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a b s t r a c t

Algae are primary producers in a wide variety of natural ecosystems, and these microorganisms have
been used in bioremediation studies. Nevertheless, very little is known about the in vivo effect of heavy
metals on individual living cells.

In this paper, we have applied a method based on confocal laser scanning microscopy and lambda scan
function (CLSM-�scan) to determine the effect of lead (Pb), at different concentrations, on the DE2009
microalga. At the same time, we have optimized a method based on CLSM and image-analysis software
(CLSM-IA) to determine in vivo biomass of this microorganism. The results obtained by lambda scan
function indicated that the pigment peak decreases while the concentration of metal increases at pH 7. On
ead

LSM
mage analysis
lectron microscopy
DX

the other hand at pH 4 there is no good correlation between the concentration of metal and the intensity
of the emission of fluorescence of the pigment. Also, in some cases a displacement of the Chl a peak
towards 680 nm is produced. Total and individual biomass determined by CLSM-IA shows statistically
significant differences between unpolluted and 10 mM polluted cultures.

s usi
onstr
Complementary studie
microanalysis (EDX) dem

. Introduction

Microalgae and cyanobacteria are the most important primary
roducers in stratified laminated ecosystems, such as microbial
ats, which cover large extensions of marine coastal environments

1–5].
In the last few years, we have isolated a consortium of

icroorganisms, from Ebro delta microbial mats, dominated by a
ingle cyanobacterium, Microcoleus sp., and different heterotrophic
acteria [6,7]. Recently we have isolated a new phototrophic
icroorganism, a microalga (DE2009) from the same habitat. Given

hat Microcoleus sp. was able to tolerate lead and copper [8] in this
tudy we propose an analysis of whether DE2009 microalga is able
o sequestrate heavy metals.

Phototrophic microorganisms have been frequently used in
iosorption research [9–12]. Metals are one group of contami-

ants frequently involved in marine environmental pollution. It is
nown that some metals at low concentrations, participate in dif-
erent metabolic routes (essentials), but at high concentrations they
re toxic for many living organisms; while others metals always

∗ Corresponding author. Tel.: +34 93 581 3255; fax: +34 93 581 2387.
E-mail address: antoni.sole@uab.cat (A. Solé).

304-3894/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2010.06.085
ng electron microscopy techniques coupled to energy dispersive X-ray
ate that the microalga can sequestrate Pb extra- and intracellularly.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

have a toxic effect [13]. Different methods have been proposed
to study the toxic effect of heavy metals on microalgae, but most
authors conclude that the metal concentration that affects growth
in microalgae is variable and depends of many different factors,
including the ability to accumulate heavy metals [14,15]. Algal sur-
faces have been found that containing different chemical function
groups that differ in affinity and specificity towards these metals
[16–18].

Although the capacity of some microalgae to capture heavy met-
als has been described, little is known about the effect of these
metals in individual living cells, which is needed to predict the
impact of heavy metals on natural ecosystems. In this study we
selected Pb as a toxic metal and because the microbial mats studied
are located in a lead-polluted area of the Ebro delta [19].

Confocal laser scanning microscopy (CLSM) based on natural
pigment fluorescence emitted by phototrophic microorganisms
is proving to be an excellent methodology for different types of
studies related to these microorganisms. This optical microscopy
technique avoids the need for either manipulating or staining the

samples and allows accurate and non-destructive optical section-
ing that generates high-resolution images, where out-of-focus is
eliminated. Due to its high resolution, it is easy to differentiate
morphotypes of phototrophic microorganisms living in mixed pop-
ulations, because they emit natural fluorescence.

ghts reserved.

dx.doi.org/10.1016/j.jhazmat.2010.06.085
http://www.sciencedirect.com/science/journal/03043894
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The CLSM coupled to a spectrofluorometric detector (�scan
unction), provides simultaneous three-dimensional information
n photosynthetic microorganisms and their fluorescence spec-
ra profiles in stratified ecosystems, such as microbial mats and
iofilms. The most significant application is the discrimination of
ells with specific fluorescence spectra profiles within a colony, and
he correlation of morphology and individual cell states [20].

In this paper, we have applied CLSM-�scan, to determine the in
ivo effect of Pb (at different concentrations) on DE2009 microalga
nd CLSM-IA to determine their total and individual biomass.

