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ABSTRACT 

 

Aquatic systems are the main carrier of domestic and industrial wastes, including heavy 

metals (HM). HM are undegradable wastes that accumulate in the environment with time. 

The accumulation of HM has adverse human and environment health concerns. Applying 

chemical and physical treatment to immobilize or reduce the impact of HM is inefficient and 

costly. Biological treatment using eukaryotic algae has become an important subtract option 

for the treatment of polluted aquatic systems due to their low cost, efficiency, eco-friendly, 

sustainability and feasibility. Therefore, this thesis aimed to improve the resistance of 

eukaryotic algae to heavy metals through adaptation techniques to elevated concentrations of 

HM. The study shows the ability of algae to adapt to higher levels of heavy metals after a 

series of increases in metals concentration in the growth media. Also, the cell structure 

studies using Fourier Transform Infrared (FTIR) spectroscopy shows that algae have used the 

mechanism of cell structure alteration to cope with higher levels of metals. It is also found 

that the use of adapted microalgal phenotype significantly reduced the level of heavy metals 

used in the study from the solution. Therefore, the possibility of reusing the contaminated 

solution after treatment, has been studied through testing the ability of Daphnia magna to 

thrive in the algae-treated media solution. Results showed that daphnia was successfully able 

to live normally in the treated solution, suggesting that the treatment with adapted microalgal 

phenotype removed the metals and their toxic impact from the solution. 
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Figure 4.25. Chlamydomonas reinhardtii growth test with five concentrations of aluminium. Treatments are: (⁎) 

100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control 

Figure 4.26. Chlamydomonas reinhardtii growth test with five concentrations of arsenic. Treatments are: (⁎) 

100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control 

Figure 4.27. Daphnia magna response to zinc at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 mg/l, 

(▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

Figure 4.28. Daphnia magna responses to copper at different concentrations: (▬) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

Figure 4.29. Daphnia magna responses to nickel at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

Figure 4.30. Daphnia magna responses to mercury at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

Figure 4.31. Daphnia magna responses to cobalt at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

Figure 4.32. Daphnia magna responses to cadmium at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

Figure 4.33. Daphnia magna responses to mix of heavy metals at different concentrations: (‒) 10 mg/l, (⁎)1 

mg/l, (■) 0.1 mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

 

Chapter five: 

Figure 5.1. The adaptation stages of Chlorella vulgaris in 3NBBM with mercury in different concentrations, 0.2 

mg/l, 0.3 mg/l, 0.3 mg/l, 0.4 mg/l, and 0.5 mg/l for stages 1 to 5, respectively: metal concentrations are 

presented on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented 

on the z-axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten 

generations and each generation last for seven days for a total adaptation period of 315 days. The growth of each 

stage is an average of generations of that stage. 

Figure 5.2. The adaptation stages of Chlorella vulgaris in 3NBBM with copper in different concentrations, 8.4 

mg/l, 9.2 mg/l, 10 mg/l, 11 mg/l, and 12 mg/l for stages 1 to 5, respectively: metal concentrations are presented 

on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-

axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten generations and 

each generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an 

average of generations of that stage. 

Figure 5.3. The adaptation stages of Chlorella vulgaris in 3NBBM with zinc in different concentrations, 25 

mg/l, 27.5 mg/l, 30 mg/l, 33 mg/l, and 33 mg/l for stages 1 to 5, respectively: metal concentrations are presented 

on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-

axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten generations and 

each generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an 

average of generations of that stage. 

Figure 5.4. The adaptation stages of Chlorella vulgaris in 3NBBM with cobalt in different concentrations, 25 

mg/l, 27.5 mg/l, 30 mg/l, 33 mg/l, and 33 mg/l for stages 1 to 5, respectively: metal concentrations are presented 

on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-

axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten generations and 

each generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an 

average of generations of that stage. 

Figure 5.5. The adaptation stages of Chlorella vulgaris in 3NBBM with cadmium in different concentrations, 

27 mg/l, 29 mg/l, 32 mg/l, 32 mg/l, and 32 mg/l for stages 1 to 5, respectively: metal concentrations are 
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presented on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented 

on the z-axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten 

generations and each generation last for seven days for a total adaptation period of 315 days. The growth of each 

stage is an average of generations of that stage.  

Figure 5.6. The adaptation stages of Chlorella vulgaris in 3NBBM with nickel in different concentrations, 3.7 

mg/l, 4.1 mg/l, 4.1 mg/l, 4.4 mg/l, and 4.4 mg/l for stages 1 to 5, respectively: metal concentrations are 

presented on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented 

on the z-axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten 

generations and each generation last for seven days for a total adaptation period of 315 days. The growth of each 

stage is an average of generations of that stage. 

Figure 5.7. The adaptation stages of Chlorella vulgaris in 3NBBM with a mixture of metals, Cu, Zn, Ni, Hg, 

Co, and Cd, at different concentrations, 15 mg/l, 16.5 mg/l, 18.1 mg/l, 19.9 mg/l, and 22 mg/l for stage1 to 5, 

respectively: metal concentrations are presented on y-axis as mg/l (⁎), and microalgal growth is measured by 

optical density 700nm and represented on the z-axis(◊). The X-axis represents the adaptation stages over time, 

where each stage consists of ten generations and each generation last for seven days for a total adaptation period 

of 315 days. The growth of each stage is an average of generations of that stage. 

Figure 5.8. The adaptation stages of Chlamydomonas reinhardtii in 3NBBM with mercury at different 

concentrations, 15 mg/l, 16.5 mg/l, 18.1 mg/l, 19.9 mg/l, and 22 mg/l for stage1 to 5, respectively: metal 

concentrations are presented on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm 

and represented on the z-axis (◊). The X-axis represents the adaptation stages over time, where each stage 

consists of ten generations and each generation last for seven days for a total adaptation period of 315 days. The 

growth of each stage is an average of generations of that stage. 

Figure 5.9. The adaptation stages of C. reinhardtii in 3NBBM with copper at different concentrations, 0.3 mg/l, 

0.4 mg/l, 0.5 mg/l, 0.6 mg/l, and 0.6 mg/l for stage1 to 5, respectively: metal concentrations are presented on y-

axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis (◊). 

The X-axis represents the adaptation stages over time, where each stage consists of ten generations and each 

generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an average 

of generations of that stage. 

Figure 5.10. The adaptation stages of C. reinhardtii in 3NBBM with zinc at different concentrations, 24 mg/l, 

26.4 mg/l, 30 mg/l, 33 mg/l, and 33 mg/l for stage1 to 5, respectively: metal concentrations are presented on y-

axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis (◊). 

The X-axis represents the adaptation stages over time, where each stage consists of ten generations and each 

generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an average 

of generations of that stage. 

Figure 5.11. The adaptation stages of C. reinhardtii in 3NBBM with cobalt at different concentrations, 5.9 mg/l, 

6.5 mg/l, 7.1 mg/l, 7.8 mg/l, and 7.8 mg/l for stage1 to 5, respectively: metal concentrations are presented on y-

axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis (◊). 

The X-axis represents the adaptation stages over time, where each stage consists of ten generations and each 

generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an average 

of generations of that stage. 

Figure 5.12. The adaptation stages of C. reinhardtii in 3NBBM with cadmium at different concentrations, 4.2 

mg/l, 4.6 mg/l, 5 mg/l, 5.5 mg/l, and 5.5 mg/l for stage1 to 5, respectively: metal concentrations are presented on 

y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis 

(◊). The X-axis represents the adaptation stages over time, where each stage consists of ten generations and 

each generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an 

average of generations of that stage. 

Figure 5.13. The adaptation stages of C. reinhardtii in 3NBBM with nickel at different concentrations, 5 mg/l, 

5.5 mg/l, 5.5 mg/l, 6 mg/l, and 6 mg/l for stage1 to 5, respectively: metal concentrations are presented on y-axis 



12 

 

as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis (◊). The 

X-axis represents the adaptation stages over time, where each stage consists of ten generations and each 

generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an average 

of generations of that stage. 

Figure 5.14. The adaptation stages of C. reinhardtii in 3NBBM with a mixture of metals, Cu, Zn, Ni, Hg, Co, 

and Cd, at different concentrations, 10.7 mg/l, 11.8 mg/l, 13 mg/l, 14.3 mg/l, and 14.3 mg/l for stage1 to 5, 

respectively: metal concentrations are presented on y-axis as mg/l (⁎), and microalgal growth is measured by 

optical density 700nm and represented on the z-axis (◊). The X-axis represents the adaptation stages over time, 

where each stage consists of ten generations and each generation last for seven days for a total adaptation period 

of 315 days. The growth of each stage is an average of generations of that stage. 

Figure 5.15. Cadmium concentration before and after Chlorella vulgaris bioactivity (♦) the original 

concentration of Cd solution mg/l. (▬) the concentration of Cd solution after microalgae bioactivity mg/l. 

Figure 5.16. Cobalt concentration before and after Chlorella vulgaris bioactivity (♦) the original concentration 

of Co solution mg/l. (▬) the concentration of Co solution after microalgae bioactivity mg/l. 

Figure 5.17. Copper concentration before and after Chlorella vulgaris bioactivity (♦) the original 

concentration of Cu solution mg/l. (▬) the concentration of Cu solution after microalgae bioactivity mg/l. 

Figure 5.18. Nickel concentration before and after Chlorella vulgaris bioactivity (♦) the original concentration 

of Ni solution mg/l. (▬) the concentration of Ni solution after microalgae bioactivity mg/l. 

Figure 5.19. Zinc concentration before and after Chlorella vulgaris bioactivity (♦) the original concentration 

of Zn solution mg/l. (▬) the concentration of Zn solution after microalgae bioactivity mg/l. 

Figure 5.20. Mercury concentration before and after Chlorella vulgaris bioactivity (♦) the original 

concentration of Hg solution mg/l. (▬) the concentration of Hg solution after microalgae bioactivity mg/l. 

Figure 5.21. Metals mixture concentration before and after Chlorella vulgaris bioactivity (♦) the original 

concentration of metals in the mixed solution mg/l. (▬) the concentration of metals in the mixed solution after 

microalgae bioactivity mg/l. 

Figure 5.22. Copper concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Cu solution mg/l. (▬) the concentration of cu solution after microalgae bioactivity mg/l. 

Figure 5.23. Nickel concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Ni solution mg/l. (▬) the concentration of Ni solution after microalgae bioactivity mg/l. 

Figure 5.24. Zinc concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Zn solution mg/l. (▬) the concentration of Zn solution after microalgae bioactivity mg/l. 

Figure 5.25. Cadmium concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Cd solution mg/l. (▬) the concentration of Cd solution after microalgae bioactivity mg/l. 

Figure 5.26. Mercury concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Hg solution mg/l. (▬) the concentration of Hg solution after microalgae bioactivity mg/l. 

Figure 5.27. Cobalt concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Co solution mg/l. (▬) the concentration of Co solution after microalgae bioactivity mg/l. 

Figure 5.28. Metals’ mixture concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the 

original concentration of metals in the mixed solution mg/l. (▬) the concentration of metals in the mixed 

solution after microalgae bioactivity mg/l. 

Figure 5.29. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to cadmium (C.v-Cd). The sample was placed on the diamond field 
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directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.30. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris) , the control, and Chlorella 

vulgaris phenotype obtained from exposure to zinc (C.v-Zn). The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.31. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to cobalt (C.v-Co).  The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.32. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to mercury (C.v-Hg).  The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.33. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to copper (C.v-Cu). The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.34. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to heavy metals mix (C.v-Mix). The sample was placed on the 

diamond field directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. 

Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.35. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to nickel (C.v-Ni).  The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.36. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to cadmium (C.r-Cd).  The sample 

was placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.37. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to copper (C.r-Cu).  The sample 

was placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.38. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to mercury (C.r-Hg).  The sample 

was placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.39. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 
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control, and Chlamydomonas reinhardtii phenotype obtained from exposure to heavy metals mix (C.r-Mix). The 

sample was placed on the diamond field directly and covered with pure aluminium slide, and then pressed with 

the equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.40. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to nickel (C.r-Ni). The sample was 

placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.41. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to zinc (C.r-Zn). The sample was 

placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Figure 5.42. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to cobalt (C.r-Co). The sample was 

placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

Chapter six: 

Figure 6.1. Daphnia magna survival in 0.01 mg/l zinc solution pre-treated with Chlorella vulgaris: the control, 

0 mg/l of zinc (●); 0.01mg/l of zinc (■), and 0.01mg/l of zinc that has been treated with C. vulgaris phenotype 

(♦). 

Figure 6.2. Daphnia magna survival in 0.001 mg/l copper solution pretreated with Chlorella vulgaris; the 

control, 0 mg/l of copper (●); 0.001mg/l of copper (■), and 0.001mg/l of copper that has been treated with C. 

vulgaris phenotype (♦). 

