Geobiology (2012), 10, 130–149

DOI: 10.1111/j.1472-4669.2011.00303.x

Chemical and structural status of copper associated with
oxygenic and anoxygenic phototrophs and heterotrophs:
possible evolutionary consequences
O. S. POKROVSKY,1 G. S. POKROVSKI,1 L. S. SHIROKOVA,1,2 A. G. GONZALEZ,3 E. E. EMNOVA4
AND A. FEURTET-MAZEL5
1
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ABSTRACT
Copper adsorption on the surface and intracellular uptake inside the cells of four representative taxons of soil and
aquatic micro-organisms: aerobic rhizospheric heterotrophs (Pseudomonas aureofaciens), anoxygenic (Rhodovulum steppense) and oxygenic (cyanobacteria Gloeocapsa sp. and freshwater diatoms Navicula minima) phototrophs were studied in a wide range of pH, copper concentration, and time of exposure. Chemical status of
adsorbed and assimilated Cu was investigated using in situ X-ray absorption spectroscopy. In case of adsorbed
copper, XANES spectra demonstrated significant fractions of Cu(I) likely in the form of tri-coordinate complexes
with O ⁄ N and ⁄ or S ligands. Upon short-term reversible adsorption at all four studied micro-organisms’ cell surface, Cu(II) is coordinated by 4.0 ± 0.5 planar oxygens at an average distance of 1.97 ± 0.02 Å, which is tentatively assigned to the carboxylate groups. The atomic environment of copper incorporated into diatoms and
cyanobacteria during long-term growth is similar to that of the adsorbed metal with slightly shorter distances to
the first O ⁄ N neighbor (1.95 Å). In contrast to the common view of Cu status in phototrophic micro-organisms,
XAFS failed to detect sulfur in the nearest atomic environment of Cu assimilated by freshwater plankton (cyanobacteria) and periphyton (diatoms). The appearance of S in Cu 1st coordination shell at 2.27–2.32 Å was
revealed only after long-term interaction of Cu with anoxygenic phototrophs (and Cu uptake by soil heterotrophs), suggesting Cu scavenging in the form of sulfhydryl, histidine ⁄ carboxyl or a mixture of carboxylate and
sulfhydryl complexes. These new structural constraints suggest that adsorbed Cu(II) is partially reduced to Cu(I)
already at the cell surface, where as intracellular Cu uptake and storage occur in the form of both Cu(I)-S linked
proteins and Cu(II) carboxylates. Obtained results allow to better understand how, in the course of biological
evolution, micro-organisms elaborated various mechanisms of Cu uptake and storage, from passive adsorption
and uptake to active, protein-controlled surface reduction, and intracellular storage.
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INTRODUCTION
Compared with other essential oligoelements, copper is particularly interesting as it combines versatile chemical behavior
and coordination chemistry with multiple oxidation states (+1
and +2) both in solution and in solid. Among all bioactive
metals, Cu exhibits by far the lowest concentration in cells
(Andreini et al., 2008). The extreme toxicity of elevated
copper concentrations to all aquatic photosynthetic microorganisms is usually explained to be due to blocking and
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reducing the thiol sites on proteins (e.g., Chang & Reinfelder,
2000). In particular, Cu2+ may bind to SH-group-containing
glutathione (Kachur et al., 1998), and phytochelatin production in algae is known to be induced by the presence of Cu in
response to the toxicity of the metal (Le Faucher et al., 2005;
Le Faucheur et al., 2006). The copper resistance systems
of bacteria such as Pseudomonas involve the production of
proteins that bind copper in the periplasm and close to the
outer membrane (Cooksey, 1993, 1994). Because of the high
Cu affinity to thiol groups of cell proteins such as glutathi-
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one, no free copper is believed to occur in a bacterial cell
(Rae et al., 1999). Depending on anaerobic or aerobic conditions, different periplasmic regulator proteins control copper
homeostasis, and the direct transport (efflux pump) of Cu+
from the periplasm to the outside may occur (see Nies, 2003
for a review). Most phototrophic micro-organisms exhibit
strong demand for copper, because the efficiency of primary
producers in the biosphere is reliant upon effective copper
delivery to their thylakoids (Banci et al., 2004). Cyanobacteria are the one bacterial group that have known enzymatic
demand for cytoplasmic copper import (Tottey et al., 2005)
as Cu in a cyanobacteria is used as an enzymatic cofactor
bound by S ligands. In contrast, anaerobic bacteria do not
appear to use copper (Silver, 1997), although recent review
of Cu-bearing proteins revealed that the only organisms that
did not have Cu-handling capabilities are pathogenic and parasitic micro-organisms that obtained their Cu requirements
from a host (Bertini et al., 2010). Whether copper is taken
up initially as Cu2+ and subsequently reduced to Cu+ or
whether copper is reduced directly at the cell surface (before
or concomitant with transport) is not fully established (Silver,
1997).
It is important to note that the copper sites in proteins have
a higher affinity to Cu(I) than to Cu(II) (Silver, 1997; Huffman & O’Halloran, 2001); as a result, it can be hypothesized
that the reduction of Cu(II) into Cu(I) may occur already at
the cell interface although in situ spectroscopic evidences of
this process are currently lacking. At the same time, both
enzymatic and non-enzymatic reductions of Cu have been
observed at cell surfaces, which may represent the initial step
in the uptake of metal complexes (Jones et al., 1987; Hassett
& Kosman, 1995). In the simplest form of uptake by phytoplankton, metals are adsorbed onto sites in cell walls and cell
membranes without being transported into cytoplasm (Hudson, 1998; Xue et al., 1988). To address the first step of metal
interaction with live cells, a significant amount of work has
been devoted to copper binding to algal and bacterial surfaces
using macroscopic techniques (Gonzales-Davila et al., 1995;
Gonzalez-Davila et al., 2000; He & Tebo, 1998; Xue & Sigg,
1990). Nevertheless, provision of Cu limitation vs. toxicity for
different aquatic micro-organisms remains largely unknown.
This is partially because of the lack of studies dealing with in
situ characterization of Cu chemical status in cells of microorganisms. Among different in situ techniques, X-ray absorption spectroscopy (XAS) including the X-ray absorption nearedge structure region or XANES and the extended X-ray
absorption fine structure region or EXAFS is the most powerful one enabling resolution, at the molecular scale, of the
molecular environment of Cu both in inorganic (Fitts et al.,
1999; Peacock & Sherman, 2004; Furnare et al., 2005) and
in organic (Polette et al., 2000; Kretschmer et al., 2002;
Strawn & Baker, 2008, 2009; Manceau & Matynia, 2010)
matrices. In contrast to numerous works devoted to structural
characterization of Cu associated with soil humic substances
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(Xia et al., 1997; Karlsson et al., 2006), plants (Merdy et al.,
2002; Parsons et al., 2002; Tiemann et al., 2002; Sahi et al.,
2007) and bacterial exopolysaccharides (Nagy & Szorcsik,
2002), only one study addressed Cu structural status in
unicellular micro-organisms. Kretschmer et al. (2004) reported that during adsorption on freeze-dried cyanobacterium Anabaena flos-aquae, Cu(II) is coordinated exclusively
by phosphate after adsorption at pH 2 and by carboxyl and
amine ligands after adsorption at pH 5. In addition, significant
proportion of Cu(I) coordinated to thiol and amine group
was detected in whole-cell samples, which was absent in peptidoglycan fractions (Kretschmer et al., 2004). Precise and
quantitative characterization of copper speciation is important
for predicting Cu toxicity for various aquatic micro-organisms, metal distribution coefficients between the cells and the
environment, and Cu isotope fractionation induced by microbial activity.
This work is devoted to quantifying, using XAS, the main
structural factors controlling Cu interaction with various
aquatic micro-organisms, namely the nature and number of
Cu-binding ligands, Cu-ligand interatomic distances and
in situ redox state of Cu at the surface and inside the cells. This
is the most straightforward and quantitative method for
obtaining such in situ information on a metal in heterogeneous inorganic and biological samples (e.g., Banci et al.,
2004; Kelly et al., 2008). However, the main weakness of
XAS is that it requires, depending on the accuracy of structural
parameters to be obtained, elevated metal concentrations in
biological matrixes, typically 100’s to 1000’ ppm of metal in
dry weight or 1–10 ppm of metal in solution interacting with
biomass. Very often, such high concentrations of dissolved
trace metal like Cu make the environmental relevance uncertain. A usual way to overcome this is to use high concentration
of biomass to achieve the high ligand-to-metal ratio similar to
that of natural settings. Another shortcoming of XAS is its statistical character making it difficult to detect a specific highly
selective but low-abundance group (<10%) in the overall
spectrum reflecting the average metal status in the sample
(e.g., Kelly et al., 2008). While this feature reduces the efficiency of XAS in resolving metal toxicity vs. limitation to
the micro-organisms, it is overwhelmed by (i) straightforward detection by XAS of the element’s redox state, (ii)
high precision in deriving first-shell metal–ligand interatomic distances (within 0.01–0.02 Å) and (iii) easy discrimination of light (e.g., O, N) vs. heavy (e.g., S) neighbors in
the absorber’s first atomic shell. This makes XAS the best
method for characterizing the chemical status of the major
and thus most geochemically important part of metal. This
in turn provides straightforward constraints for interpreting
metal isotopes fractionation because the latter is determined
by the dominant chemical species of the metal (Navarrete
et al., 2011 and references therein). Taking into account
the abovementioned specificity of XAS, we used this
method for direct assessment of the dominant chemical
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forms of Cu associated with various aquatic and soil microorganisms.
Oxygenic (diatoms, cyanobacteria) and anoxygenic phototrophs were selected as three representative and contrasting
taxons of photosynthesizing micro-organisms known to exhibit low tolerance to Cu. In addition, soil rhizospheric aerobic
Pseudomonas grown in Cu-rich media were used as an example of heterotrophic, highly resistant to Cu microbes (Pokrovsky et al., 2008a and references therein). Copper
interaction with cell surface may occur via (i) reversible
adsorption at the low-affinity, high-abundance surface sites
(Gélabert et al., 2006; Gonzalez et al., 2010), (ii) strong
binding with low-abundance specific sites of the cell surface
(Gonzalez-Davila et al., 2000), (iii) periplasmic complexation, reduction and storage (Beveridge, 1989; Navarrete
et al., 2011). The surface adsorption properties of these
diverse micro-organisms at high Cu loading are mainly controlled by low-affinity carboxylate sites whose distribution
and abundance at the cell surface were previously investigated
using surface titration, electrophoresis, and surface adsorption techniques (Gélabert et al., 2004; Pokrovsky et al.,
2008a,b; Gonzalez et al., 2010). It can be expected that surface adsorption in Cu-sensitive (oxygenic photoautotrophs)
and Cu-tolerant micro-organisms (soil heterotrophs) will
occur in a similar manner, whereas the Cu assimilation will be
different because of different detoxification mechanisms and
different metal requirements of each representative species.
This work is aimed at verifying this hypothesis via assessing
the differences in the ligand identity and the redox status,
coordination and first-neighbor distances of Cu adsorbed on
and assimilated by micro-organisms.

