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Introduction

Heavy-metal-resistant bacteria play a central role in the
biogeochemical cycling of metals by sorption, reduction,
oxidation, and precipitation of metals in their habitats [13,
35]. As the metal contamination of the environment has
become a world-wide problem, bacteria-based metal
bioremediation has attracted considerable attentions. Thus,
understanding the mechanisms involved in bacterial metal

resistance and metal accumulation is crucial not only for
improving our understanding on the metal biogeochemical
cycling but also for advancing the bioremediation technologies.

In natural habitats, bacteria are mostly grown as densely
packed communities that are known as a biofilm, in which
cells are physiologically distinct from bacteria growing in a
free-swimming planktonic state [26]. It is well known that
bacteria biofilms are more resistant to heavy metals and
antibiotics than planktonic bacteria. The mechanisms for
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Bacterial biofilms are spatially structured communities that contain bacterial cells with a wide

range of physiological states. The spatial distribution and speciation of copper in unsaturated

Pseudomonas putida CZ1 biofilms that accumulated 147.0 mg copper per g dry weight were

determined by transmission electron microscopy coupled with energy dispersive X-ray

analysis, and micro-X-ray fluorescence microscopy coupled with micro-X-ray absorption near

edge structure (micro-XANES) analysis. It was found that copper was mainly precipitated in a

75 µm thick layer as copper phosphate in the middle of the biofilm, while there were two

living cell layers in the air-biofilm and biofilm-medium interfaces, respectively, distinguished

from the copper precipitation layer by two interfaces. The X-ray absorption fine structure

analysis of biofilm revealed that species resembling Cu3(PO4)2 predominated in biofilm,

followed by Cu-Citrate- and Cu-Glutathione-like species. Further analysis by micro-XANES

revealed that 94.4% of copper were Cu3(PO4)2-like species in the layer next to the air interface,

whereas the copper species of the layer next to the medium interface were composed by 75.4%

Cu3(PO4)2, 10.9% Cu-Citrate-like species, and 11.2% Cu-Glutathione-like species. Thereby, it

was suggested that copper was initially acquired by cells in the biofilm-air interface as a citrate

complex, and then transported out and bound by out membranes of cells, released from the

copper-bound membranes, and finally precipitated with phosphate in the extracellular matrix

of the biofilm. These results revealed a clear spatial pattern of copper precipitation in

unsaturated biofilm, which was responsible for the high copper tolerance and accumulation of

the biofilm.

Keywords: Pseudomonas putida CZ1, unsaturated biofilm, copper phosphate, spatial pattern,

speciation
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the improved resistances are quite complex and not fully
understood until now. Recently, it is suggested that the
physiological heterogeneity of biofilms may be a central
element for their tolerance to antimicrobial challenges [32].
Within a biofilm, there are diverse niches with distinct
physicochemical characteristics, in which cells are in a
diversity of physiological status as well [32]. Moreover,
with a highly organized and mustered population, a
biofilm provides the advantages to perform certain
processes that planktonic cells cannot accomplish [10, 14,
23]. Therefore, it is believed that the concentration and the
chemical species of metal are also spatially diversified
within biofilms, and thus contribute to the metal resistance
and metal accumulation of the biofilm. However, little is
known about the mechanisms for generating spatial
heterogeneity of metals in biofilms and how the spatial
heterogeneity of metals in biofilms affects the metal
resistance and metal accumulation of the biofilm. 

Pseudomonas putida, a model aerobic bacterium, is able to
grow as biofilm in most habitats of soil and water,
particularly in polluted environments [34]. It is widely
used for numerous purposes such as plant growth
promotion, degradation of toxic organic compound, and
removal of heavy metals [11, 22, 7, 8]. In particular, the
multi-metal-resisting and -accumulating capabilities of
P. putida have received considerable attention for its
potential application in the bioremediation of heavy metal
pollution, such as copper, zinc, cadmium, and so on [8, 17].
For copper, a universal heavy metal in contaminated
environments, the genetic basis for copper resistance in
P. putida has been fully studied. The complete genome
analysis of P. putida KT2440 revealed that two copies of the
CopAB genes and a cluster of cus genes (cusCBA) may be
responsible for copper chelation and transportation [5]. It
was also found that a cin operon contributed to copper
adaptation in P. putida KT2440 [24] and a two-gene operon
of cueAR was responsible for copper homeostasis in P.

putida PNL-MK25 [1]. Those findings all indicated that
chelating copper ion by specific proteins in the periplasm
and effluxing copper out of cells were the main mechanisms
for copper resistance in P. putida. Furthermore, other
mechanisms such as precipitation of copper extracellularly
and chelating copper in extracellular polymeric substances
were also identified [12, 27]. Nevertheless, the mechanisms
for copper resistance in P. putida are far from being fully
understood, since how these systems work within a biofilm
is still unknown owing to the diverse physiological status
of cells in a biofilm. 