Figure 6.3. Daphnia magna survival in 0.01 mg/l nickel solution pretreated with Chlorella vulgaris; ; the 

control, 0 mg/l of Ni (●); 0.01mg/l of Ni (■), and 0.01mg/l of Ni that has been treated with C. vulgaris 

phenotype (♦).  

Figure 6.4. Daphnia magna survival in 0.01 mg/l mercury solution pretreated with Chlorella vulgaris ; the 

control, 0 mg/l of mercury (●); 0.01mg/l of mercury (■), and 0.01mg/l of mercury that has been treated with C. 

vulgaris phenotype (♦). 

Figure 6.5. Daphnia magna survival in 0.01 mg/l cobalt solution pretreated with Chlorella vulgaris; ; the 

control, 0 mg/l of cobalt (●); 0.01mg/l of cobalt (■), and 0.01mg/l of cobalt that has been treated with C. 

vulgaris phenotype (♦). 

Figure 6.6. Daphnia magna survival in 0.01 mg/l cadmium solution pretreated with Chlorella vulgaris; ; the 

control, 0 mg/l of cadmium (●); 0.01mg/l of cadmium (■), and 0.01mg/l of cadmium that has been treated with 

C. vulgaris phenotype (♦). 

Figure 6.7. Daphnia magna survival in 0.001 mg/l mixture of metals solution pretreated with Chlorella 

vulgaris; the control, 0 mg/l of mixture of metals (●); 0.01mg/l of mixture of metals (■), and 0.01mg/l of 

mixture of metals that has been treated with C. vulgaris phenotype (♦). 

Figure 6.8. Daphnia magna survival in 0.01 mg/l zinc solution pretreated with Chlamydomonas reinhardtii; the 

control, 0 mg/l of zinc (●); 0.01mg/l of zinc (■), and 0.01mg/l of zinc that has been treated with C. reinhardtii 

phenotype (♦). 

Figure 6.9. Daphnia magna survival in 0.001 mg/l copper solution pretreated with Chlamydomonas reinhardtii; 

the control, 0 mg/l of copper (●); 0.001mg/l of copper (■), and 0.001mg/l of copper that has been treated with C. 

reinhardtii phenotype (♦).  
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Figure 6.10. Daphnia magna survival in 0.01 mg/l nickel solution pretreated with Chlamydomonas reinhardtii; 

the control, 0 mg/l of nickel (●); 0.01mg/l of nickel (■), and 0.01mg/l of nickel that has been treated with C. 

reinhardtii phenotype (♦).  

Figure 6.11. Daphnia magna survival in 0.01 mg/l mercury solution pretreated with Chlamydomonas 

reinhardtii; the control, 0 mg/l of mercury (●); 0.01mg/l of mercury (■), and 0.01mg/l of mercury that has been 

treated with C. reinhardtii phenotype (♦). 

Figure 6.12. Daphnia magna survival in 0.01 mg/l cobalt solution pretreated with Chlamydomonas reinhardtii; 

the control, 0 mg/l of cobalt (●); 0.01mg/l of cobalt (■), and 0.01mg/l of cobalt that has been treated with C. 

reinhardtii phenotype (♦).  

Figure 6.13. Daphnia magna survival in 0.01 mg/l cadmium solution pretreated with Chlamydomonas 

reinhardtii; the control, 0 mg/l of cadmium (●); 0.01mg/l of cadmium (■), and 0.01mg/l of cadmium that has 

been treated with C. reinhardtii phenotype (♦).  

Figure 6.14. Daphnia magna survival in 0.001 mg/l metals mixture solution pretreated with Chlamydomonas 

reinhardtii; the control, 0 mg/l of metals mixture (●); 0.001mg/l of metals mixture (■), and 0.001mg/l of metals 

mixture that has been treated with C. reinhardtii phenotype (♦). 
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List of Abbreviations  
 

3NBBM- Bold Basal Medium with 3-fold nitrogen and vitamins  

ABA- Phytohormone  

AE - Adaptive evolution  

Ag- Gold  

ANOVA- Analysis of variance with one-way  

As- Arsenic  

CCAP – Culture collection of algae and protozoa 

Cd- Cadmium  

Co- Cobalt  

CO2-Carbon dioxide  

COD- Chemical demand for oxygen 

Cu- copper 

DNA- Deoxyribonucleic acid  

DO- Dissolved oxygen 

DWB- Dry wight basis 

EDTA- Ethylenediaminetetraacetic acid 

Fe- Iron (Ferrer) 

FTIR - Fourier-transform infrared spectroscopy  

H2- Hydrogen  

H2O-Water  

HCO3- Bicarbonate  

Hg- Mercury 

Hg°- mercury metallic form 

HM – Heavy metals  

HNO3- Nitric Acid  

ICP-OES - Coupled Plasma - Optical Emission Spectrometry  

LC- Lethal concentration  

Mn- Manganese  

Mo- Molybdenum 

NAS- National Academy of Sciences 
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NH4- Ammonium   

Ni- Nickel 

NRCC- National Research of Council Canada 

O2- Oxygen 

ºC- celosias 

OD- Optical density  

OECD - Organisation for Economic Co-operation and Development  

Se- Selenium  

Sr- Strontium 

T- Temperature  

V- Vanadium  

Zn- zinc 
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CHAPTER ONE 

 

 

INTRODUCTION 

 

1.1 Mitigation of potentially toxic elements in the environment  

 

An interesting definition for pollutants is that they are nothing more than a misplaced 

resource (Abbasi et al., 1998). Metals like cobalt, iron, and zinc are essential for progression 

of vital process within a civilization; without metals, no development would be achieved 

(Abbasi et al., 1998). Regardless of the importance of metals, they are also considered 

environmental pollutants of major concern. This is because they are not perishable or 

biodegradable like most organic pollutants (Azimi et al., 2017). In addition, organic 

pollutants can be destroyed (disregarding the high cost of this process) by combustion and 

conversion to controllable forms such as carbon oxides, sulphur oxides, and nitrogen oxides. 

Combustion does not affect metals; it would at most change the metal's physical form or 

valence state unless an atomic reactor is used to break metals, leading to the production of an 

atomic bomb (Abbasi et al., 1998). Metals exist almost everywhere: in the atmosphere, in 

waters, in soils and rocks, as well as in plant, animal and human tissues (Tchounwou et al., 

2012). In general, excessive amounts of metals released into the environment by 

anthropogenic activities including mining, burning fossil fuels, industrial effluent discharges; 

such actions induce metals at toxic levels leading to metal pollution (Alloway and Ayres, 

1993). In addition, natural processes such as: volcanic eruptions, wildfires, weathering, and 
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acidic rains were also reported to remarkably contribute to heavy metals pollution 

(Fergusson, 1990). 

 

Heavy metals are metallic elements and metalloids with high density, 5 g/cm3 or above 

(Tchounwou et al., 2012). Sometimes, terms like trace metals and toxic elements are 

incorrectly described as heavy metals (Abbasi et al., 1998). However, each term has different 

specifications that make it uniquely different, as neither all toxic elements are heavy metals 

nor heavy metals are trace metals (Abbasi et al., 1998). The mitigation of heavy metals is 

challenging due to the technical and economic complexations that face traditional approaches 

used for heavy metals treatment. In addition, most conventional methods of heavy metals 

removal are becoming outdated and publicly unacceptable (Gaur, et al. 2021). This is because 

of their high operational cost, generation of secondary pollutants, sludge production, and 

other method-related drawbacks. Therefore, biological remediation of heavy metals remains 

the most acceptable method for having more advantages than limitations. 

 

1.1.1 Presence of heavy metals in the environment   

 

Contamination of the environment due to the release of heavy metals is a major issue globally 

(Gaur et al. 2021). Heavy metals are persistent, acutely, chronically toxic, and can bio-

accumulate in organisms and are potentially harmful to biota including humans (Abbasi et 

al., 1998). Examples of selected heavy metals and their potential impacts are presented 

below. 
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Cobalt is a widely spread heavy metal that occurs in terrestrial and has been found in soils 

from 1 to 690 ppm (Adrian, 1980). In natural water bodies, it ranges from 4*10-6 to 1.7 ppm 

(Abbasi et al.,1998; Tchounwou et al., 2012). In the atmosphere, cobalt's average natural 

background level is 0.001 ng/m3 to 40 ng/m3 in urban areas (Ernest, 1984). In plants, animals, 

and human tissues, cobalt levels range from 0.2 to 4.5 ppm on a dry weight basis (DWB) 

(Bockris, 1977). When the human body is exposed to cobalt the majority is concentrated in 

the kidney, lungs, skin, and urinary bladders (Abbasi et al., 1998). Cobalt is typically used in 

alloy manufacturing, nuclear industries, and the bluing (steel) industry (Abbasi et al.,1998). 

Consequently, emissions and effluents from these industrial sites contribute to rising levels of 

cobalt in the environment.  

 

Nutritionally, cobalt is an essential element for organisms, including humans e.g. vitamin 

B12. When reduced, may eventually cause pernicious anaemia, abnormal size red blood 

corpuscles, and neurologic abnormalities. Regardless of being an essential element at low 

concentrations that can be sourced from food, cobalt can be very toxic at levels higher than 

needed (Casey and Hambidge, 1980).Toxic effects of cobalt vary from causing hyperlipemia 

in rabbits and rats to lesions in muscles, myocardia toxicity, and tumours. It is also suggested 

that cobalt toxicity is more of a species function than bodyweight (Abbasi et al.,1998). In 

humans, excessive doses of cobalt were reported to cause severe cardiomyopathy, neurologic, 

hematologic, and endocrinal abnormalities (Berman, 1980). It also affects the haemoglobin, 

producing polycythaemia and hyperlipemia. Besides, cobalt may also cause goitres and other 

original specific symptoms like dermatitis to the skin and gastric mucosa irritation if ingested 

(Abbasi et al., 1998). 
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Nickel is ranked 23rd in the order of abundance. In soil, Ni levels vary from 0 to 500 ppm 

(Adrian, 1980). In natural unpolluted water bodies, Ni levels are less than 0.01 ppm (Abbasi 

et al., 1998; Tchounwou et al., 2012). In the air, the average nickel level ranges from 3.7 

ng/m3 in a rural area to 74 ng/m3 in air collected near industrial sites (Cawse, 1987). In 

benthic algae, Ni concentration is 52-74 ppm (DWB) (Abbasi et al., 1998). In animal tissues, 

it reaches up to 45.9 ppm (DWB) (Abbasi et al., 1998). In human tissues, nickel levels are up 

to 10 mg, but it varies between various tissues ranging from 0.002 ppm in muscles to 111 

ppm in teeth and bones (Underwood, 1971; Sharma, 2013; Genchi, 2020). Nickel is involved 

in a vast array of industrial activities due to its various properties, such as the excellent 

looking finish, corrosion resistance, high standing to a wide range of temperature, and good 

alloy properties (Abbasi et al., 1998). Nickel in the environment is sourced through two main 

ways, naturally via weathering of rocks and minerals and geothermal emissions, and 

anthropogenically through industrial and vehicular emissions. Nickel deficiency studies on 

animals showed pigmentation changes, thicker legs, swelling hocks, less friable liver 

dermatitis, and other symptoms in chickens (Nielsen and Ollerich, 1974). In rats, it has 

affected reproduction for several generations (Nilsson et al., 1974). In humans, Ni deficiency 

is not clear due to the variety of ways that Ni enters humans’ bodies through; food, drinking 

water, and air inhalation. Ni toxicity ranges from 0.03 ppm in freshwater to 11.2 ppm (Abbasi 

et al., 1998). The most toxic form of nickel to humans is nickel carbonyl, an intermediate 

refining process liquid (NAS, 1975). Dermatitis was the most common symptom of industrial 

exposure to Ni (Falk, 1974; Horreth, 1976). Long term exposure causes lung cancer (Falk, 

1974; Horreth, 1976). Females were found to be ten times more sensitive to nickel toxicity 

than males (Fisher and Shapiro, 1956; Sharma, 2013). 
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It is said that copper was the first metal used by humankind in ancient civilizations (Abbasi 

et. al,1998). It is ranked the 25th in the scale of availability, among other elements in the 

Earth's crust (Taylor, 1964). Its concentration in soils ranges between 2 to 100 ppm (DWB) 

(Bowen, 1966). Unpolluted waters have a range of 0.0006 to 0.4 ppm (Bowen, 1966). In the 

air, copper concentration found to be between 0.029 to 12 ng Cu/m3 at remote locations, 30 to 

200 ng/m3 in the urban areas (Nriagu, 1979). Normal levels of Cu in plant and animal tissues 

are 1 to 50 ppm (DWB) (NAS. 1977). Humans have a range of 75 to 150 mg, with muscles, 

liver, and brain tissues as central depots (NAS, 1977). Copper in the environment introduced 

by windblown dust, volcanic emission, sea salts sprays, veg exudates, and anthropogenically 

from metal industries, it can reach up to 900 ppm in wastewater from processes such us 

Brossard and wire mills (Sittig, 1975).  

