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Table 4.1. Methodologies based on pigment fluorescence. 

CLSM Techniques 

Method Usefulness Benefits Reference 

CLSM-
scan 

Determination of the 
sensitivity of phototrophic 
microorganisms to 
environmental changes 
and pollutants. 

Provide data in short time consuming, 
in vivo and with minimal manipulating 
the samples.  
Easy to apply in mixed phototrophic 
populations at cell level. 

Maldonado et al., 
2011;  

Millach et al., 2015; 
2017 

(In this study) 

IC50 
toxicity test 

Toxicity test of pollutants. 
Parameters derived from 
the dose-response 
curves. 

Useful to apply in vivo in phototrophic 
microorganism with difficulty to grow in 
solid media and tendency to form 
aggregates. 

Submitted to 
Aquatic Toxicology 

FLU-
CLSM-IA 

Estimation of changes in 
total biomass and cellular 
viability.  

Use of specific fluorochromes and 
image treating software.  
Particularly useful for heterotrophic 
bacteria. 

Puyen et al.,2012a; 

Millach et al., 2015 

(In this study) 

CLSM-DL 

Analysis of the 
physiological state and 
cell viability of 
phototrophic 
microorganisms. 

Provide data in short time consuming, 
in vivo and with minimal manipulation 
of the samples.  
Easy to apply in mixed phototrophic 
populations at cell level. 

Millach et al., 2017 

(In this study) 

3D-CLSM 
projections 

Characterization of the 
distribution of 
autofluorescence signals 
within the whole cell.  

Easy to apply in vivo and at cell level  
in mixed phototrophic populations with 
difficulty to grow in solid media. 

Millach et al., 2017  

(In this study) 
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Table 4.2. Methodologies based on electron microscopy techniques. 

Electron Microscopy Techniques 

Method Usefulness Benefits Reference 

SEM 
Topographical, 
morphological and 
compositional 
information 

Powerful magnification and high image 
resolution (0.8 nm at 15 kV).  
Acceleration voltage: 0.2 – 30 kV. 
Detailed 3D-imaging and versatile information 
garnered from different detectors. 
Analysis of the changes in cell morphology. 

Burgos et al., 2012; 

Millach et al., 2017 

(In this study) 

TEM 
Characterization 
of cellular 
ultrastructures 

High contrast imaging and powerful 
magnification and resolution (0.4 nm at 120 
kV). Acceleration voltage: 40 – 120 kV. 
Versatile information collected from different 
detectors. 
Useful to characterize the changes in 
ultrastructural inclusions and/or organelles. 

Burgos et al., 2012; 

Millach et al., 2017 

(In this study) 

SEM-EDX 
External elemental 
microanalysis  
of the cells 

Fast data collection. Semi-quantitative 
results. Metal biosorption studies. 

Burgos et al., 2012; 

Millach et al., 2015 

(In this study) 

TEM-EDX 
Internal elemental 
microanalysis  
of the cells 

Fast data collection. Semi-quantitative 
results. Research in metal bioaccumulation. 

Burgos et al., 2012; 

Millach et al., 2015 

(In this study) 

TXM 
3D visualisation of 
the ultrastructural 
changes in a 
whole cell 

High spatial resolution (30 – 50 nm). 
The data obtained is from entire and 
unstained cells, without need of sectioning 
the samples and preserving the ultrastructure 
of the cell. 

Sorrentino et al., 
2015 

Otón et al., 2016 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Belapurkar%20P%5BAuthor%5D&cauthor=true&cauthor_uid=28216949
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Table 4.3. Methodologies used to determine the toxic effect, biomass, viability and sequestration of Pb2+ by different microorganisms. 

Lead  (Pb2+) 

Microorganism 

Minimum 
Inhibitory 
Concentration  

CLSM-
λscan 

FLU-CLSM-IA 
SEM-EDX TEM-EDX Reference Total Biomass 

(mgC/cm3) Viability (%) 

H
e
te

ro
tr

o
p

h
ic

 

B
a
c
te

ri
a

 

Micrococcus luteus 

sp. DE2008 
3 mM NA 96,25 (C) to 

77,88 (1,5 mM) 
87,52 (C) to  
62,5 (1,5 mM) +   (25 mM)* - Maldonado et al., 2010a; 

Puyen et al., 2012b 
Paracoccus sp. 
DE2007 

ND  NA  ND  ND +   (5 mM)* - Baratelli et al., 2011 

Ochrobactrum sp. 
DE2010 

ND NA  ND ND +   (10 mM)* ND 
Jordi Creus (Master’s 
thesis 2011) 

C
u

lt
u

re
  

C
o

ll
e
c
ti

o
n

 

Oscillatoria sp. PCC 
7517 

NA  0,1 mM  ND  ND +   (10 mM)* +   (10 mM)* Maldonado et al., 2011 

Chroococcus sp. 
PCC 9106 NA  0,5 mM  ND ND +   (10 mM)* +   (10 mM)* Maldonado et al., 2011 

Spirulina sp. PCC 
6313 NA  0,1 mM  ND  ND +   (10 mM)* +   (10 mM)* Maldonado et al., 2011 

Is
o

la
te

d
 

E
b

ro
 D

e
lt

a
 

Microcoleus sp. 
DE2006 NA  0,25 mM 8,326 (C) to  

0,507 (25 mM)  ND +   (25 mM)* +   (25 mM)* Burnat et al., 2009; 2010 

Scenedesmus sp. 
DE2009 

NA  0,1 µM 27,01 (C)  to  
3,82 (10 mM) 

89,61 (C) to 
48,83 (10 mM) +   (10 mM)* +   (10 mM)* Maldonado et al., 2010b; 

Submitted to Aquat. Tox. 

In
 c

o
n

s
o

rt
ia

 

Geitlerinema sp. 
DE2011 NA 0,75 mM ND  ND + (0,75 mM)** + (0,75 mM)** Burgos et al., 2013 

Scenedesmus sp. 
DE2009 

NA 0,1 mM ND ND + (0,75 mM)** + (0,75 mM)** Burgos et al., 2013 

Spirulina sp. PCC 
6313 NA  0,1 mM ND ND +   (1 mM)** +   (1 mM)** Burgos et al., 2013 

Chroococcus sp. 
PCC 9106 NA  0,1 mM ND  ND +   (1 mM)** +   (1 mM)** Burgos et al., 2013 

* Results obtained from one concentration assayed 
** Results obtained from several concentrations assayed 
(C): Control experiment 
ND: Not Determined 
NA: Not Applicable 
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Table 4.4. Methodologies used to determine the toxic effect, biomass, viability and sequestration of Cu2+ by different microorganisms. 

Copper  (Cu2+) 

Microorganism 

Minimum 
Inhibitory 
Concentration  

CLSM-
λscan 

FLU-CLSM-IA 
SEM-EDX TEM-EDX Reference Total Biomass 

(mgC/cm3) Viability (%) 

H
e
te

ro
tr

o
p

h
ic

 

B
a
c

te
ri

a
 Micrococcus luteus 

sp. DE2008 
1,5 mM NA 

96,25 (C) to 
42,11 (1,5 mM) 

87,52 (C) to  
67 (1,5 mM) +   (25 mM)* NC 

Maldonado et al., 2010a; 
Puyen et al., 2012b 

Ochrobactrum sp. 
DE2010 

ND  NA ND  ND  -  ND 
Jordi Creus (Master’s 
thesis 2011) 

C
u

lt
u

re
 

C
o

ll
e

c
ti

o
n

 

Chroococcus sp. 
PCC 9106 NA 0,1 µM ND  ND  +   (5 nM)** NC Burgos et al., 2012; Seder-

Colomina et al., 2013 
Spirulina sp. PCC 
6313 NA  0,1 µM ND  ND  +   (2 mM)** NC Burgos et al., 2012; Seder-

Colomina et al., 2013 

Is
o

la
te

d
  

E
b

ro
 D

e
lt

a
 

Microcoleus sp. 
DE2006 NA 0,25 mM 3,622 (C) to  

0,199 (10 mM)  ND  +   (10 nM)** NC Burnat et al., 2009; 2010;  
Burgos et al., 2012 

Scenedesmus sp. 
DE2009 

NA 0,1 µM ND  ND  +   (5 µM)** NC Burgos et al., 2012; 
Submitted to Aquat. Tox. 

Geitlerinema sp. 
DE2011 NA 0,3 µM ND  ND  ND ND Seder-Colomina et al., 

2013 

I 
In

 c
o

n
s
o

rt
ia

 

Geitlerinema sp. 
DE2011 NA  0,1 µM ND  ND  +   (5 µM)** NC Burgos et al., 2013 

Scenedesmus sp. 
DE2009 

NA  0,1 µM ND  ND  +   (5 µM)** NC Burgos et al., 2013 

Spirulina sp. PCC 
6313 NA  1 nM ND  ND  +   (10 nM)** NC Burgos et al., 2013 

Chroococcus sp. 
PCC 9106 NA  1 nM ND  ND  +   (10 nM)** NC Burgos et al., 2013 

* Results obtained from one concentration assayed 
** Results obtained from several concentrations assayed 
(C): Control experiment 
ND: Not Determined 
NA: Not Applicable 
NC: Not Conclusive 
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Table 4.5. Methodologies used to determine the toxic effect, biomass, viability and sequestration of Cr3+ by different microorganisms. 

Chromium  (Cr3+) 

Microorganism 

Minimum 
Inhibitory 
Concentration  

CLSM-
λscan 

FLU-CLSM-IA 

SEM-EDX TEM-EDX Reference Total Biomass 
(mgC/cm3) Viability (%) 

H
e
te

ro
tr

o
p

h
ic

 B
a

c
te

ri
a
 

Micrococcus luteus 
sp. DE2008 

3 mM NA 
96,25 (C) to 
77,88 (1,5 mM) 

87,52 (C) to  
62,5 (1,5 mM) +   (0,5 mM)** ND 

Natalia Garcia (Master’s 
thesis 2014) 

Paracoccus sp. 
DE2007 

ND  NA  ND  ND  +   (2 mM)** ND 
Natalia Garcia (Master’s 
thesis 2014) 

Ochrobactrum sp. 
DE2010 

ND  NA  ND  ND  +   (2 mM)** +   (5 mM)** Aleix Obiol (Master’s 
thesis 2015) 

C
u

lt
u

re
  

C
o

ll
e

c
ti

o
n

 

Chroococcus sp. 
PCC 9106 

ND  0,26 mM 44,57 (C) to 32,5 
(1 mM) 

90,08 (C) to 
70,28 (1 mM) +   (1,5 mM)** +   (1,5 mM)** Puyen et al., 2017 

Is
o

la
te

d
  

E
b

ro
 D

e
lt

a
 Geitlerinema sp. 

DE2011 ND   0,25 µM ND  ND  - - Millach et al., 2015 

Scenedesmus sp. 
DE2009 

ND  0,75 µM 47,92 (C) to 
42,39 (500 µM) 

87,2 (C) to 81,6 
(500 µM) +   (200 µM)** +   (200 µM)** Millach et al., 2015 

* Results obtained from one concentration assayed 
** Results obtained from several concentrations assayed 
(C): Control experiment 
ND: Not Determined 
NA: Not Applicable 
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A novel method to analyse in vivo the physiological state
and cell viability of phototrophic microorganisms by confocal laser
scanning microscopy using a dual laser
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Summary

Phototrophic microorganisms are very abundant in extreme
environments, where are subjected to frequent and strong
changes in environmental parameters. Nevertheless, little is
known about the physiological effects of these changing en-
vironmental conditions on viability of these microorganisms,
which are difficult to grow in solid media and have the ten-
dency to form aggregates. For that reason, it is essential to
develop methodologies that provide data in short time con-
suming, in vivo and with minimal manipulating the samples,
in response to distinct stress conditions.
In this paper, we present a novel method using Confocal Laser
Scanning Microscopy and a Dual Laser (CLSM-DL) for de-
termining the cell viability of phototrophic microorganisms
without the need of either staining or additional use of image
treating software. In order to differentiate viable and nonviable
Scenedesmus sp. DE2009 cells, a sequential scan in two different
channels was carried out from each same xyz optical section.
On the one hand, photosynthetic pigments fluorescence signal
(living cells) was recorded at the red channel (625- to 785-nm
fluorescence emission) exciting the samples with a 561-nm
laser diode, and an acousto-optic tunable filter (AOTF) of 20%.
On the other hand, nonphotosynthetic autofluorescence sig-
nal (dead cells) was recorded at the green channel (500- to
585-nm fluorescence emission) using a 405-nm UV laser, an
AOTF of 15%. Both types of fluorescence signatures were cap-
tured with a hybrid detector.
The validation of the CLSM-DL method was performed with
SYTOX green fluorochrome and electron microscopic tech-
niques, and it was also applied for studying the response of
distinct light intensities, salinity doses and exposure times on
a consortium of Scenedesmus sp. DE2009.

