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Abstract Acinetobacter guillouiae SFC 500-1A, a native
bacterial strain isolated from tannery sediments, is able
to simultaneously remove high concentrations of Cr(VI)
and phenol. In this complementary study, high-
resolution microscopy techniques, such as atomic force
microscopy (AFM) and transmission electron microsco-
py (TEM), were used to improve our understanding of
some bacterial adaptive mechanisms that enhance their
ability to survive. AFM contributed in gaining insight
into changes in bacterial size and morphology. It
allowed the unambiguous identification of pollutant-
induced cellular disturbances and the visualization of
bacterial cells with depth sensitivity. TEM analysis re-
vealed that Cr(VI) produced changes mainly at the

intracellular level, whereas phenol produced alterations
at the membrane level. This strain tended to form more
extensive biofilms after phenol treatment, which was
consistent with microscopy images and the production
of exopolysaccharides (EPSs). In addition, other
exopolymeric substances (DNA, proteins) significantly
increased under Cr(VI) and phenol treatment. These
exopolymers are important for biofilm formation playing
a key role in bacterial aggregate stability, being espe-
cially useful for bioremediation of environmental pollut-
ants. This study yields the first direct evidences of a
range of different changes in A. guillouiae SFC 500-
1A which seems to be adaptive strategies to survive in
stressful conditions.
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Introduction

Hexavalent chromium Cr(VI) and phenol are discharged from
several industrial effluents, and they are listed as priority pol-
lutants by the US Environmental Protection Agency due to
their high toxicity and persistence (ATSDR 2005; Dhal et al.
2013). Several methods have been proposed for their elimina-
tion; however, bioremediation could be considered as a novel,
efficient, eco-friendly, and cost-effective strategy for the treat-
ment of such environmental pollutants by using microorgan-
isms (Dhal et al. 2013). In this context, we isolated a bacterial
strain from tannery sediments, identified as Acinetobacter
guillouiae SFC 500-1A, which was able to simultaneously
remove high Cr(VI) and phenol concentrations. The mecha-
nisms involved in Cr(VI) removal and phenol biodegradation
were recently studied (Ontañon et al. 2015). However, more
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studies are needed in order to improve our understanding of
morphological and ultrastructural changes, properties of mi-
crobial cell surfaces, and the mechanisms involved in the ad-
aptation to such polluted environments. In addition, until now,
studies that reveal changes in cell morphology of bacteria
exposed to different environmental stresses only focus on bac-
terial length regardless of other parameters, such as width and
height of the cell. Therefore, it is necessary to deepen some
lesser known aspects.

Actually, techniques based on atomic force microscopy
(AFM) have revolutionized the characterization of microbial
cells. They have already delivered important information on
real-time interaction, both under physiological conditions and
also under external stimuli (Dufrêne 2014). In particular,
AFM has been mostly used to analyze bacterial responses to
lytic bacteriophages or antibiotics (Dubrovin et al. 2012;
Longo and Kasas 2014). Nevertheless, it has been less used
to study bacterial responses to environmental contaminants,
hence the novelty of the present research.

In co-polluted environments, microorganisms develop sur-
vival strategies against these adverse conditions, such as bio-
film formation (Busscher and Mei 2012). Biofilms can be
described as a microbially derived sessile community charac-
terized by cells attached to a surface, which are embedded in a
matrix of extracellular polymeric substances. This matrix is
usually composed of exopolysaccharides (EPSs), proteins,
and sometimes nucleic acids (Strelkova et al. 2013). EPS
could protect bacterial cells from desiccation, heavy metals,
organic compounds, or other environmental stressors (Hung
et al. 2005). In addition, it has been found that EPS has metal-
binding properties or the capability to sequestrate metals or
other compounds (Harish et al. 2012). Thus, the binding of
these compounds by EPS is thought to be an important mech-
anism for pollutant detoxification of contaminated sites (Hu
et al. 2007). However, it should not minimize the possible role
of proteins and DNA, present in the extracellular matrix, in the
remediation process. Besides that, certain physiological prop-
erties of bacterial cells such as hydrophobicity were found to
influence the bacteria-pollutant interaction, suggesting that
hydrophobic forces could also play an important role in the
bioremediation of contaminants.