In this work, the heavy-metal-resistant rhizobacterium

P. putida CZ1 that was previously isolated from the
rhizosphere of Elsholtzia splendens (a copper-tolerant plant)
was studied [8]. The rhizosphere is a crucial zone for
biogeochemical cycling of metals in soil, where bacteria
grow as unsaturated biofilm due to the low water potentials
in this terrestrial ecosystem, and acquire nutrients of amino
acid, phosphate, and organic acid from root exudates [16,
31]. To mimic the bacterial biofilm grown in the
rhizosphere where organic-ligand-bound metals were the
main components of bioavailable metals, unsaturated
biofilm was cultured on solid media using a polyester
membrane method [4]. It has been found that P. putida CZ1
is capable of utilizing a citrate-copper complex and
forming copper phosphate precipitation when grown as
unsaturated biofilm [6]. Herein, to further understand the
mechanism of the high copper tolerance and accumulation
of unsaturated P. putida biofilm, the spatial distribution
and speciation of copper in unsaturated P. putida CZ1
biofilms were determined by using transmission electron
microscopy (TEM) coupled with energy dispersive X-ray
(EDX) analysis, and micro-X-ray fluorescence microscopy
(micro-XRF) coupled with micro-X-ray absorption near
edge structure (micro-XANES) analysis. This study revealed
a spatial pattern for copper precipitation in biofilms, which
was responsible for the high copper tolerance and
accumulation of the biofilm.

Materials and Methods

Strains and Media

P. putida CZ1 was maintained at -70ºC in 70% LB-30% glycerol.

Solid mineral media for biofilm culturing contained 0.5 g KH2PO4,

0.5 g K2HPO4, 0.2 g MgSO4·7H2O, 0.1 g CaCl2, 0.2 g NaCl, 0.03 g

MnSO4·H2O, 0.03 g FeSO4·7H2O, 1.0 g NH4NO3, and 1.47 g sodium

citrate dihydrate (5 mM) per 1.0 liter H2O, plus a trace elements

solution (5 ml per liter of 0.232 g H3BO3, 0.174 g ZnSO4·7H2O,

0.116 g FeSO4(NH4)2SO4·6H2O, 0.096 g CoSO4·7H2O, 0.022 g

(NH4)6Mo7O24·4H2O, 8.0 mg CuSO4·5H2O, and 8.0 mg MnSO4·4H2O

in 1 liter H2O) [3]. This medium was adjusted to pH 6.8 with 1 M

NaOH and solidified with 1.5% Bacto-Agar prior to sterilization

by autoclaving. After autoclaving at 115ºC for 30 min, media

containing 3 mM copper were prepared by adding proper volume

of filter-sterilized 100 mM copper sulfate solution to the medium. 

Biofilm Cultivation

Biofilms were cultivated by growing bacteria on top of membranes

overlaying solid media, similar to the method described by

Auerbach et al. [4]. Nuclepore polyester membranes (13 mm

diameter, 0.1 μm pore, 6 μm thick; Whatman) were sterilized by

immersion in 70% ethanol for 2 min, and then air dried. Three

membranes were placed on the solid media surface in an
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equilateral triangular pattern. The inoculum was prepared by

suspending one colony of P. putida CZ1 from the subculture of

frozen stock on LB agar plate (30°C, 18 h) into 1 ml of sterile 0.9%

NaCl solution. Then, a 3 μl inoculum was seeded on the top of

each membrane. The Petri dishes were sealed with parafilm,

inverted, and incubated at 28ºC for 48 h.

Analysis of Copper Concentrations in Biofilms

Nine samples of biofilms grown with 3 mM copper for 48 h

were collected from three plates and freeze dried. Membranes

underneath the biofilm were discarded. Three dry biofilms were

combined as one sample, which results in three individual

samples. Biofilm samples were weighed, digested by adding 3 ml

concentrated nitric acid and heating at 200ºC for 2 h, and then

properly diluted with 5% HCl solution for analysis. Copper

concentrations were determined using the ICP-OES instrument

(IRIS/AP, Thermo Jarrell Ash, USA).