Correspondence to: Isabel Esteve, Departament de Genètica i Microbiologia, Facultat

de Biociències, Universitat Autònoma de Barcelona, Bellaterra, 08193, Spain.

E-mail: isabel.esteve@uab.cat

Introduction

Oxygenic and anoxygenic photosynthetic microorganisms are
very abundant in microbial mats. These ecosystems are widely
distributed around the world, including extreme environ-
ments, where are subjected to periodic and strong changes in
environmental parameters (Green et al., 2008; Antibus et al.,
2012; de los Rı́os et al., 2015; Cuadrado et al., 2015; Hoffmann
et al., 2015).

Over a considerable period of time, our group has been study-
ing microbial mats, hypersaline ecosystems located in the Ebro
Delta, Tarragona, Spain (Esteve et al., 1994; Guerrero et al.,
2002; Solé et al., 2009; Millach et al., 2015). These mats are de-
veloped in water-sediment interfaces and, are formed by mul-
tilayered benthic microbial communities that are distributed
along vertical microgradients of different physicochemical pa-
rameters. Cyanobacteria and microalgae, located mainly in
the upper green layers, play an important role in primary pro-
duction in these mats, where they stabilise deltaic sediments
over large areas. Among them, Scenedesmus sp. DE2009 has
been isolated (Maldonado et al., 2010) and identified by molec-
ular biology methods (Burgos et al., 2013). This microorgan-
ism is very abundant in Ebro Delta microbial mats and their
cells are spherical, with a diameter of 7–9µm, and their chloro-
plasts are distributed laterally in the cell.

However, it is important to highlight that most phototrophic
microorganisms isolated from natural habitats do not grow in
solid laboratory cultures; additionally, they have a tendency to
form aggregates. In this current work, therefore, Scenedesmus
sp. DE2009 was selected as a model because it grows with
difficulty in a solid medium and forms a consortium with het-
erotrophic bacteria.

Various studies have been made to analyse changes in mi-
crobial diversity in stress conditions such us desiccation and
high salinity by means molecular techniques (Garcia-Pichel
et al., 2001; Rajeev et al., 2013; Lan et al., 2014), nevertheless,
less is known about the impact on cell viability that changes in
different environmental conditions may cause, mainly in the

C© 2017 The Authors
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microorganisms that colonise extreme habitats, and particu-
larly in those that usually show increased survival in stress
conditions. Among diverse stressing factors, high light in-
tensity and dry conditions, which in turn increase salinity,
are very important parameters that should be considered in
ecosystems subjected to long periods of annual drought.

For this reason, it is essential to develop methodologies that
characterise the physiological state of microbial cells and pro-
vide valuable information about the viability and function-
ing of microbial communities. Plate counting is one of the
most fundamental microbiological techniques in determin-
ing the number of viable cells in a sample (Buck, 1979).
However, as we have already mentioned, most isolated mi-
croorganisms from natural environments do not grow in solid
media.

The analysis of pigment excitation/absorption spectra
(Roldan et al., 2004) and quantification of the chlorophyll con-
tent are frequently used to quantify and identify microorgan-
isms (Gregor & Maršálek, 2004; Wagenen et al., 2014). The
Pulse–Amplitude–Modulation (PAM) fluorometry can also be
used for ultrasensitive fluorescence measurements in distinct
layers of photosynthetically active material (Schreiber, 1998).
This technique is noninvasive and has frequently been used to
estimate the photosynthetic efficiency within oxygenic organ-
isms (Genty et al., 1989; Perkins et al., 2002). For that, in vivo
chlorophyll fluorescence methods have for a long time been
used for nondestructive estimation of biomass and growth
rates (Büchel & Wilhelm, 1993; Huot & Babin, 2011) and for
the detection and quantification of changes induced in the pho-
tosynthetic apparatus (Mehta et al., 2010). Nevertheless, all
these methods are suitable for pigment analysis or photophys-
iology studies, but cannot be applied to distinguish between
viable and nonviable cells.

Finally, other alternative and common viability assays are
fluorescent staining like DNA-specific SYTOX green dye (Sato
et al., 2004) or other fluorochromes (Pouneva, 1997), and flow
cytometry (Dorsey et al., 1989; Al-Rubeai et al., 1997; Veld-
huis et al., 2001); but in both methods staining is required and,
in the second one is difficult to apply in filamentous cyanobac-
teria and in microorganisms that tend to form aggregates.

In this article, a novel, simple, nonintrusive, rapid and in vivo
method was developed for determining the cell viability of pho-
totrophic microorganisms without the need of prior staining
by confocal laser scanning microscopy (CLSM). This method
is based on a sequential scan using a dual laser (CLSM-DL)
that allows the capturing of different and specific wavelengths
within the spectrum at the same time. High-resolution images
are obtained that can help to clearly distinguish living cells
from dead ones, overlapping and separately, and without the
need of a subsequent analysis of the generated images.

The objectives of this work are (i) to set up a fast and easy
CLSM-DL method for differentiating living and dead microbial
cells; (ii) to validate the method by means of other microscopy
techniques and (iii) to justify its applicability to the study

of Scenedesmus sp. DE2009 response to light and salinity
treatment.

Material and methods

Strain and culture conditions

The microalga Scenedesmus sp. DE2009 was isolated from
Ebro Delta microbial mats (0°35’ E–0°56’ E; 40°33’
N–40°47’ N), Tarragona, Spain. This microorganism was
grown in liquid mineral Pfennig medium (Pfennig & Trüpper,
1992) in 100 mL flasks with a salinity condition of 2.65 g
NaCl L−1. Cultures were exposed and maintained at the opti-
mal growth temperature at 27 °C in a growth chamber (Climas
Grow 180, ClimasLab, Barcelona) under continuous illumina-
tion with a light intensity of 6 µE m−2 s−1, provided by cold
white fluorescence lights (Philips TL-D 18W-865). These cul-
tures were used as control in all the experiments performed.

Experimental conditions

Various experiments were made applying the CLSM-DL and
complemented with CLSM-λscan function to assess the effect
of light and salinity at single-cell level on Scenedesmus sp.
DE2009 consortium. For this end, the cultures were exposed
to distinct light intensities (2, 4, 6, 8, 10 and 12 µE m−2 s−1).
These conditions were controlled accurately throughout all
the experiments measuring every day the light intensity with
a Luxmeter C.A. 811 (Chauvin Arnoux, Metrix Paris, France).

On the other hand, different salinity doses (10, 35, 75 and
100 g L−1) were selected considering changes in salinity de-
tected in flood and dry (crust formation) periods in Ebro Delta
sampling site. Furthermore, all experiments were performed
for short periods (7 days) and long-term (30 days) under the
same growth conditions mentioned in ‘Strain and culture con-
ditions’ section.

Pigment analysis by CLSM-λscan function

Scenedesmus sp. DE2009 cultures were evaluated in vivo to de-
termine the emission spectra of microalga pigments by λscan
function of Leica LAS AF Software using a Leica TCS-SP5
CLSM (Leica Microsystems Heidelberg GmbH, Mannheim,
Germany). This technique, based on a fluorescence method,
shows the complete spectral distribution of the fluorescence
signals emitted by photosynthetic pigments of phototrophic
microorganisms. Statistically changes in the spectrum of
Chlorophyll a (Chl a = 684 nm), used as a biomarker, was
considered to evaluate the state of pigments by means of the
Maximum Intensity Fluorescence (MIF).

In this paper, CLSM-λscan method was optimised to differ-
entiate plainly between red and green fluorescence signals. In
this sense, each image sequence was obtained by scanning the
same xy optical section throughout the visible spectrum using

C© 2017 The Authors
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an ×63 (1.4 numerical aperture) oil immersion objective. Im-
ages were acquired at the z position at which the fluorescence
was maximal and acquisition settings were constant through-
out the experiment. Photosynthetic pigments excitation was
carried out with an UV Laser at 405 nm and an acousto-optic
tunable filter (AOTF) of 5% for PAF and 15% for NPAF. Both
types of fluorescence emissions were captured with a hybrid
detector, in 10 nm bandwidth increments, with a λ step size of
3 nm and in the range from 420 nm to 750 nm.

On the other hand, the mean fluorescence intensity (MFI)
was obtained through the average fluorescence intensity for
each wavelength within the studied range. For that, a set
of 70 regions of interest (ROIs) of 1 µm2 for photosynthetic
pigments autofluorescence signal (PAF) and 20 ROIs for non-
photosynthetic autofluorescence signal (NPAF) were selected
in the thylakoid area of Scenedesmus sp. DE2009 to analyse
the spectral signature at cell level and the peak emission
range.

CLSM-DL method for viability assay

The CLSM-DL method has been tested in Scenedesmus sp.
DE2009 consortium for differentiating dead and living mi-
croalga cells. For that reason, to capture both fluorescence
signatures, separated and combined, a sequential scan in two
channels was carried out from each same xyz optical section.
On the one hand, PAF was recorded in the red channel (625-
to 785-nm fluorescence emission) exciting the samples with a
561-nm laser diode and an AOTF of 20%. On the other hand,
NPAF was viewed in the green channel (500- to 585-nm fluo-
rescence emission) using a 405-nm UV laser, an AOTF of 15%.
Both types of fluorescence signals were captured with a hybrid
detector. A set of 20 red and 20 green CLSM images (1024 ×
1024 pixels) was obtained from all cultures analysed. To de-
termine the number of living (red signal) and dead cells (green
signal) per condition, cell count and statistical analysis were
calculated.

Furthermore, in order to characterise the distribution of
both fluorescence signatures on Scenedesmus sp. DE2009 cells,
a series of optical sections (CLSM stack) were acquired, at
the same conditions described above. The 17.25 µm thick
stack was scanned from up to down in 69 optical sections,
in x–y planes every 0.25 µm along the optical axis with a
1-Airy-unit confocal pinhole. Various projections were gener-
ated by the Leica LAS AF software and the IMARIS software
package (version 7.2.1, Bitplane AG, Zürich, Switzerland)
for three-dimensional (3D) reconstructions of Scenedesmus sp.
DE2009 cells.

SYTOX green nucleic acid stain

To validate the CLSM-DL method and quantify Scenedesmus
sp. DE2009 dead cells, the samples were incubated at 6 µE
m−2 s−1 and 100 g NaCl L−1 for 7 days. Later, one aliquot

was used as a control (without fluorochrome) and the other
one was stained using a specific-fluorescence SYTOX Green
dye (Molecular Probes Inc., Eugene, OR, USA). The original
fluorescent probe containing 5 mM stock solution in DMSO
was diluted in deionised Milli-Q water for a final dye con-
centration of 5 µM and added to the cell suspension of mi-
croalga. The mixture was incubated for 30 min at room
temperature in the dark and then observed by CLSM-DL
method. No washing was required before or after SYTOX Green
staining.

Electron microscopy techniques

Electron microscopy techniques were used to analyse changes
on the morphology and ultrastructure of living and dead
Scenedesmus sp. DE2009 cells. The samples were incubated
at 6 µE m−2 s−1 and 100 g NaCl L−1 for 7 days.

For SEM analysis, cultures were filtrated in NucleoporeTM

polycarbonate membranes (Whatman, Ltd.) and then were
fixed in 2.5% glutaraldehyde diluted in Milloning phos-
phate buffer (0.1 M pH 4) at 4 °C for 2 h. Later, samples
were washed in the same buffer, dehydrated in increasing con-
centrations of ethanol and dried by critical point (CPD 030 Crit-
ical Point Drier, BAL-TEC GmbH D – 58579 Schalksmühle).
Finally, samples were coated with a 5-µm gold–palladium
layer (K550 Sputter Coater, Emitech, Ashford, UK) for bet-
ter image contrast. A Zeiss EVO R©MA 10 SEM (Carl Zeiss
NTS GmbH, Oberkochen, Germany) was used to observe the
samples.

For TEM analysis, cultures were fixed in 2.5% glutaralde-
hyde diluted in Milloning phosphate buffer. Samples were
postfixed in 1% OsO4 at 4 °C for 2 h and washed in the
same buffer. They were then dehydrated in a graded series
of acetone and embedded in Spurr’s resin. Ultrathin sections
(70 nm), obtained with a Leica EM UC6 Ultramicrotome (Leica
Microsystems), were mounted on carbon-coated copper grids
and stained with uranyl acetate and lead citrate. Samples were
viewed in a JEM-1400 TEM (JEOL, USA).