MATERIALS AND METHODS
Micro-organism cultures
Freshwater diatoms Navicula minima, mesophilic cyanobacteria Gloeocapsa sp. f-6gl, anoxygenic photosynthetic purple
bacteria Rhodovulum steppense A-20s, and soil aerobic gramnegative bacteria Pseudomonas aureofaciens CNMN PsB-03
were obtained from collections and cultured as described
previously (Gélabert et al., 2004; Pokrovsky et al., 2008a,b;
Gonzalez et al., 2010; Bundeleva et al., 2011). Purple bacteria were cultured anaerobically on Pfenning media with
addition of 0.1 g L)1 of yeast extract and 2 g L)1 of acetate
and pH = 7.4 (Pfennig & Trüper, 1989). Cyanobacteria Gloeocapsa sp. were cultured on EDTA-free D media (1) at
pH = 8.0–8.2. Typical conditions of culture were the following: light intensity = 2–3 thousands lux, temperature = 28–
30 C, and stationary growth phase achieved after 1–2 weeks.
The growth phase was assessed by measuring optical density
or cell biomass vs. time.
The bacterial strain of soil aerobic gram-negative bacteria
P. aureofaciens CNMN PsB-03 was isolated from soybean

root-adhering (rhizospheric) soil for their capability of producing large amounts of gel-forming exopolysacharide (EPS) on a
sucrose–peptone (SP) medium. Two samples of P. aureofaciens PsB-03 biomass were used in the present study. The first
one consisted of cells growing in nutritive medium with
sucrose and peptone (SP media), which yields an abundant
EPS synthesis, and the second one contained cells growing
in ⁄ on nutritive medium with succinic acid as the only carbon
source (SA media), which results in very little EPS. The qualitative monosaccharide composition of the EPS produced in indicated media is different: the SP media yields the EPS composed
of 76.1% fructose, and 11.4% glucose, whereas in the SA media,
polysaccharides contain 49.9% of glucose, 22.3% of fructose,
and 14% of mannose. Small amounts (<10% of total sugars) of
rhamnose, ribose, xylose, and galactose were present in both
EPS samples. Therefore, the most probable EPS for SP medium is the acidic polysaccharide levan (polyfructan). In contrast, glucan and some other heteropolymers are present in SA
medium. Details of growth conditions, EPS characterization,
and Cu binding to cell are given by Gonzalez et al. (2010).
Monospecific diatom cultures of freshwater periphytic
N. minima (NMIN) were cultured to a concentration of
107 cell L)1 at 20 C in a sterile Dauta (freshwater) EDTAfree medium under continuous aeration at pH of 7.6)7.9 and
[Cu]tot  0.2 lM (Gélabert et al., 2004, 2007). Typical
incubation time was 1–2 weeks. Diatoms were harvested from
the late exponential to stationary growth phase and kept at
4 C until use.
Copper incorporation in cells during microbial growth
experiments was performed during 3–13 days at typical conditions of cell culturing. Copper was added in the EDTA-free
nutrient media in the form of Cu sulfate or nitrate without
any additional organic ligand. Total aqueous Cu2+ concentration ranged from 0.1 to 30 lM for cyanobacteria, from 6 to
15 lM for purple bacteria, and from 400 to 800 lM for
heterotrophic rhizospheric bacteria. Other nutrient metals
(Fe, Zn, Mn, Co, Ni, and Mo) were present in trace amounts
requested for growth with concentrations of 1–2 orders of
magnitude lower than that of copper. The main organic
ligands controlling Cu speciation in diatoms and cyanobacteria growth media are cell exometabolites. For Rhodovulum sp.
and P. aureofaciens growing in organic-rich nutrient media,
in addition to cell exometabolites, soluble proteins, phosphate, and carboxylates are capable of complexing Cu in solution. We evaluated using Cu2+-ion selective electrode (ISE)
that more than 99% of total dissolved Cu at [Cu2+]tot of
760 lM is complexed with phosphate and peptone in SP
media (sample Ps-3) and with phosphate and succinate in SA
media (sample Ps-5). The Pfenning media of Rhodovulum sp.
complexed more than 90% of added Cu ([Cu]tot = 10 lM,
sample Rh-3) as revealed by the ISE measurement because of
the presence of yeast extract, phosphate, and malate. Unfortunately, the low resolution of Cu2+-selective electrodes at Cu
<1–10 lM and poor knowledge of Cu2+ complexes stability
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constants with proteins and cell exometabolites did not allow
precise reconstruction of free Cu2+ concentration in growth
media. However, it is important to note that in all growth
(incorporation) experiments in this work, the free Cu2+ ion
concentration was 1–2 orders of magnitude lower than the
total dissolved Cu concentration.
For all growth (incorporation) experiments, prior to the
analysis, the cells collected via centrifugation were rinsed in
dilute Cu-free NaNO3 or NaCl aqueous solution and then in
a 0.01 M EDTA solution for 10 min to remove Cu that was
reversibly adsorbed on surface envelopes (e.g., Le Faucher
et al., 2005; Knauer et al., 1997; Hudson & Morel, 1989).
Routine optical examination of cell prior to the XAS experiments after EDTA washing did not reveal cell lysis and degradation. We also performed additional washing in inert
electrolyte solution of the same ionic strength as growth
media to insure complete removal of all the EDTA traces from
the wet pellet. Note that depending on the duration of
treatment and the concentration of complexant, it is difficult
to differentiate between sorbed and assimilated or intracellular
metal so that the lines between assimilation and incorporation
into biomolecules and sorption to cell ‘surfaces’ are blurred.
In this work, surface-adsorbed external (EDTA-removable)
and incorporated (non-EDTA-removable) copper fractions
are operationally defined entities (Ma et al., 2003; De Schamphelaere et al., 2005).
The biomass of live bacteria and diatom cell suspensions
was quantified by measuring wet (centrifuged for 25 min at
4500 g) and dry (freeze-dried) weight. The conversion factors
of wet to freeze-dried weight for studied micro-organisms
were the following: N. minima, 10.0; Rhodovulum sp., 11.7;
Gloeocapsa sp., 8.2; EPS-rich P. aureofaciens, 3.6; EPS-poor
P. aureofaciens, 5.0. All adsortion and assimilation samples
were prepared at the European Molecular Biology Laboratory
(EMBL), freeze-dried and measured at the ESRF within
several hours after the preparation.
Adsorption experiments, reversibility tests and chemical
analyses
Copper adsorption experiments were designed to test the
effect of solution pH and metal loading on chemical status of
adsorbed Cu. For this, two types of experiments at 25 C and
0.01 M NaNO3 were performed: (i) adsorption at constant
initial copper concentration in solution as a function of pH
(pH-dependent adsorption edge) and (ii) adsorption at constant pH as a function of copper concentration in solution
(adsorption isotherm). The range of adsorbed Cu concentration varied from 0.2 to 50 lmol ⁄ gwet and the range of aqueous Cu concentration was between 0.1 and 300 lM. The
latter values are significantly higher than those generally
reported in natural settings (0.01–0.06 lM in rivers, Gaillardet
et al., 2003 and Pokrovsky et al., 2010; 0.003–0.03 lM in
lakes, Xue & Sigg, 1993; Shirokova et al., 2010; 0.3–0.9 lM
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in groundwaters, Kharaka et al., 1987). However, the biomass concentration used in experiments (1–10 gwet L)1 or
0.1–1 gdry L)1) is several orders of magnitude higher than the
bacterioplankton and phytoplankton concentration encountered in natural waters (typically 10–100 lg L)1). As a result,
the total ratio of metal to ligand used in our experiments is of
the same order of magnitude as that in non-contaminated
natural aquatic environments.
All experiments were performed in solutions at pH < 7
undersaturated with respect to secondary copper hydroxide or
carbonate solid phases as verified by using the MINTEQA2
computer code and corresponding database (Allison et al.,
1991; Martell et al., 1997). Before the adsorption experiment, the cells were rinsed first in 0.005 M Na2H2EDTA solution and then three times in 0.01 M or 0.1 M NaNO3 solution
using centrifugation at 4500 g (500 mL of solution for 1 g
of wet biomass) to remove, as possible, the adsorbed metals
and cell exudates from the surface. Adsorption experiments
were conducted at 25 ± 0.2 C on continuously stirred suspensions of 0.01 M or 0.1 M NaNO3 solution in 8-mL sterile
polypropylene vials during 40 min–2 h. The biomass concentration was held constant at 4 or 10 g humid per L, and dissolved copper concentration in solution ([Cu2+]aq) spanned
from 0.1 to 300 lM. Bacterial suspension was prepared first at
circum-neutral pH of 5, and then pH of the solution was
adjusted to the desired value using either NaOH or HNO3.
HEPES buffer, which is known not to complex divalent
metals in aqueous solution (Mirimanoff & Wilkinson, 2000),
was added to a concentration of 0.003 M to keep pH constant
during adsorption isotherm measurements.
For all experiments, sterile de-ionized water (MilliQ,
18 MX) purged of CO2 by N2 bubbling was used. At the end
of the experiment, the suspension was centrifuged and the
resulting supernatant filtered through a 0.22-lm nylon filter,
acidified with ultrapure nitric acid and stored in the refrigerator until analysis. The concentration of copper adsorbed to
biomass in each vessel was calculated by subtracting the concentration of copper in the filtrate at the end of experiment
from the initial concentration of metal added in the suspension. Blank experiments did not demonstrate, within the
analytical uncertainty, Cu release into the solution from the
original cells or Cu adsorption on reactor walls in the full
range of pH (from 2 to 7). This also demonstrated the
absence, within ±10% of total amount, of Cu oxy(hydr)oxides
precipitation at the conditions where most of adsorption
occurred (5 £ pH < 7). Exposure time varied from 0.5 min
to 43 h to assess the kinetics of Cu adsorption process. For
most experiments, exposure time was fixed to 2–3 h. Optical
microscopic inspection of bacterial cells before and after
adsorption experiments showed no visible change in the cell
structure and shape. The cells remained intact and nondeformed, and no cell fragments could be detected.
The reversibility of Cu adsorption was first tested following the method developed by Fowle & Fein (2000). A
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homogeneous parent suspension solution of bacteria +
Cu + electrolyte was adjusted to pH 7 at which 100% Cu
was adsorbed onto microbial cells. After 3 h of adsorption
contact time, aliquots of this parent suspension solution were
taken and adjusted to sequentially lower pH values (from 6.9
to 2). The reaction vessels equilibrated at new pH values for
3 h were sampled for Cu. The concentration of desorbed
copper in the supernatant allows calculation of the amount
of irreversibly assimilated metal. This amount never exceeded
5–10%, suggesting an equilibrium adsorption process with
negligible amount of copper penetrating inside the cell. The
second reversibility test, used earlier for algae and bacteria
(Slaveykova & Wilkinson, 2002; Smiejan et al., 2003), consists of treating the cell suspension with 0.01 M EDTA
solution at neutral pH during 2–3 min, separating the cells
and the supernatant by centrifugation, filtration (<0.22 lm)
and measuring dissolved copper concentration. The first
method was tested for cyanobacteria and anoxygenic phototrophs, while the second method was employed for checking
the reversibility of copper adsorption on soil bacteria P.
aureofaciens. In all cases, good recovery (95%) of adsorbed
copper was achieved suggesting a truly reversible adsorption
phenomenon.
All filtered solutions were analyzed for Cu ([Cu]aq) using
flame atomic absorption (AAS, Perkin Elmer 5100, HGA600; Perkin Elmer, Norwalk, CT, USA) with an uncertainty
of ±1% and a detection limit of 0.1 lM. For Cu concentration
lower than 0.5 ll, analyses were performed by ICP-MS (Perkin Elmer SCIEX, Elan 6000) with a detection limit of 1 nM
and a precision of ±10% and 5% for 1–50 nM and 50–500 nM,
respectively. Cu concentration in dry biomass was measured
by AAS after its full acid digestion (HNO3 + H2O2)
performed in a clean room. Values of pH were measured
using a Mettler Toledo (Columbus, OH, USA) combined
electrode, with an accuracy of ±0.02 units. Dissolved organic
carbon (DOC) was analyzed using a carbon total analyzer
(Shimadzu TOC-5000) with an uncertainty of 3% and a
detection limit of 0.1 mg L)1.
To account for the Cu(II) speciation in solution, in situ
potentiometry was used to monitor the activity and free concentration of Cu2+ (aq) in cells suspension. Solid-contact Cu
sulfide electrode (NIKO Analit, Moscow, Russia) coupled
with Ag ⁄ AgCl reference electrode in 3.5 M KCl connected
with solution via 1 M NaNO3 salt bridge was calibrated at
4 < pH < 6 in standard Cu(NO3)2 solutions. Similar to previous works (i.e., Gélabert et al., 2007; Gonzalez et al., 2010),
the electrode was fitted with a sterile dialysis membrane (Spectra Por 6, 6–8 kDa, Spectrum Medical Industries, Los
Angeles, CA, USA), which prevents fouling and oxidation of
the ISE active surface by the bacterial cells and molecular
oxygen, respectively. The membrane also prevented the
biofouling of the electrode surface by large molecular size
extracellular substances. The constant ionic strength of
0.1 M was maintained via addition of NaNO3. Potentiometric

