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Table 1.1. Extreme environments diversity. 

Type of 

Extreme 

Environment 

Physical 

Characteristic / 

Inhabitant 

Examples of Habitats Reference 

Dry 
Absence of water 
Desiccation 
Endolith 

Hot deserts Azua-Bustos et al., 2012 

Cold deserts de los Ríos et al., 2014 

Rocks de la Torre et al., 2003 

Salty 
High Salt 
[NaCl] > 3.5% 
Halophile 

Hypersaline waters Paul et al., 2016 

Salt flats Hayashida et al., 2017 

Evaporite salt deposits 
- Crust Csotonyi et al., 2010 

Acid 
pH < 4 
Acidophile 

Acid hot-springs Sakai et al., 2016  

Acid waters García-Moyano et al., 2012 

Alkaline 
pH > 9 
Alkaliphile 

Alkaline hot-springs Nakagawa and Fukui, 2002 

Alkaline lakes Edwardson et al., 2014 

High 
Temperature 

60 – 80 ºC 
Thermophile 

Temp. > 80 ºC 
Hyperthermophile 

Hot-springs Portillo et al., 2009 

Geothermal areas Slobodkin and Wiegel, 1997 

Hydrothermal vents Kato et al., 2009 

Low 
Temperature 

Temp. < 5 ºC 
Psychrophile 

Cold waters Glaring et al., 2015 

Polar regions de los Ríos et al., 2015 

Glacial deposits Fernández-Martínez et al., 
2016 

Radiation 
High radiation (UV, 
IR, X-rays, γ-rays) 

Radioactive materials Rivasseau et al., 2016 

Radioactive thermal 
spring Weidler et al., 2007 

Under 
Pressure 

Under high 
hydrostatic pressure 
Barophile 

Deep lakes Deutzmann et al., 2014 

Oceans Verma et al., 2017 
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Fig. 1.1. Ebro Delta microbial mat structure (a). Phototrophic oxygenic microorganisms, green layer 
(—); purple anoxygenic bacteria, red layer (----) and sulfate reducing bacteria and methanogenic, 

black layer (····) (b). 
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Fig. 1.3. SEM micrographs of Scenedesmus sp. DE2009 consortium (a) and Geitlerinema sp. DE2011 
consortium (b). Scale bars represent 1 µm and 10 µm, respectively. 
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Fig. 1.4. Ebro Delta microbial mats covered by water (a) and forming crusts in the dry season (b). 
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Figura 1.5. Location of sampling stations of Confederación Hidrográfica del Ebro.
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Table 1.2. Range of values of the different physico-chemical parameters of the Ebro river 
obtained from the sampling stations of the Confederación Hidrográfica del Ebro shown in Figure 
1.5. Source: CHE, 2007 - 2017. 

Sampling Station Temp. (ºC) pH 
EC

1
20 ºC 

(µS cm-1) 
DO

2
 

(mg O2 L-1) 
Alkalinity 

(mg CO3Ca L-1) 