Live/Dead Staining and Cryosectioning of Biofilm

The thickness and spatial distribution of live and dead cells of

the biofilm were determined by image analysis of frozen sections

stained with the Live/Dead BacLight Kit (Molecular Probes).

Biofilms were stained by placing on a 50 μl staining agent with

0.01 mM Syto-9 and 0.06 mM propidium iodide for 30 min in the

dark. Then, the biofilms were cryoembedded and cryosectioned

according to the methods of Wentland et al. [38]. The biofilms

were embedded by Tissue-Tek OCT compound (McCormick

Scientific). Several 20 μm thick cross-sections were obtained by

using a cryostat microtome (Thermo Electron, USA), carefully

placed on the surface of a glass coverslip, and then analyzed with

a Leica TCS SP5 confocal laser scanning microscope.

TEM and EDX Analysis

Biofilms grown on medium (both with and without 3 mM

copper) for 48 h were sampled from the agar surface with the

membranes. The edges of membranes without biofilm were

carefully removed, and biofilms with the membrane underneath

were entirely enrobed in 2% (w/v) agar and fixed in 2.5%

glutaraldehyde for 12 h. The blocks were washed three times and

fixed in 1% osmic acid for 2 h. Then, the blocks were washed three

times again, and were dehydrated through a graded ethanol series

(50%, 70%, 80%, 90%, 95%, and 100%) for 15 min in each solution

and then treated with 100% acetone for 20 min. The blocks were

suspended in a 1:1 acetone/epoxy resin for 1 h, followed by 1:3

acetone/epoxy resin for 3 h, and then saturated in 100% epoxy

resin for 12 h. They were then embedded by immersing in pure

fresh epoxy resin overnight at 70°C. The embedded samples were

thin sectioned on a Reichert Microtome (Reichert-Jung, Austria).

To improve contrast, the ultrathin sections (~70-90 nm) were post

stained with uranyl acetate and lead citrate for 15 min each. For

photographing, a transmission electron microscope (Hitachi H-

7650) was used. 

For EDX microanalysis, 120 nm thick sections without post

staining with uranyl acetate and lead citrate were coated with

carbon onto nickel grids, and then analyzed with an energy-

dispersive X-ray microanalyzer (Oxford, Inca 3000) using an

electron beam spot size of 40 nm. All EDX counts were collected

for 100 sec (live time). The Ni peaks were caused by the Ni grid

whereas the C peaks in the spectra were caused in part by the

carbon film. 

Micro-XRF and Micro-XANES Analysis

For micro-XRF analysis, 50 μm thick cross-sections were

obtained using the cryosectioning methods described above and

placed on 3M adhesive tapes (Scotch, 810; 3M Corporation, USA).

Structural integrated sections were selected by microscopy

examination, and then stored at -20°C until analysis. Biofilm

sections were imaged with the scanning X-ray microprobe at

beam line 15U of the Shanghai Synchrotron Radiation Facility

(China), operating at 3.5 GeV with a current of 210-150 mA. X-

Rays of 10 keV incident energy were monochromatized with Si [III]

monochromator and focused to a measured spot size of 3 × 3 μm

using the Kirkpatrick-Baez mirror system. Biofilms were scanned

in steps of 3 μm, and fluorescence spectra were collected for 2 sec

dwell times by using a liquid nitrogen cooled energy dispersive

one-element Si drift detector. Areas between the center and edge

of the biofilm were analyzed. The horizontal scanning areas were

30 μm and the vertical areas were 231 μm for the biofilm sections.

Signals were normalized with ionization chamber signals that

were collected simultaneously, and the image processing was

then performed with Igor pro 6.10 (WaveMatrics, Inc.). Three

points located in the top, middle, and down regions of the biofilm,

respectively, were selected for XANES analysis. The position of

selected points was confirmed by its coordinate in the image

generated by Igor pro 6.10. The Cu K-edge XANES spectra were

measured in the fluorescence mode for the energy range from 8.95

to 9.06 keV. The fluorescence XANES spectra were collected for

5 sec dwell times, and analyzed as follows.