 

For plants, animals, and humans, copper is an essential element and is a substrate of 

metalloenzymes and respiratory pigmies. However, the primary role of copper is the 

formation of blood and haemoglobin synthesis, oxidation processes through its presence in 

many oxidative enzymes, synthesis and cross-linking of elastin and collagen in the aorta and 

major blood vessels (Masironi, 1989; Perrin and Agarwal 1976; Horvath, 1976; O’Dell, 

1976). Copper deficiency leads to anaemia, neutropenia, diarrhoea, demineralization of bone 

amyelination of the central nervous system (Horvath1979, NAS1977, Kirchgessner et al., 

1977). Toxic levels of copper range from 0.0005 ppm to 63.5 ppm for algae; however, the 

variation is very much dependent on metal species, algae species, pH, hardness, presence of 

other metals (Hodson, 1979; Taylor and Demayo, 1981). For other aquatic vertebrates, it 

ranges from 0.005 to 64.0 ppm (Abbasi et al.,1998). In human beings, copper poisoning 

effects are dependent on the phase of contact such as metals species powder or solution as 

well as the contact time. However, the main symptoms of copper toxicity are dermatitis, 
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greenish-black hair (Cooper and Goodman,1975), conjunction and oedema of eyelids, 

turbidity of ulceration of the cornea (Stokinger, 1963). It has been reported that copper at 

toxicity levels causes congestion of nasal mucous membrane and pharynx, metal fume fever, 

head stuffiness, and ulceration of nasal septum (Abbasi et al.,1998). If copper ingested, it 

causes; metallic taste, nausea, vomiting, diarrhoea, extensive and liver damage, coma, 

melena, hypotension, haemoglobinuria, and haematuria (Abbasi et al.,1998). 

 

Zinc shares the 25th position with copper among metals abundance (Abbasi, 1989; Abbasi et. 

al,1998) in soils and rocks 100-300 ppm in natural freshwater 0.001 to 0.5ppm (Abbasi et 

al.,1998). Levels of zinc in aquatic plants and animals is widely varied in studies listed by 

Abbasi et al., (1998), in general it was between 0.1 to 3500 ppm with an exceptionally high 

level of zinc found in Mousealia sp. from north of England with a concentration of 219000 

ppm by Patterson and Whitton (1981). The highest concertation reported in human ashes was 

5000 ppm (DWB) reported by Tipton and Cooke (1963), with a vast variation between 

different organs. Zinc is essential for its role in enzyme systems and in proteins and 

carbohydrates in animals (Abbasi, 1989). Zinc deficiency leads to retreated growth, anaemia, 

diarrhoea, immunity, hair loss, skin problems, dwarfism, impotence, bone disorders, low 

fertility in farm animals (Hart, 1982; Abdelhaleim et al., 2019). Zinc toxicity to all forms of 

life depends upon biological factors, including: species, age, sex, weight, feeding habits, life 

stage, and adaptability to environmental stress (Abbasi et al.,1998). Also, physio-chemical 

factors have an impact on Zn toxicity, such as tested species, temperature, pH, hardness, 

presence of the other metals (Abbasi et al.,1998). Although it is common to have low toxicity 

for humans, zinc in levels beyond certain concentrations could be highly toxic (Sandstead 

1975; Prasad and Overleas 1976). 
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Cadmium is one of the most notorious pollutants of the heavy metals; it is number 64 in the 

abundance order (Taylor, 1964). Its concentration in the soils and rocks ranges from 0.02 to 

0.57 ppm (Forstner, 1980), in unpolluted water 0.01 to 0.4 ppb (Hart,1984; WHO, 2004) and 

in the air below 0.1 ng Cd/m3 (Abbasi et. al,1998). The existence of Cd is always found to be 

associated with zinc at a ratio (Zn : Cd) of 100:5 (Abbasi et. al,1998). The main source of Cd 

is from anthropogenic origin, followed by weathering at a ratio of 20:5. A 20% of released 

Cd comes from zinc mining and smelting processes; 30% from Cd processing, use, 

manufacturing, and disposal; 50% from substances contaminated with Cd, such as phosphate 

fertilizers, sludge, and sewage effluents and driven from the combustion of fossil fuels  

(Maret & Moulis, 2013). 

 

Cadmium is not recognized as an essential element to animals or humans. It is toxic to 

aquatic organisms even at very low levels (Maret & Moulis, 2013). Its toxicity is depending 

upon the type of tested organism, life stage, the period of exposure, and physical conditions 

like pH, temperature, dissolved oxygen (D.O), hardness, organic legends (Hart,1982). The 

effect of pH and hardness is on the metal biological activity. D.O. and temperature may 

impact the tolerant capacity of the tested species (Abbasi et. al,1998). Toxicity of Cd was 

found to range from 0.001 ppm in some aquatic species to 1.0 ppm in others like Chlorella 

vulgaris (Burnison et al., 1973). Cadmium toxicity was found to be reduced in the presence 

of natural organic components in the water, such as humic water, probably because of the 

complexing part of the cadmium to lessen the concentration of toxic forms (Gessinf, 1981). 

Also, the presence of other materials like Pb, Ni, and Se was found to reduce Cd toxicity 

(Hotchinson, 1976; Hotchinson and Stokes, 1975; Dietilainin, 1976). Levels of 0.005 to 520 

ppm were found to be the range of cadmium toxicity to invertebrates (Abbasi et al., 1998). 

The proposed reasons for Cd toxicity in fish, is that gill damages occur leading to anoxia and 
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enabling oxygen exchange (Eisler,1971; Burton et al., 1972). Benoit et al. (1976) explained 

that Cd inhibits the action of acetylcholinesterase causing death through respiratory muscle 

paralysis in humans. Chronic cadmium toxicity was found to cause kidney damage, lung 

disease, tubular proteinuria, which was found to be frequently reported among industrial 

workers (Lauways;1978; Dugdade 1978; WHO, 2004).  

 

The most toxic among metal pollutants, mercury, is widely distributed in the environment but 

with lower levels than other common heavy metals. It is common in rocks, soils, and 

sediments, ranging from 0.03 to 1.7 ppm (Reader et al., 1979; Abbasi et al., 1998). The 

background levels of Hg in unpolluted air are up to 0.5 ng/m3 (NRCC, 1979). In unpolluted 

natural water streams, mercury levels reported being below 0.1 ppb (WHO, 1978 and 2004). 

With an exceptional report for a river in Germany found to have 1.8 ppb (Schramel, 1973). 

The primary supply of Hg is from the natural degassing of Earth’s crust (WHO, 1976 and 

2004). The naturally sourced input of mercury to the ecosystem is about 80% (Lagerwerf, 

1972). The other 20% is from human activities (Abbasi et al.,1998). However, the 

anthropogenic source of Hg can be more severe ecologically in a specific area of 

contamination. Mercury is widely used in industries of paints, electronics, equipment, 

pesticide, dental analogous, pulps, paper, batteries, thermometers, medicines, and mercury 

vapor lamps. The operation of these industries induces 25-50% of mercury to the ecosystem 

(NRCS, 1979). Contaminated discharges of effluents that content mercury will result in a 

significant build-up of the metal concentration in the aquatic environment. 

 

In humans, methyl mercury high solubility in lipids which makes it more permeable to cross 

biomembranes easily, specifically into the brain, spinal cords, peripheral nerves, and across 
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the placenta (WHO,1976), leading to neurological disturbance (Abbasi et al., 1998). 

Inorganic mercury is stored in the kidney, and other forms extend its significant effect there 

when exposed (Jaishankar  et al., 2014). In area where industrial activities take place, air may 

severely get contaminated. It has been reported that the metal levels range from 50-1000 

ng/m3 in such areas, which is 50-100 times higher than the background concentration (Abbasi 

et al.,1998). Methyl and ethyl mercury salts have been nominated as the most toxic forms of 

mercury. This nomination is due to the high solubility of Hg salts in lipids at 100 folds higher 

than solubility in water. The high solubility of these salts leads to high penetration to cells 

and inhibition effect on enzyme system (Jaishankar  et al., 2014). 

 

1.1.2 Sources of polluted effluents  

 

Dumping waste is the most commonly practiced method for the purpose of waste 

management. As human societies constantly move towards more sustainable waste 

management options, it is crucial that permanent ecological solutions are developed for the 

benefit of future generations. As human populations grow in both developed and developing 

nations the amount of wastes accumulating within landfills, also grow as a sequence 

(Manisalidis et al., 2020). 

 

More preferable over more primitive open dumping, landfills offer community health and 

environmental benefits, reducing contact between domestic wastes and the surrounding 

human and wildlife communities by confining environmental impacts (Edmundson, 2012). 

Despite these sanitary and ecological advantages of landfills, accumulated wastes 

unavoidably provoke both gaseous and aqueous contaminants. This process could last for 
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decades post-closure of landfills, and must be managed until subsided of the emissions of 

contaminants (Wojciechowska et al., 2010).  

 

1.1.3 The pollutant’s journey from waste collection sites    

 

All waste collection sites accumulate liquids and the emitted gases from biological and 

chemical degradation. However, outcomes from landfills as both gas and liquid wastes are 

concentrated for ease of management. Gaseous emissions include carbon dioxide, methane, 

and a variety of volatile organic compounds (Renou et al., 2008, Edmundson, 2012). 

Effluents dissolve components within the waste as water from rainfall or biological 

degradation percolates through the solid refuse within a dump space. Effluents from landfills 

typically have high levels of chemical oxygen demand, ammonia-nitrogen, volatile organic 

compounds, suspended solids, xenobiotic organic compounds, and dissolved metals ions 

(Wasewar, et al., 2020). Reduction or removal of these compounds needs to be done by 

treatment, due to their toxicity (Wiszniowski et al., 2006).  

 

Edmundson, (2012) frequently reported that extremely high concentrations of 2,000 mg/l, 

total ammonia-nitrogen in leachates worldwide, which can range from 0.2-13,000 mg/l. 

Ammonium is released from decomposing organic matter high in proteins and amino acids, 

such as food and yard waste. Elevated concentrations of ammonia nitrogen are toxic to 

biological systems (Edmundson, 2012). Ammonia has been regarded as the most troublesome 

constituent in polluted effluent over the long term as it may persist in the polluted effluents 

with time (Wasewar, et al., 2020). Polluted effluents, without appropriate management, can 

cause severe adverse impacts on surface and groundwater quality (Manisalidis et al., 2020). 
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The convenient management of these highly mobile environmental toxins is critically vital in 

the long-term protection of humans and wildlife communities. 

 

1.1.4 Transportation of heavy metals into the environment  

 

Pollutants added to the environment through natural phenomena and anthropogenic activity 

and transported into water bodies, atmosphere, and lithosphere, become a huge cause of 

environmental pollution (Walker et al., 2005). Transportation of pollutants, including heavy 

metals, depends on movements and direction of surface water, temperature, airmass 

circulation, and the speed of the wind. In addition to factors related to pollutants like polarity, 

coefficient of partition, vapour pressure and stability (Walker et al., 2005), the main sources 

of water pollution, including heavy metals, are urbanization and industry (Briffa et al., 2020). 

Runoffs carrying pollutants from these sources lead to the accumulation of the pollutants in 

the sediments of water bodies. Regardless of the amounts of pollutants transported to water 

bodies, they might still be toxic to humans and the environment. The harmful impact of 

heavy metals is related to factors like the metal species, the nature of metals presented, the 

biological role of the specific metal, the organism exposed and the stage of organism’s life at 

the time of exposure. All elements in the food chain will be impacted if one organism is 

affected by metals toxicity (Walker et al., 2005). 

 

Movement of heavy metals begins from the release of domestic and industrial sources into 

sewage where they accumulate and are not degraded in the sewage treatment. Instead, they 

might be removed in the final effluent or the sludge (Briffa et al., 2020). The remaining 

pollutants in the sewage that enters the water depend on the treatment applied before release. 
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Three stages of treatments are used for polluted effluents: primary, secondary and final 

(Walker et al., 2005; Briffa et al., 2020). In the first stage, polluted water will be filtered, 

producing sludge, which might further be processed.  Secondary treatment may involve 

various technologies used to purify the polluted water, such as oxidation that can be done in 

three ways: oxidation ponds, biofiltration, and aeration (Enfrin et al., 2019). The last stage of 

treatment usually uses activated carbon and sand to help remove the pollutants. To improve 

pollutants removal, new strategies must be adopted, and better technology developed to 

decrease the amounts of pollutants that are thrown into the water (Walker et al., 2005; 

Enfrin et al., 2019; Briffa et al., 2020). 