Statistical analysis

Statistical analyses were performed by one-way analysis of
variance (ANOVA) and Tukey and Bonferroni’s compari-
son post hoc tests. Differences were considered significant at
p < 0.05. The analyses were performed using IBM SPSS Statis-
tics software (version 20.0 for Windows 7).

Results and discussion

Autofluorescence emission spectra of Scenedesmus sp. DE2009
cells

Previously, the fluorescence emitted by the photosynthetic
pigments and other nonspecific molecules of Scenedesmus sp.
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DE2009 was characterised, identified and evaluated by means
of λscan function of CLSM. Three types of fluorescence signa-
tures were detected when microalga cells were excited with a
405-nm UV laser diode: (1) photosynthetic pigments autoflu-
orescence signal (PAF) emitted in the red range, (2) nonphoto-
synthetic autofluorescence signal (NPAF) emitted within the
green range and (3) a mixture of both autofluorescence sig-
nals.

The emission profiles correspond to individual cells of
Scenedesmus sp. DE2009 showing only PAF signal are rep-
resented in Figure 1(A). The PAF spectra recorded indicated
a high-intensity emission peak at 684 nm, produced by Chl a
(Fig. 1B). The results obtained by CLSM-λscan function demon-
strated that the differences were not statistically significant (p
< 0.05) among 6, 8 and 10 µE m−2 s−1. An xyz optical section
corresponding to PAF detected in the microalga growing at
12 µE m−2 s−1 is shown in Figure 1(C).

In the same conditions, some cells of Scenedesmus sp.
DE2009 emitted only NPAF. The spectra recorded in these
cells showed irregular curves, with a maximum fluorescence
intensity at the range of 460–530 nm (Fig. 1D). This type of
green emission was confirmed by CLSM images (Fig. 1E). Gen-
erally, NPAF was distributed evenly across the cell cytoplasm
and cells showed a disorganisation of the thylakoids and a
lack of pigment. These cellular differences were observed by
bright-field microscopy (Fig. 1F).

Finally, a few cells also emitted both autofluorescence sig-
nals: PAF and NPAF. In this case, the emission spectra recorded
showed two distinct fluorescence intensities: (i) a low-intensity
uneven peak at 684 nm (Chl a) and (ii) a wide and irregular
fluorescence intensity in the green region (Fig. 1G). These cells
were considered an intermediate physiological state between
viable and nonviable (Figs. 1E, F and H), because the Chl
a peak still emitted fluorescence, but their cell integrity was
damaged.

To evaluate the optimal light intensity for the growth of
Scenedesmus sp. DE2009 during a long period of time, an anal-
ogous experiment was carried out under the same light condi-
tions for 30 days (Fig. 2). The λscan plots corresponding to PAF
emission showed differences in the MIF in response to vary-
ing light intensities (Fig. 2A). In this case, the highest MIFs
correspond to 6 and 8 µE m−2 s−1 and no statistically signif-
icant differences (p < 0.05) were found between them, using
the Tukey’s and Bonferroni comparison test. A decrease in the
MIF was observed in the rest of the light intensities tested for
a month. An xyz optical section from PAF detected in cultures
of Scenedesmus sp. DE2009 growing at 8 µE m−2 s−1 is shown
in Figure 2(B).

Finally, when comparing the MIF results obtained at 7 and
30 days, no statistically significant differences (p < 0.05) were
found between 6 and 8 µE m−2 s−1. These results suggest that
the optimum light intensity for the growth of Scenedesmus sp.
DE2009 is in this range, because the exposure time does not
alter the MIFs.

Set up of CLSM-DL method

In this work, it is described a novel, fast and in vivo method
to identify and quantify viable and nonviable Scenedesmus sp.
DE2009 cells without manipulation of the samples. This tech-
nique allows us to differentiate clearly two types of fluorescence
signatures at cell level observed previously in the CLSM-λscan
studies. A simultaneous scan of the same xyz optical section
is showed for PAF corresponding to living cells (Fig. 3A), for
NPAF representing dead cells (Fig. 3B) and an overlap of both
autofluorescence signals (Fig. 3C). The percentages of living
and dead cells were calculated from these CLSM images.

For determining the in vivo effect of light on cellular viability
of Scenedesmus sp. DE2009 by means of CLSM-DL, two exper-
iments at different light intensities were performed. Changes
in microalga viability growing for 7 days are represented in
Figure 3(D). These results showed low significant differences
(p < 0.05) in all the light intensities tested, which indicated a
slight effect of light. However, there were no significant differ-
ences (p < 0.05) among 6, 8 and 10 µE m−2 s−1, which also
represent the highest values of viable cells in this experiment:
93.52%, 93.11% and 93.18%, respectively. A similar experi-
ment was performed in cultures growing for 30 days (Fig. 3E).
In this case, it is important to highlight that, even at 10 µE m−2

s−1 (67.48%) and 12 µE m−2 s−1 (58.81%), a high percentage
of viable cells was also remained. These results confirm the
high viability level was maintained in all the light intensities
assayed.

Finally, a reduction of cell viability at 10 µE m−2 s−1

(25.69%) and 12 µE m−2 s−1 (29.80%) was observed for
light exposure experiments between 7 and 30 days using the
Tukey’s and Bonferroni comparison test. However, no statis-
tically significant differences (p < 0.05) were only found at
6 µE m−2 s−1, which also corresponds to the highest percent-
age of living cells. Hence, it was considered important to fix
the light parameter at 6 µE m−2 s−1 in salinity experiments.

In the same way, our results in light experiments agree
with those obtained in other microalgae studies at low light
intensities. In this case, Ferreira et al. (2016) demonstrated
an increase in chlorophyll content at 16.91 ± 0.45 µmol
photons m−2 s−1 to capture light in a more efficient manner
in Scenedesmus dimorphus (UTEX 1237); and Pal et al. (2013)
indicated that 1000–1500 lux (6–9 µE m−2 s−1) were the
best light intensities in order to produce maximum yield in
Chaetoceros muelleri (CS-178).

Validation of the CLSM-DL method

First, to validate the CLSM-DL method, SYTOX green nucleic
acid stain and electron microscopic techniques were applied to
study the response of this microorganism to the highest salinity
condition (100 g NaCl L−1), considering this parameter as
inductor of damage in the cells. The objective was to compare
whether NPAF corresponded to Scenedesmus sp. DE2009 dead
cells.
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Fig. 1. λscan plots of Scenedesmus sp. DE2009 cultures grown at different light intensities for 7 days. Spectral profiles corresponding to cells emitting PAF
(A). Detail of the emission peak at 684 nm for chlorophyll a, used as biomarker (B). Spectral profiles corresponding to cells emitting NPAF (yellow arrows)
(D). Spectral profiles corresponding to an intermediate physiological stage of the cells (white arrows) (G). 2D plots represent the MFI data ± SE: emission
wavelength, x axis; MFI, y axis. CLSM images from the same xyz optical section of Scenedesmus sp. DE2009 grown at 12 µE m−2 s−1: PAF emission
(C), NPAF emission (E) and bright-field micrograph (F). Scale bars represent 10 µm. 3D reconstruction of Scenedesmus sp. cells (H). Scale bars represent
2.5 µm.
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Fig. 2. λscan plots of Scenedesmus sp. DE2009 cultures grown at different light intensities for 30 days. Spectral profiles corresponding to cells emitting
PAF. Detail of the emission peak at 684 nm for chlorophyll a, used as biomarker (A). 2D plots represent the MFI data ± SE: emission wavelength, x axis;
MFI, y axis. Summa projection of PAF emission and bright-field microscopy of microalga sp. DE2009 grown at 8 µE m−2 s−1 (B). Scale bars represent
10 µm.

Second, the CLSM-DL method was applied for assessing the
effect of salinity at different doses over a long period of time on
photosynthetic pigments and cell viability.

Analysis of the correlation between NPAF and dead cells. Sam-
ples were stained using a specific-fluorescence SYTOX green
nucleic acid fluorochrome. The results demonstrated that the
differences were not statistically significant (F = 1.367) (p >

0.05) between the cells stained by SYTOX green (45.79%)
and NPAF cells (50.95%). Hence, a very good correlation
was established between the cells stained by SYTOX green
(Fig. 4A) and cells emitting NPAF (Fig. 4B), being the second
one a more accurate technique, because heterotrophic bacte-
ria showed no fluorescent signal.

In addition, electron microscopy techniques (SEM and TEM)
were also used to analyse the changes in morphology and cel-
lular ultrastructure in cells that emitted in NPAF. This was
done to check if these cells had clear symptoms of degrada-
tion, which would confirm the nonviability of the microalga.
Changes in cell morphology can be clearly observed between
healthy cells (Fig. 5A) and collapsed cells, which present in-
vagination of the cell wall, a reduction of cell volume and an ir-
regular morphology (Fig. 5B). Moreover, various pleomorphic
cells showed a rupture of the cell wall and intracytoplasmic
membrane, and a retraction of the cytoplasm were viewed in
the same growth conditions in ultrathin sections (Figs. 5C and

D). According Kroemer et al. (1995) and Naganuma (1996),
the loss of membrane integrity is a late stage of the automor-
tality process resulting in the total disintegration of the alga
cell.

Effect of salt stress. The results related to PAF demonstrated
that MIFs peaks (Chl a) decreased, mainly between 35 and
75 g L−1, whereas the concentrations of salinity increased
from control culture to 100 g NaCl L−1. In some cases, a dis-
placement of the Chl a peak towards 684 nm (at 35 g L−1)
and 681 nm (at 75 and 100 g L−1) was produced. On the con-
trary, the λscan plots corresponding to NPAF showed irregu-
lars curves with an evident plateau from 460 nm to 530 nm
and a positive correlation between NPAF intensity and all the
salinity doses (Fig. 6A).

The second experiment was performed at the same con-
ditions mentioned above, but maintaining Scenedesmus sp.
DE2009 cultures for 30 days. The Chl a peak at distinct salin-
ities followed the same pattern as the obtained in the previous
experiment, but in this case, the MIF peak was drastically re-
duced from 10 g NaCl L−1. The NPAF also followed the same
pattern as in the previous experiment (Fig. 6B).

However, in both experiments, the salt impact on photo-
synthetic pigments varied significantly according to the salin-
ity doses assayed. Highly statistically significant differences
on MIF (p < 0.05) were observed between control and all
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Fig. 3. CLSM images from the same xyz optical section of Scenedesmus sp. DE2009 grown at 6 µE m−2 s−1: PAF (A), NPAF (B) and summa projection of
both autofluorescence signals (C). Scale bars represent 10 µm. MIF and relative abundance of living and dead Scenedesmus sp. DE2009 cells at distinct
light intensities (expressed as a percentage) for 7 days (D) and 30 days (E). The bars indicate the standard error of the mean.

the NaCl concentrations tested, both at 7 days and at 30
days. The result also indicated that, in short periods of time
(7 days) the differences were not statistically significant be-
tween the highest concentrations: 75 g L−1 and 100 g L−1,
while for long periods (30 days), the differences were signif-
icant and the MIF peak was not detected at the maximum

concentration tested at 100 g L−1. These results demonstrate
that, at these high concentrations, there is a clear effect of salin-
ity on Scenedesmus sp. DE2009 and this effect also increases
with time.

Likewise, a viability assay applying the CLSM-DL method
was carried to investigate the cell viability in response to

C© 2017 The Authors
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Fig. 4. CLSM images of Scenedesmus sp. DE2009 grown at 6 µE m−2 s−1 and 100 g NaCl L−1 for 7 days. Cells stained by SYTOX Green nucleic acid
fluorochrome (A) and cells emitting NPAF by CLSM-DL (B). Scale bars represent 10 µm.

Fig. 5. SEM micrographs of Scenedesmus sp. DE2009 grown at 6 µE m−2 s−1 for 7 days in control cultures (A) and in cultures grown at 100 g NaCl L−1

(B) (white arrow). Scale bars represent 10 µm (general) and 2 µm (close up images). Ultrathin sections of the same microorganism in control cultures
(C) and in cultures grown at 100 g NaCl L−1 (D) (black arrows). Scale bars represent 5 µm (general) and 2 µm (close up images).

varying salinities. The same xyz optical section is showed for
PAF corresponding to living cells (Fig. 7A), for NPAF repre-
senting dead cells (Fig. 7B) and an overlap of both autofluores-
cence signals (Fig. 7C). The conversion of this data into relative
frequency made it possible to observe that the percentage of
viable cells decreased when the salinity doses increased.

