metal
fluorescent probes used in this study are summarized in
Table 1. An Fe2+ fluorescent probe emitting in the far red
(BDP-Cy-Tpy) was kindly provided by Prof. B. Tang.

The nucleic acid stains SYTO� 9 Green and SYTO� 40
Blue (Molecular Probes, Inc.) were used to visualize the
bacterial cells in the cell-EPS-Fe(III)-mineral aggregates.
To stain the extracellular glycoconjugates in these cell-
EPS-Fe(III)-mineral aggregates, four different lectins conju-
gates to various Alexa Fluor� dyes (Molecular Probes, Inc.)
were used; these were Concanavalin A conjugates, PNA
conjugates, SBA conjugates and WGA conjugates.

2 mM metal fluorescent probe stock solutions were pre-
pared using pure acetone or DMSO, and stored in the dark
at 4 �C. Stock solutions of the commercially available
SYTO� fluorescent nucleic acid stains and the far-red fluo-
rescence Alexa Fluor� conjugates were stored frozen at
�25 �C and thawed prior to staining.

2.4. Staining procedure

For metal sorption experiments, bacterial samples in the
stationary phase were incubated with 5 lM of the individ-
ual heavy metals for 1 h. This concentration was tested to
be within the linear range of the theoretical polarographic
titration curve (Comte et al., 2008). The samples were then
incubated with 5–10 lM of the individual metal fluorescent
probes for 3 h at 20 �C prior to analysis in the CLSM. Sam-
ples treated with 0.01 M EDTA were used as negative con-
trols, as this concentration effectively removes residual
heavy metals such as Cu2+, Zn2+, Pb2+ and Cd2+ on bacte-
rial surfaces and within the EPS (mainly composed of gly-
coconjugates) without affecting the cell activity (Cox
et al., 1999). For bacteria staining, the SYTO� dyes were
diluted 1:1000 using sterilized Milli-Q water. The amounts
of the resulting working solution that were added to the
samples were adjusted according to the cell numbers.
Usually SYTO� 40 was used for multiple metal labeling
and SYTO� 9 was used for single metal labeling to avoid
overlap of the emission spectra of the individual dyes.
For glycoconjugate labeling, lectin Alexa Fluor� conjugate
solutions were diluted 1:10 and then added to the samples
in small volumes that were adjusted according to the lectin
Alexa Fluor� conjugate fluorescent intensity present in the
sample. Two to three microliter of the sample were pipetted
onto a clean microscopic slide in the center of a
9 mm � 0.12 mm SecureSealTM imaging spacer (Grace Bio-
Labs, PolyAn GmbH, Germany) and a cover slip was
placed on top of the droplet. The edges of the cover slip
were sealed with transparent nail polish to avoid dehydra-
tion of the CEMA specimens and to avoid the oxidation
of residual Fe2+ in the glovebox which would lead to arti-
facts, such as shrinkage or aggregation. This preparation
of samples in their natural, hydrated state allows for accu-
rate in-situ CLSM studies of the aggregates/biofilm struc-
ture (Bar-Zeev et al., 2014).

In order to quantitatively compare the amount of metal
ions bound to the cell surface, to the glycoconjugates, and
to the biogenic Fe(III) minerals, the native samples were
compared to samples that either had the glycoconjugates
removed by enzymatic digestion, or in which the Fe(III)
minerals were removed by reductive dissolution as
described in detail in the following sections.

2.5. Development of a staining procedure for multiple metal

species labeling

In this study, a staining procedure was developed for
studying cell-EPS-Fe(III)-mineral aggregates, biofilms or
environmental samples using multiple probes for various
organochemical components and metal fluorescence probes
simultaneously. Therefore, such probes needed to fulfill the
following general requirements. They should be stable at
circumneutral pH or within the pH-range of the sample
that is studied, and within the desired temperature range.
As the chemical sample environment is complex, they need
to be as specific and selective as possible. Furthermore, they
should respond quickly and need to be excitable with the
wavelengths that are available at the CLSM that is used
for the analysis; most versatile is an excitation within the
visible light wavelength range as this does not require any
special optics. For studying the distribution of a compound
in heterogeneous environments, turn-on type probes that
show an increasing fluorescence with increasing compound
concentration are advantageous. Additionally, all the fluo-
rescence probes should be resistant against photobleaching
(Rosivatz, 2008).To prevent cross talk between the individ-
ual emission channels, fluorescence probes with separate
excitation and emission spectra were selected (Fig. S1)
and a multiple fluorescent probe staining scheme is
proposed. Hardware limitations of the CLSM, such as the
available laser excitation wavelength, a conventional vs.
acousto-optical beam splitter, and a filter-based vs.
wavelength-adjustable detection beampath have to be



Table 3
The stains used in the staining scheme.

Fluorescent probes LWa (nm) SDRb (nm) Exc (nm) Emd (nm) Targets

Single metal fluorescence labeling schedule

SYTO� 9 Green 488 496–560 485 498 Total cells nucleic acids
Rhodamine B based metal probe 561 570–620 560 580 Relevant metal ions
WGA Conjugates, Alexa Fluor� 633 635 640–700 632 647 N-acetylglucosamine and

N-acetylneuraminic acid residues

Dual-metal fluorescence labeling schedule

SYTO� 40 Blue 405 415–475 420 441 Total cells nucleic acids
Rhodamine 6G based metal probe 488 496–560 500 545 Relevant metal ions
Rhodamine B based metal probe 561 570–620 560 580 Relevant metal ions
WGA Conjugates, Alexa Fluor� 633 635 640–700 632 647 N-acetylglucosamine and

N-acetylneuraminic acid residues

Tri-metal fluorescence labeling schedule

SYTO� 40 Blue 405 415–475 420 441 Total cells nucleic acids
Rhodamine 6G based metal probe 488 496–560 500 545 Relevant metal ions
Rhodamine B based metal probe 561 570–620 560 580 Relevant metal ions
Fluorescent probes for Fe (II) 2 561 640–700 569 635 Fe (II) metal ions

a LW: laser wavelength used in this study.
b SDR: spectra detection range used in this study.
c Ex: excitation maximum.
d Em: emission maximum.
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considered when designing a multiple fluorescent probe
staining scheme. Details of the schemes used in this study
are listed in Table 3. Seventeen metal fluorescent probes
were selected from more than 1000 reported candidates.

2.6. Glycoconjugates enzymic digestion

Glucoamylase was used for enzymatic digestion of the
glycoconjugates. This enzyme specifically and effectively
breaks the a-1,4-glucosidic bonds within EPS (Ueshima
et al., 2008) of R. ferrooxidans SW2. To preserve the bacte-
rial cell integrity, and to avoid unpredictable disruption of
the aggregate components by the various steps of treat-
ment, the following protocol was devised. Approximately
4 mL of bacterial culture in stationary phase was suspended
in twenty units (i.e. amount of the enzyme necessary to cat-
alyze a conversion of 1 lM per minute) of glucoamylase
(USBio, highly purified, Biomol GmbH) in 16 mL of steril-
ized 0.1 M NaClO4 solution. The cell suspension was incu-
bated at 30 �C for 12 h while it was gently shaken (Ueshima
et al., 2008). Then suspensions were centrifuged (1000g) and
washed three times with sterilized freshwater minimal-salts
medium with a phosphate concentration of 1 mM. Finally
the glycoconjugates-digested sample was resuspended in
4 mL freshwater minimal-salts medium. Untreated and
enzyme-treated samples were imaged under the same condi-
tions in the CLSM after lectin staining to determine the
extent of glycoconjugates removal.

2.7. Fe(III) oxyhydroxide digestion by oxalate solution

Fe(III) oxyhydroxides such as ferrihydrite or goethite
can be dissolved within 10 min in the presence of Fe2+ using
a mixture of ammonium oxalate/oxalic acid (Suter et al.,
1988). Five milliliter of the bacterial culture in the
stationary phase following Fe(II) oxidation was fixed by
1 mL 20% paraformaldehyde for 30 min. Then, 4.5 mL of
oxalate solution (100 mM ammonium oxalate and 83 mM
oxalic acid) and 0.1 mL of a filtered, anoxic solution of
100 mM ferrous ethylenediammonium sulfate (as an Fe2+

source) were added and gently shaken (10 min) until all
Fe-mineral precipitates were dissolved. The suspensions
were centrifuged (1000g) and washed three times with ster-
ilized freshwater minimal-salts medium with a phosphate
concentration of 20 lM. Finally, the Fe(III) mineral-free
samples were resuspended in 5 mL freshwater minimal salts
medium. Untreated and oxalate-treated samples were
imaged under the same conditions in the CLSM to deter-
mine the extent of Fe(III) mineral removal.

2.8. Data treatment and digital image analysis

Blind deconvolution was applied to all 3D image stacks
using the Auto-QuantTM deconvolution algorithm imple-
mented in the LEICA LAS AF software (Schmid et al.,
2014). Fiji based on ImageJ 1.49b (http://fiji.sc/Fiji)
(Abramoff, 2004) was used for data handling, visualization
and quantification. Scatterplots for correlation analysis
were created using the ImageJ plugin ScatterJ (Zeitvogel
et al., 2014).