 

Pollutants in water bodies can be transported over an extensive distance, where they can 

descend to the bottom or rise to the surface (Enfrin et al., 2019). These distances depend on 

factors such as currants, stability, and physical state of the pollutant. When it reaches the 

oceans, wind and currents transport the pollutants further. The difference in density of water 

bodies also plays a factor in transportation as well as concentration of salt or temperature 

(Briffa et al., 2020). Persistent pollutants such as heavy metals can then enter the food chain 

through marine life, which can then affect predators such as fish, birds, animals, and humans, 

which travel and transport the pollutant to different ecosystems (Walker et al., 2005; Briffa et 

al., 2020). The following diagram (1.1) illustrates the cycle of heavy metals in the 

environment. 
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Figure 1.1: Sources of heavy metals and their cycling in the soil-water-air organism ecosystem. Content of 

metals in tissue generally builds up from left to right, indication the vulnerability of humans to heavy metal 

toxicity 

 

1.2. Biological approaches to mitigating the impact of heavy metals in the 

environment 

1.2.1 Bioremediation, biosorption, and bioaccumulation 

 

Bioremediation means to heal, restore, amend or to fix the damage that has been done to 

ecosystems and the environment, by using biological processes (Vishwakarma, et al., 2020). 

The concept of bioremediation is not new, for long time it has been practiced in many ways; 

the farmer by restoring farmland and the forester practicing it by forest replanting, also 

purification of water, waste management and sewage treatment (Chaudhry, 1994). It used to 

be believed, that nature will handle the chemicals, toxins and wastes we dispose of 

(Farhadian et al., 2008). The issue about bioremediation is the recognition that sustaining 



31 

 

nature through biological processes is no longer applicable because of the overburdening 

practices that leads to the limits where natural processes cannot cope (Chaudhry, 1994). 

 

Bioremediation is an environmental biotechnology that encompasses microbial activities, 

exclusively. Strategies of bioremediation have been found to be an attractive surrogate for 

waste management, due to their low cost and high efficiency (Chaudhry, 1994; Diep et al., 

2018). The evolution had achieved a progression in the physiology of microbial kingdom, 

rates that have never been seen before of discovered microorganisms possessing properties 

that never imagined in the past. For instance, thermophiles, which are very extreme, that they 

can grow and reproduce at over boiling temperatures. Another example is that formerly 

bacteria believed to be strictly heterotrophs, but they have been shown to grow 

autotrophically, using chemiosmotic mechanisms to generate energy under anaerobic 

circumstances, (Perelo, 2010). Furthermore, Microbes’ cells also have mechanisms to deal 

with surroundings such as biosorption and bioaccumulation, when exposed to environments 

with overloads of pollutants (Chaudhry, 1994).  

 

Biosorption is a physio-chemical process utilized to illustrate the solute passive uptake by 

non-living organisms based on many mechanisms including surface complexation, 

precipitation, absorption, ion exchange, and adsorption (Malik, 1999). It is a process 

independent of metabolism, unlike actively removed metallic ions which may be achieved by 

an organism’s metabolic activities (Chaudhry, 1994). Biosorption takes place as a 

consequence of the interaction between solute and externally sited components constituting 

an organism’s cellular structure (Chaudhry, 1994). In general, the key role in the 

sequestration of metals ions from the aqueous, is played by the cell wall since the sorption 
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conditions ( pH, temperature ... etc will be presented in the factors impacting metals 

biosorption section) are distinct from the metabolic activities of the cell. Therefore, 

biosorption oversees binding and accumulating the metallic ions even in the case of dead 

cells (Malik, 1999). 

 

It is important to distinguish biosorption from bioaccumulation for a better treatment process 

design (Figure 1.2). It could be a real issue to use living microbial cells in the environment 

with high toxic metal ion content, in terms of process optimization. It would be preferable 

that biomass growth and reproduction decoupled from its function as a biosorbent (Volesky, 

2003).    

 

Bioaccumulation: the interest in bioaccumulation began in the early1990s when 

environmental agencies increased the interest in bioremediation applications to reduce 

pollutant levels below regulatory limits (Diep et al., 2018). Bioaccumulation is a 

metabolically active process that requires a living cell for the process to be accomplished 

(Malik, 2004; Mishra and Malik, 2013). The main advantage of bioaccumulation is that it is 

an irreversible process. When it occurs, the captured heavy metal will not realise until a 

physical or chemical disruption is applied to the cell (Diep et al., 2018). Many studies 

reported the success of using eukaryotic algae in the bioaccumulation of heavy metals 

(Maeda et al., 1990; Regaldo et al., 2013; Anbalagan and Sivakami, 2018; Regaldo et 

al.,2021). Maeda et al.(1990) found that zinc was accumulated in the living cell of Chlorella 

sp.; and when it was attempted to desorb the metal through EDTA treatment, it did not reduce 

the metal concentration in the cell. Regaldo et al. (2013) reported the removal of 100% and 
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81.97% of Pb and Cu respectively from the tested aqueous solution when Chlorella 

vulgaris was used in their bioaccumulation studies. 

 

 

Figure 1.2. Biosorption and bioaccumulation on/ in the cell (Lo et al., 2014) 

 

1.2.2 Biological sorbents 

 

Microalgae, bacteria, yeast, and fungi increasingly have received attention for their 

performance in metal ion removal and recovery (Wang and Chen, 2009). Especially since 

they are available in generous quantities with low cost (Wang and Chen, 2009). Biosorbents 

may include a variety of functional sites containing carboxyl, imidazole, amino, sulphydryl, 

sulphate, phosphate, thioether phenol, hydroxyl moieties and carbonyl amide (Romera et al., 

2006). For the metal removal, biosorbents are cheaper, more effective alternatives to 
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particularly heavy metals from aqueous solutions (Volesky, 1990). Due to their high sorption 

capacity with availability, both eukaryotic and prokaryotic microalgae are of special interest 

in research and biosorbent development. However, only a few publications on biosorption 

with algae have been published, compared to other microbial biomass applications (mainly 

bacteria or fungi)(Ismail and Mustafa, 2016); and even fewer for multi-metallic ion systems 

(Romera et al., 2006).  

 

It has been reported that algae were able to adsorb heavy metal ions (one or more) including 

Fe, Sr, Co, Cu, Mn, Ni, V, Zn, As, Cd, Mo, Pb, and Se with satisfying initial uptake capacity 

(Brinza et al., 2007). Romera et al. (2006) provided a statistical analysis of biosorption 

capacity of non-living biomass of 37 different algae species (20 brown algae, 9 red, 8 green) 

from 214 publications. In this review, biomass-metal affinity (b) of the Langmuir equation 

for Cu+2, Cd+2, Pb+2, Zn+2 and Cr+2 and the maximum sorption capacity (qmax) were all 

reported (Table 1). For  heavy metals biosorption, brown algae stood out in a splendid way 

(Romera et al., 2006). However, the details about multimetallic systems are limited.  
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Table 1.1. The sorption capacity of metals by untreated microalgal biomass in monometallic systems  

Algae Metal 

ions 

Qmax (mg/g) Algae Metal 

ions 

Qmax (mg/g) 

Ascophyllum nodosum Cd 126.5175 Polysiphonia violacea (R) Pb 102.0046 

Ascophyllum nodosum Ni  107.4614 Porphira columbina (R) Cd 45.50357 

Ascophyllum nodosum Pb 32.15744 Sargassum baccularia (B) Cd 83.1834 

Chaetomorha linum (G) Cd 53.9568 Sargassum fluitans (B)  Ni 24.00421 

Chlorella miniata (G)  Cu  23.25564 Sargassum fluitans (B)  Pb 330.2768 

Chlorella miniata (G) Ni 13.90953 Sargassum hystrix (B) Pb 285.0036 

Chlorella vulgaris (G)  Cd 33.723 Sargassum natans (B)  Cd 131.9693 

Chlorella vulgaris (G)  Cr(VI) 102.9397 Sargassum natans (B)  Ni 24.00421 

Chlorella vulgaris (G)  Cu 35.5824 Sargassum natans (B)  Pb 244.7032 

Chlorella vulgaris (G)  Fe(III) 70.10391 Sargassum siliquosum (M) Cd 82.0593 

Chlorella vulgaris (G)  Ni 35.8009 Sargassum sp. (B)  Cd 157.374 

Chlorella vulgaris (G)  Pb 97.384 Sargassum sp. (B)  Cr(VI) 130.9869 

Chlorella vulgaris (G)  Pb 73.556 Sargassum sp. (B)  Cu 68.6232 

Chlorella vulgaris (G)  Zn 24.1906 Sargassum vulgare (M)  Ni 4.98865 

Chondrus crispus (R)  Cd 9.296307 Sargassum vulgare (M)  Pb 227.92 

Chondrus crispus (R)  Pb 194.9752 Scenedesmus obliquus (G)  Cr(VI) 113.0887 

Cladophora glomerata (G) Ni 25.99967 Scenedesmus obliquus (G)  Cu 33.29496 

Codium fragile (G) Ni 5.81031 Scenedesmus obliquus (G)  Ni 30.19601 

Codium taylori (G) Cd 29.69872 Ulva lactuca (G) Pb 126.392 

Codium taylori (G) Pb 376.068 Undaria pinnatifida (B) Pb 403.004 

Corallina officinalis (R) Cd 72.95409    

Fucus vesiculosus (B)  Ni 23.00648    

Fucus vesiculosus (B)  Ni 10.97503    

Fucus vesiculosus (B)  Pb 310800    

Galaxaura marginata (R)  Pb 25.0712    

Galaxaura marginata (R)  Pb 47.656    

Gracilaria edulis (R) Cd 26.9784    

Gracilaria Salicornia (R) Cd 17.9856    

Padina gymnospora (B)  Ni 9.9773    

Padina gymnospora (B)  Pb 65.0608    

Padina sp.(B) Cd 59.5773    

Padina tetrastomatica (B)  Cd 59.5773    

Padina tetrastomatica (B)  Pb 217.3528    

Source: (Romera et al., 2006) B: brown algae; G:green algae; R: red algae 

 

file://///homes.lancaster.ac.uk/26/hammody/My%20Desktop/22%20month%20panal/Chapter%20two-%20Literature%20review(with%20comments).docx%23_ENREF_38
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1.3. Factors influencing heavy metal biosorption 

 

Biosorption is a physio-chemical process that is impacted by various influences related to the 

physical and chemical environments of the process. In addition, the factors that impact the 

biosorbent, which is a prominent part of the process, will also affect the biosorption process. 

Factors such as pH, temperature, biosorbent dosage, initial metal concentration in solution, 

agitation rate and contact period influence the biosorption process rate and contact period 

influence the biosorption process significantly (Figure 1.3). 

 

 

Figure 1.3. The factors that affect heavy metals biosorption 
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1-3-1 Impact of pH on metal biosorption  

 

One of the most important parameters that affects biosorption process is pH. At low pH, the 

concentration of protons is high, and the ion exchange sites become strongly protonated 

(Volesky, 2007). Solution chemistry of the metals, metallic ions competition and functional 

groups activity are all influenced by pH (Volesky, 2007). Studies have shown that the pH 

solution has a significant effect on the biosorption of metal and as the solution pH increases, 

there is an increase in cation biosorption (Peng et al., 2009). For example, Cu ions 

biosorption on biomass is mostly due to ionic attraction and at lower pH values the ionic 

metals are in competition with the H+ in the solution (Gulnaz et al., 2005). Studies on the 

effect of pH on the biosorption of copper have been carried out using different types of 

biomass. For example, a study on the biosorption of copper using Spirogyra species reveals 

that an increase in pH from 2.5 to 5, the biosorption capacity rises at all the selected Cu ions 

levels (Peng et al., 2009).  

A study on the effect of pH on the adsorption of metal ions by C. vulgaris showed that the 

optimal pH range for absorption of cadmium, zinc, chromium, copper, nickel, and cobalt was 

pH 6-7. The study also showed that reducing the pH, leads to desorption of metal ions and 

could adversely affect the absorption of metals (Greene, 1990). Another study on the effect of 

pH on the biosorption of copper by C. vulgaris concluded that the biosorption of Cu was 

enhanced when pH increased above pH 3 (Al-Rub et al., 2006). 
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1-3-2 Impact of water temperature on metal biosorption  

 

Temperature has a substantial influence on biosorption, which increases within a temperature 

range of about 20-30 °C but decreases when temperature goes above a critical value. An 

increase of temperature might increase the metal ions kinetic energy that makes it easier for 

the metal ions to be attached to the biosorbent surface (Abdel-Ghani and El-Chaghaby, 

2014). Another piece of research has shown that the binding of metal ions to the surface of 

the biosorbent at a low temperature is more rapidly, easily, and reversible because of the low 

requirement of energy (Rathnakumar et al. 2009). Studies by Rathnakumar et al. (2009) on 

biosorption of Cu ions at different temperatures, showed that biosorption decreases with an 

increase in temperature between 20oC to 40oC, and also the capacity of the sorption decreases 

thereby making biosorption affinity decrease at high temperature. Another study by Gulnaz et 

al. (2005) reported that biosorption capacities decreased as the temperature increased from 20 

to 50 °C, 20 °C was found to be the optimum between the studied temperature ranges. Batch 

biosorption experiments carried out by Pamukoglu and Kargi (2007), at a temperature range 

of 30 °C to 50 °C showed the variation of first and second order rate constants with 

temperature. Both rates were increased as the temperature increases from 30 – 50 °C due to 

the high frequency of contact between the Cu ions and adsorbent particles. In a study on the 

impact of temperature on metals adsorption by C. vulgaris, Aksu (2002) observed that 

increased temperature led to an increase in the adsorption of zinc ions by C. vulgaris. 