measurements were performed at 25 ± 0.5 C in the concentration range of 10)5 to 10)2 M with a detection limit of
10)6 M and an uncertainty of 5%; a Nernstian slope of
29.1 ± 0.5 mV ⁄ pCu was obtained. Before and after the measurements, the electrode was calibrated in cell supernatant
solution having the same concentration of background electrolyte and bacterial exudates as the experimental solution.
All investigated samples are listed in Table 1. A novelty of
our approach was that all samples for XAS analysis were prepared onsite at the European Molecular Biology Laboratory
(EMBL) in the vicinity of the ESRF and processed at the
beamline within several hours after the end of freeze-drying
procedure. This greatly reduced the possibility of sample degradation and allowed achievement of the highest Cu concentration for XAS spectra acquisition without increasing the
level of initial Cu loading. Note that freeze-dried and wet
samples showed identical chemical status for studied other
divalent metals such as Zn, in phytoplankton samples that
appeared (Pokrovsky et al., 2005). This is also consistent with
results obtained by Sarret et al. (1998) who reported a minimal effect of freeze-drying on Zn and Pb speciation in organic
material such as lichens.
XAS spectra acquisition and data analysis
X-ray absorption spectroscopy spectra (including XANES and
EXAFS) of Cu-bearing solids, aqueous solutions, and freezedried cells were collected in transmission or fluorescence mode,
depending on Cu concentration, at the Cu K-edge (9.0 keV)
over the energy range 8.7–9.9 keV on BM30b-FAME beamline at the European Synchrotron Radiation Facility. The
energy was selected using a Si(220) double-crystal monochromator constantly calibrated using a 5-lm copper metal foil; its
K-edge energy was set to 8.9785 keV at the first maximum of
the first derivative of the spectrum. Harmonic rejection was
archived with a rhodium-coated mirror. Spectra were collected
at 5–10 K using a liquid-helium cryostat. The low temperature
of acquisition is beneficial for (i) decreasing thermal disorder
and thus improving significantly the signal-to-noise ratio and
(ii) minimizing beam-induced damage in case of redox-sensitive elements like copper. Multiple scans of 40 min scan)1
acquisition time were recorded at different spots of the sample
to further avoid beam-induced reactions. Despite these precautions, some samples (e.g., Gl-series, Table 2) did exhibit
progressive changes in XANES spectra upon beam exposure;
thus, care was taken to exclude such affected scans from modeling. Different solid Cu(I) and Cu(II) organic and inorganic
compounds and Cu(II) aqueous solutions were recorded in
the same XAS session and served as standards of the local
atomic environment of Cu in micro-organism samples
(Fig. S1, Tables S1 and S2 of Data S1). Data analysis was performed with the HORAE package (Ravel & Newville, 2005) and
following the recommendations of the International X-ray
Absorption Society (IXAS, http://www.ixasportal.net/ixas/).
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Table 1 Samples used for X-ray absorption spectroscopy measurements

Sample

Type of interaction

Medium, conditions

Duration of
exposure

pH

[Cu2+]aq,
lM (solution)

NMIN-1
Gl-1
Gl-2
Rh-1
Ps-1
Ps-2
Ps-4
NMIN-2
Gl-3
Rh-2
Rh-3
Ps-3
Ps-5
Media-0
Media-1

Adsorption
Adsorption
Adsorption
Adsorption
Adsorption
Adsorption
Adsorption
Incorporation
Incorporation
Incorporation
Incorporation
Incorporation
Incorporation
Complexation
Complexation

0.01 M NaNO3, light
0.01 M NaNO3, dark
0.01 M NaNO3, dark
0.1 M NaNO3, light
0.1 M NaNO3, light
0.1 M NaNO3, light
0.1 M NaNO3, light
Dauta, light
BG-11, no EDTA
0.1 M NaNO3, light
Pfenning, light
SP media
SA media
Initial SP media
Cell supernatant

40 min
50 min
50 min
1h
2h
2h
2h
76 h
7 days
2h
13 days
3 days
3 days
12 h
28 h

6.0
6.0
4.0
5.5
5.8
2.2
5.8
7.8
8.5
8.5
8.5–9.2
6.9
7.1
7.3
7.3

0.9
0.4
20
22
28
28
12
0.1–0.2*
30 ± 5
15
10 ± 4*
765–115
765–415
770
340

[Cu]solid,
lmol ⁄ gdw
17
18
31
38
123
38
25
1.5
25
38
38
31
31
–
–

All samples were freeze-dried prior the analysis. NMIN = Navicula minima; Rh = Rhodovulum sp.; Gl = Gloeocapsa sp. f-6gl; Ps-1, 2, 3 = Pseudomonas
aureofaciens grown in sucrose-peptone (SP) media, producing rich exopolysacharides (EPSs); Ps-4, 5 = P. aureofaciens grown in succinate media (SA), producing
poor EPSs. Dissolved organic carbon concentration in all samples was below 10 mg L)1. The ionic strength used in both adsorption and assimilation experiments of
different micro-organisms was chosen to match the typical physiological (growth media) conditions. All solutions were undersaturated with respect to any individual
solid phase of Cu. For Cu concentration in solution, *means that the value was maintained constant within ±10–20% (unless indicated) by adding fresh nutrient
solution in the course of growth and stands for the initial concentration in solution. The ranges of Cu concentration used for Ps-3 and Ps-5 samples reflect the uptake
of Cu during cell growth. All growth (incorporation) samples were treated in EDTA after the experiment to remove surface-adsorbed metal. Intracellular incorporated
or assimilated copper is conventionally defined as the fraction of total cell-bound metal, not extracted after 10–15 min treatment in 0.01 M EDTA solution at
neutral pH.