Sample Preparation and X-Ray Absorption Spectra Collection

The biofilms grown with 3 mM copper for 48 h were collected

and freeze dried for 24 h immediately. Dry biofilms were mixed

and ground, and then stored at -20°C until analysis. The reference

compound of analytical reagents of CuS, CuO, Cu(OH)2, Cu-

Citrate, and Cu-Oxalate was used. Cu3(PO4)2 was prepared by

adding 500 mM CuSO4 solution into 500 mM (NH4)2HPO4

solution; precipitations were then collected by centrifugation and

washed three times with double distilled water, freeze dried, and

then characterized by X-ray diffraction (Fig. S1). Aqueous

reference compounds of Cu-Histidine and Cu-Alginate containing

5 mM copper were prepared by adding a proper volume of

100 mM CuSO4 solution to 50 mM histidine or alginate solution

[30]. Cu-Cysteine and Cu-Glutathione were prepared as described

previously [9, 30]. The Cu K-edge XAS spectra of the biofilm were

collected at beam line 14W of the Shanghai Synchrotron Radiation

Facility. A Si [III] double-crystal monochromator was employed.
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The spectra of biofilms, CuS, CuO, Cu(OH)2, Cu-Citrate, Cu-

Oxalate and Cu3(PO4)2 were collected in the transmission mode,

whereas the spectra of Cu-Histidine, Cu-Alginate, Cu-Cysteine,

and Cu-Glutathione were collected in the fluorescence mode. 

Both the XANES and EXAFS spectra of biofilm samples and

reference compounds were analyzed using standard methods

with the program IFEFFIT/SIXPACK [37]. The spectra were

normalized by fitting first- and second-order polynomial functions

to the pre- and post-edge regions, respectively. Then, quantitative

edge fitting analysis of the XANES spectra (from 8,960 to 9,040 eV)

was performed using the program Athena [37]. After components

screening, Cu3(PO4)2, Cu-Citrate, and Cu-Glutathione were chosen

to fit the XANES spectra of the biofilm by linear combination

fitting (LCF). For LCF analysis, individual fitted fractions were

constrained to lie between 0 and 1, and the sum of all fractions

was forced to 1. The fractional contribution of each model

spectrum to the fit is then directly proportional to the percentage

of Cu chelated by the respective compound in the sample [21]. For

EXAFS spectra analysis, Fourier transforms using a Gaussian

window of the spectra were used to obtain radial structure

functions around copper using the program Athena. Ab initio

simulations of Cu-O atomic pairs of Cu3(PO4)2 were generated

using the FEFF 8 program. Then, the EXAFS spectrum of the

biofilm was fitted using the Artemis program, and the coordination

number (CN), bond length (R), and Debye−Waller factor (σ2)

were calculated.

Results

Copper Accumulation in P. putida Biofilm

P. putida biofilms grown on mineral medium were light
yellow in color, whereas biofilms grown on media containing
3 mM Cu were bright blue-green in color (Fig. 1). ICP-OES
analysis revealed that the blue-green biofilm accumulated
147.0 mg copper per g dry weight. Light images of biofilms
showed that both of the two biofilms were approximately
100-150 µm thick (Fig. 1). However, cells in the control
biofilm were mostly alive and distributed evenly throughout
the biofilm, whereas there was a dark layer approximately
75 µm thick in the copper-grown biofilm, an approximately
30 µm thick living cell layer underneath the dark band, and
an approximately 10 µm thick living cell layer above the
dark band.

Heterogeneity of Cell Morphology in Copper-Accumulated

Biofilm

To further understand the morphology and structure of
biofilms, morphological profiles of whole biofilms were
characterized by TEM (Fig. 2). The TEM images of copper-
grown biofilm were consistent with the light micrographs,
revealing a dark layer with extremely high cell density in

the middle of the biofilm. In addition to the dark layer,
there were two other normal layers in the biofilm, an
approximately 10 µm thick cell layer in the air-biofilm
interface and a 25-30 µm thick cell layer in the biofilm-
medium interface, with more healthy cells and less black
deposition as compared with the dark layer (Fig. 2B). In the
control biofilm, no dark layer was observed and cells were
more evenly distributed (Fig. 2A), and a series of higher
magnified images further indicated all cells were entire
and healthy (Fig. S2). 