However, she reported a decrease in Cd adsorption from 83.3 mg/g (in 20°C) to 51.2 mg/g (in 

50°C). Yang et al. (2014) investigated the effect of temperature on Cu, Cd, Zn and Mn heavy 

metals removal using Chlorella sp. The incubation period in this study was seven days, pH = 

6 and initial concentration was 230 mg/l, and the temperature was set to 3 different levels, 10, 

28 and 37°C. The best temperature, representing the highest heavy metal removal, is 28°C. 
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Except for cadmium, where removal amounts are almost equal in different temperatures. 

Three other metals show a significant decrease in removal in low temperatures and raising 

temperature excessively (higher than 28°C) will decrease the efficiency of Mn, Zn, and Cu 

removal. 

 

1.3.3 The impact of biomass concentration on metal biosorption 

 

Biomass concentration is one of the factors affecting biosorption. Studies have shown that as 

biomass dosage increases, the metal uptake decreases. Due to the increase in the surface area 

of the adsorbent that in turn increases the number of sites available for binding (Esposito et 

al., 2001). In a study of Cu removal, the biosorption efficiency was found to increase when 

the biosorbent concentration was increased (Rathnakumar et al., 2009). Because of the 

decrease in surface area per unit of adsorbent, Olguín et al. (2003) found that the equilibrium 

concentration of copper rises when adsorbent concentration increases. Due to the increase of 

pretreated powder waste biosorbent concentration, the first order rate and second order rate 

constants also increased, this is due to the increased of binding sites of the biosorbent 

available (Pamukoglu and Kargi, 2007).  

 

In their study, Abdel-Atty et al. (2014) evaluated the effect of different biomass dosage of the 

water algae Anabaena sphaerica on the biosorption of Cd and Pb ions. The data revealed that 

the biosorption of Cd and Pb ions increased with subsequent increases in the biosorbent 

amount and almost became constant at higher biomass dosage. This behaviour could be 

explained by the decreases of effective surface area for biosorption as a result of the 

formation of aggregates of the biomass at higher doses. The effect of variation of C. 
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vulgaris algal cells dosage on copper uptake and removal was reported by Al-Rub et al. 

(2006). They concluded that while the percentage removal of copper increases with the 

increase in algal cells dosage, copper uptake decreases with increased algal cells dose. Many 

reasons explain this behaviour, such as solute availability, electrostatic interactions, 

interference between binding sites, and reduced mixing at high biomass densities (Meikle et 

al., 1990). The biosorbent mass may also affect solution pH because of the release of some 

organic compounds due to biomass degradation. Therefore, experiments on the interaction 

effect of biomass dose and pH were conducted on blank solutions with initial pH of 5.0. 

These experiments showed that solution pH increased slightly with increased biomass dose, 

where a maximum increase in solution pH of 0.4 was obtained with a biosorbent mass of 0.20 

g (Al-Rub et al., 2006). 

 

1.3.4 Metal concentration effect on metal biosorption 

 

Metal concentration is another factor that affects biosorption process. Studies have verified 

that at higher metal ions levels the amount of adsorbed ions is greater than the value at lower 

concentration since there are more binding sites for interaction (Mukhopadhyay et al., 2008; 

King et al., 2008). There is a greater driving force at a higher level between the solid and 

liquid interface thus enabling mass transfer. The initial metal concentration provides a driving 

force that overcomes mass transfer resistance of metal ions between the adsorbent and the 

biosorbent solution (King et al., 2008). The biosorption percentage decrease may be due to 

lack of enough surface area to absorb the available metal in the solution (King et al., 2008). 
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The biosorption of Cu ion by the wheat shell was studied at several different initial copper 

concentrations ranging from 10 to 250 mg/l. Biosorption efficiencies decreased with the 

increasing of initial metal concentrations (Basci et al., 2004). Chatterjee et al. (2010), studied 

the effect of different initial ions concentrations on the biosorption of Cr, Cu, Cd, and Pb by 

the dead biomass of G. thermodenitrificans. He found that the increase of initial metal levels 

increased the capacity of metal adsorption from 25 to 175mg/l with a maximum adsorption at 

175mg/l for all the metals used in the study. Yang et al. (2015) investigated the effect of 

initial metal concentration on Cu, Cd, Zn and Mn heavy metals removal using Chlorella 

sp. The incubation period in this study was seven days, pH = 6 and the temperature was 28 

°C. They investigated the effect of initial concentration on the amount of metal ions removed, 

applying three different initial concentrations for each metal ion. The results showed that 

increasing the concentrations significantly reduces removal efficiency, so that the maximum 

removal efficiency of the considered metals with an initial concentration of 92 mg/l was 

62.05 and 83.68 respectively for Zn and Mn, and 83.6% and 74.34% for Cu and Cd, with 

initial concentrations of 9.2 mg/l. In another study, Malakootian et al. (2016) investigated the 

effect of initial concentration of Zn on the amount of its removal using C. vulgaris dry 

biomass. In this study, microalgae concentration was 2 g/l, and temperature and pH were set 

to 25°C and 7, respectively. Results showed that with an increasing initial metal ion 

concentration from 50 to 250 mg/l, its removal decreases by 44.9%. 

 

 1.3.5 Particle Size impact on metal biosorption 

 

Particle size of adsorbent is another vital factor that needs consideration in biosorption 

research. The surface of contact with the biosorbent and metal ions in solution plays a 
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significant role in biosorption processes. Biosorbent particles size effects both surface area 

and the equilibrium time, the smaller the particles size the greater the surface area and the 

shorter equilibration time. In a study using eggshell, Vijayaragharan and Joshi (2013) found 

that reducing the particle size from 750 to 100 μm, increased the lead removal efficiency 

from 30.7% to 99.6%, equilibration time was 90% faster. One important factor to consider 

when reducing particle size, is to make sure that they are resilient to withstand extreme 

conditions at regenerated cycles (Volesky,2001). Vijayaragharan and Yun (2007) found that 

using fine powdered biosorbent which formed dense slurry making the solid-liquid separation 

tedious. 

 

1.3.6 Contact time  

 

The period of contact time between the adsorbent and adsorbate is one of the critical factors 

that impact the biosorption of metal ions in the aqueous solution (Safa and Bhatti, 2010). The 

time range of optimum biosorption of metals was frequently reported in minutes, most of the 

ion’s sorption occurred in the initial minutes of contact between the biomass and the ions in 

the solution (Roy and Mondal, 2017). Rapid sorption during the initial contact period may be 

due to the presence of many vacant active sites. Initially, the metal ion’s sorption rate is 

higher, and then this rate decreases with time. Under the same biosorption condition, the 

optimum contact time differs between metals (Roy and Mondal, 2017). Malakootian et al. 

(2016) investigated the effect of contact time of biomass and pollutants in removing zinc 

using C. vulgaris biomass. This study used biomass with 2 g/l concentration, T = 25°C, pH = 

7 and initial concentration of 50 mg/l of Zn. The time required to reach the maximum 

removal percentage of zinc was 60 minutes. 
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1.4. Organisms used in the study 

1.4.1 Green microalgae  

 

The term algae were used by phycologists formerly to refer to any eukaryotic organism with 

chlorophyll a and lack of roots, stems and leaves. It also included cyanobacteria, which are 

nowadays regarded as prokaryotes (Engström, 2012). Microalgae can transform simple inputs 

like CO2 and H2O, with some mineral salts, into organic carbon through photosynthesis. 

Almost everywhere, microalgae could be found in marine, brackish, and freshwater. 

Scientists have estimated the total number of algal species to be over 50,000 globally, while 

only 30,000 species are identified and tested (Frac et al., 2010). However, fewer species have 

been evaluated for their biotechnological application.  

 

Biomass from microalgae mainly consists of carbohydrates, proteins, and oils (Frac et al., 

2010). The microalgal cell wall builds up from a microfibrillar layer of cellulose, which can 

sometimes be enclosed with an amorphous layer, a protective layer, and both comprise the 

cell wall. The cell wall may be protected with plates and scales (Engström, 2012). Sometimes 

there may be layered polysaccharides outside of the external amorphous coating. The plasma 

membrane is very slim and surrounds the cytoplasm that embraces organelles (Engström, 

2012). Microalgae have different cell chambers where Golgi, mitochondria, endoplasmic 

reticulum, plastids, chloroplasts, ribosomes, lipid droplets, centrioles, and vacuoles are 

common (Sheehan et al., 1998). Flagella and microtubules may also occur (Sheehan et al., 

1998). A double nuclear membrane encloses the nucleus and contains nucleolus, genetic 

information as DNA molecules in chromosomes. Most microalgae are uninucleate, but 

multinucleate species exist (Engström, 2012). A crucial organ in algae is the chloroplast, a 
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levelled vesicle, plus chlorophyll and other pigments, which is the site where the 

photosynthesis progress. From the main three groups of algae, Green (chlorophytes), red 

(Rhodophytes), and brown algae (Phaeophytes), the two species enclosed in this study 

belonged to the green division. 

 

1.4.1.1 Chlorella vulgaris  

 

Chlorella is a genus of about thirteen species of single-celled green eukaryotic algae 

belonging to the division Chlorophyta. The cells are spherical in shape, about 2 to 10 μm in 

diameter, and are without flagella. Chlorella vulgaris is predicted to have been on Earth for 

more than two billion years (Safi, 2014). It has been evolving for survival during that time, 

resulting in many of the valuable features that we know today (Safi, 2014). The shape 

of Chlorella cells is close to spherical with a width of 1.5-10 µm. The pyrenoid is ellipsoidal 

or spherical and has 2-4 starch grains surrounding it. The autospores are spherical, and each 

sporangium contains 2, 4, 8, or even 16 cells (Engström, 2012). C. vulgaris has a high carbon 

fixation capacity. Some strains of C. vulgaris have shown the capability to produce a 37 % 

dry weight starch content. Also, this species has the potential to grow in a heterotrophic way 

with an organic carbon source (Lee, 2007).   

 

Important features found in C. vulgaris are due to its ability to multiply rapidly. Standard 

practice involves typically growing populations in photobioreactors or growth chambers 

(Sacasa, 2013). These chambers are consistently shaken and used to control firm aspects of 

metabolism in microalgae C. vulgaris. Variables such as growth media, carbonation, and light 
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have been researched deeply to understand the best means of optimal growth (Yuvraj et al., 

2016).  

 

1.4.1.2 Chlamydomonas reinhardtii  

 

Chlamydomonas is a genus of green algae consisting of about 150 species all unicellular 

flagellates, found in stagnant water and on damp soil, in freshwater, seawater, and even in 

snow as "snow algae". It is an eukaryotic algae that belongs to the Chlorophyceae family. 

Chlamydomonas reinhardtii is a unicellular green microalga (Bilanovic et al., 2009). Cells 

are rounded, or close to rounded, with a width of 8-22 µm and a length of 10-22 µm. It has a 

distinct cell wall and a single chloroplast in close proximity to the nucleus. The nucleus is 

typically located in the centre and with a distinct nucleolus (Harris, 2009; Engström, 2012). A 

sizeable elementary pyrenoid exists within the cell. It also has two anterior flagella that are 

used for sensing and swimming. Chlamydomonas are distributed throughout the world in a 

variety of regions. However, C. reinhardtii is found explicitly in fresh-water ponds and lakes, 

in garden and farm soils (Harris, 2009). It is a commonly used model organism and is one of 

three algae where the genome has been resolved (Malcata, 2011). Malcata continues by 

pronouncing that refined metabolic engineering only has been possible with C. 

reinhardtii. This species has the potential to grow in a heterotrophic way with an organic 

carbon source such as acetate and even mixotrophically when utilizing acetate as the carbon 

source. At the same time, CO2 is assimilated during photosynthesis (Harris, 2009). C. 

reinhardtii is also attractive due to its ability to switch from producing O2 to H2 (Melis and 

Happe, 2001). C. reinhardtii is known for its ability to photo produce H2 when photosystem 

II is blocked. Yet, the reason for this is unknown (Melis and Happe, 2001).  
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1.4.2 Water flea (Daphnia magna) 

 

Daphnia magna spices are found in various habitats, including freshwater and brackish of up 

to 8 ppt salinity, habitats like rivers, lakes, and temporary pools such as rock pools (Ebert, 

2005). The optimum temperature for D. magna is between 18-22c; however, they can tolerate 

a much more comprehensive range (Ebert, 2005; Haney, 2010; Vanoverbeke et al., 2007). 

The plankton D. magna are part of the diverse crustaceans that belong to the Phyllopoda; they 

are known for their flattened fins-like legs that are used to produce a water current for the 

filtering apparatus. Within the branchiopods, Daphnia belongs to the 

Cladocera. Daphnia bodies are surrounded by an uncalcified shell, known as the carapace. It 

has two parallel walls, between which haemolymph flows and forms part of the body cavity. 