Therefore, the aim of this work was to investigate some
resistance mechanisms developed by A. guillouiae SFC 500-
1A after simultaneous exposure to Cr(VI) and phenol, which
involve morphological and ultrastructural changes using scan-
ning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), and AFM in order to provide new insights
on the structure and function of microbial cell surfaces. The
ability of biofilm formation, as well as exopolymer production
(EPS, proteins, DNA) and cell hydrophobicity, was also ana-
lyzed. This study could contribute to develop a more effective
technology and to overcome some of the present limitations of
bacterial bioremediation.

Materials and methods

Biological, material, and culture conditions

A. guillouiae SFC 500-1A isolated from contaminated tannery
sediments was used in this study (Ontañon et al. 2015). The
strain was maintained in TY medium (Beringer 1974) at
28 ± 2 °C and subcultured weekly.

For the different experiments, the strain was grown in TY
medium supplemented with Cr(VI) (25 mg L−1) or phenol
(300 mg L−1) and both contaminants simultaneously. These
concentrations were selected based on previous studies
(Ontañon et al. 2015). Erlenmeyer flasks containing 20 mL
of TY medium were inoculated (10% v/v) with a bacterial
culture grown overnight, until late exponential phase. Then,
they were incubated at 28 ± 2 °C and 200 rpm, during 16 h.
Cr(VI) was determined according to APHA (APHA-AWWA
1998), while phenol was evaluated by a spectrophotometric
method (Wagner and Nicell 2002).

In each experiment, Erlenmeyer flasks with TY medium
supplemented with Cr(VI) or phenol and both contaminants
simultaneously were carried out and used as abiotic controls,
to evaluate possible losses of the contaminants by physico-
chemical processes.

Study of structural and ultrastructural changes
in A. guillouiae SFC 500-1A

Atomic force microscopy

In order to evaluate the effect of Cr(VI), phenol, and a mixture
of both contaminants on the morphology and surface charac-
teristics, cells were exposed to these pollutants during 16 h.
Then, the culture was diluted to obtain an optical density
(OD600) of 0.4. A volume of 200 μL was harvested, washed
three times with Milli-Q water, and resuspended in 200 μL.
An aliquot (20 μL) of this suspension was immobilized on a
glass coated with polyethyleneimine (PEI) for AFM study.
The glass substrate was washed with potassium hydroxide/
ethanol solution (1:3), followed by exhaustive washing with
Milli-Q water, immersed in a PEI dispersion (0.1% (v/v), PEI
branched, MW ~25,000, Sigma-Aldrich) for 1 min, subse-
quently rinsed with deionized water for 5 min, and dried under
a stream of nitrogen (Morris et al. 1999; Dufrene 2008). The
cells were immobilized by spreading them on the support,
allowed to stand for 20 min at 28 °C, rinsed with deionized
water, and mounted for observation. The images were obtain-
ed by AFM (Agilent Technologies SPM, model 5500), work-
ing in acoustic mode, using a probe (Micromasch,
HQ:XSC11/A1 BS) with a cantilever resonance frequency
and force constant of 155 kHz and 7 N m−1, respectively.
The width, length, and height diameter of 63 microorganisms
were measured by using Gwyddion v. 2.39, a software for
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scanning probe microscopy data visualization and analysis.
Results of length, width, and height ranges were extracted
from frequency graphs (Online Resource).

Transmission electron microscopy

Ultrastructural changes of cells grown in the presence of
Cr(VI), phenol, and both contaminants during 16 h were stud-
ied using TEM (JEOL JEM 12EXII, Japan). The bacterial
culture was centrifuged, and the pellet was fixed using 2.5%
glutaraldehyde in s-collidine buffer solution (0.2 M, pH 7.4)
for 3 h at 4 °C. Then, the cells were washed with the s-
collidine buffer solution and fixed with 1% osmium
tetraoxide. Fixed samples were dehydrated with acetone.
The pre-inclusion was made with 812 1:1 EMbed epoxy resin
in 100% acetone and the inclusion with EMbed 812 at 56 °C.
Semi-thin sections were cut using a manual ultramicrotome
(Sorvall MT-1A, DuPont), and they were stained with tolui-
dine blue and observed under optical microscope. Ultrathin
sections (20–60 nm) were performed with diamond blade
(PelcoR), and they were placed on copper grids and contrasted
with uranyl acetate and lead citrate (Bencosme and TsutSumi
1970; Ackerley et al. 2006).