For an efficient quantitative analysis of the comprehen-
sive 3D datasets, the software tool JImageAnalyzer (Ver-
sion 1.4, UFZ-Umweltforschungszentrum Leipzig-Halle
GmbH), which is also based on ImageJ (http://imagej.nih.-
gov/ij/) (Wagner et al., 2009, 2010a; Buchholz et al., 2012)
was used. A fluorescence intensity threshold was selected
for each individual image stack to separate signal from
background noise. This resulted in a stack of binary images
where values of 1 represent the foreground signal and 0 as
the background signal. Foreground pixels representing
glycoconjugates, heavy metal species and cells (DNA) were
counted to calculate the total pixels (pixel size

http://www.fiji.sc/Fiji
http://www.imagej.nih.gov/ij/
http://www.imagej.nih.gov/ij/
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0.03 lm � 0.03 lm), which represented the total volume of
glycoconjugates, heavy metal species and cells (DNA)
within the respective sample volume. To ensure compara-
bility, this procedure was done by the same operator using
the same conditions for all analysis (Wagner et al., 2010b).

Here a Pearson’s correlation coefficient was used to
quantitatively describe co-localization (Adler and
Parmryd, 2010; Barlow et al., 2010). The fuzzy linguistic
system of Zinchuk, V. et al. was used to describe ‘‘weak”,
‘‘moderate” and ‘‘strong” co-localization (Zinchuk et al.,
2013). On the deconvolved 3D datasets, the co-
localization was analyzed quantitatively using the Coloc-
module of Imaris 7.7.2 (Bitplane, Zurich, Switzerland)
and the ImageJ plugin JACoP (Just Another Colocalization
Plugin) provided by Bolte and Cordelieres (2006). Pixel co-
distributions were calculated from sets of two fluorescence
signals in the entire 3D volume of each dataset, which then
enables the user to distinguishing between colocalization
and a random association between these signals. From
Fig. 1. 2D maximum intensity projections of multiple channels of 3D dat
EPS-Fe(III)-minerals aggregates with single metal ions labeling. Tw
ferrooxidans strain SW2 were analyzed, containing Au3+, Cd2+, Cr3+, CrO
stained with SYTO� 40 blue fluorescent nucleic acid stain (green), a pro
culture (red), and the WGA-Alexa Fluor 633 conjugate labeling glycocon
their reflection signal at 488 nm wavelength (gray). Brighter colors indic
digested samples; C: Mineral digested samples. Physical length of each i
these datasets, the Pearson’s correlation coefficient (without
threshold) and the percentages of colocalized volumes (data
collected from Imaris, not shown) were calculated (Staudt
et al., 2004; Zippel and Neu, 2011).

Principal components analysis (PCA, Pearson matrix
was used) was performed on triplicate experiments using
XLSTAT (Version 2014.6.01, Addinsoft, New York, NY,
USA). The proximity of heavy metals species and the bac-
teria or glycoconjugates in the biplot indicate the correla-
tion strength. To further confirm the PCA grouping
result, a heatmap analysis was done using the clustergram
software package of Matlab v. R2012a (Zheng et al., 2014).

2.9. Micro X-ray diffraction and 57Fe Mössbauer

spectroscopy

Micro X-ray diffraction (lXRD) analysis was carried
out on dried mineral samples (in anoxic glovebox, 100%
N2), which were mounted onto a Si single crystal silicon
a sets from CLSM illustrating the sub-lm scale composition of cell-
elve cultures of the phototrophic Fe(II)-oxidizing Rhodobacter

4
2�, Cu2+, Fe2+, Fe3+, Hg2+, Ni2+, Pd2+, TBT and Zn2+. Cells were
be labeling the respective heavy metal ion added at 10 lM to the
jugates (blue) were added. Fe(III) minerals are visualized by using
ate higher concentrations. A: Original samples; B: Glycoconjugate
mage is 17.46 � 17.46 lm. Scale is the same for all images.
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wafer. Data was collected with a Bruker D8 Discover XRD
instrument (Bruker, Germany) using a Co Ka X-ray tube,
(k = 0.17902 nm, 30 kV, 30 mA) and GADDS area detector
(Berthold et al., 2009). Mineral phases were determined by
comparison to the database of the International Center for
Diffraction Data (ICDD). For 57Fe Mössbauer spec-
troscopy recorded at 295 K, 77 K and 4.2 K, samples were
prepared inside an anoxic glovebox (100% N2) by passing
the suspension containing the Fe-minerals through filter
paper (0.44 lm). The filter paper loaded with sample was
then sealed between two layers of Kapton tape to create
an anoxic seal. Samples were removed from the glovebox
and loaded into a close-cycle exchange gas cryostat. The
Mössbauer spectrometer (WissEL) was operated in trans-
mission mode, with a 57Co/Rh source driven in constant
acceleration. The instrument was calibrated with a 7 lm
thick a-57Fe foil measured at room temperature, which
was also used to determine the half width at half maximum
(fixed to 0.138 mm/s during fitting). Fitting was carried out
using Recoil (University of Ottawa) with the extended
Voigt based fitting routine (xVBF) (Lagarec and
Rancourt, 1997).
3. RESULTS

3.1. Visualizing bio-essential metals and heavy metals

Twelve different heavy metals were stained individually
with relevant metal ion fluorescent probes, whereas micro-
bial cells were stained with DNA specific Syto 40� or Syto
9�, and the microbial glycoconjugates were stained with
lectin Alexa Fluor� conjugates, which fluoresce in the far-
red. The results of the single metal probe images are
reported in Fig. 1A, which illustrate the heavy metals
Au3+, Cd2+, Cr3+, CrO4

2�, Cu2+, Fe2+, Fe3+, Hg2+, Ni2+,
Pd2+, TBT and Zn2+ in-situ spatial relationships with glyco-
conjugates, microbial cell surfaces, and (biogenic) minerals
in their native states. Most glycoconjugates were found to
be segregated and dispersed from the bacterial cells with a
distribution pattern similar to those of minerals, indicating
a close association of glycoconjugates and the Fe minerals
(Fig. 1A). While a-1,4-glucosidic residuals within glycocon-
jugates are removed by glucoamylase enzymatic digestion,
the digestion cannot completely remove the glycoconju-
gates from the cell-EPS-Fe(III)-minerals aggregates
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(Fig. 1B). Instead, digestion led to more heavy metals sorp-
tion at the cell surfaces (Fig. 5B). This observation demon-
strates that glucoamylase enzymatic digestion did not
destroy the intact states of cell-EPS-Fe(III)-minerals aggre-
gates, but only decreased the amount of heavy metals bind-
ing sites on glycoconjugates (Figs. 1B, 5A), which are
additional sorbents for heavy metals. When Fe(III) oxyhyx-
droxides such as ferrihydrite or goethite were removed with
a mixture of ammonium oxalate/oxalic acid, heavy metals
that were presumably bound to these minerals are accom-
modated by sorbing to cell surfaces and glycoconjugates
(Figs. 1C, 5A and B). Mineral removal caused an increase
of the areas covered by cells and glycoconjugates per total
analyzed area as compared to the original samples, as
shown in the comparison of Fig. 1C and A. All heavy met-
als were predominantly associated with glycoconjugates
and residual mineral in these samples. The areas of all met-
als associated with both cells and glycoconjugates increased
(Fig. 5A, B). In oxalate-digested samples large aggregates
formed (Fig. 1C), revealing that the integrity of the initial
cell-EPS-Fe(III)-minerals aggregates is lost likely due to
chemical changes during oxalate treatment.
Four different heavy metals, Cu2+, Hg2+, Ni2+ or Zn2+,
stained with the respective green fluorescent probes, and
Fe2+ and Fe3+ stained with relevant red fluorescent probes
as well as the DNA specific Syto 40� and lectin Alexa
Fluor� conjugates were imaged sequentially for the dual
metal-imaging dataset (Fig. 2). Most glycoconjugates were
segregated from the bacterial cells and dispersed. The min-
erals showed the same distribution pattern as in Fig. 1, again
indicating a close association of glycoconjugates and the Fe
minerals (Fig. 2). Furthermore, triple metal ion labeling
with Fe2+, Fe3+ and Cu2+ or Hg2+ in combination with
DNA specific Syto 40� blue for staining the bacterial cells
show very similar results (Fig. 3).