A series of higher magnified images from top to bottom
of the copper-grown biofilm gave more detail information
of the cell morphology throughout the biofilm community
(Fig. 3). Cells in the air-biofilm interface were few, spread
far apart, and mostly healthy (Fig. 3A). In the layer that
was approximately 10 µm distanced from the air-biofilm
interface, cells were enrobed in a large amount of black
deposition but remained healthy (Fig. 3B). Cells in the next

Fig. 1. Morphology, structure, and spatial distribution of live

and dead cells of unsaturated P. putida CZ1 biofilms grown on

mineral media without and with 3 mM copper for 48 h.
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layer that ranged to the middle of the biofilm became
extremely strange, with irregular morphology and no
obvious membrane, and were entirely embedded in the
black extracellular deposition (Fig. 3C). Then, in deeper
areas, in the layer more distanced from the air-biofilm
interface, there was less black deposition and more crystal-
like material appeared in the space between cells, and the
cells were more healthy than that in Fig. 3C (from Figs. 3D
to 3G). In addition, large numbers of protuberance (blebs)
on the outer membrane were observed, which were
surrounded by a clearly defined dark membrane. Some
blebs were separated from the cell surface while others
were continuous with the outer membrane, and some cells
were entirely coated with those blebs (Figs. 3D-3G). Cells
in the bottom layer near the biofilm-medium interface were
mostly healthy, and there were neither black deposition
nor crystal-like material between the cells (Fig. 3H). It was
also found that there were two interfaces in the biofilm (see
stars in Fig. 3), one near the air-biofilm interface (Fig. 3B)
and the other near the biofilm-medium interface (Fig. 3H),
which show the break change of cell morphology within
one cell distance. 

Molecular Speciation of Copper in Biofilm

To characterize the speciation of copper in biofilm, the
black deposition and crystal-like material in the extracellular
matrix as well as the cells were analyzed by TEM-EDX
(Fig. 4). TEM-EDX analyses revealed that the biofilm
contained elements C, Ni, Cu, P, O, and Ca. The high C and
Ni peaks were primarily caused by the carbon film and Ni
grids, respectively. Regardless of the C and Ni, the crystal-
like materials in the extracellular matrix of the middle layer
in the biofilm composed the highest Cu, P, O, and Ca
(Fig. 4 M1), followed by the black deposition in the
membranes of the cell in the middle layer (Fig. 4 M1). There
were much less elements in the interface layer compared

Fig. 3. Higher magnified transmission electron micrographs of

the copper-grown biofilm in Fig. 2. 

Micrographs from A to H were continued series images obtained from
the air-biofilm interface to biofilm-medium interface. the stars in
micrographs B and G indicate two interfaces within the biofilm,
which distinguish the copper precipitation layer from the healthy cell
layer. White arrowheads indicate the separated blebs with a clearly
defined dark membrane, and black arrowheads indicate blebs that are
still continuous with the outer membranes. White arrows indicate the
crystal-like materials in the extracellular matrix of the biofilm.

Fig. 2. Transmission electron micrographs of the air-biofilm

interface (top), middle layer (middle), and biofilm-medium

interface (down) of P. putida CZ1 biofilm. 

(A) The 48-h growth control biofilm. (B) The biofilm grown on
medium containing 3 mM copper for 48 h. Letters in B indicate the
corresponding site for the higher magnified images in Fig. 3.
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with the middle layer, whereas the down layer got the
least. Within the interface layer, the crystal-like materials in
the extracellular matrix got the highest Cu as well (Fig. 4
I1), followed by the released black deposition (Fig. 4 I2),
and the intracellular fraction of cell got the least (Fig. 4 I4).
Within the down layer, the black deposition (Fig. 4 D1) was
only slight richer in elements Cu, O, and P than the
intracellular fraction of the cell (Fig. 4 D2). 

To further confirm the speciation of copper, biofilms
were analyzed by micro-XRF and micro-XANES. The
bottom of the biofilm was determined by the element
counts, and set to zero in the vertical side bar of the XRF
images. Copper was mainly located in the middle layer of
the biofilm, whereas the 20 µm thick layer in the down part
of the biofilm comprised much less copper than other parts
of the biofilm (Fig. 5), which corresponded to the darker

layer and the living cell layer in the light and TEM
micrographs (Figs. 1 and 2), respectively. The spatial
distribution profile of Ca, Fe, and Mn was almost identical
to Cu, which indicated a co-relationship between Cu and
Ca, Fe, and Mn in the biofilm. The Cu K-edge micro-
XANES spectra of three 3 × 3 µm2 areas from the top,
middle, and down layer of the biofilm were obtained
respectively, and were all similar to the spectrum of
Cu3(PO4)2 (Fig. 5). It is known that the spectrum of a sample
is the sum of the spectra from the components, weighted
by their respective atomic fractions [21]. To determine the
speciation of copper in the biofilm, linear combination
arithmetic was applied using the Athena program. In this
study, Cu3(PO4)2, Cu-Citrate, and Cu-Glutathione were
chosen as the reference compounds for components
analyses, since they may contribute to the Cu speciation in

Fig. 4. TEM-EDX analysis of copper-precipitated middle layer, interface between the middle layer and down layer, and the down

layer of unsaturated P. putida CZ1 biofilm. 