Scanning electron microscopy

The cells of A. guillouiae SFC 500-1A were exposed to the
contaminants as was previously described. The bacterial cul-
ture was centrifuged, and the pellet was fixed with 2.5% glu-
taraldehyde for 12 h at 4 °C, followed by rinsing with distilled
water. Later, it was dehydrated using solutions with increasing
ethanol concentrations, dried and fixed with double-sided tape
on aluminum, and coated with gold, Denton Vacuum Desk IV
(22–24 nm thick). Finally, the samples were examined using
SEM.

Exopolymer production: quantification
of exopolysaccharides, proteins, and DNA

The bacterial cultures exposed to different contaminants for
16 h were centrifuged at 10,000 rpm, for 15 min at 4 °C, and
the pellets were dried at 60 °C, until constant weight. The
exopolymers were extracted by the modified procedure of
Mueller and González (2011). EPS quantification was carried
out by the anthrone method, and a calibration curve was per-
formed using glucose (1 mg mL−1) (Dische 1962). The results
were expressed as grams of EPS per gram of dry weight.
Proteins were estimated according to Bradford (1976), using
bovine serum albumin (0.1 mg mL−1) as standard, and the
results were expressed as micrograms of protein per microli-
ter. DNAwas quantified by measuring the absorbance ratio at
260/280 nm, and the results were expressed as microgram of
DNA per microliter.

Biofilm formation

Biofilm formation was determined by measuring the amount
of cells attached to Khan’s tube after 72 h, using the crystal
violet 0.01% staining method (O’Toole and Kolter 1998). The
stained biofilm ring was homogenized with 96% ethanol, and
the OD570 nm was measured using an ELISA reader
(Multiskan™ FC Microplate Photometer, Thermo Scientific,
USA). Besides, SEM was used to examine biofilm formation
in all conditions.

Hydrophobicity determination

The ability of bacterial cells to adhere to hydrocarbon (xylene)
was used as a measure of their hydrophobicity (Li and
Mclandsborough 1999). The bacteria were exposed to the
pollutants at different times to analyze changes in this proper-
ty. An overnight culture of 10 mL was centrifuged at
10,000 rpm, for 15 min. Then, the pellet was washed three
times with phosphate-buffered solution (PBS) and resuspend-
ed in the same buffer to obtain an OD600 nm of 1.0. Samples of
each suspension (3mL) were added to 1mL xylene and mixed
during 5 min. The OD of the aqueous phase was measured at
600 nm after 20 min at room temperature. The percentage of
hydrophobicity (% h) was determined using the following
equation:

%h = [(Ai − Af) × 100]/Ai.

where Ai corresponds to the initial bacterial cell absorbance
and Af corresponds to the absorbance of aqueous phase after
mixing with xylene.

Statistical analysis

All experiments were performed three times in independent
assays. The results were presented as the mean and standard
error. Statistical analysis was carried out using analysis of
variance. To determine significant differences between treat-
ments, Tukey test was applied, with a significance level of
0.05 (p < 0.05) by using software R (version 3.1.1).

Results and discussion

Effect of Cr(VI) and phenol on cell morphology
and structure of A. guillouiae SFC 500-1A

The effect of Cr(VI), phenol, and both contaminants on cell
morphology and surface topology of A. guillouiae SFC 500-
1A was examined by AFM. The bacterial cells, growing in
control conditions, showed morphological characteristics of
Gram-negative cocci or coccobacilli (Fig. 1a, b). Frequency
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graphs showed that most of the analyzed cells reached a length
range between 0.60 and 2.40 μm, width between 0.60 and
1.35 μm, and height between 0.20 and 0.36 μm (Table 1).
When the bacteria were treated with Cr(VI) (25 mg L−1), the
cells increased their size, showing an increase in length, width,
and height. Most cells showed lengths between 0.90 and
1.80 μm; however, cells with a length up to 3.60 μm were
also observed (Online Resource). These cell elongation and
size increase observed in A. guillouiae SFC 500-1Awere also
reported for other Acinetobacter species, as well as for other
bacterial strains exposed to chromium (Li et al. 2008; Samuel
et al. 2012). The analysis of the cell surface, at different
growth conditions, showed no significant changes, regardless
of whether or not Cr was present in the culture (Fig. 2a–d). By
contrast, Acinetobacter haemolyticus and Bacillus cereus SJ1
showed a remarkable appearance of wrinkles and enhanced
roughness on the cell surface when they were cultivated with
K2CrO4 (Zakaria et al. 2007; He et al. 2010). When
A. guillouiae SFC 500-1Awas exposed to phenol, cells tended
to form aggregates and increased their size compared to cells