When R. ferrooxidans SW2 was grown under increasing
Fe2+ (as electron donor) concentrations, a corresponding
increase in the amount of glycoconjugates present in cell
aggregates was observed (Fig. 4A). This was accompanied
by Fe3+ complexation to glycoconjugates, and the forma-
tion of Fe(III) minerals. Cell-EPS-Fe(III)-minerals aggre-
gates also increased in size with increasing Fe(II)
concentration (Fig. 4A). In contrast to cultures of
R. ferrooxidans SW2 where H2 was the electron donor,



Fig. 2. 2D maximum intensity projections of multiple channels of 3D data sets from CLSM illustrating the sub-lm scale composition cell-
EPS-Fe(III)-minerals aggregates with dual metal ions labeling. Four cultures of the phototrophic Fe(II)-oxidizer Rhodobacter ferrooxidans
strain SW2 were analyzed, containing either Cu2+, Hg2+, Ni2+ or Zn2+. Cells were stained with SYTO� 40 blue fluorescent nucleic acid stain
(green A), a probe labeling Fe2+ or Fe3+ (red) and the respective heavy metal ion (blue) were added at 10 lM to the culture sequentially and
prior to the addition of the WGA-Alexa Fluor 633 conjugate labeling glycoconjugate (green B. The green shown here is only weakly visible,
due to the heavy overlap with red and blue producing a white signal (see color wheel at bottom right). Fe(III) minerals and Fe(III) minerals
are visualized by their reflection signal (gray). Brighter colors indicate higher concentrations. The physical dimensions of each image are
17.46 � 17.46 lm. Scale is the same for all images.
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Fig. 3. 2D maximum intensity projections of multiple channels of
3D data sets from CLSM illustrating the sub-lm scale composition
of cell-EPS-Fe(III)-minerals aggregates with triple metal ions
labeling. Two cultures containing Cu2+ and Hg2+ were analyzed.
Cells were stained with SYTO� 40 blue fluorescent nucleic acid
stain (gray), a probe labeling Fe2+ (green) and Fe3+ (red) and the
respective heavy metal ion (blue) added at 10 lM to the culture
sequentially. The overlay of all four signals is shown here. The
green shown here is only weakly visible, due to the heavy overlap
with red and blue producing a white signal (see color wheel at
bottom right). Brighter color indicates a higher metal concentra-
tions. The physical dimensions of each image are 17.46 � 17.46 lm.
Scale is the same for all images.
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the presence of more Fe2+ triggered the cells to secrete more
glycoconjugates that provided bonding sites for Fe3+ com-
plexation and resulted in the formation of aggregates with
increased heavy metal sorption (Fig. 4A). The susceptibility
of cells to toxic effects was always lower for cell-EPS-Fe
(III)-minerals aggregates as compared to phototrophic
planktonic cells cultivated chemotrophically under H2

(Fig. 4B and C). Under Fe(II)-oxidizing conditions, heavy
metals, such as Cu2+, Hg2+, Ni2+ and Zn2+ sorbed to gly-
coconjugates and minerals, likely lowering the free concen-
tration to less toxic levels. The observed correlation
between metal-ion physicochemical properties and
planktonic-cell vs. cell-EPS-Fe(III)-minerals aggregates
susceptibility to toxic effects indicates a systematic interrela-
tion. Furthermore, the results demonstrate that growth in
aggregates, where minerals and glycoconjugates are pro-
duced (Fig. 4A), may protect the bacteria from toxic effects
(Fig. 4B, 4C).

3.2. Quantitative analysis

When the glycoconjugates were removed by enzymatic
digestion prior to incubation with the metal species, and
after dissolution of the mineral phases, a higher sorption
of the respective metal species to the cells’ surfaces was
observed when compared to samples that contained native
glycoconjugates (Fig. 5B). Glycoconjugate removal reduced
the total amount of sorbed heavy metals (Fig. 5A). In con-
trast, the removal of minerals resulted in larger total
amounts of heavy metal sorption to glycoconjugates and
cell surfaces (Fig. 5A, B). In triple metal labeling image,
lower Fe2+ concentrations but higher Fe3+ concentrations
associated with the glycoconjugates were also observed
(Fig. 5C), in comparison to higher Fe2+ concentrations
but lower Fe3+ concentrations at the cells’ surfaces
(Fig. 5D, H).
The heavy metal distribution in the glycoconjugates in
the present study with individual, single metal species was
heterogeneous both in the original samples and the samples
where the minerals had been dissolved, while the distribu-
tion on the cell surfaces of these samples was rather homo-
geneous (Fig. 5B, F). The distribution of heavy metals on
cell surfaces of the samples where the glycoconjugates had
been digested was also rather homogeneous. The highest
signal of heavy metals was detected associated with glyco-
conjugates in mineral-digested samples, while the
glycoconjugate-digested samples showed the lowest heavy
metal signals. Metal sorption to the native glycoconjugates
was found to be slightly higher as compared to the metal-
binding by glycoconjugate-residues after enzymatic diges-
tion (Fig. 5A). The bacterial cells in all systems showed very
similar binding patterns. The heavy metal concentrations
on mineral-free cells were the highest, followed by the
glycoconjugate-digested cells, and then those of the bacteria
in undigested samples (Fig. 5B).

In experiments with Fe2+/Fe3+ and heavy metals, a
heterogeneous distribution of Fe2+ and Fe3+ both on the
cell surfaces and in the glycoconjugates was observed,
whereas the heavy metals such as Cu2+, Hg2+, Ni2+ and
Zn2+ were distributed homogeneously on the cells’ surfaces,
but heterogeneously within the glycoconjugates (Fig. 2).
Furthermore, an influence of the higher Fe3+ and lower
Fe2+ concentrations on the distribution of Cu2+, Hg2+,
Ni2+ and Zn2+ within the glycoconjugates was also
observed (Fig. 5E, G). Higher Fe3+ concentrations coin-
cided with higher metal concentrations, while lower Fe2+

concentrations coincided with lower metal concentrations
in glycoconjugates, respectively. Relatively high Fe2+ con-
centrations, moderate Fe3+ concentrations and lower heavy
metal concentrations such as Cu2+ and Hg2+

(Figs. 3 and 6H) were observed on bacterial cell surfaces
in triple metal labeling experiments.

3.3. Co-localization analysis of heavy metals with cell

surface, glycoconjugates and iron minerals

Co-localization analysis was used to identify the prefer-
ential locations of heavy metal binding. The Pearson’s cor-
relation coefficient was calculated to quantitatively
describe colocalization of individual metal species and the
organic constituents of the cell-EPS-Fe(III)-minerals aggre-
gates (Figs. 6 and 7). For original samples, the degree of
co-localization of Cd2+, Fe2+ and Pd2+ with both cells and
glycoconjugates, of Cr3+, CrO4

2�, Hg2+, TBT and Zn2+ with
glycoconjugates, and of Au3+, Cu2+, Fe3+ and Ni2+ with
cells were within the range from 0.49 to 0.84, indicating
strong co-localizations. For glycoconjugate-digested sam-
ples, the degree of co-localization of Cd2+, Cr3+, Fe2+ and
Pd2+ with both cells and glycoconjugates, of CrO4

2� and
TBT with glycoconjugates, and of Au3+, Cu2+, Fe3+

Hg2+, Ni2+ and Zn2+ with cells were within the range from
0.49 to 0.84, also indicating strong co-localization. For min-
eral free samples, the degree of co-localization of Au3+,
Cu2+, Fe2+, Fe3+ and Pd2+ with both cells and glycoconju-
gates, of Cd2+, Cr3+, CrO4

2�, Hg2+, TBT and Zn2+ with gly-
coconjugates, and of Ni2+ with cells were within the range



Fig. 4. (A) The oxidation of Fe(II) to Fe(III) by the phototrophic Fe(II)-oxidizing bacterium Rhodobacter ferrooxidans strain SW2 triggers
the secretion of glycoconjugates, as well the accumulation of Fe(III) minerals, which in combination form cell-EPS-Fe(III)-minerals
aggregates (A top row). In contrast, when grown with H2 as electron donor (A bottom row), less or no formation of aggregates was observed.
Cells were stained with SYTO� 9 green fluorescent nucleic acid stain (green), a probe labeling Fe3+ (red) and the WGA-Alexa Fluor 633
conjugate labeling glycoconjugates (blue). The arrows indicate examples of the observed increase of EPS and aggregate size with increasing
Fe2+ concentrations. This was also confirmed independently by larger scale (100 s of lm) CLSM mapping followed by quantitative analysis.
Initial Fe2+ concentrations are indicated below the images. (B) Correlation between metal-ion physicochemical properties and planktonic-cell
vs. cell-EPS-Fe(III)-minerals aggregates susceptibility to toxic effects (the microbiological toxicity parameter describes the upper limit of the
concentration range wherein no toxic effects are observed, i.e. the minimum inhibitory concentration). Chemotrophic aggregates (grow on
Fe2+, red) and phototrophic planktonic-cell (grow on H2, blue) susceptibility data plotted against standard reduction potential (DE0) (B) and
the (pKSP) (C). These correlations lead to the hypothesis that growth in aggregate with more EPS production might protect the bacteria from
toxic effects caused by the metal species. Scale is the same for all images.
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from 0.49 to 0.84, also indicating strong co-localization
(Fig. 6). The degree of co-localization of Au3+, Cu2+,
Fe3+ and Ni2+ with cells and glycoconjugates seems to be
dominated by the cells surfaces in comparison to the glyco-
conjugates, as shown by the higher coefficients, whereas the
degree of co-localization of Cd2+, Cr3+, CrO4

2�, Hg2+, TBT
and Pd2+ with cells and glycoconjugates was found to be
dominated rather by the glycoconjugates. The degree of
co-localization of Fe2+ and Zn2+ was similar for cells and
glycoconjugates. However, the degrees of co-localization
of cells with glycoconjugates and of heavy metal with min-
eral residues in these samples ranged from 0.1 to 0.49, indi-
cating moderate colocalizations (data not shown).