Complementary studies using scanning electron microscopy
SEM), transmission electron microscopy (TEM) and energy disper-
ive X-ray microanalysis (EDX) coupled to SEM and TEM were also
erformed to test the capacity of DE2009 microalga for extra- and

ntracellular uptake of Pb.

. Experimental

.1. Culture conditions

Cultures of DE2009 microalga were grown at 27 ◦C and
5 �E m−2 s−1 in liquid mineral Pfennig medium at two pHs (7 and
) and at different concentrations (0, 0.1, 0.5, 0.75, 1, 5 and 10 mM)
f lead (Pb(NO3)2) for 9 days.

.2. Confocal laser scanning microscopy

The confocal experiments were performed using a confocal laser
canning microscope (Leica TCS SP5; Leica Heidelberg, Germany).

.2.1. �scan function
Pigment analysis of DE2009 microalga cultures was determined

y �scan function of CLSM. This technique provides information on
he state of the photosynthetic pigments of phototrophic microor-
anisms on the basis of the emission wavelength region and
he fluorescence intensity emitted (autofluorescence). Each image
equence was obtained by scanning the same xy optical section
hroughout the visible spectrum. Images were acquired at the z
osition at which the fluorescence was maximal, and acquisition
ettings were constant throughout the experiment. The sample
xcitation was carried out with an Argon Laser at 488 nm (�exe 488)
ith a � step size of 3 nm for an emission wavelength between 510

nd 752 nm.
In order to measure the mean fluorescence intensity (MFI) of

he xy�, CLSM data sets obtained by means of the Leica Confocal
oftware (Leica Microsystems CMS GmbH) were used. The regions-
f-interest (ROIs) function of the software was used to measure the
pectral signature. For each sample, 70 ROIs of 1 �m2 taken from
E2009 microalga cells were analysed.

.2.2. Biomass estimations
Confocal images were obtained using the CLSM mentioned

bove. Two types of fluorescence at cell level from the same DE2009
icroalga were observed in images obtained in all cultures anal-

sed. Red (red cells) and green (green cells) were distinguished on
creen as pseudo-colours. For that reason, a sequential scan in two
hannels was carried out from each same xy optical section. On the
rst channel, samples were excited with a diode 561 nm (�exe 561)
nd the emission of fluorescence was captured between 670 and
94 nm (red pseudo-colour). On the second channel, samples were
xcited with an Argon Laser at 488 nm (�exe 488) and the emis-

ion of fluorescence was captured between 550 and 575 nm (green
seudo-colour). Finally, 10 red and 10 green confocal images were
btained from all cultures studied.

Total biomass estimations from the red and green algal cells
ere obtained separately. Moreover, individual biomass for both
us Materials 183 (2010) 44–50 45

types of cells was studied. Finally, total and individual biomass was
estimated for each metal concentration.

In this paper, we have used a modification of the method
described by Solé et al. [21] using CLSM and a free image-processing
analysis software, ImageJ v1.41. (CLSM-IA). This method was used to
determine the percentage between red and green pixels of DE2009
microalga and their biomass from the different cultures studied in
this work.

The method used in this paper is as follows: for total biomass
each pair of images (red and green) from an identical xy optical
section were opened in their original format (8-bit, 1024 × 1024
pixels) as tiff images and the corresponding overlay image was
obtained. These three images were transformed to binary images
(black/white) using different thresholds. Values of 70 and 25 were
applied respectively to red and green images from 0.1, 0.5, 0.75, 1
and 5 mM metal concentrations. Conversely, threshold values of 50
and 60 were applied respectively to red and green images from the
10 mM metal concentration.

In order to determine the percentage between the red and green
fluorescences at pixel level the image calculator function of the
ImageJ was used. To obtain images with cells showing up only as
red fluorescence, all green fluorescence was subtracted from the
image. In the same way, red fluorescence is subtracted from the
image when greens only are obtained. In both cases to clean the
images it was necessary to filter out the red and green pixels. A
smoothing filter (median filter with a radius of 2.0 pixels) was then
applied to the images.

To obtain biovolume values, the Voxel Counter plug-in was
applied to these filtered images [22]. This specific application calcu-
lates the ratio of the thresholded voxels (the red or green microalga
volume), to all voxels from the binary image determined. The bio-
volume value obtained (Volume Fraction) was finally multiplied by
a conversion factor of 310 fgC �m−3 to convert it to biomass [23,24].