grown under control conditions (Fig. 1e, f; Table 1). The larg-
est number of cells showed a length range of 0.90–2.70 μm
and a cell width from 0.90 to 1.05 μm. Similarly, a significant
increase was observed in cell height, which varied from 0.32
to 0.48 μm (Online Resource). Phenol also induced substan-
tial modifications on cell surface morphology (Fig. 2e, f). The
formation of large cell aggregates was also reported for
Pseudomonas putida CP1 during growth with phenols and
monochlorophenols (Farrell and Quilty 2002; Sidek 2010).
Thereby, the observed cell aggregation could be a microbial
strategy to increase tolerance against pollutant toxicity.

Finally, it was observed that the bacteria changed their size
and morphology, and also, they formed cellular aggregates,
after simultaneous exposure to Cr(VI) and phenol (Fig. 1g,
h). Moreover, important differences in length, width, and
height were observed. Most of the cells showed lengths in a
frequency range between 1.20 and 1.80 μm and width and
height ranges between 1.05 and 1.20 and 0.28 and 0.40 μm,
respectively (Online Resource). Cell surface roughness was
similar to those observed after phenol treatment (Fig. 2g, h).
These morphological changes could reflect the presence of
extracellular polysaccharides, according to Francius et al.
(2008). To the best of our knowledge, this is the first time that
morphological changes of bacterial cells produced by Cr(VI)
and phenol are studied using AFM, providing interesting ev-
idences of their effects on bacterial size which could be related
to adaptation mechanisms against pollutants.

Transmission electron microscopy analysis

Transmission electron images of bacterial cells after pollutant
treatment give the possibility to study cell physiology and
especially changes in cell ultrastructure, as shown in Fig. 3.
When the bacteria were grown in control conditions, the cell
membranewas well defined and a smooth and clear cytoplasm
(CC) was observed, with few electron-dense particles (EDPs)
(Fig. 3a). These precipitates could correspond to Cr, due to the
fact that cells were maintained by weekly subculture in TY
medium with chromium and phenol. However, cells were
grown in TY medium without contaminants in those experi-
ments under control conditions. Deposition of such precipi-
tates was also observed in Pseudomonas aeruginosaRb-1 and
Ochrobactrum intermedium Rb-2, even when cells grew in
Cr(VI) absence (Batool et al. 2014).

Upon exposure to Cr(VI), A. guillouiae SFC 500-1A
showed considerable morphological modifications, such as
the increment in size and a reduced dark cytoplasmic (DC)
space or increased periplasmic space by the detachment of the
inner membrane (IMD). Besides, a large number of electron-
dense precipitates were observed. Possibly, the electron-
opaque particles could be attributable to chromium precipita-
tion. For instance, intracellular localization of electron-dense
precipitates indicated the intracellular reduction of Cr(VI) to

Fig. 1 Morphology of A. guillouiae SFC 500-1A by AFM growing in
control condition (a, b) and in the presence of Cr(VI) (c, d), phenol (e, f),
and both contaminants (g, h)
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Cr(III) in Shewanella oneidensis, Acinetobacter sp. PCP3, and
P. putida. Subsequently, Cr(III) could interact with specific
binding sites (Daulton et al. 2001; Srivastava and Thakur
2007). As was previously demonstrated in our laboratory,
A. guillouiae SFC 500-1A was able to intracellularly reduce
Cr(VI) to Cr(III), which was mediated by chromate reductase
activity (Ontañon et al. 2015). These observed inclusions were
unevenly distributed in the cytoplasm, as well as associated
with the periplasm and outer membrane, and even localized
extracellularly (Fig. 3b). The adsorbed chromium to the mem-
brane would be Cr(III), due to the inability of chromate anions
to bind with the electronegative functional groups frequently
found on Gram-negative envelopes (McLean and Beveridge
2001). Similar changes in morphology, cell surface, and dis-
tribution of electronic-dense precipitates have been observed
in other Acinetobacter species as well as in O. intermedium
Rb-2 grown in the presence of Cr(VI) (Francisco et al. 2010;
Bhattacharya and Gupta 2013; Batool et al. 2014).