In addition, Daphnia has six limbs on the trunk (Freyer, 1991). The limbs function as an 

apparatus for feeding and respiration; the body length ranges from less than 0.5 mm to more 

than 6 mm. Males are smaller in size, have larger antennules than females, have modified 

post-abdomen, and have different first legs armed with a hook that helps in clasping (Kästner. 

1993; Freyer, 1991; Ebert, 2005). 

 

The life cycle of Daphnia during the growth season is described by its asexual mode of 

reproduction, generating offspring that are identical to the mother daphnia. A female 

produces a clutch of parthenogenetic eggs after every adult moult if feeding conditions are 

optimum. At 20ºC, an adult female may have a clutch of eggs every three to four days until 

passing away. Females may live up to two months in the laboratory, with a higher age 

recorded under poor feeding conditions (Ebert, 2005). Clutch sizes vary among daphnia 

species and are up to 100 in Daphnia magna (Ebert, 2005).  
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1.5. Adaptation of living organisms to environmental stress  

 

Adaptation is an adjustment of microorganisms, or any of their organelles, to a frequent or 

sustained stimulus in the surrounding conditions either for a period or the entire organism's 

lifetime, leading to natural selection and making the organisms better fitted to the new 

conditions. This change might be physiological or, over generations, evolutionary (Forbes 

and Krimmel , 2010).   

 

Acclamation is the process in which an individual organism adjusts to a change in its 

environment, such as temperature, humidity, altitude alteration, photoperiod flocculation, or 

pH, allowing it to uphold functioning through a variety of environments. Precisely, 

acclamation can be defined as a behaviour that an organism follow to cope with an unideal 

event that strikes for hours to weeks, and within the organism's lifetime (short period); in 

contrast to adaptation, which is a development that takes place over many generations (Gatten 

et al., 1988). 

 

The acclamation may be a discrete phenomenon for example, human bodies acclimate to new 

temperatures with remarkable speed or may instead represent part of a periodic cycle, such as 

a mammal shedding heavy winter fur in favour of a lighter summer coat. Organisms can 

adjust their physical, behavioural, morphological, and/or biochemical traits in response to 

changes in their environment (Gaur & Rai 2001). Although a lot of work on numerous 

species have been reported about their ability to adapt to new environments, there remains a 

lot of unanswered questions about why and how organisms act so.  

https://en.wikipedia.org/wiki/Organism
https://en.wikipedia.org/wiki/Environmental_change
https://en.wikipedia.org/wiki/Environmental_change
https://en.wikipedia.org/wiki/Photoperiod
https://en.wikipedia.org/wiki/PH
https://en.wikipedia.org/wiki/Adaptation
https://en.wikipedia.org/wiki/Mammal
https://en.wikipedia.org/wiki/Fur
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Adaptive evolution (AE) is a widely applied strategy for the economically valuable traits' 

selection and engineering. The natural process typically starts with an environmental change 

and results in genetically inheritable conversion of a living organism. Unlike shock (an initial 

cellular response, which usually includes a transient reprogramming of cellular activities)  

adaptation is the  subsequent cellular state that involves inheritable traits resulted from long-

term exposure and selection (Velmurugan et al., 2013). For an AE, new conditions must be 

defined for prolonged sets of time during cultivation of a microorganism. The period of time 

is in the range of weeks to years depending on the species under study, which allow the 

selection of strongest phenotypes for the AE process to begin. Important advantages will be 

obtained when microbial cells are used in AE studies as they i) require minimum nutrient ii) 

are easily cultivated and iii) grow rapidly, which allow the microbial cells to be cultivated for 

considerable number of generations within weeks or months (Dragosits et al., 2013). 

Algae has been used frequently in AE studies, for carbon limitation, light stress, pH stress, 

salinity stress, nitrogen starvation, phosphorus starvation and heavy metals tolerance 

experiments (Fu et al., 2012; Fu et al., 2013; Yu et al., 2013; Yokota and Canvin, 1986; Yun 

et al., 1996; Umino et al., 1991; Chiu et al., 2008). When exposed to nitrogen starvation 

stress, green microalgae Chlamydomonas reinhardtii were enhanced by AE producing higher 

growth rates, biomass and total lipid content from 32% in the original strain to 36.67% in the 

obtained phenotype (Yu et al., 2013). Chlorella vulgaris and Dunaliella salina growth yield 

was increased by combined AE and LED-based photobioreactors PBRs (Fu et al., 2012). 

Besides, AE improved the carotenoids yields in D. salina when redesigned LED- based PBRs 

were used (Fu et al., 2013). 
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Many studies reported the approaches to adapt Chlorella to different light conditions (Blanc 

et al., 2010; Nielsen et al., 1962; Hutchinson, 1969; Wilhelm and Wild, 1984; Senge and 

Senger, 1990 and Senge and Senger, 1991), temperature (Maxwell et al., 1994; Hosono et al., 

1994; Sayed and El-Shahed, 2000), and CO2 levels (Yokota and Canvin, 1986; Yun et al., 

1996; Umino et al., 1991; Chiu et al., 2008).   

 

For remediation purposes, Chlorella sp. were adapted to municipal wastewater treatment. 

Chlorella sp. could successfully remove ammonia, total nitrogen, total phosphorus, and COD 

by 93%, 99.1%, 80.9% and 90.8% respectively from wastewater (Li et al., 2011). Selenium 

resistance green microalgae, C. vulgaris, were developed by AE (Shrift et al., 1961). Also, 

resistance to selenium remained after C.  vulgaris was sub-cultured in selenium free medium 

indicating that AE has occurred (Shrift, 1954). AE was performed for phenolic wastewater 

treatment by Chlorella sp. after 31 rounds, the obtained strain was able to grow under 500 

mg/l and 700 mg/l phenol without significant inhibition. The 500 mg/l phenol was totally 

removed by the strain obtained within seven days when initial cell density of 0.6*109 was 

used (Wang et al., 2016). Chlorella sp. was successfully able to grow in diluted landfill 

leachate after short period of adaptation with a removal performance of COD 60% and NH4 

100% in the diluted leachate (El Quaer et al., 2016).  

 

All living organisms have the characteristic feature of adaptation. It is a beneficial structural, 

functional and/or behavioural alteration developed in living organism over time as a response 

to changes in the surrounding habitat. On evolutionary basis, adaptation could be classified 

into two categories: short-term adaptation (temporary) and long-term adaptation (permanent). 

Changes in the short-term adaptation are temporary, not inherited, has no DNA alteration, 
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and has no role in evolution. On the other hand, changes in the long-term adaptation are 

permanent, inherited, influences DNA and play an important role in evolution (Fisher, 1930; 

Pianka, 2000). 

 

1.5.1 Algal adaptation to heavy metal toxicity 

 

As microalgae have been found in potentially polluted environments, studies reported in the 

literature indicate that microalgae may be able to adapt to heavy metal toxicity (Pandey, 

2017; Gaur & Rai, 2001). These environments occur as a result of the disposal of domestic 

and industrial wastes into the water bodies (Stokes & Krauter, 1973). In the laboratory, 

strains of microalgae were successfully grown in elevated levels of heavy metals (Shehata 

and Whitton, 1982; Gaur & Rai, 2001). Toleration of algae to metals could be genetic or 

physiological and toleration to heavy metals varies between different algae groups (Mehta & 

Bisen, 1992). It is presumed that the first step of adaptation is selection, if it is mixed habitat, 

then the most tolerant group or species will last longer and less resilient group will be 

eliminated sooner (Gaur & Rai, 2001). 

 

Gater et al. (1987) found a distinct variation in the combination of an algal consortium with 

increase of Zn levels in the following order diatoms>filamentous green algae> unicellular 

green algae suggesting the later to be the most tolerant to Zn than other groups. In the same 

group of algae there is a natural diversity in the susceptibility of heavy metals amongst 

species, Kesslar, (1985) demonstrate that one of Chlorella saccarophita strains was a 

hundred folds more sensitive than the other fourteen strains belonging to five species of 

Chlorella, he used in his study.  
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1.5.2 Adaptation to pH stress  

 

Another crucial factor for the photosynthesis process is pH, and this is because pH impacts 

almost any biological and chemical process, especially in aquatic organisms like algae. 

Different algae cultures may have different pH ranges, and optimal pH environment can help 

algae cultures, not only survive, but also thrive (Pick, 1992). For instance, marine algae 

strains favour pH at around 8.2, while freshwater strains need pH of approximately 7.0 (Abu-

Rezq et al.,1999).  

 

Another form of pH effect on algae, is that algae require carbon dioxide for growth and pH 

can affect how much CO2 is available. Depending on pH, dissolved carbon dioxide in the 

water can be found in three species. These species are: carbon dioxide (CO3
-2) which found at 

low pH, bi-carbonate (HCO3
-) is dominate at neutral pH, and carbonate (CO3

-2) at high pH. 

Algae can only make use of carbon dioxide and bicarbonate, and cannot use carbonate, which 

suggests that high pH range will prevent algae from practicing photosynthesis (Fondriest 

Environmental, Inc.,2016). Naturally acidophilic algae can constantly keep their internal pH 

at values around neutral, they can maintain an internal pH of 7 even at external pH of 1 (Gaur 

& Rai, 2001). Neutralophilic unicellular algae also behave similarly. However, acidophilic 

algae have approximately double the buffer capacity than neutralophilic algae (Gimler and 

Weis, 1992). It is suggested that lipids play important role in the ability of acidophilic algae 

to tolerate pH variation (Pick, 1992). 
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1.5.3 The relationship between pH and heavy metal tolerance 

 

In most cases, studying pH tolerance is coupled with resistance to heavy metal toxicity. This 

is because most heavy metals, with the exception of lead, are more soluble in acidic 

environments than at neutral or alkaline pHs. It is believed that acid tolerant algae are also 

resistant to heavy metals because they use the same mechanisms to overcome both stresses 

(Klimmek et al., 2001). When cationic metals come into contact with the microalgal cell 

wall, metals then transfer to the cell plasma membrane, and then enter the cell thereby 

affecting cellular metabolism (Kumar and Nanda, 2018). This exchange capacity is metal 

species specific and pH dependent (Rai et al., 1993). With a decrease of pH, adsorption to 

cell wall decreases. Acidic environments, encouraging cations to approach the cell plasma 

membrane. Between pH 3 to 5, considerable quantities of metal ions will be captured by the 

cell wall. pH increase will raise the number of metal ions binding to cell wall substances in 

acidophilic algae (Hirooka et al., 2017). This implies that resistance to acid environments 

induces resistance to heavy metals. It is supported by a study on the acidophilic strain of C. 

vulgaris when performed better metabolic activities, then wild type at lower pH (Rai et al., 

1993). 

 

1.5.4 Mechanisms of tolerance to heavy metals in microalgae 

 

The means of heavy metals resistance, when it comes to the susceptibility to more than one 

metal, could be the result of developing more than one mechanism for each metal or it could 

be that the development of one metal tolerance automatically confers resistant to other heavy 

metals (Rai et al., 1981a; Rai et al., 1981b) (Figure 1.4). The prior opinion has been 
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supported by Hall’s research (1980) in which the co-tolerance of Cu- resistant culture of 

Ectocarpus siliculosus to zinc and cobalt was demonstrated. Similarly, Fakamura et al. 

(1989) confirmed cadmium and zinc co-tolerant in the same freshwater algae. Further, 

Bariaud et al. (1998) reported that one of Englena gracilis strains that is Cd tolerant was also 

co-tolerant to zinc and cobalt. Foster (1982) argued that under some conditions, it is preferred 

that algae that has an unspecific metal tolerance because it is easier to induce comber to the 

metal specific tolerance. 

 

 

Figure 1.4. Common mechanisms for metal tolerance in algae 

 

Mechanisms involved in the tolerance to high concentrations of heavy metals generally 

involve the retention of metals on the external component of the cell and thereby reducing 

metal bioavailability and diffusion into the cell. In addition, they are responsible for the 

increase of the efflux of metals from the cell. Furthermore, they are the intercellular group of 

detoxification mechanisms. The latter includes sequestration in polyphosphate bodies, 
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metallothionein, phytochelatins and form strong ponds with chelators. Detoxification by 

oxidation and reduction of metals to produce a form of metals that are less soluble or less 

toxic. The synthesis of enzymes or meta that alters oxidation stress caused from exposure to 

heavy metals is also a way of detoxification that might enhance metal resistance. The 

development of toleration to a single metal might involve the combination of more than one 

strategy (Tchounwou et. al, 2012). 

 

1.5.4.1 Extracellular mechanisms 

 

There are a number of extracellular mechanisms for tolerating high concentrations of heavy 

metals by microalgae and other micro and macro-organisms such as higher plants. Below a 

list of the most frequently mechanisms that have been reported by researchers who studied 

the mechanisms of heavy metals tolerance in eukaryotic and prokaryotic microalgae.   