Requejo 3.3 – 14.6 7.5 – 8.1 108 - 496 6.6 – 12.6 96 - 120 

Cereceda 6.0 – 23.1 7.6 – 8.4 227 - 405 8.2 – 12.5 ND 

Miranda de Ebro 5.8 – 23.5 7.2 – 8.3 285 - 874 5.2 – 12.6 99 - 182 

Varea – Logroño 6.0 – 24.5 7.6 – 8.6 280 - 775 6.9 – 18.7 107 - 164 

Calahorra 7.2 – 24.7 7.5 – 8.4 456 - 1134 7.1 – 12.4 ND 

Pignatelli 6.8 – 26.9 7.7 – 8.4 459 - 1372 7.1 – 12.7 150 - 214 

Zaragoza 6.3 – 25.8 7.8 – 8.4 547 - 2180 7.2 – 12.6 147 - 237 

Escatrón 5.5 – 28.0 7.6 – 8.4 747 - 2363 6.9 – 14.5 170 - 235 

Mequinensa 6.9 – 26.3 7.7 – 8.4 651 - 2073 6.1 – 14.1 156 - 218 

Flix 7.6 – 25.3 7.7 – 8.4 591 - 1923 5.3 – 13.8 134 – 185 

Ascó 8.4 – 27.5 7.8 – 8.4 566 - 1616 5.8 – 12.2 109 - 180 

Benifallet 7.7 – 27.5 7.5 – 8.4 611 - 1722 6.8 – 12.4 158 - 203 

Xerta 7.9 – 27.1 7.6 – 8.4 590 - 1709 5.6 – 11.9 148 - 174 

Tortosa 6.8 – 27.8 7.8 – 8.5 656 - 1696 6.9 – 15.2 123 - 180 

Campredó 9.2 – 28.5 7.9 – 8.5 551 - 1526 6.4 – 12.6 161 - 190 
1 EC: Electrical Conductivity 
2 DO: Dissolved Oxygen 
  ND: Not Determined 
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Table 1.3. Mean concentrations of lead, chromium, and copper obtained along the some 
sampling stations of the Confederación Hidrográfica del Ebro. Source: CHE, 2007-2017.

Sampling 

Station 

[Pb] [Cr] [Cu] 

(µg L-1) (µM) (µg L-1) (µM) (µg L-1) (µM) 

Requejo < 0.5 <2.4·10-3 < 2 <3.9·10-4 < 2 <3.2·10-2 

Cereceda < 2 – 5 <9.7·10-3 - 
2.4·10-2 < 2 <3.9·10-4 < 2 <3.2·10-2 

Miranda de Ebro < 0.5 – 10 <2.4·10-3 - 
4.8·10-2 < 1 – 5 <1.9·10-2 - 

9.6·10-2 < 2 – 10 <3.2·10-2 - 
1.6·10-1 

Varea – Logroño < 0.5 – 10 <2.4·10-3 - 
4.8·10-2 < 1 – 5 <1.9·10-2 - 

9.6·10-2 < 2 – 10 <3.2·10-2 - 
1.6·10-1 

Calahorra < 0.5 – 5 <2.4·10-3 - 
2.4·10-2 < 2 <3.9·10-4 < 2 – 3 <3.2·10-2 - 

4.7·10-2 

Pignatelli < 0.5 – 5 <2.4·10-3 - 
2.4·10-2 < 2 <3.9·10-4 < 2 – 4 <3.2·10-2 - 

6.3·10-2 

Zaragoza < 2 – 5 <9.7·10-3 - 
2.4·10-2 < 1 – 2 <1.9·10-2 - 

3.9·10-4 < 2 – 4 <3.2·10-2 - 
6.3·10-2 

Escatrón < 0.5 – 5 <2.4·10-3 - 
2.4·10-2 < 2 <3.9·10-4 < 2 – 3 <3.2·10-2 - 

4.7·10-2 

Mequinensa < 0.5 – 5 <2.4·10-3 - 
2.4·10-2 < 2 <3.9·10-4 < 2 – 3 <3.2·10-2 - 

4.7·10-2 

Flix < 0.5 – 5 <2.4·10-3 - 
2.4·10-2 < 2 <3.9·10-4 < 2 <3.2·10-2 

Ascó < 0.5 – 10 <2.4·10-3 - 
4.8·10-2 < 1 – 5 <1.9·10-2 -  

9.6·10-2 < 2 – 10 <3.2·10-2 - 
1.6·10-1 

Benifallet < 0.5 – 6 <2.4·10-3 - 
2.9·10-2 < 2 <3.9·10-4 < 2 <3.2·10-2 

Xerta < 0.5 – 10 <2.4·10-3 - 
4.8·10-2 < 2 <3.9·10-4 < 2 – 3 <3.2·10-2 - 

4.7·10-2 

Tortosa < 0.5 – 10 <2.4·10-3 - 
4.8·10-2 < 1 – 5 <1.9·10-2 -  

9.6·10-2 < 2 – 10 <3.2·10-2 - 
1.6·10-1 

Campredó < 0.5 – 1 <2.4·10-3 - 
4.8·10-3 < 2 <3.9·10-4 < 2 – 3 <3.2·10-2 - 

4.7·10-2 
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Fig. 2.1. Location of Ebro Delta (a) and microbial mats sampling site (b). 
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Fig. 2.2. Ebro Delta microbial mats (a), microcosm’s setup (b), photomicrographs of the isolated 
Scenedesmus sp. DE2009 (c) and Geitlerinema sp. DE2011 (d). Scale bars represent 5 µm. 
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Fig. 2.3. Scenedesmus sp. DE2009 liquid culture. 