When the cells were exposed to phenol and both pollutants
simultaneously, they showed a similar cytoplasmic appear-
ance with control cells (Fig. 3c, d). However, the morphology
of A. guillouiae SFC 500-1A changed after Cr(VI) and phenol
treatment, which was coincident with the changes observed by
AFM. From this result, we concluded that phenol addition
affected size and cell surface but probably not the cell ultra-
structure (Figs. 1 and 2e, f). In this context, Bhattacharya et al.
(2014) reported that Acinetobacter sp. B9 showed Cr deposi-
tion and membrane disturbance, when it was simultaneously
e x p o s e d t o C r (V I ) a n d p h e n o l . I n a d d i t i o n ,
polyhydroxybutyrate (PHB) formation and irregular bulges
at the plasma membrane were observed in A. haemolyticus
cells, growing with phenol 100 and 1000 mg L−1. The forma-
tion of blebs on the plasma membrane is one of the morpho-
logical changes shown by the cell when it undergoes apopto-
sis. This could be related to its inability to resist or detoxify
phenol, which leads to cell death. Moreover, PHB production
during growth with phenol is probably a detoxifying mecha-
nism, because it could allow the bacteria to reduce the toxicity
and cope with the stressed environment (Sidek 2010). These
responses were not observed in A. guillouiae SFC 500-1A,
probably because the phenol concentrations used in this work
were not toxic for this strain, since phenol could be completely
metabolized through the ortho-cleavage pathway (Ontañon
et al. 2015). It is important to note that the exposure to both

contaminants did not produce cell lysis of this strain as was
also reported forP. aeruginosaRb-1 andO. intermediumRb-2
exposed to Cr(VI) (Batool et al. 2014).

Fig. 2 Analysis of A. guillouiae SFC 500-1A cell surface by AFM,
growing in control conditions (a, b) and in culture media supplemented
with Cr(VI) (c, d), phenol (e, f), and both contaminants (g, h)

Table 1 Length, width, and
height ranges of A. guillouiae
SFC 500-1A exposed to different
contaminants (Cr(VI)
25 mg L−1and phenol
300 mg L−1)

Culture condition Length ranges (μm) Width ranges (μm) Height ranges (μm)

Control 0.60–2.40 0.60–1.35 0.20–0.36

Cr(VI) 0.60–3.60 0.60–1.65 0.20–0.40

Phenol 0.60–2.70 0.60–1.65 0.24–0.52

Cr(VI) + phenol 0.90–3.60 0.75–1.65 0.24–0.48

Ranges were extracted from frequency graphs (Online Resource)
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In conclusion, both contaminants affected bacterial size;
however, Cr(VI) mainly induced intracellular changes, where-
as phenol produced changes at the membrane level.

Exopolymer isolation: quantification
of exopolysaccharides, proteins, and DNA

The production of different exopolymer components of
A. guillouiae SFC 500-1A exposed to the studied contami-
nants was evaluated. The bacteria removed 100% of phenol
and 15 and 50% of Cr(VI), after treatments with Cr(VI) and
with both pollutants, respectively. EPS production significant-
ly increased in treatments with both compounds showing a
synergistic effect (Fig. 4c, d). In the presence of Cr(VI), white
incrustations were observed, which could be attributable to the
binding of chromium ions on EPS surface (Sharma et al. 2008;
Quintelas et al. 2011). On the other hand, the adhesive inter-
action between cells forming a characteristic biofilm was ob-
served, after phenol treatment and with both pollutants simul-
taneously (Fig. 4e, f).

Extracellular polymeric substances are composed of differ-
ent macromolecules, including not only polysaccharides but
also proteins and nucleic acids, hence the importance of its
determination. Table 2 shows protein, DNA, and Cr(VI) con-
tents of the exopolymeric matrix. Protein concentration in-
creased in all treatments compared to the control, the increase
being more significant in the presence of both pollutants,
while DNA content significantly increased in the presence of
phenol and both pollutants, compared to the control.
Furthermore, the concentrations of Cr(VI) in the exopolymer

were around 0.5 and 1 mg L−1 after treatments with Cr(VI)
and with Cr(VI) and phenol, respectively.