Arrows in the micrographs represent the area used for TEM-EDX analysis. Black arrows indicate the extracellular fraction of the biofilm, and the
corresponding EDX spectra are show at the left column. White arrows indicate cells of the biofilm, and the corresponding EDS spectra are show at
the right column. The C peaks in the spectra were caused in part by the carbon film, and the Ni peaks were caused by the Ni grid.
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biofilm as revealed by components screening of 10 copper
references (Fig. S3). The Cu K-edge micro-XANES analyses
revealed that copper mainly complexed with the phosphate
group, since 75.4-94.4% of copper in the biofilm was found
to be chelated by a phosphate-like group (Fig. 5, Table 1).
Moreover, Cu bound with Citrate-like and Cu-Glutathione
ligands were also found in the biofilm, with only 4.8% and
1.4% in the top layer, and 10.9% and 11.2% in the down
layer (Table 1). 

The Cu K-edge XAFS spectra of the biofilm and reference
compounds of Cu3(PO4)2, Cu-Citrate, and Cu-Glutathione
were collected as well to determine the averaged copper

speciation in the biofilm (Fig. 6). The XANES spectrum of
the biofilm was very similar to the spectrum of Cu3(PO4)2 as
well (Fig. 6A). The results of fitting the biofilm XANES
spectra with a linear combination of the measured data sets
of representative model compounds indicated the biofilm
contained 95.4% Cu3(PO4)2, 5.7% Cu-Citrate, and 0% Cu-
Glutathione-like species (Table 2). In addition, the K space
spectra (Fig. 6B) and radial distribution functions (Fig. 6C)
for the biofilm were very similar with that of Cu3(PO4)2.
Thereby, backscattering amplitudes and phase shift
functions for Cu-O atomic pairs calculated from Cu3(PO4)2

were used to refine the first shell of EXAFS spectra of the

Fig. 5. Micro-XRF maps of qualitative spatial distributions and concentration gradients of elements in sections of P. putida CZ1

biofilm (A); and Cu K-edge micro-XANES spectra of the biofilm-air interface (top 1), middle (middle 2), and biofilm-medium

interface (down 3) of P. putida CZ1 biofilm (B). 

Black solid lines, data. Red dotted lines, fits with data sets of model compounds.

Table 2. Results of fitting the biofilm XANES spectra in Fig. 6A with a linear combination of the measured data sets of

representative model compounds.

Sample Cu3(PO4)2 (%) Cu-Citrate (%) Cu-Glutathione (%) Total (%) Rcs (10-3)

Biofilm 95.4 ± 4 5.7 ± 4.1 0 ± 0.6 101.1 0.35

Rcs, Reduced chi-square.

Table 1. Results of fitting the micro-XANES spectra in Fig. 5B with a linear combination of the measured data sets of representative

model compounds.

Sample Cu3(PO4)2 (%) Cu-Citrate (%) Cu-Glutathione (%) Total (%) Rcs (10-3)

Top 1 94.4 ± 2.1   4.8 ± 2.1   1.4 ± 0.5 100.6 0.29

Middle 2 76.2 ± 4.6   8.5 ± 4.8 12.5 ± 1.3 97.2 0.33

Down 3 75.4 ± 6.4 10.9 ± 6.2 11.2 ± 1.2 97.5 0.48

Rcs, Reduced chi-square.
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biofilm (Fig. 6D). It was found that O ligands dominated in
the biofilm, with Cu–O interactions at 1.94 Å and coordination
numbers of 3.45 (Table 3). The small Debye–Waller factor
and Relative residual determined for the biofilm indicate
that copper binds in the biofilm in a similar manner with
Cu3(PO4)2.

Discussion

When cultured on solid media supplied with Cu-Citrate,

P. putida CZ1 biofilm was capable of accumulating 147 mg
copper per g dry weight, approximately 10-fold of its
binding capacities when grown in planktonic state [9].
Herein, TEM-EDS and XAS analyses suggested that the
precipitation of copper as phosphates in the extracellular
matrix of biofilm contributes to the copper hyperaccumulation
of the biofilm (Figs. 4-6).