In experiments with two metal species, the degree of co-
localization of Cu2+, Hg2+, Ni2+ and Zn2+ with glycocon-
jugates and cells were in the range around 0.49



Fig. 5. Relationship between fluorescent intensity of heavy metals, cells, and glycoconjugates in the cell-EPS-Fe(III)-minerals aggregates as
calculated by JImageAnalyzer. The plotted value represents the volume wherein the chemical species was detected with intensities above a
certain fluorescence intensity threshold. The native glycoconjugates and the bacterial cell surfaces show a similar heavy metal sorption
behavior; the removal a-1,4-glucosidic bonds within glycoconjugates reduces its binding sites for all the heavy metals but increase the binding
sites on bacterial cell surfaces; in contrast, mineral removal releases more binding sites both in the glycoconjugates and at bacterial cell
surfaces (A and B, data from Fig. 1). Glycoconjugates are associated with higher Fe3+ and lower Fe2+ values, whereas bacterial cells are
associated with higher Fe2+and lower Fe3+ values (C and D, data from Fig. 2). The values of metals within glycoconjugates depend on Fe2+

and Fe3+ values (E and F, data from Fig. 2) but their counterpart on the cells’ surfaces show similar values (F, data from Fig. 2). Bacterial cell
surfaces show higher Fe2+ values, lower Fe3+ values and lowest metal values (H, data from Fig. 3).
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Fig. 6. Quantitative analysis of the colocalization of heavy metals with bacterial cell and glycoconjugates in Fig. 2. Comparison of Pearson’s
correlation coefficient obtained from 3D-datasets of cell-EPS-Fe(III)-minerals aggregates stained for heavy metals and glycoconjugates (A),
heavy metals and bacterial cells (B). All coefficients were calculated without background subtraction. Bio-essential metals (Cu2+ and Ni2+)
show different colocalization patterns as compared to toxic metals (Cd2+, Cr3+, CrO4

2�, Cu2+, Hg2+, Pd2+ and TBT). Glycoconjugate
digestion leads to decreasing metal co-localization with glycoconjugates (A red) and increasing the metal co-localization with cells (B red).
Mineral digestion increases metal co-localization with glycoconjugates and cells (A and B green). Error bars indicate standard deviations (2r).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 7A, B); the degree of co-localization of Fe2+ with
glycoconjugates was in the range between 0.49 and 0.84,
indicating strong association, whereas Fe3+ and glycocon-
jugates showed only moderate co-localization(Fig. 7D).
Cells and heavy metals showed high co-localization with
Fe2+ and Fe3+ compared to the minerals (Fig. 7C, E), which
only showed moderate Fe2+ and Fe3+ co-localization. Cu2+,
Hg2+, Ni2+ and Zn2+ co-localization with Fe2+ and Fe3+

were between 0.49 and 0.84, indicating strong association
with the exception of Cu2+ with Fe3+, which had only weak
relative co-localization (Fig. 7C). Based on their co-
localization with the Fe-species, all the metals were grouped
into two groups: the degree of co-localization of Cu2+, Hg2+

and Ni2+ with glycoconjugates in the ‘‘Fe2+ group” showed



Fig. 7. Quantitative colocalization analysis of heavy metals, Fe2+, and Fe3+ with bacterial cells and glycoconjugates, as well as heavy metals
with Fe2+ and Fe3+ in Fig. 3. Comparison of Pearson’s correlation coefficients obtained from 3D datasets of cell-EPS-Fe(III)-minerals
aggregates stained for heavy metals and glycoconjugates (A), heavy metals and bacterial cells (B), heavy metals and Fe2+/Fe3+ (C), Fe2+/Fe3+

and glycoconjugates (D), Fe2+/Fe3+ and bacterial cells (E); all coefficients were calculated without background correction. Fe2+ and Fe3+

show a similar degree of colocalization with bacterial cells but different preferences to glycoconjugates; heavy metals are preferentially
associated with the glycoconjugates and are colocalized with Fe2+ and Fe3+. Error bars indicate standard deviation (2r).
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strong co-localization, while Cu2+, Hg2+, and Ni2+ with gly-
coconjugates in the ‘‘Fe3+ group” showed moderate co-
localization only; Zn2+, however, showed moderate co-
localization; the degree of co-localization of Hg2+, Ni2+,
and Zn2+ with cells showed strong co-localization, while
Cu2+ showed moderate co-localization with cells; but all met-
als showed moderate co-localization with glycoconjugate
residuals in the samples wherein glycoconjugates were enzy-
matically digested.

3.4. Correlation analysis of heavy metals with cell surface,

glycoconjugates and iron minerals

Correlation analysis was used to further analyze the
mechanisms involved in Fe(II) oxidation and heavy metal
binding. Scalar numbers such as statistical indicators (e.g.
Pearson’s coefficients) have the advantage of being easy to
handle, but they only describe certain aspects of the data-
sets. To provide additional insights into the pairwise rela-
tionship of variables, the signals of pairs of
images/components were visualized by scatterplots to high-
light spatial correlations. The results indicated that Fe2+

and Fe3+ show similar behavior, as both can be found in
association with cells and with glycoconjugates. It appears
that a fraction of the detected Fe3+ is co-localized with gly-
coconjugates, as shown by the broad trend of pixels in
Fig. 8C. The distributions of Ni2+ and Hg2+ are similar
to each other and distinct from what can be observed for
Fe2+ and Fe3+. Both show a similar relationship with cells.
In both scatterplots, i.e. Ni2+/cell (Fig. 8F) and Hg2+/cell
(i.e. cells represented by DNA) (Fig. 8H), one broad trend
is visible, indicating the co-localization of part of the
detected metals with bacterial cells. However, for both met-
als the highest concentrations were detected apart from the



Fig. 8. The scatterplots illustrate the fluorescence intensity of individual pixels for metal ions, and glycoconjugates or cells (DNA). Colors
represent the frequency of occurrence of pixels with a certain intensity. Scatterplots are shown for Fe2+ (A, B; Fe2+ – Ni2+a in Fig. 3), Fe3+ (C,
D; Fe3+ – Ni2+a in Fig. 3), Ni2+ (E, F; Fe2+ – Ni2+a in Fig. 3) as an example for a bio-essential metal, and Hg2+ (G, H; Fe2+ – Hg2+a in Fig. 3) as
an example for a non-essential metal. Both Fe2+ and Fe3+ show similar behavior and are found in association with cells and with
glycoconjugates. The distributions of both Ni2+ and Hg2+ are similar to each other and distinct from Fe2+ and Fe3+, which show a similar
relationship with cells.
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cells. The relationship of Ni2+ and Hg2+ with glycoconju-
gates (Fig. 8E, G) is more complex. The Ni2+/
glycoconjugates scatterplot shows a fan-shaped point
cloud, suggesting Ni2+ and glycoconjugates had a wide
range of concentration ratios. The point cloud in the Hg2+/
glycoconjugates scatterplot looks similar to Ni2+/glycocon-
jugates, but might be composed of two broad trends repre-
senting more distinct high and low Hg2+/glycoconjugates
ratios respectively. In summary, for both Ni2+ and Hg2+,
the scatterplots clearly indicate sorption of these metals to
bacterial cells and glycoconjugates. While sorption to cells
is represented by comparably regular clusters in the scatter-
plots, the metals were detected in more varying ratios to
glycoconjugates.

The hierarchical group approach of heatmaps (Fig. 9),
complemented by principal component analysis (PCA,
Fig. 10), were used to evaluate the similarity of heavy
metals sorption in the cell-EPS-Fe(III)-minerals aggregates.



Fig. 9. The heatmaps represent a hierarchical group similarity analysis of the bacterial cells, glycoconjugates and biogenic mineral residuals
from 3D stacks using CLSM with sorbed heavy metals. The relative volume of heavy metals (Me), glycoconjugates, bacterial cells (Bacteria)
and minerals (Reflection) are indicated by the color of scale. The heatmap reveals that heavy metals show different associations with bacterial
cells’ surfaces and glycoconjugates in original cell-EPS-Fe(III)-minerals aggregates (A), in systems where a-1,4-glucosidic bonds within
glycoconjugates were split by glucoamylase enzymic digestion (B), and in systems where minerals removed by Fe-oxide oxalate digestion (C),
and finally for Fe2+/Fe3+ and heavy metal dual-labeling of the original cell-EPS-Fe(III)-minerals aggregates (D).
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Both approaches do not require any a priori knowledge on
grouping, and they consistently showed similarly strong
groupings of samples based on their treatments. PCA of
the original aggregates showed that principal components
1 and 2 explained 36.43% and 30.87% of the variations,
respectively. There were four groups shown in the
Fig. 10A, which was also supported by the heatmap analy-
sis (Fig. 9A). The analysis indicated that Zn2+ and Ni2+

formed a group that has stronger relationships with glyco-
conjugates; Cd2+, Hg2+, Pd2+ and Cu2+ have unclear rela-
tionships with glycoconjugates and cell surfaces, whereas
Fe2+ and Fe3+ showed stronger correlations with glycocon-
jugates as compared to cell surfaces. The more toxic heavy
metal ions such as Cr3+, CrO4

2� and Au3+ formed a sepa-
rate group associated with the cell surface, while TBT
(organotin compound, (C4H9)3Sn) behaved differently than
all other metals. The PCA of the experiments where glyco-
conjugates were removed showed that principal compo-
nents 1 explained 53.98% of the variation while principal
components 2 explained 24.47% (Fig. 10B). Based on the
PCA and heatmap analysis (Fig. 9B), almost all of the met-
als mapped in this study show very weak correlations with
bacterial cell surfaces. Only Fe3+ and Fe2+ form a separate
group, neither associated with glycoconjugates nor cell sur-
faces (Fig. 10B). In the experiments wherein the minerals
were removed from the system, the first two PCA principal
components explained 85.96% of the variation, specifically
principal components 1 and 2 explained 60.84% and
25.12%, respectively (Fig. 10C). Almost all heavy metals
show various correlations with both bacterial cells and gly-
coconjugates, but Fe3+ and Fe2+ again form a separate
group neither associated with glycoconjugates nor cell
surfaces (Figs. 9C, 10C). In dual labeling experiments of
Fe3+/Fe2+ and the respective heavy metals in the original



Fig. 11. Micro X-ray diffraction (lXRD) dried mineral phases
formed in the presence of no additions, +Ni2+, +Zn2+, +Cu2+ and
+Hg2+. Reflections correspond to goethite (G) and siderite (S).