Dogan et al. (2015) showed a positive correlation between
Cr(VI) tolerance and EPS production in Bacillus licheniformis
B22. However, under the assayed conditions, A. guillouiae
SFC 500-1A enhanced EPS production only when it grew in
the presence of both contaminants. It is important to note that
EPSs are capable of adsorbing different heavy metals, as was
described for Bacillus firmus which was able to bind metal
ions like Pb, Cu, and Zn (Salehizadeh and Shojaosadati 2003).
For this reason, exopolymers play a crucial role in the
biosorption/bioremediation of heavy metals especially chro-
mium (Quintelas et al. 2011; Harish et al. 2012). EPS forms
complexes with metal cations retarding their diffusion within
the biofilm and produce their immobilization within the
exopolymeric matrix (Pal and Paul 2008). These complexes
generally result from electrostatic interactions, van der Waals’
forces, and surface complexation between cationic metal li-
gands and negatively charged components of biopolymers
(proteins and carbohydrates) like carboxyl (amino acids,
uronic acids), phosphoryl, and sulfate groups (Santamaría
et al. 2003; Guibaud et al. 2006).

Although a low Cr(VI) concentration was detected in the
exopolymeric matrix of A. guillouiae SFC 500-1A, EPS could
act as Cr(III) chelating, since chromium, added as a dichro-
mate, could be reduced from anionic Cr(VI) to cationic
Cr(III), which would interact with this negatively charged
polymer. This hypothesis could be supported by recent studies
that detected cytosolic chromate reductase activity in
A. guillouiae SFC 500-1A (Ontañon et al. 2015). Contrarily,
Prieto-Contreras et al. (2015) reported an increase of EPS in

Fig. 3 Transmission electron
microscopy of A. guillouiae SFC
500-1A cells growing in different
conditions. a Control, b Cr(VI)
25 mg L−1, c phenol 300 mg L−1,
and d Cr(VI) 25 mg L−1 and
phenol 300 mg L−1 after 16 h.
EDP electronic dense particle, BF
binary fission, CC clear cyto-
plasm, DC dark cytoplasm, IMD
possible detachment of inner
membrane which leads to reduced
cytoplasmic space or increased
periplasmic space
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Acinetobacter sp. when higher Cr levels (153 mg L−1) than
those used in our experiments were added to the medium.
Thus, the production of high levels of EPS could be related
with the Cr concentration originally added.

Little is known about the mechanisms by which organic com-
pounds interact with exopolymers. It is described that EPS pro-
duction increased due to an increment in glucose concentration
(Quintelas et al. 2011), resulting in an excess of carbon or limi-
tations in nitrogen source, potassium, or phosphorus (Pal and
Paul 2008). In our study, the addition of phenol to the culture
medium involves an extra carbon supply, possibly creating an
imbalance in the carbon-nitrogen relationship, which would in-
crease EPS production in phenol-treated bacterial cells. Similarly,
the overproduction of EPS was observed in Acinetobacter sp.
strain DR1 after treatment with diesel oil and n-hexadecane
(Kang and Park 2010), and several Pseudomonas species were

able to produce EPS in the presence of various organic pollutants
(2,4-D, benzene, BTX, and gasoline) (Onbasli and Aslim 2009).
Moreover, in marine bacterial biofilms, an increase in EPS pro-
duction was observed using seawater media containing toxic
metals and chemicals, such as glutaraldehyde and phenol (Fang
et al. 2002).

On the other hand, the exopolymer obtained after Cr(VI)
and phenol treatment showed higher protein content than that
obtained after Cr(VI) treatment. This could explain the greater
quantification of Cr(VI) in the latter exopolymer, because the
proteins of the extracellular polymeric matrix would be the
major metal-binding component as was described for
Rhodopseudomonas acidophila growing with Cu(II), Cd(II),
and Cr(VI) (Sheng et al. 2005).