Producing metal precipitates as phosphates has been
found as an effective way for bacteria to accumulate a wide
range of metals and radionuclides, such as copper,
cadmium, and uranyl [2, 15, 20]. Several mechanisms have
been found responsible for the formation of metal
phosphates in bacteria. First, polyphosphates in P. putida

have been proposed to sequester cadmium and form
cadmium-containing polyphosphate granules within the
cells [15]. Meanwhile, it has been found that heavy metals
stimulated polyphosphate hydrolysis by exopolyphosphatase,
and the metal-phosphate complexes formation could be
transported out of the cell through the Pit system, which
served as a model for metal detoxification in Acidithiobacillus

ferrooxidans [2, 18]. Second, a distinct mechanism was found

Fig. 6. Cu K-edge XANES and EXAFS spectra of P. putida biofilm (black line) and the reference compounds of Cu3(PO4)2 (blue line),

Cu-Citrate (earthy yellow line), and Cu-Glutathione (pink line). 

(A) Cu K-edge XANES spectra of P. putida biofilm (black line) and the reference compounds. Red dotted line indicates the fit of biofilm spectrum
with data sets of model compounds. (B) K space spectra of P. putida biofilm and the reference compounds. (C) Radial distribution functions of Cu
K-edge EXAFS spectra of P. putida biofilm and the reference compounds. (D) The biofilm EXAFS spectra of the first shell (black solid line) and the
fit result (red dotted line).

Table 3. The fitted results of Cu K-edge EXAFS spectra of P.

putida biofilm.

Sample
Na and 
element

R[Å]b σ
2[Å]c E0 shiftd Rese

Biofilm 3.45 1.97 0.00029 1.54 5.66
aCoordination number, esmitated error is ±0.01.
bRadial distance, esmitated error is ±0.02 Å.
cDebye-Waller factor, esmitated error is ±0.001 Å2.
dEnergy shift.
eRelative residual in present.
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in Pseudomonas aeruginosa. Uranyl was initially sorbed to
the cell as uranyl hydroxide, and then precipitated as
uranyl phosphate at the cell membrane as phosphate was
released from the cell [25]. The model P. putida CZ1 used to
precipitate copper is unclear according to the present
results of our study. However, we indicated that there
were some distinct mechanisms for P. putida CZ1 biofilm.
The XAS analysis of P. putida CZ1 biofilm revealed that, in
addition to Cu3(PO4)2, species resembling Cu-Citrate and
Cu-Glutathione were also found in the down and middle
layers of the biofilm (Fig. 5 and Table 1). Cop proteins that
are rich in histidine and methionine residues played an
important role in binding Cu in the periplasm [5]. Previous
study by our group also found Cu bound with glutathione-
like ligands in P. putida CZ1 cells at the initial stage of Cu
sorption [6]. Since Cop proteins mainly existed in the
periplasm of cell, Cu-Glutathione-like species of copper
was assumed to exist within the cell. Moreover, since
P. putida is capable of taking the metal-citrate complex [6,
33], in combination with the finding of Cu-Citrate-like
species in the down and middle layers of biofilm, it was
inferred that copper was first transported into the cell as a
copper-citrate complex, and then metabolized and bound
by Cop protein in the periplasm. When the Cop systems
were overloaded, copper was transported out and
precipitated as copper phosphate in the extracellular
matrix of the biofilm. 

Additionally, lipopolysaccharides (LPS) may play an
important role in the formation of copper phosphate, since
it was found that large amounts of copper-containing
membrane vesicles (blebs) were released to the extracellular
matrix (Fig. 3), which was not observed in the control
biofilm. Those blebs were mostly surrounded by a clearly
defined dark membrane (Fig. 3) that was rich in copper, as
determined by EDX analysis (Fig. 4 M2, 4 I2). Similar blebs
in cadmium-adapted Pseudomonas putida were found to be
responsible for the binding of Cd2+ [15]. Research has
proposed that metal phosphate deposition occurs via an
initial nucleation with phosphate groups localized within
the LPS layer, and then the deposition is further consolidated
with additional enzymatically generated phosphate in close
juxtaposition [20]. Moreover, carboxylate groups were also
found to be needed for the formation of calcium phosphates
minerals on the surface of yeast cells, by providing the
active nucleation sites [36]. Previous study has demonstrated
that carboxyl functional groups are the major ligands
responsible for the metal sorption from solution in P. putida