Fig. 10. Biplots of principle components of the volumes occupied by bacterial cells, glycoconjugates and biogenic mineral residuals from 3D
stacks using CLSM with sorbed heavy metals. PCA indicates associations between metal species abundances and cells, and between metal
species abundances and glycoconjugates. It shows strong grouping based on different treatments. The results of the PCA revealed that heavy
metals have various associations with bacterial cells’ surfaces and glycoconjugates in the original cell-EPS-Fe(III)-minerals aggregates (A), in
systems where a-1,4-glucosidic bonds within glycoconjugates were split by glucoamylase enzymic digestion (B), in systems where minerals
removed by Fe-oxide oxalate digestion (C), and in original cell-EPS-Fe(III)-minerals aggregates where Fe2+/Fe3+ and heavy metal dual
staining was used (D).
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samples, the first principal component explained 57.61%,
and the second principal component explained 24.47% of
the variation (Fig. 10D). It showed that in the dual metal
ion labeling, the Fe3+ group had a strong association with
glycoconjugates, and that the Fe2+ group had a strong
association with bacterial cells. Cu2+, Ni2+, Zn2+ and
Hg2+ have similar associations with both Fe3+ and Fe2+

(Figs. 9D, 10D). Thus, dual metal labeling in combination
with PCA and heatmap analysis allowed for identifying
groups of metals with similar behavior.

3.5. Mineralogical analysis

The dried mineral products of the microbial Fe(II) oxi-
dation in the presence of the different metals were analyzed
using lXRD (Fig. 11). Each sample exhibited reflections
corresponding to goethite, while samples without the addi-
tion of heavy metals, samples +Ni2+, and samples +Hg2+

had some additional reflections corresponding to siderite.



Fig. 12. Mössbauer spectra of solid mineral phases formed in the absence of additions or with addition of Ni2+, Zn2+, Cu2+, Hg2+ with
spectra collected at (a) 295 K, (b) 77 K and (c) 4.2 K. Data points are shown as open circles, with individually fitted components
corresponding to paramagnetic doublets (magenta), paramagnetic goethite (green), magnetically ordered goethite (blue). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The broad linewidth observed for the goethite reflections
suggests poor mineral crystallinity, or small average particle
size.

57Fe Mössbauer spectroscopy (Fig. 12, Table S1) was
carried out at three different temperatures (295 K, 77 K
and 4.2 K) with the final mineral products after complete
Fe(II) oxidation in order to determine if metal substitution
induced changes to the mineralogy of the Fe oxyhydroxides
that were produced. It is clear from examination of the
room temperature spectra (295 K) that all samples are dom-
inated by a doublet (Db) combined with a collapsed sextet
(para Gt.), except for the sample amended with Ni2+ for
which no collapsed sextet is present (Fig. 12a). The hyper-
fine parameters of the doublets are approximately equal
for all samples, with center shift (CS) of 0.36–0.37 mm/s
and quadrupole splitting (QS) of 0.65–0.71 mm/s. These
parameters are indicative of octahedrally coordinated Fe
(III) (Murad, 2010). Based on the room temperature mea-
surements alone, it is not possible to identify the mineral
phase; however, the presence of collapsed sextets indicates
partial magnetic ordering. The collapsed sextets have more
varied CS and QS values, but show similar hyperfine fields
(H; 15–21 T). The relative proportion of the collapsed sex-
tets varies for all samples ranging from just 37% in the sam-
ple amended with Zn2+ to 71% in the sample without metal
amendments.

At 77 K, the spectra are almost completely magnetically
ordered (Fig. 12b). All samples except for +Cu2+ are dom-
inated by an ordered sextet, which displays the hyperfine
parameters of goethite at 77 K, with CS � 0.48 mm/s,
QS � 0.24 mm/s and H � 47 T. Samples also required an
additional collapsed sextet (para. Gt), indicating that sam-
ples were not fully magnetically ordered. The sample
amended with Cu2+ required the presence of an additional
doublet to accurately fit the data. The doublet accounted
for 10% of the relative area and had CS and QS values of
an octahedrally coordinated Fe(III) mineral that was likely
superparamagnetic goethite. Spectra recorded at 4.2 K
show complete magnetic ordering except for the sample
containing Ni2+, which required the use of a collapsed
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sextet (13% relative area) in order to obtain the best fit
(Fig. 12c). The ordered sextets showed very similar param-
eters in all samples with CS ranging from 0.48 to 0.49 mm/s,
QS from �0.20 to -�0.22 mm/s and H from 49.0 to
49.5 T.

4. DISCUSSION

4.1. Advantages of CLSM in combination with fluorescence

labeling – Spatially resolved analytics vs. conventional

approaches

CLSM in combination with metal-sensitive fluorescence
labeling and probes specific for DNA or polysaccharides
was chosen as a very promising approach for studying the
binding of heavy metals to aggregates of bacteria, micro-
bially produced EPS, and microbially precipitated Fe(III)
minerals. This approach, based on the 3D visualization of
the Fe2+/Fe3+ and heavy metal distributions in cell-EPS-
Fe(III)-minerals aggregates, allows for samples to be ana-
lyzed in their natural, hydrated state. Thus, the measured
distribution of the relevant chemical species are not affected
by artifacts from sample preparation such as freeze-drying
or CPD that is necessary for electron microscopy (EM)
based analytics. These sample preparation approaches for
EM often cause EPS loss or dehydration and collapse,
integrity loss and cellular shrinkage (Dohnalkova et al.,
2011).

Our CLSM based approach allows for quantification of
the inherent heterogeneity of aggregates, as well as correla-
tions of certain chemical species with the goal of identifying
sorption mechanisms. Additionally, the approach of this
study is complementary to existing technologies for explor-
ing 3D in-situ bacterial microenvironments (Wessel et al.,
2013). It might be also a powerful tool to study the sorption
and fate of iron and trace metals in the environments
(Morel and Price, 2003; Boyd and Ellwood, 2010). This is
an important step towards a detailed understanding of spa-
tial microscale processes and mechanisms of metal binding
in complex heterogeneous systems such as cell-EPS-Fe(III)-
mineral aggregates, which are usually not possible using
conventional approaches such as sequential extractions of
metals from bulk samples, which sometimes contradict
model estimations (Cui and Weng, 2015). In contrast to
these bulk approaches, the present study captures the 3D
heterogeneity of such systems, providing evidence of the
contributions of organic and mineralogical phases to the
sorption of metal species.

4.2. Optimization of the CLSM approach

4.2.1. Data acquisition

For CLSM mapping, it is essential to select appropriate
metal fluorescent probes. Thus, the selection requires a
careful considerations of their limitations. Currently there
are only few well-established but rather poorly selective
metal fluorescent probes such as Fura-2, Newport Green
and Fluozin-1 available for labeling Ni2+, Zn2+, and
Cd2+. As a result, only a very limited number of studies
have shown heterogeneous metal distributions in biofilms
(McCall and Fierke, 2000; Wuertz et al., 2000; Ueshima
et al., 2008). So far only one ferric chemosensor has been
reported for imaging ferric iron distribution in oral biofilms
by CLSM using microfluidic devices (Shumi et al., 2010).
Although various metal fluorescent probes and their appli-
cations have been summarized in a recent review (Carter
et al., 2014), most of the probes have been developed for
detecting intracellular metal concentrations. In an earlier
study we have developed guideline (Hao et al., 2013) for
selecting probes for environmental applications. One essen-
tial parameter for an appropriate selection is the concentra-
tion range of the respective target metal ion. For most
bacteria, for example, intracellular total metal concentra-
tions are in the range of 10�2 M for K and Mg, around
10�4 M for Ca, Zn, and Fe, 10�5 M for Cu, Mn, Mo and
no more than 10�6 M for V, Co, and Ni (Finney and
O’Halloran, 2003).