Table 2 Structural parameters of the atomic environment of Cu adsorbed or incorporated by micro-organisms as derived from XANES and EXAFS spectra
r2, Å2

Sample

Iedge-crest

I8982)eV

% Cu(I)

Atom

N, atoms

R, Å

Adsorbed Cu
NMIN-1
Gl-1
Gl-2
Rh-1
Ps-1
Ps-2

1.12
1.10
1.12
1.09
1.27
1.05

0.43
0.48
0.39
0.57
0.31
0.59

40
45
30
50
20
60

0.43

30 ± 10

3.3
4.3
3.4
4.0
4.0
1.8
0.8
3.0

±
±
±
±
±
±
±
±

0.8
0.5
0.5
0.5
0.5
0.5
0.3
0.5

1.98
1.99
1.97
1.96
1.95
1.96
2.29
1.95

±
±
±
±
±
±
±
±

0.02
0.02
0.01
0.02
0.01
0.02
0.01
0.02

0.007
0.011
0.011
0.012
0.006
0.006
0.002
0.006

±
±
±
±
±
±
±
±

0.003
0.003
0.003
0.004
0.002
0.002
0.001
0.001

0.030
0.011
0.012
0.030
0.016
0.016

1.23

O⁄N
O⁄N
O⁄N
O⁄N
O⁄N
O⁄N
S
O⁄N

1.18
1.31
1.00

0.30
0.13
0.60

30 ± 10
£10
80 ± 10

1.01

0.55

85 ± 5

Ps-3

1.01

0.50

80 ± 5

Ps-5
Media-0
Media-1

1.28
1.16
1.20

0.20
0.36
0.29

20 ± 5
30 ± 10
20 ± 5

3.0
3.2
2.0
1.5
2.0
2.5
2.0
2.0
4.0
3.5
4.3

±
±
±
±
±
±
±
±
±
±
±

0.5
0.5
0.5
0.5
1.0
0.5
0.3
0.5
0.5
0.5
0.7

1.95
1.95
2.03
2.27
2.10
2.32
2.07
2.30
1.96
1.98
1.99

±
±
±
±
±
±
±
±
±
±
±

0.01
0.01
0.02
0.01
0.05
0.02
0.05
0.02
0.02
0.02
0.02

0.004
0.003
0.008
0.008
0.010
0.008
0.009
0.010
0.006
0.009
0.009

±
±
±
±
±
±
±
±
±
±
±

0.001
0.001
0.004
0.003
0.005
0.003
0.004
0.005
0.001
0.003
0.002

0.010
0.025
0.020

Rh-3

O⁄N
O⁄N
O⁄N
S
O⁄N
S
O⁄N
S
O⁄N
O⁄N
O⁄N

Ps-4
Incorporated Cu
NMIN-2
Gl-3
Rh-2

±
±
±
±
±
±

10
15
10
10
5
20

R-factor

0.020

0.020
0.020
0.013
0.020
0.010

Intensities of the 8982-eV feature and white-line (=max of the edge-crest amplitude) are relative to the absorption edge step of 1.00. Cu(I) percentage was estimated
from linear combination fits using the set of Cu(I) and Cu(II) standard compounds (see Supplementary Information); the uncertainty stems mostly from the choice of
the different standards with 2-, 3- or 4-coordinate Cu.
EXAFS fitted k- and R-ranges are 2.5–11.0 Å)1 and 1.1–4.0 Å, respectively. R = copper-backscatterer mean distance, N = ligand coordination number, r2 = squared
Debye-Waller factor (relative to r2 = 0 adopted in the calculation of reference amplitude and phase functions by FEFF); R-factor defines goodness of the total fit in
R-space (Ravel & Newville, 2005). E, the energy at which k = 0 when extracting the EXAFS signal, was set to 8990.0 eV for consistency; De, a non-structural
parameter in EXAFS fit accounting for phase shift between experimental EXAFS spectrum and FEFF calculation, was found to be 3 ± 2 eV for all Cu-organic spectra.
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Details of the reduction procedure can be found elsewhere
(Pokrovski et al., 2005; Pokrovsky et al., 2005, 2008c;
Borisova et al., 2010). In addition, principal component analyses (PCA) of both XANES and EXAFS spectra of all microorganism samples were performed using the ITFA package
(Rossberg et al., 2003). These analyses identified at least five
independent components necessary to describe the set of 15
XANES spectra suggesting variable and mixed Cu local coordination and molecular geometry depending on Cu redox state.

RESULTS
Adsorption of Cu on the cell surface
Macroscopic observations
Concentrations of adsorbed Cu ([Cu]ads) as a function of
equilibrium Cu concentration in solution ([Cu2+]aq) at pH

–1
[Cu]ads (µmol gwet
)

A 100.0

10.0

1
1
1.0
Rhodovulum sp., pH = 5.36
Gloeocapsa sp., pH = 6.07
P. aurefaciens, pH = 5.5

0.1
0.0

0.1

1.0

10.0

100.0

1000.0

[Cu2+]aq (µmol L–1)

B

100

% Adsorbed Cu

80
60
40

Rhodovulum sp.
Gloeocapsa sp.

20

P. aureofaciens, EPS-rich
P. aureofaciens, EPS-poor

0
1

2

3

4

5

6

7

pH
Fig. 1 (A) Concentration of adsorbed copper as a function of copper concentration in solution (constant-pH adsorption isotherm) for studied bacteria.
Experimental conditions: 25 C, pH 5.4–6.1, 4 g wet biomass per L, and 1 h of
exposure time under darkness. The shaded area corresponds to the region of
X-ray absorption spectroscopy (XAS) analysis. (B) Percentage of adsorbed Cu
vs. pH for anoxygenic and oxygenic phototrophs, exopolysacharide (EPS)-rich
and EPS-poor soil heterotrophs. Experimental conditions: [Cu2+]o = 20 lM;
4 gwet L)1, 0.1 M NaNO3. Shaded areas correspond to the regions of XAS
analysis.

5–6 and pH-dependent adsorption edge for cyanobacteria,
anoxygenic phototrophs, and soil P. aureofaciens are presented in Fig. 1. At constant pH, [Cu]ads is roughly proportional to [Cu2+]aq over almost two orders of magnitude, with
a constant slope close to 1, suggesting no change in the stoichiometry between Cu aqueous ions and the surface sites over
the linear adsorption range (Fig. 1A). It can be seen in this
figure that wet biomass normalized binding capacities of the
three types of bacterial cells at pH between 5 and 6 are similar
within the data scatter. At the same time, detailed analysis of
adsorption curves demonstrates some variation of slopes in a
concentration-dependent manner, which might reflect saturation of chemically different pools of ligands as follows from
thermodynamics analysis of Cu adsorption on studied bacteria
(Pokrovsky et al., 2008a,b; Gonzalez et al., 2010). In this
study, the XAS data were collected in the region of metal and
ligand concentration which was similar among all studied
micro-organisms. As such, in the limited range of metal concentration, the various pools of surface ligands could not be
rigorously tested.
At constant biomass and total Cu concentrations, negligible
adsorption is observed at pH < 2, an increase in adsorption
occurs at 2 £ pH < 4 and 100% adsorption on the surface is
achieved at pH > 5 (Fig. 1B). For pH-dependent adsorption
edge, all the adsorption occurred at pH below 6 (Figs 1B and
3). At this pH, solution is strongly undersaturated (X < 10)2–
10)3) with respect to Cu hydroxides. Note that a pH-dependent adsorption edge is very similar among different microorganisms, in agreement with previous findings of ‘universal’
adsorption edge for other divalent metals such as Cd (Yee &
Fein, 2001; Borrok et al., 2004). Measurement of copper
adsorption kinetics on Rhodovulum sp. and P. aureofaciens at
pH 5–8.5 demonstrated that a majority of Cu is sorbed within
1–10 min (Fig. 2A,B, respectively). The adsorbed Cu concentrations do not differ between experiments of 1 and 24 h
exposure time for P. aureofaciens (Fig. 3). For Rhodovulum
sp. at [Cu2+]aq > 1–10 lM, there was no difference in the
proportion of adsorbed Cu after 1 and 18 h of exposure at pH
of 7.1 (Fig. 4A). At lower Cu concentration, Rhodovulum sp.
yielded smaller amounts of adsorbed Cu after 17 h of reaction
under light compared to 1 h in-darkness exposure experiments at pH of 5.36 (Fig. 4B). This may suggest an active
metabolic response to the presence of Cu, probably in the
form of an efflux mechanism (e.g., Croteau et al., 2004).
Note that while the viability of P. aureofaciens was verified via
routine culturing on agar plate and counting the live cell
number, the metabolic activity of Rhodovulum sp. could not
be tested.
General features of Cu K-edge XANES spectra of the
biological samples
XANES Cu K-edge spectra of organic samples are rich in
information and exhibit different features depending on the
nature of ligands, Cu coordination, and oxidation state, as it
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Fig. 2 Percentage of copper adsorbed on anoxygenic phototrophs Rhodovulum sp. A-20 s (A) and exopolysacharide-rich soil heterotrophs Pseudomonas
aureofaciens (B) as a function of elapsed time (min). Experimental conditions:
25 C, 0.1 M NaNO3, 4 gwet L)1 biomass, pH = 5.0 and 8.5 (Rhodovulum sp.)
and 5.85 (P. aureofaciens).
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Fig. 3 Percentage of copper adsorbed on exopolysacharide-rich Pseudomonas
aureofaciens as a function of pH at different exposure times. Experimental
conditions: 25 C, 0.1 M NaNO3, 4 gwet L)1 biomass.

was demonstrated in the seminal paper of Kau et al. (1987)
using a large database of Cu(I) and Cu(II)-bearing organic
compounds. In particular, one characteristic feature of
XANES spectra of most samples is the presence of a resonance
at 8982.0 ± 0.5 eV with large variations of its amplitude
depending on the sample (from 0.13 to 0.60 of the main-edge
jump, Fig. 5, Table 2). This feature arises from the 1s-4p
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Fig. 4 Concentration of adsorbed copper as a function of copper concentration in solution (constant-pH adsorption isotherm) for Rhodovulum sp. at
pH = 7.10 (A) and pH = 5.36 (B) after 1 and 17 h of exposure. Experimental
conditions: 25 C, 0.1 M NaNO3, 4 g wet biomass ⁄ L. The encircled area corresponds to the samples for X-ray absorption spectroscopy measurements.