Changes in viability for 7 days are shown in Figure 7(D).
These values showed high significant differences (p < 0.05)
between the control and all the salinities tested, which in-
dicate a negative effect of salt on the cellular viability of
the microalga. However, at low salinity concentrations (10
and 35 g L−1), viable cells remained in high levels (81.73%
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Fig. 6. λscan plots of Scenedesmus sp. DE2009 cultures grown at different salinity doses during 7 days (A) and 30 days (B). Overlay of the spectral profiles
corresponding to cells emitting PAF (living cells) and NPAF (dead cells). 2D plots represent the MFI data ± SE: emission wavelength, x axis; MFI, y axis.

and 74.12%, respectively). On the contrary, no statistically
significant differences (p < 0.05) were found between the
highest salinity doses (75 and 100 g L−1), and although the
percentage of living cells decreased (57.39% and 52.54%, re-
spectively), it remained still fairly high.

For 30 days of salinity exposure, high statistically significant
differences (p < 0.05) were also found between the control and
all the salinities tested, nevertheless the trend was different
(Fig. 7E). In this case, viable cells decreased drastically from
10 g L−1 (79.24%) to 100 g L−1 (8.27%), corresponding to a
reduction of 70.9%, being the exposure time a very important
variable to consider on cell viability. These results indicated

that the salinity had a great influence on the percentage of
living and dead Scenedesmus sp. DE2009 cells; although a
small proportion of the community was still active.

Another important advantage to the application of the
CLSM-DL method is that it allows characterising the distribu-
tion of distinct fluorescent signals within the microalga cells
through 3D reconstructions. In Figure 8, it was observed that
PAF and NPAF were distributed externally on Scenedesmus sp.
DE2009 cells, which correspond to a nondegraded and de-
graded pigment, respectively (Fig. 8A). Some of cells also pre-
sented NPAF externally and PAF internally, which correspond
to an intermediate state of pigment degradation, probably due
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Fig. 7. CLSM images from the same xyz optical section of Scenedesmus sp. DE2009 grown at 100 g NaCl L−1: PAF (A), NPAF (B) and summa projection
of both autofluorescence signals (C). Scale bars represent 10 µm. MIF and relative abundance of living and dead Scenedesmus sp. DE2009 cells at distinct
salinity doses (expressed as a percentage) for 7 days (D) and 30 days (E). The bars indicate the standard error of mean.

to a displacement and relocation of thylakoids within the cells
(Figs. 8B and 1G).

3D easy projections also confirmed that the healthy cells
(PAF) are very abundant in control cultures (Fig. 8C), whilst
damaged cells (NPAF) are dominant in cultures exposed at

the highest salinity (Fig. 8D). Other authors considered aut-
ofluorescence intensity as an indicator of integrity of the pho-
tosynthetic apparatus (Billi et al., 2011), whereas green aut-
ofluorescence was considered by Tang and Dobbs (2007) a
common feature in diverse organisms and that its presence
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Fig. 8. Red and green autofluorescence patterns observed for Scenedesmus sp. DE2009. 3D reconstructions of microalga cells at 75 g NaCl L−1 (A) and
100 g NaCl L−1 (B). PAF and NPAF are indicated by arrows. Scale bars represent 5 µm. 3D easy projection for control culture (C) and 100 g NaCl L−1

(D). Scale bars represent 10 µm.

was independent of the cells physiological status. Neverthe-
less, we disagree with this last hypothesis, because NPAF was
detected only in a few cells in control cultures. Moreover, a di-
rect correlation was found between NPAF and nonviable cells,
as demonstrated in light and salinity experiments.

Finally, in accordance with all the advantages described,
the CLSM-DL method can be applied to assessing viability
in other photosynthetic microorganism, whether these form
aggregates or as individual cells. In addition, this method
could be especially useful in characterising the physiolog-
ical state of individual cells within microbial communities
in extreme environments, in which dead and living cells
coexist.

Conclusions

In conclusion, the newly developed CLSM-DL method can be
providing data in short time consuming, in vivo and at cellular

level without the need of either staining or additional use of
image treating software.

This technique can be useful to distinguish cultivable and
noncultivable phototrophic microorganisms, including those
that form consortia with heterotrophic bacteria, because it
rules out any interference with these microorganisms.

The CLSM-DL method combined with the CLSM-λscan func-
tion confirms that there is a strong and good correlation of
both the cells’ physiological state and the performance of pho-
tosynthetic pigments with the percentages of individual living
cells.
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netic and morphological diversity of cyanobacteria in soil desert

crusts from Colorado plateau. Appl. Environ. Microbiol. 67(4),
1902–1910.

Genty, B., Briantais, J.M. & Baker, N.R. (1989) The relationship between
the quantum yield of photosynthetic electron transport and quenching
of chlorophyll fluorescence. Biochim. Biophys. Acta. 990, 87–92.

Green, S.J., Blackford, C., Bucki, P., Jahnke, L.L. & Prufert-Bebbout, L.
(2008) A salinity and sulfate manipulation of hypersaline microbial
mats reveals stasis in the cyanobacterial community structure. ISME J.
2, 457–470.
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Th aim of this work was to study the potential of the two phototrophic microorganisms, both isolated from Ebro Delta microbial
mats, to be used as bioindicators and immobilizers of chromium. Th results obtained indicated that (i) the Minimum Metal
Concentration (MMC) signific ntly affecting Chlorophyll a intensity in Geitlerinema sp. DE2011and Scenedesmus sp. DE2009 was
0.25𝜇M and 0.75𝜇M, respectively, these values being lower than those established by current legislation, and (ii) Scenedesmus
sp. DE2009 was able to immobilize chromium externally in extracellular polymeric substances (EPS) and intracellularly in
polyphosphate (PP) inclusions. Additionally, this microorganism maintained high viability, including at 500 𝜇M. Based on these
results, we postulate that Geitlerinema sp. DE2011and Scenedesmus sp. DE2009 are good chromium-indicators of cytotoxicity and,
further, that Scenedesmus sp. DE2009 plays an important role in immobilizing this metal in a contaminated natural environment.

1. Introduction

Metal contamination is a serious environmental problem
that affects life forms and changes the natural microbiota
of aquatic ecosystems. Currently, metals are released from
natural and anthropogenic sources (e.g., industry, transport,
fossil fuel combustion, the mining industry, and agriculture)
into natural aquatic environments [1]. The e metals are
accumulated in waters, sediments, and biota, generating
resistance in microorganisms that leads to environmental and
public health problems. To study and predict the effects and
removal of heavy metals on different ecosystems, nematode
[2], plants [3], and algae [4], among others, have been used.
Cyanobacteria and algae are particularly very abundant in
aquatic ecosystems, playing an important role in primary
production in rivers and their deltas, where metals very often
accumulate.

Th Ebro River is 928 km long, flows from the north of
the Iberian Peninsula to the Mediterranean Sea, and drains
an area of 85,000 km2 approximately. The Ebro Delta, located
at the outfall of the Ebro River, is the second most important

wetland in Spain aft r Guadalquivir River marshes and the
second one of the Mediterranean area afte the Camargue
(France). The Ebro Delta is also considered the third largest
delta in the Mediterranean with a 320 km2 triangular surface
and it is located at the northeastern coastline of the Iberian
Peninsula (0∘35󸀠E–0∘56󸀠E; 40∘33󸀠N–40∘47󸀠N) [5]. In 1983,
some of the most outstanding natural areas of the delta were
included in the Ebro Delta Natural Park (Parc Natural del
Delta de l’Ebre) because of its ornithological importance, as
well as for other geological, biological, economic, and cultural
aspects [6].

Microbial mats, developed in water-sediment interfaces,
are formed by multilayered benthic microbial communities
that are distributed along vertical microgradients of different
physical-chemical parameters. The e ecosystems are widely
distributed around the world in different extreme environ-
ments, such as lakes [7], marine waters [8], and cold waters
[9], among others. Ebro Delta microbial mats are formed
by diff rent microorganisms; principally cyanobacteria and
microalgae are the most abundant prokaryotic bacteria
located mainly in the upper layers of microbial mats [10].

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 519769, 11 pages
http://dx.doi.org/10.1155/2015/519769



2 BioMed Research International

The e microbial mats receive waters and contaminants,
including heavy metals dragged by the River Ebro into its
estuary (delta). For this reason, in the last few years, our
work group has isolated various microorganisms of this
ecosystem and has developed several methods, in particular
Confocal Laser Scanning Microscopy (CLSM), to determine
their capacity to tolerate or resist metals, as well as evaluate
the effect of these in vivo at both cell and population levels.
The e methods used for the in vivo study of phototrophic
microorganisms have led to obtaining quantitative results
more quickly. Thi is mainly due to the minimal necessary
manipulation of the specimens, and since these emit natural
fluorescence, they do not require staining protocols. Fur-
thermore, the majority of works have evaluated the effect
of lead and copper toxicity in isolated microorganisms [11]
and the capacity of various microorganisms to uptake these
metals extra- and/or intracellularly using Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy
(TEM), both coupled to an Energy Dispersive X-Ray (SEM-
EDX and TEM-EDX) [12].

However, the role that microorganisms play in this
same habitat on chromium detoxification is still unknown.
Chromium can exist in the environment as Cr(III) or Cr(VI)
[13, 14] and particularly in the Cr(VI) form is extremely
toxic, mutagenic, and carcinogenic. In the environment,
chromium is introduced as the by-product of industries
[15] and phosphate fertilizers [16]. In highly contaminated
habitats [17, 18], the reduction of Cr(VI) to Cr(III) is an
effective method of Cr(VI) detoxific tion. Nevertheless, the
immobilization efficie y of Cr(III) is still unclear and dif-
ferent reports suggest that soluble organo-Cr(III) complexes
are present in various chromate-reducing bacterial systems
[19, 20]. Th permanence of soluble forms of Cr(III) causes
a serious problem, since they can be reoxidized to Cr(VI). It
is for this reason that there is great interest in studying the
immobilization of Cr(III) in pilot-scale experiments [21].

Nowadays, there is little information on this process in
the natural environment, where the levels of contamination
by chromium are very low, as in the River Ebro (<2𝜇g L−1 Cr,
according to data from the Ebro Hydrographic Association,
in the last 10 years). In these cases, although the same
probably occurs, the Cr(VI) is biotransformed to Cr(III), and
this can remain in ecosystems, immobilized or not, and could
have a toxic effect on life forms. Likewise, very little is known
about the role of indigenous microorganisms in these natural
environments with low levels of chromium and also with a
prolonged permanence of the metal in the ecosystem.

Th aim of this work is to determine the role of Geit-
lerinema sp. DE2011 and Scenedesmus sp. DE2009, both
isolated from Ebro Delta microbial mats, as bioindicators and
immobilizers of chromium and, additionally, to analyse the
effect of this metal on their biomass and cellular viability.

2. Material and Methods

2.1. Microorganisms and Culture Conditions. Geitlerinema
sp. DE2011(cyanobacterium) and Scenedesmus sp. DE2009
(microalga) were isolated from Ebro Delta microbial mats
(Tarragona), Spain. Isolation and purific tion of the isolates

were performed by dilution and plating of microbial mats
samples. Isolated microorganisms were grown in liquid
mineral Pfennig medium [22] in 100 mL flasks. Cultures
were exposed and maintained at 27∘C in a growth chamber
(Climas Grow 180, ClimasLab, Barcelona) under continuous
illumination with a light intensity of 3.5𝜇E m−2 s−1 for the
cyanobacterium and 10 𝜇E m−2 s−1 for the microalga, pro-
vided by cold white fluorescence lights. The e cultures were
used as control in all the experiments performed.

2.2. Preparation of Chromium Stock Solution. Th stock
solution of chromium was prepared by dissolving Cr(NO

3
)
3

(Sigma-Aldrich, Bellefonte, PA, US) in deionized Milli-Q
water at the concentration of 1mM Cr(III) and sterilized
by filtration in Millex-GP 0.2𝜇m filters (Millipore, USA).
Working concentrations of Cr(III) were obtained by serial
dilution. This solution was stored in the dark at 4∘C.

2.3. Pigment Analysis of the Strains Using Confocal Laser
Scanning Microscopy. Th tolerance and the in vivo effect
of chromium on cultures of Geitlerinema sp. DE2011 and
Scenedesmus sp. DE2009 were determined by 𝜆scan function
of CLSM (CLSM Leica TCS SP5; Leica Heidelberg, Ger-
many). Moreover, in order to evaluate the effect of chromium
on the biomass and viability of Scenedesmus sp. DE2009, a
modific tion of the FLU-CLSM-IA (Fluorochrome-CLSM-
Image Analysis) method described by Puyen et al. [23] was
used.