Another important parameter to be considered is the
stability of the complex of the metal fluorescent probes with
the target ions in comparison to the organic ligands present
in the sample. In a 1:1 stoichiometry, most dissociation con-
stants (Kd) for metal ions, such as Fe3+ (Witter et al., 2000),
Fe2+ (Ba et al., 2009), Cu2+, Ni2+, Zn2+ (McCall and
Fierke, 2000), Pb2+, Cd2+, (Comte et al., 2006, 2008) and
Hg2+ (Ravichandran, 2004) with organic ligands are in
the 10�6 to 10�5 range. While the Kd of metal ions with
goethite (Cu2+, Cd2+, Zn2+, Pb2+, Co2+, Ni2+ and Cr3+)
and ferrihydrite (Cd2+, Zn2+ and Co2+) are in the range
of 10�2 to 101 and 10 to 103, the Kd of Hg2+ with goethite
and ferrihydrite are in the range of 10�4 and 10�7, respec-
tively (Dzombak and Morel, 1990; Appelo and Postma,
2005; Fischer et al., 2007; Karamalidis and Dzombak,
2011). The ranges of metal concentrations that can be
sensed by metal fluorescent probes are determined by the
Kd values (Penner-Hahn, 2013). Most metal probes were
designed to change their emitted fluorescence intensity in
response to Men+ at a concentration range between
0.1 � Kd to 10 � Kd (Takahashi et al., 1999). For the
probes to be applicable for environmental research, such
as metal mapping in cell-EPS-Fe(III)-minerals aggregates
or biofilms as is carried out here, it is necessary to select
groups of metal fluorescent probes with appropriate ranges
of Kd values.

4.2.2. Data analysis

Another aspect of optimization of this approach is the
required data analysis. For the analysis of spatially
resolved, microscopic data, approaches such as correlation
analysis in scatterplots (e.g. with the ImageJ plugin ScatterJ
(Zeitvogel et al., 2014)) or quantitative co-localization anal-
ysis are always limited to two-component relationships.
Comprehensive software packages (e.g. Imaris; Zurich,
Switzerland) and automated thresholding algorithms
(Costes et al., 2004) facilitate an efficient 3D colocalization
analysis. The degree of colocalization can be used to
describe associations of the heavy metals with bacterial cell
surfaces and glycoconjugates (Jaskolski et al., 2005;
Malkusch et al., 2012). Additionally, principal component
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analysis (PCA) can be used on the data. In the present
study, we used JImageAnalyzer to identify interrelations
between heavy metal species’ abundances, and bacteria or
glycoconjugates that were not apparent using the previ-
ously described simple pair-wise analysis. This multivariate
statistical analysis facilitates the visualization of grouping
as well as displaying variances and correlations by creating
two-dimensional biplots of the principle components
(Gabriel, 1971).
4.3. Significant influence of bacterial cells’ surfaces and EPS

on heavy metal sorption

Enzymatic digestion of the glycoconjugates reduces the
amount of available binding sites while (Fig. 5A) Fe(III)
oxyhydroxide dissolution exposes more binding sites of
the glycoconjugates and of the bacterial cells’ surfaces
(Fig. 5A, B), although both approaches destroyed the integ-
rity of cell-iron-EPS-mineral aggregates and resulted in
changes of Fe3+ and Fe2+ in-situ distribution
(Fig. 10B, C). These results indicate that bacterial cells
are responsible for the majority of the sorption of certain
metal species in cell-EPS-Fe(III)-minerals aggregates (e.g.
bacterial cells sorbed 67% of Cu2+, S2). Thus, the results
of the present study are in general agreement with previous
studies on sorption of heavy metals such as Hg2+ (65%)
(Fein et al., 2001), Cd2+ (80–90%), Zn2+ (80–90%) (Plette
et al., 1996; Späth et al., 1998) Ni2+ (67%), Co2+ (72%),
Cu2+ (76–90%), Pb2+ (90%) (Daughney et al., 1998;
Choudhary and Sar, 2009) and CrO4

2� (50–100%) (Srinath
et al., 2002; Goyal et al., 2003; Loukidou et al., 2004) that
preferentially bind to bacterial cells over glycoconjugates.
The results of the present study are also in agreement with
two studies wherein nearly all Fe3+ was sorbed to bacterial
cell surfaces and the biofilm matrix (Daughney et al., 2001;
Julien et al., 2014). However all these studies only consid-
ered cells and potentially some EPS associated with the
cells, but not Fe(III) minerals as in the present study. In
summary, the current study verifies that bacterial cell sur-
faces have the potential for sorption of large quantities of
heavy metals (Ag+ Cu2+ Ni2+ Cd2+ Pb2+ Zn2+ Cr3+)
(Mullen et al., 1989; Geesey et al., 2008).

Other studies have reported that EPS can complex Co2+

(69%), Ni2+ (37%) (van Hullebusch et al., 2005), Cu2+

(54%) and Cd2+ (9%) (Sterritt and Lester, 1980), and that
pure synthetic goethite can also complex Zn2+ (69%),
Cr3+ (67%), Pb2+ (54%), Cd2+ (50%) and Ni2+ (50%)
(Francis and Dodge, 1990). In the present study, the
amounts of heavy metals sorbed by the organic constituents
of the cell-EPS-Fe(III)-minerals aggregates and biofilms are
reduced by the sorption of Fe2+, Fe3+ and Fe(III) minerals,
and thus reduce the amount of sorption sites available for
adsorption of other metals, a process that has previously
been described (Daughney et al., 2011). In the present
study, glycoconjugates sorbed 20% of Cu2+, while minerals
were responsible for approximately 13% (Fig. S2). This in
general confirmed the previous reports that EPS contributes
to sorption of 14% of Ni2+ in aerobic granules (Liu and Xu,
2007), and that minerals account for 12% of Cd2+, Pb2+,
Ni2+ and iron (Guibaud et al., 2005; Julien et al., 2014) in
activated sludges and biofilm.

The binding of metals in cell-EPS-Fe(III)-minerals
aggregates analyzed in the present study is in agreement
with various earlier studies and can be summarized as, (1)
the organochemical composition of glycoconjugates deter-
mines the total number of binding sites (cf. Guibaud
et al., 2003; More et al., 2014); (2) Fe2+, Fe3+ and Fe(III)
minerals bind to the glycoconjugates in large amounts
and thus, determine the fraction of binding sites that
remain available for additional other heavy metals; (3) the
characteristics of the functional groups on the cell surfaces
and within the glycoconjugates, and in particular their
affinity and specificity for certain metal species and their
respective concentration determine the fractions of heavy
metal species bound in the system (cf. Kulczycki et al.,
2002; Fang et al., 2009).

Eickhoff and coworkers have shown that in systems that
contain biogenic ferrihydrite, microbial cells and EPS, Ni2+

is preferentially bound to the ferrihydrite and competes
with the organic molecules for sorption sites (Eickhoff
et al., 2014). In contrast, it has also been reported that min-
erals associated with microbial EPS contain more trace
metals as compared to abiotic mineral phases (d’Abzac
et al., 2013), and therefore might reduce heavy metal sorp-
tion to bacterial cells (Teitzel and Parsek, 2003; Waychunas
et al., 2005), and act as a protective barrier (Comte et al.,
2006). Finally, in such systems, metals with small ionic radii
(e.g., Co2+ and Cd2+) can be incorporated into the Fe(III)
oxide crystal structure (Lack et al., 2002), but results in the
present study suggest that there has been no significant sub-
stitution of any metals into the goethite mineral structure.
Whereas one could argue that this maybe due to the fact
that heavy metals bound to mineral surfaces are not readily
labeled by the approach used here (Hao et al., 2013), the
labeling results are in keeping with the results of Moess-
bauer spectroscopy that did not indicate an incorporation
of major amounts metals into the crystal structure as dis-
cussed in detail later.

The similar sorbent properties of cell surfaces and glyco-
conjugates observed in this study (Fig. 7A, B) indicate that
both organic phases host similar concentrations of metal
sorption sites with similar binding mechanisms for the dif-
ferent metals. The results of this study are consistent with
those of previous studies on Bacillus subtilis and Pseu-

domonas putida (Ueshima et al., 2008; Fang et al., 2014).
Three main mechanisms have been claimed to be responsi-
ble for the sorption of heavy metal ions to cell surfaces and
EPS: First, the sorption of metal cations to deprotonated
carboxyl groups and phosphoryl groups that are the domi-
nant binding sites for metals at high metal loadings (Fein
et al., 2001; Kulczycki et al., 2002; Fang et al., 2014), while
sulfhydryl groups dominate at lower metal loadings
(Mishra et al., 2010). These functional groups are deproto-
nated and are usually negatively charged at neutral pH
(Templeton and Knowles, 2009). The second mechanism
is the binding of ligands with oxygen as the donor atom
to carboxylate, carbonyl, alcohol and phosphoryl groups
(Nieboer and Richardson, 1980). Finally, some toxic metal
species such as Hg2+ Pb2+ can be irreversibly bound to
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nitrogen and sulfur centers. Many metal species such as
Fe2+, Fe3+, Zn2+, Ni2+, Cu2+, Co2+, Mn2+, Cr3+ can be
bound by all above mentioned mechanisms (Nieboer and
Richardson, 1980). Specifically, oxygen-containing func-
tional groups can form complexes with Cr3+ (Hong et al.,
2012). Bacterial surfaces, however, are dominated by car-
boxyl and phosphoryl functional groups, which are
involved in the sorption of both Fe2+ and Fe3+ (Gupta
et al., 2000; Hegler et al., 2010), most of bioessential metals
such like Cu2+ (Pokrovsky et al., 2008), Zn2+ (Toner et al.,
2005; Guine et al., 2006), Ni2+ (Sar et al., 2001; Zhu et al.,
2010) .