transition in Cu(I) and may be correlated with the ligand
identity and site geometry of the cuprous ion (Kau et al.,
1987; Poger et al., 2008; references therein). This feature is
particularly pronounced in Cu(I)-O ⁄ Cl ⁄ S compounds in
which Cu is linearly coordinated with two ligands of O (e.g.,
cuprite, Cu2O), Cl (e.g., CuCl2) aqueous complex), or S
(e.g., Cu(HS)2) aqueous complex, (Et4N)2Cu(SAd)2 compound where AdS is adamantine-2-thiolate), with amplitudes
of 1.0 ± 0.1 of the main-edge jump as illustrated in the Electronic Supplementary Information 1 (Fig. S1, Tables S1 and
S2 of Data S1). Tri-coordinated Cu(I) compounds exhibit
much lower amplitudes for the 1s-4p resonance (typically
0.5–0.6 of the main-edge jump), whereas four-coordinated
Cu(I) exhibits a 3-eV shift of this resonance to higher energies
(Fig. S1 of Data S1). Thus, the 1s-4p transition may help to
better understand the Cu(I) coordination in micro-organism
samples. In contrast, the 8982-eV feature is not present in
spectra of Cu(II) inorganic and organic solutions and O-bearing solids like CuO, Cu(OH)2, and Cu(II)-phosphate, whose
low-energy tail of the Cu K-edge edge has amplitudes <0.10
relative to the main absorption edge at this energy (Fig. S1,
Tables S1 and S2 of Data S1). In copper sulfides like CuS and
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Fig. 5 Normalized K-edge XANES spectra of (A) adsorbed and (B) incorporated Cu micro-organism samples of this study (Table 2) and their comparison with pertinent reference compounds (see Data S2 for more reference spectra). The four vertical lines denote (in order of increasing energy, from left to right) the 1s-3d pre-edge
Cu(II) transition at 8976 ± 2 eV, 1s-4p transition at 8982 ± 1 eV characteristic of Cu(I) compounds, the 8986–8988 feature typical of covalent Cu(II) complexes, and
the main-edge-crest resonance particularly pronounced for Cu(II)-O ⁄ N complexes at 8995 eV (see text for explanation). The following references are shown: Cu0metal = copper metal foil, Cu(I)S4-org = tetrahedral CuI(C5H5NS3)2Cl2, Cu(I)S3-org = trigonal (Et4N)2CuI(SC6H4-p-Cl)3, Cu(I)S2-org = linear (Et4N)CuI(SAd)2 where
AdS) is adamantine-2-thiolate (Poger et al., 2008), Cu(II)S = tenorite mineral; Cu(II)-glutamate = cupric glutamate aqueous solution, Cu2+ (aq) = cupric nitrate aqueous solution.

CuFeS2, in which Cu is nominally divalent and coordinated
with 3 or 4 sulfide ligands, and in most Cu(II) organic
compounds with tri- and four-fold Cu coordination with
S ± O ⁄ N ligands, this feature is not expressed explicitly either,
representing the low-energy tail of the resonance at
8986 eV typical of Cu(II) compounds with amplitudes
0.5–0.6 at 8982 eV (Fig. S1, Table S2 of Data S1). Thus,
Cu(II)-S bonds may be distinguished, at least qualitatively,
from Cu(I)-S ⁄ N ⁄ O using the above features of XANES
spectra.
The shape and amplitude of the 8982-eV feature of both
adsorbed and incorporated Cu are not necessarily associated
with the appearance of Cu-S bonds as found from EXAFS
spectra, which allow robust detection of Cu-S first-shell contributions (sections ‘XANES results of Cu adsorbed at the
microorganism surface’ and ‘EXAFS features of intracellular
copper’). It is thus very likely that significant part of Cu in
samples exhibiting the 8982-eV resonance with amplitudes
higher than 0.3 is in the form of Cu(I) tri- or probably
di-coordinated complexes with O(N) and ⁄ or S ligands. The
amplitude of the 8982-eV feature in different samples is inversely correlated with that of the main K-edge resonance
(around 8995 eV in most micro-organism samples of this
study, Figs 5 and 6, Table 2) and, in some cases, with the

average number of O ⁄ N neighbors in samples that show no
detectable S in the first shell of Cu. Again, this is indicative of
the presence of 2- and ⁄ or 3-coordinate Cu(I)-O ⁄ N complexes typical of the Cu+ coordination chemistry, in contrast
with Cu2+ that has a tendency to form 4-coordinate compounds with such ligands (Manceau & Matynia, 2010; Kau
et al., 1987). In addition, Cu(II)-dominated samples of
micro-organisms and all reference Cu(II)-bearing solutions
and solids, in which Cu is coordinated with O ⁄ N ligands,
exhibit a small pre-edge at 8.877 ± 1 eV arising from the
1s-3d transition in Cu(II). Such a transition is forbidden in
Cu(I) whose 3d electronic shell is filled (3d10). Although this
pre-edge feature is indicative of the presence of Cu(II), in
most of our samples, it is obscured by the intense Cu(I) 8982eV transition and ⁄ or Cu(II)-S low-energy tail, so that it could
only be detected in few samples that show low fractions of
Cu(I) (Ps-1, Gl-3, Ps-5, see below).
XANES results of Cu adsorbed at the micro-organism surface
Typical examples of scan evolution for Gloeocapsa sp. (G1-1),
P. aureofaciens (Ps-1, 3) and Rhodovulum sp. (Rh-1, 3) are
presented in Data S2. In cyanobacteria (Gloeocapsa sp., Gl-1,
Gl-2), the 8982-eV feature was found to grow with beam
exposure, indicating that despite the cryogenic environment,
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radiation-induced reduction (RIR) of Cu(II) could have
been occurring in these samples. This is in agreement with
reports of RIR phenomena for Cu in some soil bacteria
samples (Strawn & Baker, 2009) and soil organic matter
(Manceau & Matynia, 2010); consequently, the results of
Gloeocapsa sp. should be interpreted with caution and thus
only the least affected scans were considered in Table 2 and
Fig. 5. In contrast, all other samples show almost no changes
of the 8982-eV resonance and other XANES features upon
beam exposure, suggesting that the presence of Cu(I) is
intrinsic to these micro-organisms. Note also that none of
the organic Cu(I) and Cu(II) standards measured in this
study including aqueous solution of cell exometabolites
show RIR effects.
XANES spectra of Cu adsorbed at the surface of oxygenic
photoautotrophs (NMIN-1, Gl-1, Gl-2), rhizospheric
P. aureofaciens (Ps-1, Ps-2, Ps-4), and anoxygenic phototrophs (Rh-1) show amplitudes of the 8982-eV feature
between 0.3 and 0.6 of the edge jump (Table 2), demonstrating significant fractions of Cu(I) in these samples. In addition,
the intensity of the main-edge crest is inversely proportional
to that of the 8982-eV resonance. Because high main-edge
intensities are typical of Cu(II)-O ⁄ N compounds (see section
‘General features of Cu K-edge XANES spectra of the biological samples’ and Fig. 6), their inverse correlation with the
8982-eV feature characteristic of Cu(I) is an independent
confirmation of the reduction of a significant part of Cu(II) to
Cu(I) upon sorption from aqueous solution onto microorganism surfaces. The fractions of Cu(I) were estimated from
linear combination fit (LCF) analyses of XANES spectra and
using 19 reference organic and inorganic Cu(I)- and Cu(II)bearing compounds and aqueous complexes with O, N, S,
and Cl ligands from this study and published work (Kau et al.,
1987; Brugger et al., 2007; Poger et al., 2008; Etschmann
et al., 2010). The choice among the best corresponding standards for micro-organism spectra was performed using automated combinatorial fitting implemented in the ATHENA
software from statistical analysis of all possible combinations
of two, three, or four standards (Ravel & Newville, 2005).
These analyses indicated that adsorbed Cu(II) is best represented by acetate, glutamate, or phosphate within statistical
errors. Cu(I) in S-free samples is best fitted with linear or triangular Cu(I)-O ⁄ N coordination and with Cu(I)(S ⁄ Cl) standards (see Data S1) for samples that show Cu-S linkages
according to EXAFS (see section ‘EXAFS results and first
neighbors of Cu adsorbed on the surface’). The derived Cu(I)
fractions in oxygenic photoautotrophs (NMIN diatoms and
Gl cyanobacteria samples) and anoxygenic phototrophs (Rh
samples) are very similar, on average 40 ± 10% of total
absorbed copper (Table 2); they exhibit larger variations,
from 20% to 60% in rhizospheric bacteria (Ps samples). The
largest fraction of Cu(I), 60 ± 10% (Table 2), is observed in
EPS-rich soil heterotrophs (sample Ps-2 at acidic pH), the
only one among the studied adsorbed Cu samples that shows
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the presence of sulfur atoms in the first Cu shell from EXAFS
analyses (see next section).
The XANES spectra of most adsorption samples are thus
supportive of the predominance of Cu(II)-O4 and Cu(I)(N2 ⁄ N3) moieties common for Cu(II) and Cu(I) organic
compounds, respectively (e.g., Kau et al., 1987; Manceau &
Matynia, 2010), with some contribution of Cu(I)-S3 and ⁄ or
Cu(I)-S2 linkages in Ps samples for Cu adsorbed at acidic pH
(Ps-2). Because of the similarly of the 8982-eV feature for
Cu(I)-O ⁄ N ⁄ Cl ⁄ S environment of same geometry (2-, 3- or
4-coordinate), the quantification of Cu(I)-O ⁄ N vs. Cu(I)-S
fractions is impossible in our samples based on XANES spectra
only. In contrast, EXAFS spectra, fairly sensitive to the presence of heavier atoms (S) in the Cu coordination shell, allow
independent quantification of the fraction of Cu-S linkages in
such samples.
EXAFS results and first neighbors of Cu adsorbed on the
surface
Modeling of EXAFS spectra of copper and other metals in
natural organic and biologic matrixes is complicated by (i)
distorted geometries and presence of different neighbors
(O ⁄ N ⁄ S) in the metal nearest coordination shell, (ii) predominance in the next-nearest coordination shells of light atoms
(C ⁄ O ⁄ N) exhibiting weak EXAFS signals, (iii) numerous
multiple scattering paths in metal-organic ligand complexes,
and (iv) multiple metal coordination environment and valence
for the same ligand (e.g., CuIIS4 vs. CuIS2). An additional limitation is the similarity of metal–ligand distances and coordination numbers for Cu(I) and Cu(II), which does not allow
reliable deconvolution of the chemical status of each Cu redox
form in micro-organism samples, even with accurate knowledge of the relative Cu(I) ⁄ Cu(II) content from XANES spectra (see previous section). The latter limitation is reflected by
principal component analyses (PCA) of EXAFS spectra of
both adsorbed and incorporated samples which demonstrate
that only two independent factors are necessary for describing
the set of 15 spectra within errors. These factors correspond
to the two major Cu-O ⁄ N and Cu-S structural environments
without distinction of the different Cu redox states and
coordination geometries. In this study, we used the unique
capacity of EXAFS analysis to quantify the two dominant
Cu-O ⁄ N and Cu-S first-shell contributions based on their different metal-neighbor distances and O ⁄ N vs. S backscattering
properties.
In samples of Cu adsorbed onto oxygenic photoautotrophs
like diatoms and cyanobacteria (NMIN-1, Gl-1, Gl-2), and
onto soil rhizospheric bacteria at pH = 5–6 (Ps-1, Ps-4), the
Cu 1st shell EXAFS signal is dominated by 3–4 O ⁄ N atoms at
1.95–1.99 Å (Tables 2, S1 and S2 of Data S1). This is in
agreement with both Cu2+-(O ⁄ N)4 planar (‘equatorial’) coordination and Cu-ligand distances in most Cu(II)-bearing
solids, organic complexes, Cu adsorbed at the mineral surfaces
and in aqueous solution (e.g., Peacock & Sherman, 2004;
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Fig. 6 (A) k2-weighted EXAFS spectra of Cu adsorbed on the studied micro-organisms and (B) their corresponding Fourier transform magnitudes (not corrected for
phase shift). (B) Vertical dashed lines on FT (B) denote the approximate positions (in order of increasing distance, from left to right) of first-shell O ⁄ N atoms, first-shell
S atoms, possible next-nearest C ⁄ P atoms, and linear multiple scattering contributions (MS) arising from the square-like Cu(II)-(O ⁄ N)4 cluster (see text). Also shown
are two reference compounds, Cu2+ (aq) = copper nitrate aqueous solution and Cu(I)S3-org = (Et4N)2CuI(SC6H4-p-Cl)3 solid, representing the two major Cu atomic
environments in micro-organisms, Cu-O ⁄ N and Cu-S, respectively.