2.3.1. 𝜆scan Function. Cultures of Geitlerinema sp. DE2011
and Scenedesmus sp. DE2009 were contaminated at different
Cr(NO

3
)
3

concentrations: 0.025, 0.050, 0.1, 0.25, 0.50, 0.75,
1, and 5𝜇M for the cyanobacterium DE2011and 0.25, 0.50,
0.75, 1, 5, 10, 15, and 25𝜇M for the microalga DE2009. All
experiments were performed for 9 days under the same
conditions mentioned in Section 2.1.

Pigment analysis was realized by the 𝜆scan function of
CLSM. This technique provides information on the state of
the photosynthetic pigments of phototrophic microorgan-
isms on the basis of the emission wavelength region and
the fluorescence intensity emitted (autofluorescence). Each
image sequence was obtained by scanning the same 𝑥𝑦
optical section throughout the visible spectrum. Images were
acquired at the 𝑧 position at which the fl orescence was
maximal, and acquisition settings were constant throughout
each experiment. Th sample excitation was carried out with
an Argon Laser at 488 nm (𝜆exe 488) with a 𝜆 step size of
3 nm for an emission wavelength between 550 and 748 nm.

In order to measure the mean fluorescence intensity
(MFI) of the 𝑥𝑦𝜆 data sets, the Leica Confocal Software
(Leica Microsystems CMS GmbH) was used. In these con-
focal images the pseudocolour palette 4 was selected, where
warm colours represented the maximum intensities and cold
colours represented the low intensities of fluorescence. The
regions-of-interest (ROIs) function of the software was used
to measure the spectral signature. For each sample, 70 ROIs
of 1𝜇m2 taken from cells were analysed.
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This method allowed us to evaluate the physiological
state of the phototrophic microorganisms at single-cell level,
considering changes in the spectrum of Chlorophyll a (Chl a)
used as a marker. For this purpose, the state of pigments was
considered by means of the Maximum Intensity Fluorescence
(MIF) signal detected at 661nm (Chl a) for Geitlerinema sp.
DE2011and 685 nm for Scenedesmus sp. DE2009 (Chl a).

2.3.2. FLU-CLSM-IA Modified Method. To determine the
effect of chromium on biomass and cellular viability of
Scenedesmus sp. DE2009 cultures, experiments at different
Cr(NO

3
)
3

concentrations, 0.75, 25, 100, 200, and 500 𝜇M,
were performed for a period of 9 days under the same
conditions mentioned in Section 2.1following a modific tion
of the FLU-CLSM-IA method [23]. Thi method combines
the use of specific fluorochrome, the CLSM microscope, and
the ImageJ v1.48s software.

In this study, Scenedesmus sp. DE2009 autofluorescence
(emission at 616–695 nm) and SYTOX Green Nucleic Acid
Stain fluorescence (emission at 520–580 nm; Invitrogen, Life
Technologies) were used simultaneously as markers for live
and dead cells, respectively, in a simple dual-fluorescence
viability assay [24]. Both the red and green fluorescence
signals were captured separately in a sequential scan pro-
cess in two channels from each same 𝑥𝑦𝑧 optical section
(Figures 1(a) and 1(c)).

In order to differentiate between living and dead cells, red
(live cells) and green (dead cells) pseudocolors were used and
20 red and green confocal images were acquired from every
culture of Scenedesmus sp. DE2009 to determine the biomass
and cellular viability at each Cr-concentration.

Th CLSM images were transformed to binary images
(black/white) applying fluorescence threshold values of 30
(red pixels) and 35 (green pixels) by means of the ImageJ
v1.48s softw re (Figures 1(b) and 1(d)). To minimize the
background detected in every pair of images a smoothing
fi ter was used.

To obtain biovolume values, the Voxel Counter plug-
in was applied to these filtered images [25]. Thi specifi
application calculates the ratio between the thresholded
voxels (red and green fluorescent voxel counts) to all voxels
from every binary image analysed. The biovolume value
(volume fraction) was finally multiplied by a conversion
factor of 310 fgC 𝜇m3 to convert it to biomass [26].

2.4. Ascertaining Chromium Immobilization through Elec-
tronic Microscopy Techniques. With the aim of determin-
ing whether Geitlerinema sp. DE2011 and Scenedesmus sp.
DE2009 could immobilize metals extra- and intracellularly,
cells from cultures growing with and without chromium were
analysed by EDX coupled to SEM and TEM.

2.4.1.Scanning Electron Microscopy and Energy Dispersive X-
Ray Analysis. Phototrophic microorganisms cultures were
contaminated at different Cr(NO

3
)
3

concentrations, 1, 5, 10,
25, 50, 100, and 200 𝜇M Cr(III), and incubated under the
same conditions as mentioned above for a period of 9 days.

For SEM analysis, cultures were filtrated in Nuclepore
polycarbonate membranes (Whatman, Ltd.) and then were
fi ed in 2.5% glutaraldehyde diluted in Millonig phosphate
buffer (0.1M pH 4) at 4∘C for 2 hours and washed four times
in the same buffer, dehydrated in increasing concentrations
of ethanol (30%, 50%, 70%, 90%, and 100%), and dried
by critical-point (CPD 030 Critical Point Drier, BAL-TEC
GmbH, 58579 Schalksmühle). Finally, samples were mounted
on aluminium metal stubs and coated with a 5𝜇m gold layer
(K550 Sputter Coater, Emitech, Ashford, UK) for better image
contrast. A Zeiss EVOMA 10 scanning electron microscope
(Carl Zeiss NTS GmbH, Oberkochen, Germany) was used to
view the images.

For EDX microanalysis, cells were homogenously dis-
tributed and filtered on polycarbonate membrane filters.
Th se filters were fixed, dehydrated, and dried by critical-
point drying and then coated with gold. An EDX spec-
trophotometer Link Isis-200 (Oxford Instruments, Bucks,
England) coupled to the microscope operating at 20 kV was
used. Finally, EDX-SEM spectra from individual cells were
obtained.

2.4.2. Transmission Electron Microscopy and Energy Disper-
sive X-Ray Analysis. TEM was used in order to observe
the ultrastructure of the phototrophic microorganisms and
TEM-EDX to assess whether Geitlerinema sp. DE2011
and Scenedesmus sp. DE2009 were able to bioaccumulate
chromium intracellularly. So, cyanobacterium DE2011 and
the microalga DE2009 were contaminated with 200 𝜇M
Cr(NO

3
)
3

for a period of 9 days. Culture conditions were the
same as described for SEM.

For TEM analysis, samples were fixed in 2.5% glutaralde-
hyde diluted in Millonig phosphate buffer (0.1M pH 4) at 4∘C
for 2 hours and washed four times (15min) in the same buffer
at 4∘C. The samples were postfi ed in 1%OsO

4
at 4∘C for 2

hours, washed in the same buffer, and centrifuged in order to
obtain a pellet. Th y were then dehydrated in a graded series
of acetone (50%, 70%, 90%, 95%, and 100%) and embedded
in Spurr’s resin. Once the samples were included in the resin,
ultrathin sections (70 nm), obtained with a Leica EM UC6
Ultramicrotome (Leica Microsystems, GmbH, Heidelberg,
Germany), were mounted on carbon-coated titanium grids
and stained with uranyl acetate and lead citrate. Samples
were viewed in a Hitachi H-7000 transmission electron
microscope (Hitachi Ltd., Tokyo, Japan).

For EDX microanalysis, sections 200 nm thick were also
stained with uranyl acetate and mounted on carbon-coated
titanium grids. Samples were analysed with an EDX spec-
trophotometer Link Isis-200 (Oxford Instruments, Bucks,
England) coupled to a Jeol Jem-2011(Jeol Ltd., Tokyo, Japan)
operating at 20 kV. Finally, EDX-TEM spectra from individ-
ual cells were obtained.

2.5. Statistical Analysis. Statistical analyses were carried out
by one-way analysis of variance (ANOVA) and Tukey and
Bonferroni’s comparison post hoc tests. Significant diff rences
were accepted at𝑃 < 0.05.The analyses were performed using
IBM SPSS Statistics software (version 20.0 for Windows 7).
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ImageJ v1.48sCLSM Leica TCS SP5

Natural fluorescence-live cells

SYTOX green fluorescence-dead cells

(a)
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(b)

Figur e 1:𝑥𝑦𝑧CLSM optical sections (a) and (b) and their corresponding binary images of live (b) and dead (d) Scenedesmus sp. DE2009 cells
analysed using the modifie FLU-CLSM-IA method.

3. Results and Discussion

3.1. Morphological Characteristics of Geitlerinema sp. DE2011
and Scenedesmus sp. DE2009. The phototrophic microorgan-
isms, isolated from Ebro Delta microbial mats, were identifi d
as Geitlerinema sp. DE2011[27] and Scenedesmus sp. DE2009
[12] by molecular biology methods. Both microorganisms
are very abundant in Ebro Delta microbial mats and play an
important role in the stabilization of deltaic sediments.

Geitlerinema sp. DE2011 is a cyanobacterium, which
forms individual filaments, sometimes densely packed and
surrounded by a sheath. Cells from filaments vary in size
from 3.13 to 3.75𝜇m. On the other hand, Scenedesmus sp.
DE2009 is a microalga, which like Geitlerinema sp. DE2011
forms a consortium with diff rent heterotrophic bacteria.The
microalga cells are spherical, with a diameter of 7–9 𝜇m and
their chloroplasts are distributed laterally in the cell.

3.2. Chromium Tolerance in Phototrophic Microorganisms.
In order to calculate the Minimum Metal Concentration

(MMC) that signific ntly affects pigment intensity in Geit-
lerinema sp. DE2011 and Scenedesmus sp. DE2009, two
experiments were performed. In the preliminary experiment,
a wide range of chromium concentrations was assayed.
Displacement of the fluorescence peak was observed only
in Geitlerinema sp. DE2015 from 661nm (MIF) towards
to 670 nm, at maximum Cr-concentration assayed (5𝜇M
fluorescence spectrum). In both cases, highly statistically
signific nt differences (𝑃 < 0.05) were found between the
control and all the concentrations tested (Figures 2(a) and
2(b)).

For this reason, a second experiment was carried out on
Geitlerinema sp. DE2011 with lower doses from 25 nM to
0.75𝜇M Cr(III). The 𝑥𝑦𝑧 optical sections of this microor-
ganism, corresponding to the autofluorescence detected in
control and contaminated cultures, were shown in Figures
3(a) and 3(b). The results indicated that the MMC of
chromium (when compared with the control) that signifi-
cantly (𝑃 < 0.05) affected the intensity of the pigment (Chl a)
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Figur e 2: 𝜆scan plots of Geitlerinema sp. DE2011(a) and Scenedesmus sp. DE2009 (b) contaminated with a wide range of chromium
concentrations.

of Geitlerinema sp. DE2011 was 0.25𝜇M Cr. An analogous
experiment to that mentioned above was performed with
lower doses from 0.25𝜇M to 5𝜇M Cr(III) on cultures of
Scenedesmus sp. DE2009. Th autofluorescence detected in
control and contaminated cultures was shown in Figures 4(a)
and 4(b). In this case, the MMC that significantly (𝑃 <
0.05) affected the intensity of the pigment in Scenedesmus sp.
DE2009 was 0.75𝜇M Cr, and therefore this microorganism
was more tolerant to chromium thanGeitlerinema sp. DE2011
(0.25𝜇M Cr).

On the other hand, the 𝜆scan plots graphs of both
microorganisms indicated how the MIF peak (Chl a)
decreased while the Cr-concentration increased following
mainly the same pattern as the control culture (Figures 3(c)
and 4(c)). These results are in agreement with those obtained
by different authors, which demonstrated, in Scenedesmus
obliquus and Nostoc muscorum, respectively, that metal stress
results in direct inactivation of the photosystem II (PS II)
reaction center and consequently a decrease of Chlorophyll
a fluorescence intensity (F

685
) [28, 29]. Furthermore, other

authors have demonstrated that in response to varying
physical-chemical parameters photosynthetic microorgan-
isms undergo changes in their physiological characteristics,
mainly changing the quality and concentration of their light-
harvesting pigments [30].

It is worth highlighting that the MMC values obtained
were below the level permitted in continental surface waters
(50 𝜇g L−1 Cr) (in accordance with the Directive 2008/105/CE
of the European Parliament and the Council on Envi-
ronmental Quality Standards in the field of Water Policy,
transposed into Spanish law “Real Decreto 60/2011, Anexo
II”), which demonstrated that both microorganisms should
be considered as good indicators of cytotoxicity.