4.4. Ferrous iron induces EPS excretion and cell-iron-mineral

aggregation

The results of this present study clearly showed that
heavy metal ions, in particular Fe2+, have a strong effect
on the excretion of EPS by the bacteria (Fig. 4) and, likely
as a result, on the formation of cell-EPS-Fe(III)-minerals
aggregates. The effect of Fe2+ ions on EPS formation was
more obvious than for other metal ions tested. This might
be due to the fact that these Fe(II)-oxidizing phototrophic
bacteria require high Fe2+ concentrations. EPS can enrich
bioavailable Fe2+ from the surrounding aqueous microen-
vironment for bacteria to oxidize, with the resulting Fe3+

then sorbed or complexed by the EPS, which templates
(nano-) crystalline Fe(III) minerals accumulation (Chan
et al., 2004; Plach et al., 2011; Elliott et al., 2012; Wu
et al., 2014). This series of events may both diminish the
concentration of free Fe2+, which is toxic to phototrophic
Fe(II)-oxidizing bacteria (Bird et al., 2013), and help to pre-
vent encrustation of the cell with Fe(III) (oxyhdr)oxides
(Schädler et al., 2009; Wu et al., 2014), which would prevent
diffusion of metabolites. This confirms previous studies,
which showed that Fe3+ concentrations exceeding levels
that induce growth limitation suppresses biofilm formation,
whereas Fe3+ concentrations that induced growth limita-
tion were essential for the formation of heterotrophic bac-
terial biofilms (Singh et al., 2002; Banin et al., 2005;
Wang et al., 2011). Other studies showed that adding
1 lM Fe3+ in the culture medium can promote the produc-
tion of EPS by biofilms (Jin and Guan, 2014), and both
Fe3+ and Fe2+ alter the amounts of EPS production (Lu
et al., 2005; Klueglein and Kappler, 2013). However, when
the concentration of heavy metal species exceeded certain
threshold values, the effects on the promotion of EPS pro-
duction became less significant (Sheng and Yu, 2006).

Two main mechanisms that influence the excretion of
EPS are involved in the response of microbes to metal con-
centrations in their aqueous environment. These include
sorption to EPS when concentrations of essential metals
are low in order to facilitate the uptake of the respective
metal species by the cells (Li and Yu, 2014; Tourney and
Ngwenya, 2014), or excretion of EPS when toxic metal spe-
cies concentrations are high. The latter creates a protective
envelope with reduced metal concentrations that prevents
the uptake of toxic metal concentrations (Valls and de
Lorenzo, 2002; Li and Yu, 2014; Tourney and Ngwenya,
2014).
4.5. Influence of Fe(II) oxidation on EPS, aggregation and on

heavy metals sorption

In the present experiments, glycoconjugates were not
only involved in passive Fe2+ enrichment and active Fe3+

sorprion, but also in an aggregation of amorphous and
poorly crystalline Fe(III) minerals. The precipitation of
such mineral phases is caused by the low solubility of
Fe3+ and rapid precipitation at circumneutral pH
(Faraldo-Gomez and Sansom, 2003). Furthermore, the
presence of the EPS might prevent the precipitation of or
transformation to more crystalline mineral phases
(Larese-Casanova et al., 2010; Mikutta et al., 2012). EPS
therefore can change the surface properties of the minerals,
and the presence of minerals can alter capacity of the EPS
for heavy metal sorption (Mikutta et al., 2012). Thereby,
the results of the present study are consistent with those
of previous studies showing that EPS act as templates for
the precipitation of amorphous and (nano-)crystalline Fe
(III) minerals (Chan et al., 2004; Plach et al., 2011; Elliott
et al., 2012), yet enable microbes to adjust their geochemical
microenvironments (Elliott et al., 2014) to enhance micro-
bial growth.

According to our current interpretation, the strain
Rhodobacter SW2 excretes EPS to enhance Fe2+-binding
and thus availability of the electron donor. Subsequently,
microbial Fe(II) oxidation results in the release of Fe3+ that
accumulates in the EPS (Kappler and Newman, 2004;
Posth et al., 2014; Wu et al., 2014). EPS and (nano-)
crystalline Fe(III) minerals were responsible for the aggre-
gation of cells, EPS and Fe(III) minerals. Therefore, the
results of the present CLSM in situ analysis at the micro-
scale show that bacterial Fe(II) oxidation is an important
process in determining the spatial distribution of iron oxi-
des and the distribution of heavy metals in aqueous envi-
ronments (Warren and Ferris, 1998).

4.6. Influence of heavy metals on biogenic minerals

Mineralogical analyses provide additional and comple-
mentary information of the long-term fate of metals in
these systems as the metals are shown not to be incorpo-
rated into the stable mineral structure. lXRD and Möss-
bauer spectroscopy results showed that goethite is the
dominant mineral phase that is produced by microbial Fe
(II) oxidation by SW2. Previous analyses of the mineral
products of SW2 in the absence and presence of Ni2+ have
indicated that ferrihydrite rather than goethite is the dom-
inant mineral phase, which is produced (Kappler and
Newman, 2004; Eickhoff et al., 2014). Differences in the
mineral product between the present study and previous
work are likely due to an 180 days aging process of the fer-
rihydrite in batch cultures. During this time, any residual
Fe2+could have reacted with the ferrihydrite leading to a
transformation to goethite over time (Hansel et al., 2005),
or alternatively the transformation could have taken place
due to the presence of bicarbonate or drying (Wu et al.,
2014; Swanner et al., 2015).

It is known that in room temperature Mössbauer spectra
goethite will commonly be visible as magnetically split
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spectra (sextet) provided that it has long range order (i.e.
large particle size) (Murad, 1982), while spectra corre-
sponding to goethite with short range ordering (i.e. nano-
goethite, d < 20 nm) are typically dominated by
superparamagnetic doublets (van der Kraan and van
Loef, 1966). The room temperature Mössbauer spectra
recorded for the minerals produced by SW2 with and with-
out additional metals are dominated by a doublet. Coupled
with the broad reflections observed in lXRD, it is likely
that these goethite minerals are therefore nanoparticulate
(van der Zee et al., 2003).

The spectra recorded at 77 K are dominated by a well
defined sextet (Gt) and a collapsed sextet corresponding
to paramagnetic goethite (para. Gt), which suggests differ-
ences between the crystallinity or particle size of the mineral
phases present. The relative area of the collapsed sextets are
similar in samples without additions and in samples
amended with either Ni2+, Zn2+ or Hg2+. Samples with
Cu2+ required the use of a doublet in addition to a col-
lapsed sextet in order to fully fit the sample, suggesting that
it is less crystalline or has a smaller particle size than the
other samples. The mineral produced in the presence of
Ni2+ shows a somewhat more complex size dependent
effect. For instance, the room temperature measurements
show no paramagnetic goethite with only a doublet
required to obtain an accurate fit. At 77 K the sample
amended with Ni2+ showed similar magnetic ordering as
compared to the other samples, and yet it is still not fully
magnetically ordered at 4.2 K. This likely indicates a broad
size distribution of nanogoethite in the samples amended
with Ni2+.

The substitution of Fe by elements such as Ni, Al and Si
in goethite has previously been reported (Murad and
Schwertmann, 1983; de Carvalho-e-Silva et al., 2002), with
each case leading to a decrease in the reported hyperfine
field with increasing substitution. Examination of the
4.2 K data show little to no differences between the hyper-
fine fields of each of the goethite samples measured here.
This suggests that there has been no significant substitution
of any metals into the goethite mineral structure. Therefore,
it seems that the most significant impact of the presence of
metals in goethite formation is on the crystallinity or parti-
cle size.

5. CONCLUSIONS

Using CLSM in combination with metal-specific fluores-
cent probes as an in-situ technique allowed us to investigate
the spatial heterogeneity of metal binding to complex sys-
tems such as cell-EPS-Fe(III)-mineral aggregates formed
by Fe(II)-oxidizing bacteria on the sub-lm scale. The pre-
sent study linked the observed distribution patterns of met-
als associated with cells, glycoconjugates and minerals to
microbial activity, and to the resulting geochemical
microenvironments. The fractions of metals that are sorbed
onto cell surfaces, within glycoconjugates and onto mineral
surfaces, but that are not incorporated into the (bio-)
mineral structure, are relatively mobile and can be expected
to be readily biotoxic. The statistical analysis of the
spatially resolved datasets allows us to draw the conclusion
that metal binding was relatively similar for all metals stud-
ied, namely that Au3+, Cd2+, Cr3+, CrO4

2�, Cu2+, Hg2+,
Ni2+, Pd2+, TBT and Zn2+, were heavily affected by the
presence of Fe2+ and Fe3+ iron, which compete for sorption
sites on cell surfaces and glycoconjugates in the system. The
results of this study showed that in this complex system
both bacterial cells and glycoconjugates provided signifi-
cant amounts of sorption sites for heavy metal species.
Simultaneously, microbially formed Fe(III) minerals inter-
action with glycoconjugate matrices of cell-EPS-Fe(III)-
minerals aggregates and provided additional binding sites,
whereas Fe2+ and Fe3+ ions competed with heavy metals
for sorption sites on the organic components. Thus, micro-
bial Fe(II) oxidation is not only an important process deter-
mining the spatial distribution of iron species but also
controls the distribution of heavy metals. The approach
developed for this study allows for mapping at high resolu-
tion and in-situ the local 3D metal distribution. Samples are
analyzed in their natural hydrated states and correlation
analysis of the resulting 3D analytical datasets allows for
identifying relationships between heavy metal species,
Fe2+ and Fe3+ ions, cells, glycoconjugates and biogenic
minerals. The information obtained by this relatively novel
technique turned out to be very complementary to the
information obtained by conventional approaches. It pro-
vides important information to understand the interaction
mechanisms between heavy metal species and biofilms, the
fate of heavy metals, and interaction mechanisms between
microbially formed Fe(III) minerals and heavy metals in
natural complex environments.
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Eickhoff M., Obst M., Schröder C., Hitchcock A. P., Tyliszczak T.,