Pasquarello et al., 2001; Alcacio et al., 2001; Boudesocque
et al., 2004; Furnare et al., 2005; Karlsson et al., 2006) and
Cu+-(O ⁄ N)2 or Cu+-(O ⁄ N)3 coordination environment
known of Cu(I)-bearing organic compounds that show a large
range of Cu-O ⁄ N distances (1.90–2.05 Å, Kau et al., 1987;
Poger et al., 2008). The variations of EXAFS parameters
within the equatorial O ⁄ N subshell of Cu(II) are too small to
be correlated with bidentate vs. monodentate binding, Cu(II)
fraction, or O vs. N ligands. Owing to the Jahn-Teller effect,
the Cu2+ geometry in its O ⁄ N-bearing compounds is often
regarded as pseudo-octahedral, with four equatorial strongly
bounded (RO4 1.97 Å, Manceau & Matynia, 2010) and
two axial ligands with much longer and looser bonds (RO2
2.2–2.6 Å, Kau et al., 1987; Cheah et al., 2000; references

therein). Unambiguous detection of the latter by EXAFS is
difficult. Attempts to include axial O atoms in the fits of
micro-organisms and reference aqueous solutions yielded very
weak EXAFS contributions having neither significant effect of
the Cu-O ⁄ N equatorial parameters nor statistical fit improvement in most cases. In addition, these contributions are not
expected for the Cu(I) coordination environments and they
overlap with the much stronger Cu-S signal in Cu(I)-dominated S-bearing samples. Consequently, the axial Cu(II)O ⁄ N bonds were neglected in EXAFS modeling of both
adsorbed and incorporated samples.
For Cu adsorbed onto EPS-rich bacteria in acidic solution (Ps-2), EXAFS unambiguously detected the presence of
sulfur in the first shell, which is found to be composed of
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1.8 ± 0.5 O ⁄ N atoms at 1.96 Å and 0.8 ± 0.3 S atoms at
2.29 Å (Table 2). The appearance of the Cu-S contribution
is correlated with the high amplitude of the 8982-eV resonance in this sample (I8982)eV 0.59), suggesting the formation of Cu(I)-S bonds of lengths typical for tri-coordinate
Cu(I)-S3 in many proteins (Cu-S distances are 2.26 ± 0.03 Å,
Poger et al., 2008). The fraction of Cu(I) bound to S estimated from the number of S atoms of EXAFS fits (0.8 ± 0.3)
and assuming that all S is involved in Cu(I)-S3 clusters is
30% which is not enough to account for 60% of total Cu in
the from of Cu(I) deduced from the XANES spectrum. This
strongly suggests that half of Cu(I) in this sample is bound
to N ⁄ O ligands. This non-sulfur environment is similar to
that found for diatom and cyanobacteria adsorption samples
showing no Cu-S linkages.
The outer shells of adsorbed Cu in studied micro-organisms cannot be resolved. We could not evidence clear contributions from atoms like C or P expected in the next-nearest
shells of Cu(I) and Cu(II) in carboxyl or phosphoryl complexes typical of bacterial surface binding of most metals
(Boyanov et al., 2003; Pokrovsky et al., 2005, 2008c). A
weak contribution on the Fourier transforms of some lowCu(I) samples (Ps-1, Ps-4) is apparent at 3.2 Å (not corrected for phase shift, Fig. 6), which is because of linear
multiple scattering events within the square Cu2+ (O ⁄ N)4
clusters typical for Cu(II) compounds and aqueous solutions
(Cheah et al., 2000). Quantitative EXAFS modeling of this
feature in our disordered organic samples is, however, complicated by additional contributions at similar distances arising
from outer sphere water molecules and potentially numerous
single and multiple scattering events within second- and
third-shell C ⁄ P ⁄ O ligands typical of metal-organic complexes
(e.g., Tella & Pokrovski, 2009). Analogous multiple scattering contributions from the linear Cu(I)-(O ⁄ N ⁄ S ⁄ Cl)2 clusters
are much weaker (e.g., Fulton et al., 2000); they become
almost negligible for non-linear geometries as shown by FEFF
calculations. Thus, the weakening of this feature in Cu(I)bearing samples (Ps-2, Rh-1, Gl-1; Fig. 6B) is an independent
argument for the predominance of monovalent copper in the
form of Cu-(N ⁄ O ⁄ S)3 moieties, in agreement with LCA analyses of XANES spectra and EXAFS results for Cu 1st shell.
Chemical status of Cu assimilated by the micro-organisms
Effect of Cu on cell growth
Results of culture growth in the presence of Cu in solution are
illustrated in Figs S1–S3 of Data S3 for oxygenic and anoxygenic phototrophs and EPS-rich, and EPS-poor soil heterotrophs, respectively. The effect of Cu on the cyanobacteria
growth is already pronounced at [Cu]tot = 0.1–0.5 lM, and
the growth is completely inhibited at [Cu]tot ‡ 0.5 lM.
Anoxygenic phototrophs are less sensitive to micro-molar
level Cu concentration as their growth is inhibited in the presence of >100 lM Cu. In contrast, growth of P. aureofaciens
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occurs at milli-molar level Cu concentrations and complete
growth inhibition occurs at [Cu]tot > 1500 lM and 3000 lM
for the EPS-poor and EPS-rich cultures, respectively. Note
that reported copper concentrations represent the directly
measured total dissolved (<0.22 lm) metal in solution. During growth of both photoautotrophs (pH = 7.5–8.5) and rhizospheric bacteria (pH = 5.2–6.5), more than 90% of Cu2+ in
solution at the level of 1–10 lM of total Cu was complexed
with organic ligands of the nutrient media (peptone of EPSrich bacteria) or cell exometabolites (Cu2+-free ion concentration £0.1 lM) as follows from in situ measurements with
Cu2+-selective electrode. Indeed, Cu complexation with
organic ligands produced by green algae and diatoms and
by siderophores from cyanobacteria is well established
(McKnight & Morel, 1979, 1980; Ito & Butler, 2005).
XANES features of intracellular Cu
Normalized XANES spectra of incorporated Cu samples
together with pertinent references are plotted in Fig. 5B. Similar to adsorbed Cu, most spectra are characterized by the
8982-eV feature whose intensity varies between 0.13 and
0.60 of the absorption edge (Table 2) and inversely correlates
with the edge-crest amplitude around 8995 eV (Fig. 5B).
Based on the correlations of Kau et al. (1987), combinatorial
LCA of XANES spectra, and the results from EXAFS on the
presence or not of S in the Cu 1st shell (see next section), it
was found that Cu(I)-O ⁄ N two- and ⁄ or three-coordinate
complexes account between 10% and 30% (±10%) of
total intracellular Cu in diatoms (NMIN-2), cyanobacteria
(Gl-3), EPS-poor P. aureofaciens (Ps-5), initial growth media
(Media-0), and final P. aureofaciens cell supernatant solutions
(Media-1). The major part of the incorporated Cu is likely to
be in the form of Cu(II)-(O ⁄ N)4 species similar to Cu(II)
acetate or glutamate complexes. The fraction of Cu(I) in samples of anaerobic phototrophs Rhodovulum sp. (Rh-2, Rh-3)
and EPS-rich P. aureofaciens (Ps-3) is much higher, around
80%, and is likely to be dominated by Cu(I)-S3 geometries.
These features are further supported by the independent EXAFS analysis.
EXAFS features of intracellular copper
In samples of Cu incorporated into oxygenic photoautotrophs
like diatoms (NMIN-2) and cyanobacteria (Gl-3) and EPSpoor P. aureofaciens (Ps-5), the Cu 1st shell EXAFS signal is
represented by 3–4 O ⁄ N atoms at 1.95–1.96 Å (Table 2),
and no sulfur atoms are detected within the errors (NS < 0.3).
The outer-shell spectral features of these samples are characterized by pronounced multiple scattering signal from the
planar square Cu(II)-(O ⁄ N)4 cluster, in agreement with the
dominant presence of Cu(II) as inferred from XANES spectra
(Cu(II) fraction >70%, Table 2). Other next-nearest shell features, which may correspond to C ⁄ P atoms in Cu-O ⁄ N-C ⁄ P
bonds, are too weak to be quantified. Their qualitative
comparison with available Cu(II) reference compounds and
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solutions (e.g., glutamate, oxalate, citrate, phosphate) does
not reveal clear similarities. Tentatively, they might be attributed to 1–2 C or P atoms at 2.6–3.2 Å in the three samples
(NMIN-2, Gl-3, and Ps-5), implying that incorporated Cu
binds carboxylate or phosphoryl ligands, similarly to other
intracellular metals (Pokrovsky et al., 2005, 2008c).
In contrast, for Cu incorporated into anoxygenic phototrophs Rhodovulum sp. (Rh-3, Rh-2) and EPS-rich heterotrophs Pseudomonas (Ps-3), EXAFS analyses unambiguously
detected the presence of 2 sulfur atoms at 2.30 Å,
together with 2 O ⁄ N atoms at 2.03–2.10 Å. The Cu-S and
Cu-O ⁄ N distances are similar to those in proteins and other
organic compounds containing tri- and four-coordinated
Cu(I) and Cu(II) (e.g., Kau et al., 1987; Pickering et al.,
1993; Pufahl et al., 1997; Poger et al., 2008). Although EXAFS is not capable of distinguishing Cu(I) from Cu(II)
because of the similarity of their Cu-O ⁄ N and Cu-S bond
lengths, LCA fits of XANES spectra of these samples yield
80% of total copper as Cu(I). This compares favorably with
the fraction of thiol complexes (X) derived from the number
of S atoms from EXAFS spectra and assuming dominant
Cu-S3 stoichiometries (XCu(I))S = 100% · (2.0 ± 0.5) ⁄ 3.0 =
70 ± 15%). Therefore, almost all incorporated Cu(I) in these
samples is likely to be bound to thiol groups of intracellular
proteins. The presence of next-nearest Cu atoms around the
copper absorber in the form of Cu-S-Cu linkages with Cu-Cu
distances of 2.7 ± 0.1 Å found in some proteins coordinating
Cu in biological structures (Pickering et al., 1993; Poger
et al., 2008) was not detected within the spectral statistics
(£0.3 Cu atoms in the second shell) in R. steppense and
P. aureofaciens (samples Rh-3 and Ps-3). It should be noted,
however, that such linkages are often difficult to detect unambiguously even in a single-complex environment in isolated
proteins owing to structural disorder caused by a large range
of Cu-S distances and overlap in the EXAFS signal of Cu-Cu
contributions with those of Cu-C from thiolate ligands
(Pufahl et al., 1997; Poger et al., 2008).
EXAFS analysis of Cu chemical status in growth media of
EPS-rich soil bacteria did not reveal significant differences
between initial growth solution (Media-0) and cell supernatant solution collected after 28 h of growth at pH 7 (Media1). Both solutions show 4 O ⁄ N atoms at 1.99 Å
(Table 2), together with the corresponding MS contributions
at 3.2 Å (Fig. 7, not corrected for phase shift), similar to those
in Cu(II)-(O ⁄ N)4 reference aqueous solutions, whereas the
next-nearest shell expected from Cu-O-C bonds at 2.6–3.3 Å
is too weak to be quantified. This spectral pattern is in agreement with the dominant presence in these solutions of Cu2+
cation and ⁄ or Cu(II) bound to carboxyl or amide ⁄ amine
ligands in a square planar geometry. Two important findings
for the SP growth media are the following: (i) sulfur is not
detectable in the Cu first shell and ii) the fraction of Cu(I)
deduced from the 8982-eV (<20–30%) is smaller than that in
intracellular assimilated samples (Ps-3).