3.3. Metal Immobilization in Phototrophic Microorganisms.
Cr-contaminated cultures of Geitlerinema sp. DE2011 were
analysed by SEM-EDX and chromium was not detected in
the extracellular polymeric substances (EPS) (Figures 3(d),
3(e), and 3(f)). Nevertheless, in the contaminated samples
of Scenedesmus sp. DE2009, the results confirmed that the
microalga had the ability to sequester chromium in the EPS
(Figures 4(d), 4(e), and 4(f)). Different parts of the filter
were also tested as a control in all samples, to be sure that
chromium was retained only in cells.

Both microorganisms have dense EPS envelopes, which
explain the external uptake of heavy metals. Various authors
have suggested that the overall negative charge of EPS may
be essential for sequestering metal cations that are necessary
for cell growth but present at low concentrations in their
surroundings and/or preventing the direct contact between
the cells and toxic heavy metals dispersed in the environment
[31]. Th functions of EPS in metal uptake are known,
but other roles have been proposed for these polymers,
such as protection against dehydration or UV radiation,
biomineralization, phagocytosis, and adhesion capacity to the
surrounding substrate [32].

Although Geitlerinema sp. DE2011 gave a negative result
for chromium uptake, in previous studies it has been
shown that this cyanobacterium was able to capture lead
and copper extracellularly [27]. The e differences in metal
immobilization were probably due to the fact that the same
microorganism can capture distinct metals using diff rent
functional groups in the EPS. In accordance with studies
carried out by Ozturk et al. [33] an increase in uronic acid,
glucuronic acid, and galacturonic acid content was shown in
the EPS of Synechocystis sp. BASO671 cultures contaminated
by chromium. In addition, Çelekli et al. [34] also confirmed
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Figure 3: CLSM images of control (a) and chromium contaminated (b) cultures of Geitlerinema sp. DE2011(scale bars represent 10 𝜇m) and
𝜆scan plot (c). SEM images of control (d) and 200 𝜇M chromium contaminated (e) cultures. Scale bars represent 2𝜇m. Contaminated EDX
spectrum (f). TEM images of control (g) and 200 𝜇M chromium contaminated (h) cultures. Scale bars represent 1𝜇m. Contaminated EDX
spectrum (i).

that specifi anionic groups played a signific nt role in
the biosorption of Cd2+ by Scenedesmus quadricauda var.
longispina.

On the other hand, TEM micrographs of the ultrathin
sections of Geitlerinema sp. DE2011 and Scenedesmus sp.
DE2009 growing at 200 𝜇M Cr showed abundant high elec-
tron dense intracytoplasmic inclusions of different sizes in
their cytoplasm identifi d as polyphosphate inclusions (PP)
(Figures 3(h) and 4(h)). In many cases, similar inclusions
have been found when cells are grown in adverse culture
conditions [35]. Chromium was not detected internally in
Geitlerinema sp. DE2011 or Scenedesmus sp. DE2009 in
control cultures (Figures 3(g) and 4(g)).

Th results obtained through EDX analysis of the inclu-
sions demonstrated thatGeitlerinema sp. DE2011did not have
the capacity to accumulate chromium as no Cr peak was
detected (Figure 3(i)). In contrast to this, a signific nt Cr
peak was detected in Scenedesmus sp. DE2009, demonstrating
that this microorganism was able to immobilize this metal
internally in PP inclusions (Figure 4(i)). The e results agree

with studies of Goldberg et al. [36], which suggested that this
kind of inclusions has a detoxifying effect and a large affinity
by sequestering heavy metals. In general, algae seem to be
more effective than cyanobacteria in capturing heavy metals
[37, 38] and, as has been shown in this work, Scenedesmus
sp. DE2009, due to its ability to capture chromium both
extra- and intracellularly, probably plays an important role in
chromium detoxific tion in Ebro Delta microbial mats.

3.4. Effect of Chromium on Biomass and Cellular Viability of
Scenedesmus sp. DE2009. For this objective, previously, the
red and green fluorescent voxels counts were measured as
mentioned in Section 2.3.2. The red voxels (live cells) ranged
from 162097 ± 9220 (control experiment) to 143390 ± 6638
(at 500 𝜇M) and the green voxels (dead cells) varied from
23450 ± 1822 (control experiment) to 32113 ± 2277 (at
500 𝜇M). The conversion of this data into biomass values
made it possible to observe that the live biomass slightly
decreased from 47.92 ± 2.73mgC cm−3 in the control culture
to 42.39 ± 1.96mgC cm−3 at 500 𝜇M Cr.
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Figur e 4: CLSM images of control (a) and chromium contaminated (b) cultures of Scenedesmus sp. DE2009 (scale bars represent 10 𝜇m) and
𝜆scan plot (c). SEM images of control (d) and 200 𝜇M chromium contaminated (e) cultures. Scale bars represent 2𝜇m. Contaminated EDX
spectrum (f). Arrow indicates the main Cr peak at 5.4 keV. TEM images of control (g) and 200 𝜇M chromium contaminated (h) cultures.
Scale bars represent 1𝜇m. Contaminated EDX spectrum (i). Cr peaks are indicated by arrows.

The changes in viability were shown in Figure 5. These
results were expressed as the percentages (%) of live cells
and dead cells for each contaminated culture. These values
showed low signific nt differences (𝑃 < 0.05) for all of
them compared to the control culture, which indicated a
slight effect of the metal in the viability of Scenedesmus sp.
DE2009. However, there were no significant diff rences (𝑃 <
0.05) between the various concentrations tested, with the
percentage of viable cells in all the Cr-concentrations tested
remaining stable.

Thus, on comparing the growth of Scenedesmus sp.
DE2009 in control culture and the maximum tested concen-
tration (500 𝜇M), it was observed that in the control experi-
ment live cells represented 87.19% and dead cells 12.81%, and
in the contaminated culture live cells represented 81.61% and
dead cells 18.39% (Figure 5). The e results confi med that a
high level of viability of the microalga is maintained, even at
the highest concentration of chromium tested.

4. Conclusions

Th results obtained in this paper lead to the conclusion that
Scenedesmus sp. DE2009 is more tolerant to chromium than
Geitlerinema sp. DE2011and that both microorganisms could
be considered as good indicators of chromium toxicity in low
contaminated natural ecosystems.

On the other hand, Scenedesmus sp. DE2009 maintains
an elevated biomass and viability at high Cr-concentrations
and also has the ability to capture chromium extracellularly in
EPS and intracellularly in PP inclusions, which demonstrates
its capacity to immobilize this metal.
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Abstract: Full field soft X-ray microscopy is becoming a powerful imaging technique to analyze
whole cells preserved under cryo conditions. Images obtained in these X-ray microscopes can
be combined by tomographic reconstruction to quantitatively estimate the three-dimensional
(3D) distribution of absorption coefficients inside the cell. The impulse response of an imaging
system is one of the factors that limits the quality of the X-ray microscope reconstructions. The
main goal of this work is to experimentally measure the 3D impulse response and to assess the
optical resolution and depth of field of the Mistral microscope at ALBA synchrotron (Barcelona,
Spain). To this end we measure the microscope apparent transfer function (ATF) and we use it
to design a deblurring Wiener filter, obtaining an increase in the image quality when applied to
experimental datasets collected at ALBA.
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Deconvolution.

References and links
1. G. Schneider, P. Guttmann, S. Heim, S. Rehbein, F. Mueller, K. Nagashima, J. B. Heymann, W. G. Muller, J. G.

McNally, and W. G. Müller, “Three-dimensional cellular ultrastructure resolved by X-ray microscopy,” Nat. Methods
7, 985–987 (2010).

2. J. Kirz, C. Jacobsen, and M. Howells, “Soft X-ray microscopes and their biological applications,” Q. Rev. Biophys.
28, 33–130 (1995).

3. M. Bertilson, O. von Hofsten, U. Vogt, A. Holmberg, and H. M. Hertz, “High-resolution computed tomography with
a compact soft X-ray microscope,” Opt. Express 17, 11057–11065 (2009).

4. D. B. Carlson, J. Gelb, V. Palshin, and J. E. Evans, “Laboratory-based cryogenic soft X-ray tomography with
correlative cryo-light and electron microscopy,” Microsc. Microanal. 19, 22–29 (2013).

5. W. Chao, P. Fischer, T. Tyliszczak, S. Rekawa, E. Anderson, and P. Naulleau, “Real space soft X-ray imaging at 10
nm spatial resolution,” Opt. Express 20, 9777–9783 (2012).

6. S. Rehbein, P. Guttmann, S. Werner, and G. Schneider, “Characterization of the resolving power and contrast transfer
function of a transmission X-ray microscope with partially coherent illumination,” Opt. Express 20, 1–3 (2012).

7. J. Lehr, J. B. Sibarita, and J. M. Chassery, “Image restoration in X-ray microscopy: PSF determination and biological
applications,” in IEEE transactions on image processing 7, 258–263 (1998).

8. D. Schäfer, M. Benk, K. Bergmann, T. Nisius, U. Wiesemann, and T. Wilhein, “Optical setup for tabletop soft X-ray
microscopy using electrical discharge sources,” Journal of Physics: Conference Series 186, 012033 (2009).

9. Q. Yuan, K. Zhang, Y. Hong, W. Huang, K. Gao, Z. Wang, P. Zhu, J. Gelb, A. Tkachuk, B. Hornberger, M. Feser,
W. Yun, and Z. Wu, “A 30 nm-resolution hard X-ray microscope with X-ray fluorescence mapping capability at
BSRF,” J. Synchrotron Radiat. 19, 1021–1028 (2012).

                                                                           Vol. 7, No. 12 | 1 Dec 2016 | BIOMEDICAL OPTICS EXPRESS 5092 

#275785  
Journal © 2016

http://dx.doi.org/10.1364/BOE.7.005092 
Received 13 Sep 2016; revised 18 Oct 2016; accepted 22 Oct 2016; published 14 Nov 2016 



10. Y. S. Chu, J. M. Yi, F. De Carlo, Q. Shen, W.-K. Lee, H. J. Wu, C. H. L. H. L. Wang, J. Y. Wang, C. J. Liu, C. H. L.
H. L. Wang, S. R. Wu, C. C. Chien, Y. Hwu, A. Tkachuk, W. Yun, M. Feser, K. S. Liang, C. S. Yang, J. H. Je, and
G. Margaritondo, “Hard-X-ray microscopy with Fresnel zone plates reaches 40 nm Rayleigh resolution,” Appl. Phys.
Lett. 92, 103119 (2008).

11. J. Chen, K. Gao, X. Ge, Z. Wang, K. Zhang, Y. Hong, Z. Pan, Z. Wu, P. Zhu, W. Yun, and Z. Wu, “Scattering imaging
method in transmission X-ray microscopy,” Opt. Lett. 38, 2068–2070 (2013).

12. M. Uchida, G. McDermott, M. Wetzler, M. a. Le Gros, M. Myllys, C. Knoechel, A. E. Barron, and C. a. Larabell,
“Soft X-ray tomography of phenotypic switching and the cellular response to antifungal peptoids in Candida albicans,”
P. Natl. Acad. Sci. USA 106, 19375–19380 (2009).

13. E. M. H. Duke, M. Razi, A. Weston, P. Guttmann, S. Werner, K. Henzler, G. Schneider, S. A. Tooze, and L. M.
Collinson, “Imaging endosomes and autophagosomes in whole mammalian cells using correlative cryo-fluorescence
and cryo-soft X-ray microscopy (cryo-CLXM),” Ultramicroscopy 143, 77–87 (2014).

14. C. Hagen, S. Werner, and S. Carregal-Romero, “Multimodal nanoparticles as alignment and correlation markers in
fluorescence/soft X-ray cryo-microscopy/tomography of nucleoplasmic reticulum and apoptosis in mammalian cells,”
Ultramicroscopy 146, 46–54 (2014).

15. K. C. Dent, C. Hagen, and K. Grünewald, “Critical step-by-step approaches toward correlative fluorescence/soft
X-ray cryo-microscopy of adherent mammalian cells,” Methods Cell Biol. 124, 179–216 (2014).

16. J. J. Conesa, J. Otón, M. Chiappi, J. M. Carazo, E. Pereiro, F. J. Chichón, and J. L. Carrascosa, “Intracellular
nanoparticles mass quantification by near-edge absorption soft X-ray nanotomography,” Sci. Rep.6, 22354 (2016).