To calculate the individual biomass, 30 red and 30 green cells
were selected using ImageJ software and then the cells were anal-
ysed following the same protocol described above.

2.3. Scanning electron microscopy

To determine whether DE2009 microalga was able to capture
Pb extracellularly, cultures polluted with 10 mM Pb were incu-
bated under the same conditions as previous experiments. The
following procedure was used: cultures were fixed in 2.5% glu-
taraldehyde Millonig buffer phosphate (0.1 M pH 4) for 2 h and
washed four times in the same buffer. They were then dehydrated
in a graded series (30%, 50%, 70%, 90%, and 100%) of ethanol and
dried by critical-point. The samples were mounted on metal stubs
and coated with gold and then viewed in a Jeol JSM-6300 scanning
electron microscope (Jeol Ltd., Tokyo, Japan). For X-ray analysis,
cultures were filtered on polycarbonate membrane filters. These
filters were then dehydrated and dried by the same procedure
used for culture samples. An EDX Link Isis-200 (Oxford Instru-
ments, Bucks, England) operated at 20 kV coupled to SEM was
used.

2.4. Transmission electron microscopy

In order to assess whether DE2009 microalga was able to capture
the metal intracellularly, cultures polluted with 10 mM Pb were
incubated under the same conditions as previous experiments. The
following procedure was used: cultures were fixed in 2.5% glu-

taraldehyde Millonig buffer phosphate (0.1 M pH 4) for 2 h and
washed four times in the same buffer. Samples were post-fixed in
1% OsO4 at 4 ◦C for 2 h, and washed four times in the same buffer.
They were then dehydrated in a graded series (30%, 50%, 70%, 90%,
and 100%) of acetone and embedded in Spurr resin. To show a better
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Fig. 1. Ultrathin section of the DE2009 microalga. Chloroplast showing thylakoids
6 J. Maldonado et al. / Journal of H

uality image, ultrathin sections of 70 nm were mounted on carbon
oated copper grids and stained with acetate and lead citrate. Sam-
les were viewed in a Hitachi H-7000 electron microscope (Hitachi
td., Tokyo, Japan). To determine the capacity of polyphosphate
nclusions for accumulating Pb, sections of 200 nm thick mounted
n titanium grids were used for energy dispersive X-ray microanal-
sis. Samples were analysed with a Jeol Jem-2011 (Jeol Ltd., Tokyo,
apan).

.5. Statistical analysis

Means and standard errors for each sample parameter deter-
ined in this study were calculated using SPSS software (version

5.0 for Windows). Data obtained for �scan experiments were com-
ared using a Student’s t test with a 95% significance (p < 0.05). Data
btained from percentages, and biomass was compared separately
n the same way. All the statistical analyses were performed with
he same software.

.6. Molecular characterisation

Genomic DNA was extracted from an DE2009 overnight culture
n Pfennig medium using UltraCleanTM Microbial DNA Isolation
it (Mobio Laboratories, Carlsbad, USA) according to manufac-

urer’s instructions. The 18S rRNA gene fragment was obtained by
CR amplification using SR1 (5′-TACCTGGTTGATCCTGCCAG-3′) and
uk516 (5′-ACCAGACTTGCCCTCC-3′) primers [25], using PureTqTM

eady-To-GoTM PCR (GE Healthcare). The PCR conditions were
hose described in [25]. The PCR product was then purified using
he QIAquick PCR purification Kit (Quiagen) as directed by the sup-
lier. Both complementary strands were sequenced separately at
he SECUGEN sequencing company (S.L. Madrid, Spain).

. Results and discussion

.1. Characterisation of the DE2009 microalga

DE2009 microalga was isolated from the Ebro delta microbial
ats. Cells are spherical, with a diameter of 7–9 �m. Ultrathin

ections of cells show the thylakoids grouped into bands (inside
he chloroplast); the nucleus and the pyrenoid. High electron-
ense inclusions (HE) inside the cytoplasm, were identified as
olyphosphate granules (PPG). In pristine cultures (without Pb) no
xopolysaccharides (EPS) were detected surrounding the cell wall
Fig. 1).

According to 18S rRNA gene sequence comparison, the clos-
st cultured relatives were representatives of the Scenedesmus
enus: Scenedesmus pectinatus (AB037092), Scenedesmus acuti-
ormis (AB037089) and Scenedesmus vacuolatus (X56104) with 99%
imilarity.