DISCUSSION
Surface adsorption
Our XAS results show that upon short-term adsorption at the
freshwater diatom and cyanobacteria cell surface from
aqueous solution of inert electrolyte, Cu remains coordinated
in the nearest shell with 3–4 oxygen atoms at 1.98 ± 0.01 Å
likely in a pseudo-square geometry. Existing chemical and
thermodynamic arguments suggest essentially carboxylate
binding as follows from surface complexation modeling which
is based on macroscopic adsorption experiments (cf. Pokrovsky et al., 2008a,b; Gonzalez et al., 2010). Reversible surface
adsorption of copper at circum-neutral pH on anoxygenic
phototrophs (sample Rh-1) and soil EPS-rich (sample Ps-1)
and EPS-poor (sample Ps-4) bacteria yields essentially carboxylate environments, whereas the adsorption of Cu on EPSrich soil bacteria in acidic solutions (Ps-2) brings about
appearance of 1 sulfur atom in the Cu first atomic shell.
Sulfur-containing groups (-C-S- or -S-S-) in the EPS chains of
rhizospheric bacteria of Pseudomonas genus were evidenced
from macroscopic and spectroscopic observations (Emnova
et al., 2006, 2007). As a result, proteins and EPS may form
stable complexes adjacent to the outer membrane and participate in reversible adsorption of Cu(II) from solution on the
surface. This is especially pronounced for Cu adsorption from
acidic solution (sample Ps-2, Table 2 and Fig. 6). At such elevated acidities, binding to fully protonated carboxylate groups
should be less significant than at neutral pH, and Cu binding
may also occur to ligands other than carboxylate, such as
sulfhydryl moieties (Gardea-Torresdey et al., 1990), which
have a much higher affinity for both Cu(I) and Cu(II).
The sulfhydryl groups of proteins are also known to control
reversible adsorption of Cd on Bacillus subtilis and S. oneidensis bacteria at low surface loadings (Mishra et al., 2010), comparable with those investigated in this study. In the case of
Cd-bacteria interaction, production of Cd-binding sulfhydryl
groups at the cell surface may represent a component of toxicity response mechanism located either on the cell walls or
within the cell, which may be initiated even by non-metabolizing cells (Mishra et al., 2010). Recently, adsorption of Cu(II)
on B. subtilis has been studied using EXAFS (Moon &
Peacock, 2011). At very high Cu concentration in solid, from
0.13 to 0.66 weight %, only monodentate, inner-sphere,
Cu-corboxylate complex has been identified.
Intracellular assimilation
Copper assimilated by oxygenic photoautotrophs (samples
NMIN-2, Gl-3) revealed a coordination environment with
3.0 ± 0.5 O ⁄ N atoms at 1.95 ± 0.01 Å, thus indicating slight
but detectable shortening (by 0.04 ± 0.01 Å) of the average
first-neighbor distances upon incorporation of Cu inside the
cells, in agreement with formation of stiffer and less disordered
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Fig. 7 (A) k2-weighted EXAFS spectra of Cu incorporated in the studied micro-organisms and (B) their corresponding Fourier transform magnitudes (not corrected
for phase shift). Vertical dashed lines on FT (B) denote the approximate positions (in order of increasing distance) of first-shell O ⁄ N atoms, first-shell S atoms, possible
next-nearest C ⁄ P atoms, and linear multiple scattering contributions (MS) arising from the square-like [Cu(II)-(O ⁄ N)4] cluster (see text). Also shown are two reference
compounds, Cu2+ (aq) = copper nitrate aqueous solution and Cu(I)S3-org = (Et4N)2CuI(SC6H4-p-Cl)3 solid, representing the two major Cu atomic environments in
micro-organisms, Cu-O ⁄ N and Cu-S, respectively.

bonds compared with aqueous or surface Cu. The structural
parameters of Cu binding to carboxylate groups of the studied
micro-organisms are comparable with those available from the
literature on Cu-organic matter interactions (Dupont et al.,
2002; Korshin et al., 1998; Manceau & Matynia, 2010; Merdy et al., 2002; Xia et al., 1997). The presence of phosphoryl
groups binding in incorporated or adsorbed copper by diatoms, cyanobacteria, and heterotrophic bacteria, as it was
reported for other divalent metals such as Zn and Cd (Boyanov
et al., 2003; Guiné et al., 2006; Mishra et al., 2009; Ngwenya
et al., 2003; Pokrovsky et al., 2005, 2008c), as well as Cuphosphoryl binding with whole cyanobacteria in acidic solutions (Kretschmer et al., 2004), cannot be either confirmed or
ruled out within the uncertainty of our XAFS analysis.
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In contrast to oxygenic photoautotrophs, irreversible
assimilation of Cu by anoxygenic phototrophs (Rhodovulum
sp. A-20s) during short-term exposure (sample Rh-2) and
long-term growth (Rh-3) brings about the appearance of
2 ± 0.5 sulfur atoms in Cu 1st coordination shell suggesting
Cu scavenging in the form of both carboxylate ⁄ amine and
sulfhydryl complexes. Note that unlike for adsorbed Cu for
which macroscopic and thermodynamic arguments may be
used to infer the predominant complex nature and stoichiometry, the assimilated metal may have carboxylate, phosphorylate, and amine-like environment (O, N as the first Cu
neighbors and C, P as the second neighbors). Unambiguous
identification of the second-neighbor chemical status of
assimilated Cu(I, II) is not possible within the resolution of
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the collected data and owing to the intrinsic limitations of
XAS.
Similar to anoxygenic phototrophs, first-shell environment
dominated by Cu-S complexes has been detected for Cu
incorporated into soil aerobic bacteria (sample Ps-3). The
average number of O ⁄ N and S neighbors, the absence of linear multiple scattering signal, and the fraction of Cu(I)
deduced from XANES spectra all suggest the dominant presence of tri (and possibly four)-coordinate complexes in these
samples, likely with histidine and sulfhydryl ligands in the
same complex, rather than formation of linear S-Cu-S and
N-Cu-N moieties.
As EXAFS did not detect sulfur atom in the first shell of
aqueous Cu in the growth media solutions, either before or
after cell cultivation in Cu-bearing solution (samples Media0 and Media-1, Fig. 7), copper detoxification mechanisms
are likely to be linked to inner cellular or subsurface enzymes
or proteins. Therefore, the change of Cu speciation from
carboxylate-dominated to thiolate-dominated occurs inside
the cells of soil bacteria and not in the external media containing soluble EPS and cell exometabolites. It is known that
in case of metal resistance mechanisms, bacteria of genera
Pseudomonas are capable of accumulating Cu ions in the
periplasm and outer membrane using the copper-binding
cop proteins (Cooksey, 1994). Copper in the periplasm has
been also observed in other gram-negative bacteria (Finney
& O’Halloran, 2003; Bertini et al., 2010; Navarrete et al.,
2011); for this reason, Cu associated with proteins (chaperones) in the periplasmic space is not as easily removed from
the outer surface of the cells. As such, in contrast to adsorption phenomena, intracellular Cu uptake is likely to activate
the detoxification mechanism via sulfhydryl group production, which occurs only above certain Cu concentration, specific to each micro-organism: 10–15 lM for anoxygenic
phototrophs and 700 lM for soil heterotrophs. Despite the
high toxicity of Cu to oxygenic photoautotrophs like cyanobacteria and diatoms, we did not observe any presence of
sulfur in the first shell of Cu, likely because the concentration of free metal was too low to trigger active detoxification
mechanisms.
The similarity of chemical status of intracellular Cu in
cyanobacteria and freshwater diatoms, having different tolerance and requirement to Cu, is at first glance puzzling. However, our experiments were performed at rather high
concentrations, when the passive rather than active defense
(or uptake) mechanisms are pronounced. At these conditions,
the proportion of Cu-sulfhydryl groups may be <10% of the
total Cu, too low to be detected by EXAFS. It is possible that
at lower Cu concentration in solution, the cells would preferentially accumulate this metal in the form of ‘protein-active’
sulfhydryl moieties and not dominantly carboxylate groups.
Recent results on Cu status in photoautotrophs collected
using ultra sensitive beamline supports this explanation
(Pokrovsky et al., 2011).