17. A. J. Pérez-Berná, M. J. Rodríguez, F. J. Chichón, M. F. Friesland, A. Sorrentino, J. L. Carrascosa, E. Pereiro, and
P. Gastaminza, “Structural Changes In Cells Imaged by Soft X-Ray Cryo-Tomography During Hepatitis C Virus
Infection,” ACS Nano 10 (7), 6597–6611 (2016).

18. M. Chiappi, J. J. Conesa, E. Pereiro, C. O. S. Sorzano, M. J. Rodríguez, K. Henzler, G. Schneider, F. J. Chichón, and
J. L. Carrascosa, “Cryo-soft X-ray tomography as a quantitative three-dimensional tool to model nanoparticle:cell
interaction,” J. Nanobiotechnology 14, 15 (2016).

19. J. Oton, C. O. S. Sorzano, E. Pereiro, J. Cuenca-Alba, R. Navarro, J. M. Carazo, and R. Marabini, “Image formation
in cellular X-ray microscopy,” J. Struct. Biol. 178, 29–37 (2012).

20. H. N. Chapman, “Phase-retrieval X-ray microscopy by Wigner-distribution deconvolution,” Ultramicroscopy 66,
153–172 (1996).

21. R. Burge, X.-C. Yuan, G. Morrison, P. Charalambous, M. Browne, and Z. An, “Incoherent imaging with the soft
X-ray microscope,” Ultramicroscopy 83, 75–92 (2000).

22. E. Pereiro, J. Nicolás, S. Ferrer, and M. R. Howells, “A soft X-ray beamline for transmission X-ray microscopy at
ALBA,” J. Synchrotron Radiat. 16, 505–512 (2009).

23. A. Sorrentino, J. Nicolás, R. Valcárcel, F. J. Chichón, M. Rosanes, J. Avila, A. Tkachuk, J. Irwin, S. Ferrer, and
E. Pereiro, “MISTRAL: a transmission soft X-ray microscopy beamline for cryo nano-tomography of biological
samples and magnetic domains imaging,” J. Synchrotron Radiat. 22, 1112–1117 (2015).

24. X. Zeng, F. Duewer, M. Feser, and C. Huang, “Ellipsoidal and parabolic glass capillaries as condensers for X-ray
microscopes,” Appl. Opt. 47, 2376–2381 (2008).

25. D. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation: Principles and Applications (Cambridge University,
2000).

26. W. Chao, B. D. Harteneck, J. A. Liddle, E. H. Anderson, and D. T. Attwood, “Soft X-ray microscopy at a spatial
resolution better than 15 nm,” Nature 435, 1210–1213 (2005).

27. O. Mendoza-Yero, G. Minguez-Vega, R. Navarro, J. Lancis, and V. Climent, “PSF analysis of nanometric Fresnel
zone plates,” in “Proceeding of the EOS Topical Meeting on Diffractive Optics,” 2428 (2010).

28. M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of
Light (Cambridge University, 1999).

29. J. W. Goodman, Introduction to Fourier Optics (McGraw-Hill, 1996).
30. C. Chang and T. Nakamura, “Partially coherent image formation theory for X-ray microscopy,” in “Microscopy:

Science, Technology, Applications and Education,” 4th ed. M.-V. A. and D. J., eds. (Formatex Research Center,
2010), Chap. 3, pp. 1897–1904.

31. J. W. Goodman, Statistical Optics, A Wiley-Interscience publication (Wiley, 2000).
32. J. Otón, C. O. S. Sorzano, R. Marabini, E. Pereiro, and J. M. Carazo, “Measurement of the modulation transfer

function of an X-ray microscope based on multiple Fourier orders analysis of a Siemens star,” Opt. Express 23, 9567
(2015).

33. H. Hopkins and P. Barham, “The influence of the condenser on microscopic resolution,” Proceedings of the Physical
Society Section B 63, 737 (1950).

34. J. Oton, C. O. S. Sorzano, F. J. Chichón, J. L. Carrascosa, J. M. Carazo, and R. Marabini, “Soft X-ray Tomography
Imaging for Biological Samples,” in “Computational Methods for Three-Dimensional Microscopy Reconstruction,”
(2014), Chap. 8, p. 260.

35. I. G. Kazantsev, J. Klukowska, G. T. Herman, and L. Cernetic, “Fully three-dimensional defocus-gradient corrected
backprojection in cryoelectron microscopy,” Ultramicroscopy 110, 1128–1142 (2010).

36. B. Gunturk, “Fundamentals of Image Restoration,” in “Image Restoration: Fundamentals and Advances,” B. K.
Gunturk; and X. Li, eds. (CRC, 2012), pp. 25–62.

                                                                           Vol. 7, No. 12 | 1 Dec 2016 | BIOMEDICAL OPTICS EXPRESS 5093 



37. J. Frank, Three Dimensional Electron Microscopy of Macromolecular Assemblies (Oxford University, 2006).
38. S. Gabarda and G. Cristóbal, “Blind image quality assessment through anisotropy,” J. Opt. Soc. Am. A Op.t Image

Sci. Vis. 24, B42–B51 (2007).

1. Introduction

Full field soft X-ray tomography (SXT) refers to an emerging microscopy technique in which
photons of wavelengths of a few nanometers are used to obtain images of objects of interest.
Applied to biology, we refer to cryo-microscopes imaging whole cells at resolutions in the order
of 50 nm and lower [1]. The contrast in these images can be relatively higher than in electron
tomography, specially if photons with energy in the so called water window are used (between
284 and 543 eV) [2]. In this situation, images are formed mostly by absorption, being typical
absorption values for biological specimens (carbon) an order of magnitude greater than the
one of water (oxygen). Furthermore, these 2D image projections can be combined to obtain a
quantitative estimation of the 3D structure of the cell by tomographic reconstruction techniques.
This kind of microscopes needs a high photon flux, typical of synchrotron facilities, as can be
found in ALBA (Spain), HZB-Bessy II (Germany), Diamond (UK) or ALS (US). Recently, the
use of soft X-rays emitted from laser-produced plasmas rather than synchrotron radiation is
becoming more popular [3, 4].

In order to characterize the X-ray microscope optical resolution, the impulse response function
needs to be measured. To achieve this goal, several methods have been proposed based on:
qualitative assessment [5, 6], specific contrast decay [7–9] and Rayleigh criteria [10, 11]. We
have favoured this last one because it is obtained using parameters related with the microscope
instead of visual inspection or a pure mathematical definition. Moreover, if these impulse
response profiles are acquired along the optical axis at different defocus positions, it is possible
to characterize the depth of field (DOF) of the microscope.

Most work performed on SXT microscopes addresses samples a few microns thick [4, 12–18].
Depending on the ratio between the sample thickness and the DOF, standard reconstruction
algorithms introduce different artifacts which can be better estimated once the experimental DOF
is known [19]. Even if the specimen is fully in focus, images are not perfect projections but they
are blurred by the microscope impulse response. Although image deblurring by deconvolution
is a well-known tool in image processing and, in fact, it has already been applied in scanning
transmission X-ray microscopy [20, 21], this step has never been used in SXT before. Here,
taking into account the experimental impulse response, we apply deconvolution techniques to
experimental data.

In this work, we introduce the definitions of the apparent point spread function (APSF)
and pseudo-apparent point spread function (PAPSF) that allow for the analysis of the impulse
response of an optical system. Both functions are derived from the apparent transfer function
(ATF). We provide the first experimental characterization of these profiles for the typical optical
schemes used at the Mistral microscope, at ALBA synchrotron (Barcelona) [22, 23]. Using the
experimental PAPSF 3D distribution, we calculate the Rayleigh resolution and depth of field
of the microscope. Finally, we design a Wiener deconvolution filter which, once applied to
experimental image projections prior to 3D reconstruction, results in an quality increase in the
final tomograms.

2. Methods

In this section we describe a transmission X-ray microscope and the different magnitudes needed
to characterize the optical system response. When these magnitudes cannot be directly measured
we suggest and justify how to derive them from alternative measurements.
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2.1. Microscope optical system

The typical optical scheme of a full field transmission X-ray microscope is shown in Fig. 1.
It is composed by both a condenser and objective lenses. The latest microscopes make use of
achromatic single-bounce ellipsoidal glass capillaries as condensers [24]. In the case of objective
lenses, Fresnel zone plates (FZP) are used [25]. These FZP are rotationally symmetric diffractive
gratings, composed by radially decreasing width rings. The spatial resolution is intrinsically
related to the width of the last ring which, at present, can reach up to 15 nm resolution [26].
Theoretical expressions that characterize the optics of an X-ray microscope are easily found
in the literature [25, 27]. However, the manufacturing of these two kind of lenses is a rather
complicated microfabrication process, so the final lenses will be an approximation to the ideal
ones. Additionally, glass capillaries and FZPs are not the only optical elements used in these
microscopes and other elements, as beam central stoppers, also take part in the scheme. As
the FZP is a diffractive element, its zero order takes 25% of the incident energy, behaving this
direct light as background noise in the projection. Therefore, this inefficient fraction of energy is
removed by placing a central stopper just before the capillary condenser. The light source, usually
the monochromator exit slit, is imaged by the condenser onto the sample plane in a scheme
known as critical illumination [28] and, in general, the beam underfills the sample, problem that
is overcome by wobbling the capillary.

Source

Capillary condenser

Sample

Central stop

Objective lens

Detector

Fig. 1. Optical system scheme of a full field transmission X-ray microscope. The exit slit of
a monochromator used to select the proper photon energy acts as light source. Beam is then
condensed by an ellipsoidal glass capillary onto the sample plane, while a central stopper
blocks the center part of the beam that is not reflected by the capillary. Finally, images are
obtained by FZP objective lens.

In the case of the Mistral full-field transmission X-ray microscope, which was built by Xradia
Inc. (now Zeiss), the single bounce glass capillary condenser is characterized by a length of
100 mm, with inner entrance and exit diameters of 1.82 and 0.58 mm, respectively, and works
as a single reflection achromatic lens with a focal length of 10.05 mm. The exit slit of the
monochromator is imaged and demagnified with a typical dimension of 2 µm onto the sample.
To reach a field of view that covers the whole sample, in the range of 10×10–16×16 µm2, the
condenser is mounted on a x-y scanner and can be used at variable frequencies for adjusting
exposure time. Two Ni FZP lenses, made also by Xradia Inc., are available. They are characterized
by outermost zone widths of 40 and 25 nm (named hereafter, ZP40 & ZP25), 937 and 1,500
zones, that give 2.52 and 1.57 mm theoretical focal lengths, respectively, at 520 eV energy of
illumination.

2.2. Apparent transfer function

Linear systems are characterized in Fourier domain by a transfer function. In optical systems, the
concrete magnitude that establishes the relationship between input and output varies: amplitude
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transfer function for electric field amplitude in coherent systems and optical transfer function for
intensity in totally incoherent systems [29]. Partially coherent systems are not linear neither in
amplitude nor in intensity [28, 30]. In these systems, the apparent transfer function (ATF) has
been introduced to accurately predict the system response [31]. ATF is defined as:

HA(fx) =
Ĩout (fx)
Ĩin(fx)

, (1)

where fx = ( fx , fy ) represents the frequency variable, Ĩin(fx) and Ĩout (fx) are the Fourier trans-
forms of the input and output intensity distributions of a test pattern, respectively. In this work we
have experimentally calculated the ATF using an approach we had previously introduced in [32].
This approach, in a nutshell, requires a Siemens star as test pattern from which a rotationally
averaged ATF is obtained.

2.3. Apparent point spread function

Another magnitude used to characterize optical systems is the impulse response in spatial domain.
This magnitude is known as point spread function for pure coherent or incoherent systems. For
partially coherent systems we will refer to it as apparent point spread function (APSF), defined
as

hA(x) = F −1 {HA(fx)} , (2)

where F −1 denotes the inverse Fourier transform operation in the plane ( fx , fy ).
One of the advantages of the APSF over the ATF is that the former can be used to directly

calculate the optical resolution and the DOF for partially coherent systems. Unfortunately,
the experimental ATF measurement does not include the phase information and, therefore,
the information required to fully recover the APSF is not available [32]. We define here the
pseudo-apparent point spread function (PAPSF) where the phase content is removed:

hPA(x) = F −1 {|HA(fx)|} . (3)

This new function, as we show in the next subsections, can be used to compute the optical
resolution and the DOF.