Martinez R. E., Robbins L. J., Konhauser K. O. and Kappler
A. (2014) Nickel partitioning in biogenic and abiogenic
ferrihydrite: the influence of silica and implications for ancient
environments. Geochim. Cosmochim. Acta 140, 65–79.

http://refhub.elsevier.com/S0016-7037(16)30054-0/h0005
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0005
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0005
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0005
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0010
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0010
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0015
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0015
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0015
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0020
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0020
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0025
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0025
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0025
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0030
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0030
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0030
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0035
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0035
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0035
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0035
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0040
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0040
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0040
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0045
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0045
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0045
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0050
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0050
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0050
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0050
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0055
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0055
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0055
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0060
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0060
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0060
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0065
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0065
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0070
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0070
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0070
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0070
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0070
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0075
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0075
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0075
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0075
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0080
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0080
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0080
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0085
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0085
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0085
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0085
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0090
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0090
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0090
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0095
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0095
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0095
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0095
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0100
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0100
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0100
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0105
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0105
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0105
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0105
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0105
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0105
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0105
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0105
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0110
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0110
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0110
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0110
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0115
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0115
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0115
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0115
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0120
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0120
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0120
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0120
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0125
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0125
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0125
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0125
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0130
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0130
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0130
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0130
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0135
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0135
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0135
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0135
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0140
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0140
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0140
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0145
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0145
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0145
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0145
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0150
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0150
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0150
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0155
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0155
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0155
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0160
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0160
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0160
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0160
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0165
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0165
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0165
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0165
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0170
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0170
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0170
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0175
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0175
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0175
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0180
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0180
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0180
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0180
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0185
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0185
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0190
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0190
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0190
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0190
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0190


L. Hao et al. /Geochimica et Cosmochimica Acta 180 (2016) 66–96 93
Elliott A. V. C., Plach J. M., Droppo I. G. and Warren L. A. (2012)
Comparative floc-bed sediment trace element partitioning
across variably contaminated aquatic ecosystems. Environ.

Sci. Technol. 46, 209–216.
Elliott A. V. C., Plach J. M., Droppo I. G. and Warren L. A. (2014)

Collaborative microbial Fe-redox cycling by pelagic floc bac-
teria across wide ranging oxygenated aquatic systems. Chem.

Geol. 366, 90–102.
Fang L., Cai P., Chen W., Liang W., Hong Z. and Huang Q. (2009)

Impact of cell wall structure on the behavior of bacterial cells in
the binding of copper and cadmium. Colloids Surf., A 347, 50–
55.

Fang L., Yang S., Huang Q., Xue A. and Cai P. (2014) Biosorption
mechanisms of Cu(II) by extracellular polymeric substances
from Bacillus subtilis. Chem. Geol. 386, 143–151.

Faraldo-Gomez J. D. and Sansom M. S. P. (2003) Acquisition of
siderophores in gram-negative bacteria. Nat. Rev. Mol. Cell

Biol. 4, 105–116.
Fein J. B., Martin A. M. and Wightman P. G. (2001) Metal

adsorption onto bacterial surfaces: development of a predictive
approach. Geochim. Cosmochim. Acta 65, 4267–4273.

Finney L. A. and O’Halloran T. V. (2003) Transition metal
speciation in the cell: insights from the chemistry of metal ion
receptors. Science 300, 931–936.
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goethite. Clay Miner. 18, 301–312.

Nagano T. (2010) Development of fluorescent probes for bioimag-
ing applications. Proc. Jpn Acad. Ser. B 86, 837–847.

Neu T. R. and Lawrence J. R. (1999) Lectin-binding analysis in
biofilm systems. In Methods in Enzymology (ed. J. D. Ron).
Academic Press, pp. 145–152.

Neu T. R. and Lawrence J. R. (2003) Laser Scanning Microscopy in

Combination with Fluorescence Techniques for Biofilm Study.

Encyclopedia of Environmental Microbiology. John Wiley &
Sons Inc., pp. 1772–1788.

Neu T. and Lawrence J. (2014a) Advanced techniques for in situ
analysis of the biofilm matrix (structure, composition, dynam-
ics) by means of laser scanning microscopy. In Microbial

Biofilms: Methods and Protocols, Methods in Molecular Biology

(ed. G. Donelli). Springer, New York, pp. 43–64.
Neu T. and Lawrence J. (2014b) Investigation of microbial biofilm

structure by laser scanning microscopy. Springer, Berlin Heidel-
berg, pp. 1–51.

Nguyen T. and Francis M. B. (2003) Practical synthetic
route to functionalized rhodamine dyes. Org. Lett. 5, 3245–
3248.

Nieboer E. and Richardson D. H. S. (1980) The replacement of the
nondescript term ‘heavy metals’ by a biologically and chemi-
cally significant classification of metal ions. Environ. Poll. Ser.
B, Chem. Phys. 1, 3–26.

Pacyna E. G., Pacyna J. M., Fudala J., Strzelecka-Jastrzab E.,
Hlawiczka S., Panasiuk D., Nitter S., Pregger T., Pfeiffer H.
and Friedrich R. (2007) Current and future emissions of
selected heavy metals to the atmosphere from anthropogenic
sources in Europe. Atmos. Environ. 41, 8557–8566.

Penner-Hahn J. (2013) Technologies for detecting metals in single
cells. In Metallomics and the Cell (ed. L. Banci). Springer,
Netherlands, pp. 15–40.

Plach J. M., Elliott A. V. C., Droppo I. G. and Warren L. A. (2011)
Physical and ecological controls on freshwater Floc trace metal
dynamics. Environ. Sci. Technol. 45, 2157–2164.

Plette A. C. C., Benedetti M. F. and van Riemsdijk W. H. (1996)
Competitive binding of protons, calcium, cadmium, and zinc to
isolated cell walls of a Gram-positive soil bacterium. Environ.
Sci. Technol. 30, 1902–1910.

http://refhub.elsevier.com/S0016-7037(16)30054-0/h0375
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0375
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0380
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0380
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0380
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0385
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0385
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0385
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0390
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0390
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0390
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0390
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0395
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0395
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0395
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0395
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0400
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0400
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0400
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0400
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0400
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0405
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0405
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0405
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0405
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0405
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0410
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0410
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0410
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0410
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0410
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0415
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0415
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0415
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0420
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0420
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0420
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0425
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0425
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0425
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0425
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0425
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0430
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0430
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0430
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0430
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0435
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0435
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0435
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0435
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0440
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0440
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0440
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0440
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0445
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0445
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0445
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0445
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0450
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0450
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0455
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0455
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0455
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0460
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0460
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0460
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0460
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0465
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0465
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0465
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0465
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0465
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0470
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0470
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0470
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0470
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0475
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0475
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0475
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0475
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0480
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0480
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0480
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0480
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0485
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0485
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0490
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0490
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0490
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0495
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0495
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0500
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0500
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0505
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0505
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0505
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0510
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0510
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0515
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0515
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0515
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0520
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0520
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0520
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0520
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0525
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0525
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0525
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0525
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0525
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0530
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0530
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0530
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0535
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0535
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0535
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0540
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0540
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0540
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0540
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0545
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0545
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0545
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0545
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0545
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0550
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0550
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0550
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0555
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0555
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0555
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0560
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0560
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0560
http://refhub.elsevier.com/S0016-7037(16)30054-0/h0560


L. Hao et al. /Geochimica et Cosmochimica Acta 180 (2016) 66–96 95
Pokrovsky O. S., Viers J., Emnova E. E., Kompantseva E. I. and
Freydier R. (2008) Copper isotope fractionation during its
interaction with soil and aquatic microorganisms and metal oxy
(hydr)oxides: possible structural control. Geochim. Cosmochim.

Acta 72, 1742–1757.
Posth N. R., Canfield D. E. and Kappler A. (2014) Biogenic Fe(III)

minerals: from formation to diagenesis and preservation in the
rock record. Earth Sci. Rev. 135, 103–121.

Ravichandran M. (2004) Interactions between mercury and
dissolved organic matter––a review. Chemosphere 55, 319–331.

Reuben S., Banas K., Banas A. and Swarup S. (2014) Combination
of synchrotron radiation-based Fourier transforms infrared
microspectroscopy and confocal laser scanning microscopy to
understand spatial heterogeneity in aquatic multispecies bio-
films. Water Res. 64, 123–133.

Rosivatz E. (2008) Imaging the boundaries—innovative tools for
microscopy of living cells and real-time imaging. J. Chem. Biol.

1, 3–15.
Sar P., Kazy S. K. and Singh S. P. (2001) Intracellular nickel

accumulation by Pseudomonas aeruginosa and its chemical
nature. Lett. Appl. Microbiol. 32, 257–261.
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