Cu(I) and comparison with literature data
A novel and unexpected feature of Cu interaction with anoxygenic phototrophs and soil heterotrophs, certainly linked to
Cu binding to proteins, is the presence of monovalent Cu not
only inside the cells as evidenced by XAS data of EDTA-treated, long-term Cu exposure samples (Rh-2, Rh-3) but also at
the cell surface as it is seen from spectra of short-term surfaceadsorbed Cu (samples Rh-1, Ps-2, Ps-4). We note that the
highest fraction of Cu(I) is observed when S is present in the
first atomic shell of adsorbed or incorporated Cu. This can be
linked to a thiolate or cysteine environment of Cu(I) (Osman
& Cavet, 2008). The Cu(I) signal is especially important in
anoxygenic phototrophs cultured under anoxic conditions
(samples Rh-2, 3). This corroborates previous reports of
Cu(II) conversion into Cu(I) under anaerobic conditions of
E. coli culturing (Beswick et al., 1976). The presence inside
cyanobacterial cells of metallothionein, a metal-binding protein, and other sulfhydryl and amine-containing proteins that
bind Cu(I), was also reported by Kretschmer et al. (2004)
and reviewed by Robinson et al. (2001). The finding of Cu(I)
is in line with general knowledge of copper status in biological
structures. Indeed, when the metal interacts with the cell surface, in addition to simple and reversible adsorption, it may
undergo a chemical redox reaction (Price & Morel, 1990).
For example, phytoplankton and yeast were reported to
reduce Cu(II)-EDTA complexes to Cu(I) at their surfaces
(Jones et al., 1987; Hassett & Kosman, 1995). It is known
that production of Cu(I) proteins of aerobic bacteria occurs
mostly in the periplasm or outside the plasma membrane
(Brown et al., 1994). Therefore, appearance of Cu(I) in
XANES spectra of Cu adsorbed on live (active) cell may indicate that some part of adsorbed ion is reduced and incorporated into protein trafficking machinery with Cu(I)-ligand
complexes (Huffman & O’Halloran, 2001). Note that for
other metals like Zn, up to 50% of the total metal amount
stored in cells goes for transcription and translation machinery
(Finney & O’Halloran, 2003). Cu(I) is often trigonally coordinated with two methionine and one histidine groups (Xue
et al., 2007). The Cu(I)-transporting protein of B. subtilis
contains copper coordinated with three sulfur atoms, two of
which are provided by the protein and one by dithiothreitol
(Banci et al., 2003). At the same time, we do not detect in any
of studied micro-organisms Cu-O-Cu or Cu-S-Cu linkages
like those reported in copper(I)-transporting proteins (Banci
et al., 2003). This led us to suggest that significant part of
monovalent Cu is bound within the cell membrane, rather
than with the intracellular proteins in cytoplasm. A schematic
cartoon of Cu (II, I) interaction with the cell surface and redistribution within the cell compartments is given in Fig. 8.
Adsorbed Cu(II) carboxylate ⁄ phosphoryl groups may facilitate intracellular Cu(II) storage, whereas Cu(II) reduction on
the surface by membrane proteins is a prerequisite for Cu(I)
transport and storage by sulfhydryl moieties of cell proteins.
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Mechanisms of Cu adsorption and uptake
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Fig. 8 Conceptual scheme of Cu interaction with studied micro-organisms. For oxygenic photoautotrophs, adsorbed Cu(II) carboxylate ⁄ phosphoryl groups may
facilitate intracellular Cu(II) storage. For anoxygenic phototrophs and soil heterotrophs, the Cu(II) reduction on the surface by membrane proteins is a prerequisite for
Cu(I) transport as sulfhydryl moieties of cell proteins.

Formation of Cu-thiol linkages stabilizes monovalent Cu at
the bacterial surface; this stabilization is further pronounced
for intracellular Cu. Each of described processes of Cu–ligand
interaction and redox reactions is governed by (i) the nature
of the micro-organism (aerobic vs. anaerobic, presence or not
of the S-bearing EPS at the surface) and (ii) the total metal
loading. In particular, at high copper concentrations in the
system, the amount of available cell and membrane protein
may be insufficient to convert all adsorbed Cu(II) into sulfhydryl Cu(I) and significant part of cell-associated Cu thus
remains in the form of ‘inert’ Cu(II) carboxylates. In this
regard, the concentration ratio of metal to the cell ligand, and
not the value of the absolute metal concentration in solution,
will define the molecular mechanism of Cu complexation and
redox transformation.
Possible evolutionary implications
By encompassing a large variety of Earth’s micro-organisms,
from ancient anoxygenic phototrophic bacteria (APB) to
modern freshwater diatoms, this work offers a new look at the
copper–biota interaction in the context of life evolution on
Earth. The largest proportion of Cu(I) linked to the presence
of thiol groups occurs in anoxygenic phototrophs (purple bacteria). Although anoxygenic photosynthesis does not dominate primary production in the modern oceans, this
metabolism may have been crucial for the growth of Archean
and some Palaeoproterozoic stromatolites in shallow marine
environments before the rise of oxygenic photosynthesis and
the widespread atmospheric oxygenation (Olson & Blankenship, 2004; Canfield, 2005; Johnston et al., 2009). Therefore, the dominance of Cu(I) in the cells of most primary
photosynthetic organisms on Earth reflects the abundance of
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the metal’s bioavailable forms, probably as Cu+ ions in the
Archean ferric ⁄ ferro-sulfidic or Proterozoic sulfidic ocean.
Among all bio-active metals (Fe, Ni, Co, Mn, Cu, Zn, and
Cd), copper encountered the largest variations of its total
concentration in the ocean since the Archean time (from
10)25 to 10)9 M, Saito et al., 2003). These variations definitely stem from different redox states copper could have
taken in surface waters during Earth’s evolution. In neutral
sulfide-bearing waters, solubility of Cu(I) sulfide (Cu2S, chalcocite) is 105 higher than that of Cu(II) sulfide (covellite).
Therefore, in Precambrian sulfur-rich oxygen-poor ocean, Cu
aqueous speciation was different from the present one and
dominated by Cu(I) sulfide and Cu(I)-organic species. This
would have required specific Cu(I)-acquisition mechanisms
for micro-organisms inhabiting the Proterozoic and Archaean
ocean. Such mechanisms were then inherited by APB cells.
The late evolution of Cu- and Zn-binding structures (proteins) in micro-organisms (Dupont et al., 2010) reflects the
drastic change of oceanic geochemistry, marked by the Great
Oxidation Event (e.g., Konhauser et al., 2009) or a molecular
adaptation specifically tied to eukaryotic evolution. Overall,
there is a clear tendency of the decrease in both Cu(I) proportion and Cu-S linkages in the intracellular pool of Cu in the
sequence APB ﬁ cyanobacteria @ diatoms which certainly
reflects the trend of Cu speciation in the ocean and its bioavailability for aquatic organisms (e.g., Morel et al., 2003).
The fundamentally different ability to bind Cu in anoxygenic
phototrophs relative to oxygenic photoautotrophs suggests
that Cu concentration in solution may be among the controlling factors of their environmental niches. It follows that the
two types of phototrophs could be separated by Cu chemocline in the paleo-ocean, suggesting a possible control of Cu
spatial distribution on the global production of oxygen.
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Concerning the status of copper associated with the latest
among studied bacteria, aerobic heterotrophs, results of our
study suggest that the surface proteins and EPS uptake by
copper is the main factor defining the chemical status of
Cu within these cells. Indeed, for the same bacterial species
P. aureofaciens, only EPS-rich strain yielded S-bearing ligands
and, consequently, high proportion of Cu(I) in the first
atomic environment of copper (samples Ps-2, Ps-3, Table 2).
The evolutionary meaning of this finding may be that the EPS
production of bacteria in the biomats can certainly facilitate
the uptake and preservation of Cu(I) ions. As such, massive
EPS production by first heterotrophic bacteria but also by
EPS-rich cyanobacteria (e.g., Braissant et al., 2003; Dupraz
et al., 2009) could be compatible with the presence of Cu(I)
in the environment. The EPS production can also witness the
first cell resistance mechanism to increasing Cu concentration
in the seawater during the change from Cu(I, II)-sulfidic
fluids to Cu(II)-oxygenated environments. Furthermore, if
we hypothesize that the presence of Cu(I) in the cells inherits
the former reduced environment, this study would suggest
that the first aerobic heterotrophic bacteria were most likely
present as EPS-rich, periphytic (stromatolite-like, shallowwater) forms rather than planktonic cells inhabiting the water
column.

CONCLUSIONS
Our findings demonstrate that despite the common opinion
that copper is toxic for photosynthetic aquatic micro-organisms because of blocking the thiol sites of the proteins, at least
90% (resolution of XAS measurements) of Cu adsorbed on
and incorporated into freshwater cyanobacteria and diatoms
reside in the carboxylate-like environment similar to other
divalent metals. In the wide range of metal ⁄ cell ratio encompassed in this study, it is not excluded, however, that 10% or
less of total adsorbed Cu that is undetectable by EXAFS
(NS £ 0.3 atoms) could still be bound to thiol sites, blocking these sites and contributing to toxicity. Highly specific Cu
binding in the form of sulfhydryl groups in APB and EPS-rich
soil P. aureofaciens, and Cu(II) conversion into Cu(I) both at
the cell surface and in the cell interior represent other new features, which should be intimately linked to the bioavailability
of this metal in the context of phototrophs and heterotrophs
evolution on the Earth.
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