2.4. Rayleigh resolution criterion

In optics, resolution is usually measured according to Rayleigh criterion. This value is defined
for totally incoherent illumination as the distance where the first minimum of the Airy intensity
pattern of one source point coincides with the maximum of another. Its theoretical expression is
δ = 0.61λ

NAO
, where λ is the wavelength of the illumination and NAO is the numerical aperture of

the objective lens [29]. In the case of partially coherent illumination, defined by the ratio between
numerical apertures of condenser and objective lenses m =

NAC

NAO
< 1, there is no closed form

and numerical calculations must be done [33]. However, we note that the resolution definition for
incoherent illumination can also be inversely applied to an APSF profile to calculate the critical
resolution of an optical system: at the midpoint in the intensity profile addition between two
source points separated by Rayleigh resolution distance δ there is an intensity decay from 100%
of its maximum to 73.5 % [28]. Therefore, we can measure the critical resolution as the distance
in the APSF profile where the intensity decays to 36.75 % (73.5/2), as one can obtain from the
PSF intensity profile of a single source point under totally incoherent illumination.

However, the proposed characterization method does not recover the APSF but the PAPSF,
which misses the phase from the ATF profiles. Therefore, to validate the feasibility of using
PAPSF profiles instead of APSF ones, we show in Fig. 2 transverse profiles of numerical
simulation of both APSF and PAPSF at different values of numerical apertures ratio m, being the
transverse spatial units normalized to λ

NAO
. We see that both profiles, APSF and PAPSF, match
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along all x-positions, independently of m. That is, for the in-focus plane the APSF is real and
therefore there is not phase modulation.
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Fig. 2. Transverse profiles of the APSF and PAPSF calculated for different numerical
apertures ratio m values. Axial units has been normalized to λ

NAO
.

2.5. Depth of field

Current 3D reconstructions in soft X-ray tomography are implemented by using tomographic
standard reconstruction algorithms, which do not consider the 3D PSF of the optical system
and assume that the whole sample is in focus. Therefore, for a proper evaluation of the error
related to the ratio between specimen thickness and DOF, it is important to quantify this latter
magnitude.

The depth of field is defined as the distance along the optical axis around the best focusing
plane where the axial intensity of the PSF decays to 80 % and, as Rayleigh resolution, the
analytical expression we find in the literature, ∆z = λ

NA2
O

, is only defined for totally incoherent

illumination [28, 34]. Therefore, akin to the critical resolution measurement, the DOF can be
experimentally calculated from the APSF along the optical axis.

In the previous subsection, we showed a perfect match between PAPSF and APSF profiles
for in-focus planes (see Fig. 2), which does not have to occur at every unfocused plane. Thus,
to validate the DOF obtained from PAPSF, we show in Fig. 3 the numerical simulation of the
profile along the optical axis (that is, at different defocus) of both APSF and PAPSF for different
values of numerical apertures ratio m. We note that, for those intensity values used for estimating
the DOF (intensities greater than 80 %), both APSF and PAPSF profiles practically match. The
discrepancy increases with defocus because the ATF phase component is not negligible for
medium and large defoci.

Calculations show that the DOF obtained from the PAPSF introduces an error lower than 1 %
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for m ≥ 0.25, which increases to 6% for the totally coherent case (m = 0). We also note that, as
m decreases, the DOF clearly varies, which allows to assess that the theoretical definition of the
DOF is only valid for a totally incoherent illumination.
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Fig. 3. Axial profiles of the APSF and PAPSF calculated for different numerical apertures
ratio m values. Axial units has been normalized to λ
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2.6. Deconvolution

Even if we assume that the specimen is fully in focus, images are blurred by the microscope
impulse response. Consequently, reconstruction will improve if standard deconvolution is applied
to experimental data. The image formation process within this assumption, known as the X-ray
transform, is described as [35]:

Is(x) =

[
I0(x)e−

∫ zs

z0
µ(x,z)dz

]
⊗hA(x), (4)

where x = (x , y), I0(x) and Is(x) are the projections acquired without and with the sample (that
is, the flatfield reference and projection images), respectively; µ(x, z) is the volume that describes
the 3D distribution of the sample absorption coefficients, with µ > 0 ∀ z ∈ [z0 , zS ] and ⊗ denotes
the convolution operation in (x). The inversion of Eq. (4) has already been proved to recover the
information of the standard projection [35]:∫ zs

z0

µ(x, z)dz = −ln

 Is(x)⊗h−1
A

(x)

I0(x)⊗h−1
A

(x)

 , (5)

where h−1
A

(x), defined as hA(x)⊗h−1
A

(x) = δ(x), is the deconvolution kernel. Equation (5) shows
that when applying a deconvolution operation on both projection and flatfield images a better
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estimation of the ideal projections is obtained. Furthermore, as flatfield projections of the
background illumination pattern are slowly varying along x-y plane, the flatfield deconvolution
can be ignored.

To properly deconvolve the image projections, we must consider the quantum nature of the
photons when they interact with detection devices. Wiener filtering has been proved to be an
efficient implementation of the deconvolution process under the presence of shot noise [36].
Thus, the estimated projection is calculated in Fourier space as

Ĩ es (fx) = W (fx)Ĩs(fx), (6)

where Ĩ es (fx) and Ĩs(fx) are the Fourier transforms of the estimated and true image projections,
respectively, and W (fx) is the Wiener estimator defined as

W (fx) =
H ∗

A
(fx)

|HA(fx)|2 +
Sn (fx)
SI (fx)

, (7)

where Sn(fx) = F {ΦN (x)} and SI (fx) = F
{
Φ Ĩs

(x)
}

are the power spectral densities of the
noise and true projections, respectively, calculated as the Fourier transform of the autocorrelation
function of the noise, N , or signal, Ĩs , images and their ratio is the SNR. In practice, as photon
noise is statistically independent (i.e. white noise), the SNR can be easily obtained as the ratio
between the variance of the background illumination (as instance, from the flatfield projections)
and estimated projections.

3. Results

In this work, we show the characteristic ATF and PAPSF experimental profiles of the Mistral
microscope. In Fig. 4(a) we show the experimentally measured ATF for both ZP40 and ZP25.
The profiles for both lenses are similar, being the cut-off frequency of ZP25 greater than ZP40’s,
as expected by theory. ATF coefficients when fx approaches zero are not achievable by the
measurement method based on the Siemens star test pattern. However, as the normalization in
the method recovers the modulation without considering any energy lost, ATF should reach 1 at
fx = 0.

To calculate the PAPSF distributions, the 1D profiles depicted in Fig. 4(a) are extrapolated
for low frequencies. After that, a 2D-ATF is created assuming rotational symmetry and, finally,
Eq. (3) is applied. In Fig. 4(b) the PAPSF profiles for the in-focus plane are shown, being ZP25
profile clearly tighter than ZP40. From these PAPSF profiles, we have obtained critical resolution
values of 61.9 and 51.8 nm for the ZP40 and ZP25 lenses, respectively, whereas theoretical
resolution values for both ZP40 and ZP25 ideal lenses are 48.8 and 30.5 nm, respectively, in the
totally incoherent case.

From the PAPSF intensity along the optical axis we obtain the axial profiles plotted in Fig. 4(c).
We clearly note the tighter peak corresponding to ZP25, consequence of the smaller DOF. We
have obtained DOF values of 3.3 and 1.6 µm for the ZP40 and ZP25 lenses respectively, whereas
theoretical values for both ZP40 and ZP25 ideal lenses are 2.69 and 1.05 µm respectively, in the
totally incoherent case. Again, experimental DOF values differ from theoretical ones, enlarged
probably by a smaller numerical aperture ratio m than expected, in both cases.

3.1. Tomographic reconstruction

We have used the experimental PAPSF profiles shown in Fig. 4(b) to implement our deblurring
Wiener filter. In the following, we show the result of deblurring two experimental datasets, one
acquired with each of the two FZPs. The first reconstructed volume by SXT was obtained on a
Scenedesmus cells sample using ZP40 (Scenedesmus is a phototrophic microorganism isolated
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Fig. 4. Experimental characterization of the Mistral microscope when using: ZP40, 937
zones, 2.52 mm theoretical focal length (blue); and ZP25, 1,500 zones, 1.57 mm theoretical
focal length (red). Profiles have been calculated for 520 eV. (a) Apparent transfer function
profiles; (b) Pseudo apparent transfer function profile calculated at in-focus plane. Applying
Rayleigh criteria results in critical resolution values of 61.9 and 51.8 nm for ZP40 and ZP25
lenses, respectively; (c) Axial apparent transfer function profiles. Experimental DOF are 3.3
and 1.6 µm for ZP40 and ZP25, respectively.

from Ebro delta (Spain) microbial mats in 2009), while the second reconstructed volume case,
Huh-7 cells (human hepatoma cell line), was collected using ZP25. Both datasets were acquired
at 520 eV photon energy. Collection geometry was single-tilt axis in the range [-60°, 70°] in
1° steps, with variation of exposure time between 2 and 3 s and pixel size of 13 nm for ZP40;
and in the range [-65°, 65°], using 1° steps, exposure time between 2 and 3 s and 11.3 nm pixel
size for ZP25. Comparing the local variance in these projections to the variance of the flatfield
image projections, we obtained a value of SNR ≈ 20 to be used in the Wiener filter.

We show the results for the reconstructed tomograms using ZP40 and ZP25 in Figs. 5 and 6,
respectively. We compared an x-z slice (normal to tilt axis) where no deconvolution has been
applied (Figs. 5(a) and 6(a)) to the same x-z slice enhanced by deconvolution (Figs. 5(e) and 6(e)).
We also compared distinct x-y slices at the same z positions from the standard reconstruction
(Figures 5(b-d) and 6(b-d)) with reconstructed slices from deconvolved tomograms (Figures 5(f-
h) and 6(f-h)). Clearly, details are enhanced by a contrast increase in the deconvolved case, as
shown in the profiles depicted in Figs. 5(i) and 6(i). We note in the case of Scenedesmus that
details in the slice at z = 2 µm, out of the DOF, are also enhanced.
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For quantitative assessment of the deconvolution improvement, since the Fourier ring cor-
relation is invariant against deconvolution [37], we applied a blind image quality assessment
(AQI) [38] to evaluate absolute image quality without a reference. We analyzed these AQI
measures at the different z planes when FZPs ZP40 and ZP25 are used in Figs. 5(j) and 6(j),
respectively. AQI shows that, in all the slices, the quality of the images has been increased after
the application of the tailored deconvolution.
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Fig. 5. Comparison of Scenedesmus cells tomograms obtained using ZP40. The first row
shows standard tomographic results (non-deconvolved), while the second row presents the
reconstruction from deconvolved tilt series tomogram. (a, e) Sections perpendicular to the
tilt axis where three dashed lines are drawn, corresponding to slices in x-y plane at different
distances in z: (b, f) z=-1.3 µm, (c, g) z=0.7 µm and (d, h) z=2 µm. Scale bars = 1 µm; (i)
Density profile along the dashed red line marked in (b) compared to the same profile, dashed
blue line, in (f); (j) Anisotropic quality index (AQI) comparison of slice pairs (b,f), (c,g) and
(d,h). In all the cases the visibility of the slices is enhanced in the case when deconvolution
is applied.
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Fig. 6. Comparison of Huh-7 cells tomograms obtained using ZP25. The first row shows
standard tomographic results (non-deconvolved), while the second row presents the recon-
struction from deconvolved tilt series tomogram. (a, e) Sections perpendicular to the tilt
axis where three dashed lines are drawn, corresponding to slices in x-y plane at different
distances in z: (b, f) z=-0.3 µm, (c, g) z=0 µm and (d, h) z=0.84 µm. Scale bars = 1 µm; (i)
Density profile along the dashed red line marked in (c) compared to the same profile, dashed
blue line, in (g); Anisotropic quality index (AQI) comparison of slice pairs (b,f), (c,g) and
(d,h). In all the cases the visibility of the slices is enhanced in the case when deconvolution
is applied.

4. Conclusions

In this work, we have used experimental measures of the ATF at different defocus to calculate
the 3D PAPSF. This distribution allows the estimation of the Rayleigh resolution and the depth
of field of the Mistral microscope. We have also designed a Wiener filter which, once applied
to experimental image projections, results in an increase of quality in the final reconstructed
tomograms.

Our experimental estimation of the Mistral microscope DOF and resolution differ from the
design specifications and, although the condenser manufacturing fits the design parameters,
the effective illumination pattern provided by the capillary leads to a lower effective numerical
aperture with respects to the theoretical one. Therefore, when ZP40 is used the microscope
response matches the one of a partially coherent system instead of an incoherent one, while in
the case of ZP25 the response corresponds to a more coherent system than design.
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