Nucleic acids present in the exopolymeric matrix of
biofilms have been termed extracellular DNA (eDNA)

Fig. 4 EPS production and
biofilm formation of A. guillouiae
SFC 500-1A. a EPS production in
the presence of Cr(VI) 25 mg L−1,
phenol 300 mg L−1, and both
pollutants Cr(VI) 25 mg L−1 and
phenol 300 mg L−1. b Biofilm
formation of A. guillouiae SFC
500-1A exposed to the same
conditions. c SEM analysis of cell
growth in control condition, d
with Cr(VI) (arrows would indi-
cate metal binding to
exopolymers), e with phenol, and
f with Cr(VI)-phenol, in the same
concentrations listed above

Table 2 Protein, eDNA, and
Cr(VI) in the exopolymer of
A. guillouiae SFC 500-1A

Condition component Control Cr(VI) Phenol Cr(VI) + phenol

Protein (μg μL−1) 0.010 ± 0.002a 0.312 ± 0.280b 0.123 ± 0.094b 11.542 ± 0.440c

eDNA (μg mL−1) 5.2 ± 3.22a 21.5 ± 10.35a 39.2 ± 11.38ab 72.5 ± 18.49b

Cr(VI) (μg mL−1) – 0.49 ± 0.03 – 0.82 ± 0.17
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(Steinberger and Holden 2005). They have several functions
within biofilm formation and maintenance including initial
attachment and structural stability (Molin and Tolker-Nielsen
2003). In A. guillouiae SFC 500-1A, different DNA concen-
trations were detected in the exopolymeric matrix according to
the applied treatment (Table 2). The presence of eDNA mol-
ecules on bacterial cell surfaces has been shown to increase
bacterial cell surface hydrophobicity and therewith influences
adhesion to substrate surfaces (Das et al. 2010) as well as
between bacteria (aggregation) (Liu et al. 2008; Das et al.
2011). This could explain the aggregation between the cells
of A. guillouiae SFC 500-1A in treatments with phenol and
both pollutants (Figs. 1e–h, 2e–h, and 4e, f), coinciding with
those treatments where higher contents of eDNAwere quan-
tified. It has been reported that, at high eDNA concentrations,
metal ions could be chelated (Mulcahy et al. 2008). For in-
stance, Priester et al. (2006) observed high amounts of eDNA
associated with Cr(III), in P. putida. In our research, the
highest content of eDNA (Cr(VI) and phenol treatments)
was correlated to high Cr(VI) removal (around 50%), as well
as to high Cr(VI) concentrations, in the exopolymer (around
1 mg L−1). The remaining Cr(VI) removed from the liquid
medium may be reduced to Cr(III) by chromate reductases
and complexed by eDNA and EPS as well as internalized into
cells (Fig. 3d). Results of the present study suggest that extra-
cellular polysaccharides, proteins, and DNA could play an
important role in the biofilm formation in A. guillouiae SFC
500-1A, as a response to simultaneous exposure to Cr(VI) and
phenol.

Effect of Cr(VI), phenol, and both contaminants
on biofilm formation

Biofilm formation was similar to control after Cr(VI) treat-
ment, as shown in Fig. 4b. However, it increased significantly
with phenol. These results were consistent with images ob-
tained by SEM and AFM, which showed that the cells were
aggregated forming a characteristic biofilm (Figs. 1e, g and
4e, f). There is not a general pattern of biofilm formation,
because it is influenced by multiple factors, such as environ-
mental stress and nutritional content of themedium (Dobinsky
et al. 2003; Ryu et al. 2004; Kolter and Greenberg 2006;
Busscher and Mei 2012). Biofilm formation is thought to be-
gin when bacteria sense environmental conditions. These en-
vironmental signals vary among organisms. For instance,
Listeria monocytogenes produced more biofilm in nutrient-
rich media (Stepanovic et al. 2004), while P. aeruginosa and
P. fluorescens formed biofilm under almost any condition that
allows growth (O’Toole and Kolter 1998). Glucose promoted
biofilm formation in Staphylococcus aureus (Rode et al.
2007), whereas phenol also increased biofilm formation in
A. guillouiae SFC 500-1A, because this compound could be
used as an extra source of carbon. Thus, biofilm formation

would be a survival strategy of A. guillouiae SFC 500-1A
under phenol treatment. However, exposure to Cr(VI) did
not affect biofilm formation in this strain.