 

Binding to cell surface: This strategy has been frequently reported as an important mean of 

metal binding in algae. The surface polymeric components in the cell wall works as a good 

medium for metal ions. About 85% of metal ions accumulation was found to be in the cell 

surface in some cases (Reed and Gadd, 1990). The presence of carboxyl and other groups in 

the cell wall gives it the negative charge that plays an important role in attracting metal ions. 

This is supported by the evidence derived from research that has been made on C. reinhardtii 

which has a cell wall mutant, it was more sensitive to cobalt, cadmium, and nickel, than the 

wildtype (Gentr, 1996). Another piece of evidence is provided by Rijstenbil et al. (1998), in 

which the authors reported that algae species with thicker cell walls (1-9 m) were more 

tolerant to copper than the species with thinner cell walls (0.5-5m). On the other hand, many 
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researchers believed that adsorption to cell surface is only a transitional stage of ion uptake 

inside algal cell (Kraver et al., 1997). Whether adsorption to the cell surface component is 

perpetual or just transitional, the most valuable feature is if this step is actually reducing the 

bioavailability of heavy metals (Volskey, 1990). 

 

Production of metal-affinity ligands: Aquatic microorganisms’ responses to the toxicity of 

available metal ions not the total metal concentration. The ionic form of metals is the 

effective form when it comes to toxicological effect. Natural water has variety of ligands that 

metal ions tend to adsorb, thus reducing their availability to living organisms. Algae 

participate in releasing such substances. This demonstrates that Anabaena cylindrica 

produces an extracellular material that has the trait of complexation and detoxification of 

copper ions (Fogg and Westlake 1955). Similarly, eukaryotic algae and some cyanobacteria 

species can produce organic acids as copper complexing agents (Mokght and Morel, 1979). 

Similarly, Mokght and Morel (1979) also stated that four species of cyanobacteria were able 

to produce hydroxamates that are a strong complexation agent.  

 

In some cases when the produced complex of cupric schizorium is recognised by the ferric 

schizokinen uptake systems, the toxicity of copper will be emphasized as occurred in species 

Bacillus megaterium (Arcereak et al., 1984). Clark et al. (1987) stated that Anabaena sp. 

developed a siderophore system to tackle ferric starvation, but also fortuitously displayed 

improved copper tolerance. It was also reported that eukaryotes are able to produce ligands 

with weak and strong complexation abilities (Xue and Sigg, 1990) disputed whether these 

substances were already existing in the surroundings and complexed with copper ion or had 

been released to the external environment after exposure to Cu Ions (Gledhill et al., 1999). 
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The first opinion is favoured in case of copper detox by Fucus vesiculosus. Evidence points 

to algae being able to extract both weak and strong complexation agents. A particular kind of 

ligand is normally produced by a specific organism. However, organisms sometimes produce 

more than one type of ligand (Morelli et al., 1989). Initially strong ligands get saturated with 

each metal and then weaker complexing agents start to form bonds with metal ions. They 

could play a significant role especially if they are present in a high concentration. Weak and 

strong complexing ligands are important in protecting algae from metals toxicity (Stordub et 

al., 1987). 

1.5.4.2 Intracellular mechanisms (sequestration by protein and peptides) 

 

There are several intracellular mechanisms for tolerating high concentrations of heavy metals 

by microalgae that is shared with other organisms such as yeast, higher plants, and even 

animals and humans. Efflux of Ions: Exclusion of metals in this way is one of the mechanisms 

used by algae for metal tolerance and is rare to be seen in higher plants (woodhouse, 1983). 

Strains that use these mechanisms are found to accumulate less metals intercellularly in 

comber to nontolerant ones (Foster, 1977; Hall et al., 1979; Bariaud et al., 1985; Rai et al., 

1991). Under this concept, metal tolerant organisms can control metal influx by; cell wall 

modification or membrane functional alteration to reduce permeability of metal ions (Silver 

and Phung, 1996; Twiss and Nalewajko, 1992). A copper tolerant strain of Anabaena 

doliolum was isolated and its morphology and biochemical structure, were studied by Rai et 

al., (1991), they found less copper transport, more lipid content and better membrane 

integrity, in comparison to copper sensitive strain of some species of that Anabaena doliolum. 

Change in membrane permeability were also reported by Asthana et al. (1993) which 

explains the Ni tolerance in Nostoc muscorum. Algae with a strong negative charge on the 

cell wall could attract more Al ions that are positively charged, which increases algae 
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sensitivity to this ion (Wagatsuma and Akiba 1989). Metal efflux is an active process that 

requires energy to accomplish, in their research using Nostoc calcicole, Verma and Singh 

(1991) demonstrated an energy dependent copper efflux system. Yoshimura et al. (1999) also 

supported this fact with his research on Cyanidium caldarium which is an Al tolerant species. 

Chlorella sp. has an enzymatic system that oxidise mercury chloride to metallic form (Hg°), 

that is volatilised easily from algal cells (Tchounwou et al., 2012). 

 

Rai (1990) reported that a family of metal-agent proteins named metallothionein work as 

regulators of exceeded levels of metal ions in many organisms including plants and algae. 

They have found metallothionein to be able to sequester metal ions, particularly Zn and Cu 

with high affinity to these two ions. In algae it is reported that Anacystis nidulans and 

Synechococcus sp. contain metallothionein (Gaur & Rai, 2001). Eukaryotes endowed with 

metals tolerance may have several metallothionein genes copies and therefore increase in the 

metallothionein mRNA and protein (Palmiter, 1987). The metal induces of metallothionein 

production differ between different microorganisms. For example, copper is the preferred 

reported inducer of metallothionein in yeast (Volskey, 1990). A similar role has been 

described for phytochelatins a peptide that is synthesised enzymatically (Steffens, 1990) 

(Figure 1.5). Phytochelatins have a foundational feature of binding to metals ions. They have 

been isolated from contingent of organisms (Robinson et al., 1993). When biochemical 

properties of phytochelatins were investigated, cadmium and copper were found to be 

participating in formation of peptide-metal complex in high plants and algae (Grill et al., 

1987; Robinson 1989) and weak bonds with zinc (Robinson, 1989). It has been reported that 

phytochelatins biosynthesis only occurs when cells exposed to high concentrations of heavy 

metals (Robinson 1989).  In algae production of phytochelatins could be induced by variety 

of metals including Cd, Ag, Pb, Zn, Cu and  Hg (Robinson 1989). It is reported that 
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Thalassiosira weissflogii found to synthesize phytochelatins when exposed to Pb, Ni, Cu, Zn, 

Co, Ag and Hg (Ahner and Morel, 1995a.b). Complexation of phytochelatins with metal ions 

can be quite significant; for example, Howe and Merchant (1992) reported that 70% of 

cytosolic cadmium has been sequestrated by the polypeptide aggregates in C. reinhardtii. 

 

     

 

Figure 1.5. Phytochelatins synthesis model and metal detox. The accumulation of metals inside cells 

will form a metal pool (M°+). (GSH) is the Glutathione that exists in the cell and used for 

phytochelatins biosynthesis. GSH in the cell, when overproduced, can bind directly to metals like Hg 

and Ag in an efficient way and less efficiently with Cd. Cytosolic metal catalyses the formation of 

phytochelatins; in turn, they bind metals to form cytosol and detoxifies it, or safely transfers into the 

vacuole. Metals can also be compartmentalized by proteins, nucleic acids, and enzymes. Apoenzymes 

and proteins may use metals from the pool for metabolic processes. 

 

 

Phyto-detoxification enzymes are triggered when metal ions accumulate in the cell. The 

presence of metals is followed by the synthesis of phyto-detox enzymes. The produced phyto-
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detox enzymes twitched forming ponds with metal ions. which reduces the in-cell 

concentration of heavy metals. As a result, toxicity is reduced due to the low concentration of 

unbound metal ions (Gaur & Rai, 2001). Capturing metals in this way protects living cells 

from ions activity that disturbs their biological process. Phytochelatins work as metal 

transporting agents from cytoplasm to a specific vacuole (Vogeli-Lange and Wagner, 1990). 

 

On the other hand, the role of metallothionein include zinc ion homeostasis and distribution, 

gene expression regulation, programming expression during development, monitoring 

bioindicators of low levels of metals in the surroundings (Erb et al., 1996). It also plays a role 

in optimising metal levels inside living cells (Gaur & Rai, 2001).  
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1.6 The aim and objectives of the thesis  

  

This thesis investigates the possibility of using green microalgae to mitigate heavy metal 

mobility and impact in aquatic systems through adaptation. The hypothesis is that applying 

selection and adaptation on nominated green microalgae will improve their resistance to 

heavy metal toxicity for better bioremediation. This thesis incorporates relevant works and 

methodological development into experimental findings to achieve the following objectives: 

- Review literature about bioremediation, mechanisms, factors, and challenges, in 

particular, the work related to adaptation strategy and its implements in microbiology. 

Moreover, research related to existence, background values, pollution, and impact of 

heavy metals on humans and the environment. 

- Evaluate the impact of selected heavy metals on green microalgae species, Chlorella 

vulgaris and Chlamydomonas reinhardtii, used in the research and Daphnia magna to 

find LC50, which was used as a reference value to be castoff in the first stage of the 

adaptation approach. 

- Investigate the adaptation capacity of the studied green microalgae C. vulgaris and C. 

reinhardtii over an extended period of exposure to heavy metals in different and 

gradual concentrations. 

- Investigate the changes that might occur in the cell structure due to exposure to heavy 

metals during the adaptation process. This was achieved by using Fourier-transform 

infrared spectroscopy (FTIR). 

- Use Daphnia magna as an indicator of the efficiency of the produced microalgal 

phenotype in removing heavy metals from the solution. 
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CHAPTER TWO 
 

 

MATERIALS AND METHODOLOGIES 

 

2.1 Preliminary microalgal sampling, growing, and monitoring  

2.1.1 Green microalgae growth  

2.1.1.1 Growth media  

 

Bold Basal Medium with 3-fold nitrogen and vitamins (3NBBM+V) was used to grow both 

Chlorella vulgaris CCAP 211/111 and Chlamydomonas reinhardtii CCAP 11/45. This 

medium was a modification of Bristol’s solution (Bold, 1949). Stock solutions of each of the 

following salts were prepared: CaCl2.2H2O, MgSO4.7H2O, K2HPO4.3H2O, KH2PO4, NaCl, 

NaNO3, trace element solution (Na2EDTA, FeCl3.6H2O, MnCl2.4H2O, ZnCl2, CoCl2.6H2O, 

Na2MoO4.2H2O, vitamin B1 (Thiaminhydrochloride), vitamin B12 (Cyanocobalamin). 

Stocks were prepared according to the CCAP recipe, kept in the fridge, and used during the 

course of the study (Appendix 1).  

 

For Chlorella vulgaris 211/21A, f/2 Medium was used. Stock solutions of each of the 

following salts were prepared: NaNO3, NaH2PO4.2H2O, trace element solution (Na2EDTA, 

FeCl3.6H2O, CoCl2.6H2O, MnCl2.4H2O CuSO4.5H2O, ZnSO4.7H2O, MnCl2.4H2O, 

Na2MoO4.2H2O), and vitamin mix (Cyanocobalamin “vitamin B12”, Thiamine HCl 

“vitamin B1”, and Biotin). Stocks were prepared according to the recipe of the culture 
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collection of algae and protozoa (CCAP), kept in the fridge, and used in the experiments 

(Appendix 2). 

 

2.1.3.2 Growth conditions  

 

Algae cultures were obtained from CCAP and grown in 250 ml conical flasks. Glass flasks 

were filled with 100 ml of the 3-N-BBM, or f/2 medium then autoclaved at a temperature of 

121˚C for 45 minutes. The media were inoculated with 5% v/v from stock cultures that were 

approximately in the mid-exponential phase. Then cultures were incubated at 25˚C under 

12h:12h photoperiod with light intensity varying between 200-250 µE. Continuously, 

cultures were shacked at 110 rpm (IKA orbital rotary shaker KS 501 d). Optical density (OD) 

was measured every 24h at 700 nm. 

 

Optical density (OD) analysis OD700 was used to follow growth in a spectrophotometer, 

Ultrospec 2100 Pro UV/Vis. The time intervals from sampling to OD 700 nm measurements 

were approximately the same at all samplings every day. The samples were diluted with the 

medium appropriately to result in OD 700 nm of 0.2-0.5, if required. The spectrophotometer 

counts an average of three readings on each sample. Before running the OD 700 nm 

measurements with cells, the spectrophotometer was zeroed with medium only, which was 

exchanged every day to avoid errors from probable contamination.  

 

Cell count analysis as a complement to OD 700 nm measurements total cell counts was 

performed on samples in a counting chamber, Bürker with 0.1 mm depth, on ZEISS Axiostar 

microscope, with 40 times magnification. The chamber was mopped using tissue with ethanol 
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before each counting. A cover glass was put on, and 100 µl samples were dragged in. The 

same dilution as OD 700 nm was used to get an adequate number to count, 20-100 cells per 

square. Five squares were calculated for all samples. Cells on the left line and the top line 

were also counted. Limitations associated with the procedure of cell counting were the 

difficulty of separating dead or empty cells from the live ones, except when a stain is used, a 

cluster of small cells were difficult to count with absolute precision. The process of counting 

the cells is undoubtedly time consuming and monotonous.  