However, the lack of ultrastructural similarity and the low
ariability of this marker among different closely related green
lgae genera makes it difficult to assign this isolate to the genus
cenedesmus until more informative markers are sequenced.

.2. Effect of Pb on DE2009 microalga

Different concentrations of Pb were used to study its effect on
E2009 microalga by CLSM. Two different experiments were pre-
ared:
(A) The first experiment was performed to determine the in vivo
ffect of Pb on microalga pigments by means of the �scan function
f CLSM.

This method, allowed us to evaluate the physiological state of
he microalga at single-cell level, considering changes in Chloro-
(chl), nucleus (n), pyrenoid (py) and HE inclusions (indicated by arrows). Scale bar
represents 2 �m.

phyll a (Chl a) (maximum absorption at 685 nm). Cultures of
DE2009 microalga were grown at pHs 7 and 4 and at different Pb
concentrations.

An xyz optical section corresponding to the autofluorescence
detected in control cultures growing at pH 7 is shown in Fig. 2A.
The results demonstrate that the pigment peak decreases while
the concentration of metal increases from 0 mM Pb (control cul-
ture) to 10 mM Pb. The Chl a peak at the different Pb concentrations
followed the same pattern as to that the obtained for the control
culture (Fig. 2B).

An xyz optical section corresponding to the autofluorescence
detected in control cultures growing at pH 4 is shown in Fig. 2C.
At pH 4 there is no good correlation between the concentration
of metal and the pigment’s intensity of the fluorescence emission.
In some cases, a displacement of the Chl a peak towards 680 nm
is produced (Fig. 2D). The differences in the effect of the metal on
the cultures grown at both pHs could be attributed to the greater
toxicity of the metal at pH 4.

Nevertheless, in both cases the Pb effect varied significantly
according to the metal concentration used. The differences were
not statistically significant (p < 0.05) between the control experi-
ments and 0.1 mM Pb. However, statistically significant differences
were observed between control and 0.5, 0.75, 1, 5 and 10 mM Pb
cultures as pH 7 as pH 4.

(B) The second experiment, was performed to determine
changes in total and individual biomass.

Changes in DE2009 microalga biomass depending on different
Pb concentrations were studied in cultures growing at pH 4 and in
the same light and temperature conditions.

To determine total biomass, previously, the red and green
fluorescence pixel counts were measured, as mentioned in Sec-
tion 2. The former ranged from 91,365.80 ± 15,695.33 (control
experiment) to 13,972.90 ± 3083.46 (at 10 mM Pb) and the lat-
ter varied from 10,593.70 ± 1687.01 (control experiment) to
30,529.40 ± 17,706.84 (at 10 mM). The conversion of this data into
biomass makes it possible to observe that the red cell biomass
was drastically decreased from 27.01 ± 4.64 (mgC cm−3) in the
control experiment to 3.82 ± 0.80 (mgC cm−3) at 10 mM Pb. In

Fig. 3 these results are expressed as percentages for each Pb
concentration. On comparing the growth of DE2009 microalga
in unpolluted and 10 mM polluted cultures it is observed in
the former case, red cells represent 89.61% and green cells
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Fig. 2. CSLM images and �scans plots of DE2009 microalga growing at pH 7 and pH 4. (A) and (C) represent CLSM images from a non-Pb treated cultures of DE2009 growing at
pH 7 and 4 respectively. In these confocal images the pseudo-colour palette 4 (Leica Aplication Suite, Leica Microsystems CMS GmbH) was used, where warm colours represent
the maximum intensities and cold colours represent the low intensities of fluorescence. �scans of DE2009 microalga cultures treated with different Pb concentrations at pH
7 (B) and pH 4 (D). 2D plots represent the MFI spectra: emission wavelength (650–730 nm), x axis; MFI, y axis. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the article.)

Fig. 3. Relative abundance of red and green DE2009 microalga cells at different Pb concentrations (expressed as a percentage of biomass). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the article.)
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0.38%. In the latter case however, red cells represent 48.83%
nd green cells 51.16%. This data probably indicates that red cells
ould be considered physiologically active and green cells inac-
ive.

To determine changes in individual biomass, only the red
ells were considered for applying the CLSM-IA. In this case the
ixel counts ranged from 595.87 ± 30.08 (control experiment) to
32.87 ± 25.21 at 10 mM Pb.