Despite different results, biofilm-mediated bioremediation
represents a proficient and safer alternative than remediation
with planktonic microorganisms, because cells in a biofilm
have a better chance of adaptation and survival (especially
during periods of stress) as they are protected within the ma-
trix (Guibaud et al. 2006). In fact, due to the close, mutually
beneficial physical and physiological interactions among mi-
croorganisms in biofilms, they are used in industrial plants to
help in the immobilization and degradation of pollutants.

Cell hydrophobicity

The affinity of microbial cells for hydrophobic interfaces is an
important property that directly affects the efficiency of vari-
ous bioprocesses, such as bioremediation, waste treatment,
and other technologies, using whole microbial cells (Hori
et al. 2008). Although it is difficult to give a definition of
hydrophobicity, some authors can explain the hydrophobic
bond as a greater tendency for non-polar molecules to associ-
ate with other non-polar molecules, than to water (Doyle
2000).

The cell surface hydrophobicity of A. guillouiae SFC 500-
1A growing in the presence of Cr(VI), phenol, or both con-
taminants, at different exposure times, was determined by
measuring the percentage of cells adhered to the xylene phase.
The percentage of hydrophobicity was 60%, regardless of the
contaminant and exposure time. A removal of more than 50%
of the cell suspension from the aqueous phase into the organic
phase is indicative of the presence of a hydrophobic cell sur-
face (Tahmourespour et al. 2008). The ability of bacterial cells
to adhere to hydrocarbon is not restricted to hydrocarbon-
degrading bacteria, suggesting that direct contact between
cells and bulk hydrocarbon is due to general hydrophobic
interactions (Rosenberg et al. 1980).

A change in cell hydrophobicity of A. guillouiae SFC 500-
1A exposed to phenol might help to explain the increased
biofilm production of bacteria in those conditions; however,
no changes in cell hydrophobicity were observed after treat-
ment. Probably, the contact with a moderately hydrophobic
compound, such as phenol, favors that cells interact with each
other (co-adhesion) and form biofilm, as was observed by
AFM (Fig. 1e–h) and SEM images (Fig. 4e, f) and biofilm
quantification (Fig. 4a). In this sense, Pompilio et al. (2008)
reported that hydrophobic bacteria possess affinity to each
other, leading to the self-assembly of bacteria with hydropho-
bic compounds. Several reports have shown that bacterial ad-
hesion to surfaces is the first step in biofilm formation (Vuong
and Otto 2002). Once adhered to a surface, bacteria aggregate
to form microcolonies organized in a three-dimensional struc-
ture of biofilm. However, high levels of initial adherence do
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not necessarily lead to thick biofilm formation (Cerca et al.
2005). It is clear that a large number of factors, besides cell
surface hydrophobicity, are involved in biofilm formation,
such as nutrient supply, hydrodynamic forces, surface charges,
and presence of adhesion proteins, such as pili or flagella
(Denkhaus et al. 2007). Moreover, Pompilio et al. (2008)
showed that a similar biofilm formation ability may be found
with strains displaying different hydrophobicity values. Thus,
more knowledge is needed about bacterial components re-
quired for biofilm development as well as mechanisms that
regulate their production and activity for a deep understanding
of this microbial phenomenon.

Conclusion

The continuous changes of environmental conditions forces
an adaptive modification in microorganisms which enhances
their ability to survive. However, many of the mechanisms
involved in this process are poorly known. The present study
shows new evidences of some mechanisms displayed by
A. guillouiae SFC 500-1A exposed to Cr(VI), phenol, and
both contaminants simultaneously. Cr(VI) mainly induced in-
tracellular changes, as well as an increase in protein and DNA
content of the exopolymeric matrix. On the other hand, phenol
produced changes at the membrane level, an increase in the
extracellular production of protein and DNA, and also an in-
crement in biofilm formation. In addition, changes at the
membrane level and morphological and intracellular distur-
bances were observed after treatment with both contaminants.
In such conditions, increases in EPS, protein, and DNA con-
tent of the exopolymer and biofilm formation were also de-
tected. These changes reveal different adaptative responses
used by bacterial cells to resist the effects of contaminants.

Thus, the combination of AFM with other techniques
opens new perspectives on environmental microbiology,
allowing to study bacterial dynamics and providing a more
in-depth characterization of the effect of pollutants on bacte-
ria, which will provide the basis for the development of better
biotechnological strategies for cleaning up polluted
environments.
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