Fig. 2.4. Geitlerinema sp. DE2011 liquid culture. 
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Fig. 2.5. Cultures of Scenedesmus sp. DE2009 polluted with different concentrations of Cr3+. 
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Fig. 2.6. Experimental design for the optimal light intensity evaluation. 
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Fig. 2.7. Schema of CLSM-scan method. 
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Figure 3.1.1. 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 bar represents 2.5 µm.
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Figure 3.1.2. 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. 
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Figure 3.1.3. 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. 
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Figure 3.1.6. 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.
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Figure 3.1.7. 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. 
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Figure 3.1.8. 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. 
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Figure 3.2.1. xyz CLSM optical sections (a) and (b) and their corresponding binary images of live (b) and 
dead (d) Scenedesmus sp. DE2009 cells analyzed using the modified FLU-CLSM-IA method. 

 

Figure 3.2.2. λscan plots of Geitlerinema sp. DE2011 (a) and Scenedesmus sp. DE2009 (b) 

contaminated with a wide range of chromium concentrations. 
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Figure 3.2.3. 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 2 µm. Contaminated EDX spectrum (f). TEM 
images of control (g) and 200 µM chromium contaminated (h) cultures. Scale bars represent 1 µm. 

Contaminated EDX spectrum (i). 
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Figure 3.2.4. 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 2 µm. 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 1 µm. Contaminated EDX spectrum (i). Cr peaks are indicated by arrows. 
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Figure 3.2.5. Percentages of live and dead Scenedesmus sp. DE2009 cells at different Cr(III) 
concentrations. The bars indicate the Standard Error of Means (S.E.M.). 
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Figure 3.3.4. Dose response curves for the effect of lead (a), chromium (b) and copper (c) (black 
rhombus) and tri-metallic combination (white rhombus) on photosynthetic pigments of Scenedesmus sp. 
DE2009 for 9 days. The figure shows the experimental data and the fitted curves (represented by solid 

line). The X axis plots the logarithm of the initial metal concentration (mol L-1) and the Y axis plots 
response (MIF). The bars represent the standard deviation of the mean. 
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Table 3.3.1. Toxicity parameters for Scenedesmus sp. DE2009 polluted with a single metal 
(Pb2+, Cu2+ and Cr3+) and a tri-metallic solution. Values obtained by the three parameter logistic 
model. 

Metal IC50 

(mol L-1) 
95% Confidence 
Intervals, (mol L-1) 

R
 

square 

IC50 
Ratio 

MIFIC50 
CLSM-DL 

Living cells Dead cells 

Pb 0.006427 0.005919 to 0.006977 0.8628 36.5171 77.6 53.74% 46.26% 

Cr 0.002343 0.002187 to 0.002510 0.9629 1.7750 82.1 52.85% 47.15% 

Cu 0.0003277 0.0003125 to 0.0003436 0.9879 1.8619 83.5 52.76% 47.24% 

Pb-Cr-Cu 
0.0001760a 0.0001603 to 0.0001934a 

0.9345 1 78.3 50.38% 49.62% 
0.001320b 0.001202 to 0.001450b 

Results obtained from Pb2+, Cu2+ (a) and Cr3+ (b) concentrations considering the MMC values. 
 



Chapter 3  Section 3.3 

 140 

http://www.ncbi.nlm.nih.gov/pubmed?term=Burgos%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23891781
http://www.ncbi.nlm.nih.gov/pubmed?term=Maldonado%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23891781
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Los%20Rios%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23891781
http://www.ncbi.nlm.nih.gov/pubmed?term=Sol%C3%A9%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23891781
http://www.ncbi.nlm.nih.gov/pubmed?term=Esteve%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23891781
http://www.ncbi.nlm.nih.gov/pubmed/23891781


Chapter 3  Section 3.3 

 141 



Chapter 3  Section 3.3 

 142 


	Tesi Laia Millach.pdf (p.1-202)
	ANNEX I.pdf (p.203-240)
	Millach et al., 2017.pdf (p.1-13)
	Millach et al. 2015.pdf (p.14-25)
	Otón et al., 2016.pdf (p.26-37)

	ANNEX II.pdf (p.241-246)

	Títol de la tesi: Effect of Environmental Changes and Metal Stress on
Phototrophic Microorganisms in Extreme Environments.
Development of New Methodologies in High-Resolution Microscopy Techniques
	Nom autor/a: Laia Millach Carrobé