The cellular biomass, obtained from this data, decreased from
.173 ± 0.09 (mgC cm−3) to 0.128 ± 0.007 (mgC cm−3). Statistically
ignificant differences between the control culture (without lead)
nd 10 mM Pb cultures were found.

The results obtained both for the total and in individual biomass
ndicate the toxic effect at the highest concentration tested (10 mM
b).

These experiments demonstrated the high in vivo tolerance of
E2009 to Pb. This microalga grows in higher metal concentra-

ions than those described for other cyanobacteria and microalgae.
or example, Roy et al. [26] demonstrated that the Synechocystis
p. growth was completely inhibited at 1.9 mM Pb2+, while [27]
ound that the maximum concentration of Pb tolerated by different

2+
icroalgae was 0.03 mM Pb . In the first case, the cyanobacterium
as unable to grow at the concentrations used in this work, and in

he second case, the time used for growth was 72 h, a shorter period
f time when compared to the time used in our experiments (9
ays).

ig. 4. DE2009 microalga culture treated with 10 mM Pb. SEM image. Scale bar represen
0.5 keV (B). Ultrathin section of DE2009 microalga. Arrows indicate the distribution of H
E inclusions. Arrow indicates the main Pb peak at 10.5 keV (D).
us Materials 183 (2010) 44–50

The results obtained with DE2009 microalga also show a higher
tolerance to Pb than that observed for the heterotrophic bacterium
Micrococcus luteus DE2008 [28] and the cyanobacterium Micro-
coleus sp. [29], both microorganisms forming part of the same
indigenous consortium.

3.3. Heavy metal accumulation in DE2009 microalga

With the aim of proving whether the DE2009 microalga could
capture metals, cells from cultures with and without Pb were anal-
ysed by EDX coupled to SEM and TEM. In control cultures Pb was
not detected either externally or internally.

Cultures containing Pb were also analysed using the same
above-mentioned procedure. In this case, major differences in the
structure of DE2009 microalga were observed. A higher excretion
of EPS was found surrounding the cells (Fig. 4A) and the EDX cou-
pled to SEM demonstrated that Pb was found in EPS (Fig. 4B). It
has been proved that different microorganisms have an EPS matrix
which can protect cells against toxic compounds such as metals
and that its presence can overproduce exopolymer secretion [30].
Also, more specifically, uronic acids and sulphate groups present in

EPS may interact with various metals thereby immobilizing them
[31].

Moreover, the ultrathin sections of DE2009 microalga also
exhibited discernible changes (distortion of the cells) after expo-
sure to Pb. An increase in the HE inclusions was evident (Fig. 4C),

ts 10 �m (A). EDX spectrum coupled to SEM. Arrow indicates the main Pb peak at
E inclusions. Scale bar represents 0.2 �m (C). EDX spectrum coupled to TEM from
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hen comparing the cellular ultrastructure of the microalga grown
n unpolluted and polluted cultures. These inclusions were iden-
ified as polyphosphate granules (PPG) (see peak P indicated
y an arrow, Fig. 4D). In many cases, similar inclusions have
een found when cells are grown in adverse culture condi-
ions [32–34]. The results obtained through the energy dispersive
-ray analysis of the inclusions, confirmed that Pb was also
ccumulated in PPG inside the cytoplasmic space. A significant
b peak was detected (Fig. 4D). These results agree with stud-
es of Goldberg et al. [35], which suggested that these kind of
nclusions had a detoxifying effect by sequestering heavy met-
ls.

Our results also suggested that the DE2009 microalga has a great
ffinity for Pb both extra- and intracellularly.

. Conclusions

In conclusion, we consider that the CLSM-�scan could be a rapid
echnique for studying in vivo the cellular responses to heavy metal
ollution. At pH 7 there is and inverse correlation between the

ntensity of pigment’s fluorescence emission and the concentra-
ion of essayed metal. At pH 4 there is no good correlation between
he concentration of metal and the pigment’s intensity of the fluo-
escence emission.

Moreover, this method combined with the values obtained by
eans of CLSM-IA enables evaluation of the changes in total and

ndividual biomass depending on the Pb concentration used. Total
nd individual biomass is also drastically reduced at 10 mM Pb in
he experiments performed at pH 4.

On the other hand, the DE2009 microalga has the ability to
emove Pb extra- and intracellularly. As DE2009 microalga is an
ndigenous microorganism in marine coastal stratified ecosystems,
his microalga is probably involved in removing Pb from these habi-
ats.
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