CZ1 [9]. The rich carboxyl groups in the cell surface may
facilitate the formation of copper phosphates on the

membrane of the P. putida CZ1 cell. Thereby, it was indicated
that the sorption of metals in the cells was primary by
carboxyl groups, as copper phosphate precipitation may be
another mechanism for accumulating an extremely high
concentrate of copper. It was also proposed that the blebs
can work as a functional physiological “compartment” [19].
The whole fragments of membrane released as blebs may
contain LPS, proteins, enzymes, and even nuclear acid [28,
29]. As revealed in Fig. 3, membrane vesicles in our biofilm
were mainly surrounded with the typical membrane that is
rich in carboxyl and phosphate groups, which may offer a
suitable working microenvironment for phosphatase or
associated enzymes in that habitat. Since metal phosphate
precipitation in bacteria is assumed to be associated with
several enzymes [19], it was inferred that the LPS and
membrane vesicles can work as a functional unit
extracellularly, and may play an important role in the
formation of copper phosphate precipitation in the biofilm.

In addition to the formation of copper phosphate
precipitation in the extracellular site of cells, our result
suggested that the spatial pattern of copper distribution
and immobilization in biofilm was also related to the high
copper resistance of the biofilm. Biofilm grown on medium
containing 3 mM copper for 48 h became extremely
heterogeneous in terms of cell morphology, which revealed
a clear spatial pattern for copper precipitating in the
biofilm. There were less black precipitations and lower
copper concentration in the down layer of biofilm, which
was responsible for the initial acquisition of copper from
the medium. Furthermore, more Cu-Citrate- and Cu-
Glutathione-like speciation in the down layer of the biofilm
indicated more proportion of copper located in the cellular
than the up layers of the biofilm (Fig. 5, Table 1).
Consequently, it was assumed that, in addition to copper
phosphate precipitation, Cop systems played a role in
copper immobilization in this layer. It is noteworthy that
the down layer of biofilm is responsible for acquiring
nutrients from the medium and sustaining the survival of
the biofilm community. Thus, bacteria in the down layer of
the biofilm are primarily protected by transporting the
acquired copper to the layer far from the biofilm-medium
interface. It was found that the middle layer of the biofilm
filled with more black precipitation (Fig. 3), in which more
copper-containing membranes were released and cells
were entirely embedded by copper phosphate precipitation.
In those areas, copper phosphate precipitation was the
predominant way for copper immobilization. The spatial
heterogeneities of copper distribution and speciation in
biofilms may be related with the local physicochemical
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microenvironments and cell physiological states in the
biofilm [32]. Meanwhile, it also served as a strategy for
community survival for biofilms. There were two living
cell layers within the biofilm, even when it accumulated
147 mg copper per g dry weight (Figs. 1 and 2). The two
living cell layers within the biofilm may play specific
functions, since these two layers were also found to be the
two active layers of other colony biofilms [29]. In these
aerobically growing colonies of this study, nutrients
diffused upward from the medium surface while oxygen
diffused downward from the air surface to the bottom of
the colony. The layer located in the air-biofilm surface was
required for oxygen acquisition, whereas the layer located
in the biofilm-medium interface was required for nutrient
acquisition. Thus, those two layers were primarily protected
for their key roles in the survival of the biofilm community.
Furthermore, cells were mostly dead or inactive in the
75 µm thick middle layer of the biofilm.

In conclusion, this study suggested that, in addition to

the well-known protein immobilization and transportation
mechanisms such as cop, cin, and cue systems, precipitation
of copper phosphate in biofilm with a spatially heterogeneous
pattern is also an effective strategy for copper tolerance
and accumulation in unsaturated P. putida biofilm (Fig. 7).
In this biofilm community, copper was primarily acquired
from the agar medium by the cell in the down layer as a
citrate-copper complex, and then transported upward to
offer carbon source for cells in other regions of the biofilm.
After the metabolism of the citrate-copper complex, copper
was predominantly transported to the cells inhabited in the
middle layer of the biofilm, bound by the membranes of
the cells. After that, cells in the middle layer overproduced
the membrane and released those copper-bound membranes
to the extracellular matrix, and finally precipitated copper
as phosphate in the middle layer of the biofilm. Thus,
bacteria in the media-biofilm interface and biofilm-air
interface were protected to sustain survival of the biofilm
community.
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