 

 

Snijder Chambers with controlled light, temperature, CO2, and humidity were used to 

incubate the starter cultures obtained from CCAP. The chamber conditions simulate the 

global climate in a reproducible manner by controlling day and night cycles in addition to the 

previously mentioned conditions. These growth chambers have been used in the first six 

months of the study.  

 

For the rest of the study period, a growth chamber was built to accommodate experimental 

units under study (Figure 2.3). The conditions were controlled using a commercial 

temperature controller and timer switch to control the light. Temperature was monitored 

using data logger (Figure 2.4 a, b and c).  
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Figure 2.3. Built growth chamber  

 

A               B                      C    

Figure 2.4. (a) Data logger, (b) temperature controller, (c) timer switch  
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2-2 The impact of heavy metals on microalgae and daphnia  

2.2.1 Chemicals 

 

The chemicals used to prepare the toxicity test solutions are Fe(NO3)3·9H2O, Pb(NO3)2, 

Mn(NO3)2·4H2O, Ni(NO3)2·6H2O, Cu(NO3)2·3H2O, Co(NO3)2.6H2O, Cd(NO3)2·4H2O, 

Zn(NO3)2·6H2O, As218O3, and HgCl2. 

 

2.2.2 Procedure  

 

To determine the susceptibility of microalgae to heavy metals, different concentrations of 

selected heavy metals were added together and separately to the 3NBBM and f/2 medium. To 

establish the concentration of heavy metal/s that causes a fifty per cent reduction of algae 

population (LC50), following the protocol of the Organisation for Economic Co-operation and 

Development (OECD) 201 (OECD, 2011). Five concentrations of each of the metals were 

used: 0 (control), 0.1, 1, 10, and 100 mg/l. Cell density measurement used for growth 

monitoring on algae for up to 5 days (the beginning of log-phase). The matrix used to prepare 

metals solutions is 3-NBBM and f/2 medium. Metals solutions of the five concentrations 

were distributed to 250 ml Erlenmeyer flasks at 100 ml each. Thus, each metal (Cu, Zn, Ni, 

Hg, Co, Al, Mg, As, and Cd) concentration/ treatment has three replicates. 

 

The inoculum was prepared no more than 2 to 3 hours prior to the beginning of the test, using 

the microalgal cultures harvested from a four to seven-day stock culture. Each millilitre of 

inoculum contained enough cells to provide an initial cell density of approximately 1 x 104 

cells/ml (± 10%) in the test flasks. Inocula of sufficient numbers of log-phase-growth 



66 

 

organisms then were transferred to each flask. The experiment units were incubated under 

12:12 light: dark cycle illumination at 86 ± 8.6 μE/m2/s (400 ± 40 ft-c), at 25 ± 1ºC, and were 

shaken continuously at 100 rpm on a mechanical shaker. Flask positions in the incubator have 

been randomly rotated each day to minimize possible spatial differences in illumination and 

temperature on growth rate. pH (Fisher brand pH meter was used) and temperature were 

monitored at the beginning and end of the test (Appendix 4).  

 

2.2.3 LC50 calculation 

 

At the end of the test, the LC50 was measured for each organism and calculated using Probit’s 

analysis. In this method, the survival percentage at each concentration of the toxin is 

compared with the growth percentage of the control culture of the strain under study. In 

excel, the toxin concentrations have been listed and, log10 of these concentrations have been 

calculated. Then the death percentage is also calculated and listed. The dead percentage then 

transformed to Probit using the Probit transformation table (Appendix5). The regression 

analysis has been performed after that, and from the analysis table, the values of x and 

intercept have been used in the following equation: 

Y=ax+b 

Where a=x variable 

b= intercept 

 

To calculate the LC50, the value is transformed to Probit using the transformation table. So, 

the Probit of 50 is 5 in the transformation table and that will substitute Y in the equation Y= 

ax+b. By solving the previous equation, x value is founded and LC50 is the antilog of x, 

which represents the concentration of toxin that causes 50% of population death. 
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2.2.4 The impact of heavy metals on Daphnia magna 

 

OECD protocol 202 (1996, 1998, 2000) was used to test heavy metals impact on daphnia. 

The same general aspects that were adopted in the metal toxicity test on algae have been used 

with the following principles: young daphnids of age less than 24 hours have been used, 

exposed to a range of metal ions (Cu, Zn, Ni, Hg, Co, Cd and their mixture) at concentration:  

0.001 mg/l, 0.01 mg/l, 0.1 mg/l, 1, 10 mg/l and the control, for a period of 48 hours. The 

mixture was prepared by adding equal amounts of each metal in the mixture to prepare the 

required concentration. For example, to prepare 10 mg/l of the metal mixture, an amount of 

1.67 mg/l of each metal (Cu, Zn, Ni, Hg, Co, and Cd) were mixed in one litre of the growth 

medium to reach a final concentration of 10 mg/l of the metal mixture. In addition, counts of 

living daphnids were taken every two hours and compared to the control.  

 

Matrix solution used to prepare the metals stock solutions and for the control, prepared from 

melting the nutrition ballet provided by the daphnia starter culture supplier (Aquaria). In 

addition to the regular count of surviving daphnia, pH, temperature, and dissolved oxygen 

have been monitored at the beginning and end of the test (Appendix 6). 

 

2.3 Method development for acclimatization of green microalgae to heavy 

metals  

  

During the adaptation of microalgal cultures to increasing concentrations of metals, a defined 

set of conditions for prolonged time sets were used to cultivate a microorganism. After 
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determining the exponential phase of our strain from the initial growth curve, repeated 

generations of 7 days were applied. Considering maintaining cell density at the same level 

during all adaptation stages as much as possible. During generations of the same stage (or 

two stages), metals’ concentrations remain the same. Thereafter, the concentration of the 

aqueous solution of heavy metal/s was gradually increased, starting after the tenth generation 

of each stage. Five stages of adaptation were conducted and lasted for 315 days. The initial 

level of heavy metals used in stage 1 is derived from the inhibitory experiment, as shown in 

chapter four (Table 4.1). Metals’ concentrations used in the subsequentially stages were 

increased by approximates of 10%.   

 

Samples solutions from the last generation of the last stage of adaptation were analysed 

chemically using Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES 

7200Thermo Fisher Scientific). The ICP-OES is a system in which samples that contain a 

configuration of elements, mainly water-soluble, can be determined using plasma and 

spectrometer. It is a preferred technique because of the multi-element options and high 

throughput.  

 

 

2.3 Cell structure analysis by Fourier-transform infrared spectroscopy 

(FTIR) 

 

For cell structure analysis, Fourier-transform infrared spectroscopy (FTIR) is used. This 

system is used to attain an infrared spectrum of absorption or emission of a solid, liquid, or 

gas. A high-spectral-resolution data over a broad spectral range is simultaneously collected 
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via an FTIR spectrometer; this deliberates a significant advantage over a dispersive 

spectrometer, which measures intensity over a narrow range of wavelengths at a time. The 

name FTIR is since the signal first needs to be Fourier-transformed to generate the more 

familiar IR plot of intensity versus wavenumber. Alpha Bruker FTIR spectroscopy was used 

in the study. 

 

 

Sample preparation is the most important step in the process of spectra collection. After 

centrifuging the sample and decanting the solution, samples then need to be washed. It is 

important to carefully remove any contaminants by washing a sample several times with 

distilled water to remove any other component/residue from the experimental solution. In 

addition, a sufficient amount of the sample needs to be taken for analysis; after washing the 

samples, they have to be snap frozen with liquid nitrogen; and then lyophilize (freeze dry) to 

be ready for scanning with FTIR or to be kept in the freezer for a later process at -80oC. 

 

2.5 The survivability of Daphnia magna in heavy metal solution after 

microalgal bioactivity during incubation time 

 

Metal solutions were prepared for this experiment were 0.01 for Zn, Ni, Hg, Co, and Cd and 

0.001 for Cu and heavy metals mixture. Solutions were added to the 250 ml Erlenmeyer 

flasks, 100 ml each. The matrix used to prepare the solutions was distilled water that contains 

nutrition pills provided with Daphnia magna from the supplier, one pill per litre. The flasks 

were divided into two sets, one to be treated with Chlorella vulgaris phenotypes and the 
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second with Chlamydomonas reinhardtii phenotypes. Each metal solution was treated with 

the microalgae adapted to that metal. 

 

Microalgal cultures during exponential phase were washed three times with distilled water 

after harvesting from the original culture and then resuspended in the matrix. An inoculum of 

5% v/v of microalgae was added to each flask. After three days of microalgae bioactivity in 

the solutions, both sets were filtered, and microalgae were removed. The obtained solutions 

were then used to test Daphnia magna survival in the algae-treated solutions.  

 

The algae-treated solutions were distributed in test tubes, 10 ml of solution in each tube, three 

replicates of each treatment. Moreover, ten young daphnia were added to each tube, 

monitored, and counted every two hours for a total of 10 hours. Additionally, two controls 

were used in this experiment: the first (control+) was the untreated metal solution and the 

second (control) was the matrix without metals addition.  

 

2.6 Statistical analysis  

 

Excel 365 version 2102 was used for analysis of variance with one-way (ANOVA) to find the 

significance of difference from the control (wherever needed), LC50 calculations, and graphs 

presentation. In addition, SPSS version 26 was used for Mann-Whitney test to compare 

nonparametric values of FTIR spectra in chapter five and Cohen’s d number to find the size 

of effect in the fate experiment in chapter six. 
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CHAPTER THREE 
 

 

PRELIMINARY EXPERIMENTS 

 

This section examines and describes a pre-study investigating the growth of Chlorella 

vulgaris 211/111, Chlorella vulgaris 211/21A, and Chlamydomonas reinhardtii 11/45 using 

two methods: optical density (OD) and cell count. The relationship between OD and cell 

count was also examined. The calibration curve that can be used to find unknown cell 

numbers from absorbance data, was also included. In addition, results from preliminary FTIR 

scans of the three strains, are shown in this chapter.  

 

3.1 Microalgal growth curves  

3.1.1 Growth curves by optical density  

 

The growth curves for C. vulgaris 211/111, C. vulgaris 211/21A, and C. reinhardtii 11/45 

were measured using optical density (Figure 3.1). C. vulgaris 211/111 did not clearly show a 

lag phase when OD was used to monitor growth (Figure 3.1a, Table 3.1). Cell density 

increased as a function of time from day 1 to day 10 in the exponential phase. The growth 

rate was 0.57 day-1, with a maximum growth with an absorbance of 1.688 on day10. C. 

vulgaris did not show a clear stationary phase as the growth started to decline after day 10, 

where the death phase started to occur mainly because of the reduction of nutrients. 
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Figure 3.1 Comparison between cells number (▲) and optical density (●) readings for (a) C. vulgaris 211/111. 

(b) C. vulgaris 211/21A and (c) C. reinhardtii 11/45. 
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Table 3.1. Growth parameters for C. vulgaris 211/111, C. vulgaris 211/21A, and C. reinhardtii 11/45 by 

optical density 

 Optical density  C. vulgaris  C. vulgaris C. reinhardtii  

Lag phase    No 3 days 4 days 

Log phase 1-10 3-9 4-9 

Stationary phase 10 9-10 9-10 

Maximum growth 1.688  1254  0.695  

Death phase  After day10 After day 10 After day 10 

Fastest growth rate 0.57 /day 0.44 /day 0.54 /day 

 

 

On day 2, the growth of C. vulgaris 211/21A displayed a reduction in the cell density. 

However, the growth curve retrieved exponential tendency from day 3. This difference in the 

behaviour of strains in the medium could be due to a nutritional shock that some organisms 

display when first sub-cultured. C. vulgaris 211/21A showed a lag phase between days 1 and 

3 with a meagre growth increase (Figure 3.1b, Table 3.1). From day 3 to day 9, the cell 

density increased as a function of time in the exponential phase. The growth rate was 0.44 

day-1, with a maximum growth of 1.254 on day 9. A stationary phase was observed between 

days 9 and 10. After day 10, the growth started to decline, where the death phase started due 

to nutrients exhaustion. 

 

C. reinhardtii 11/45 showed a lag phase between days 1 and 4 with a low growth increase 

(Figure 3.1c, Table 3.1). From day 4 to day 9, the cell density increased in the exponential 

phase. The growth rate was 0.54 day-1, with a maximum growth of 0.695 on day 10. A 

stationary phase was observed between days 9 and 10 where low to no growth increase was 

recorded. After day 10, the growth started to deteriorate in the death phase. 
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3.1.2 Growth curves using cell counts   

 

C. vulgaris 211/111 displayed a lag phase between day 1 and 4 when cell count was used to 

monitor growth (Figure 3.1a, Table 3.2). There was a negligible growth during lag phase. 

However, cell number increased as a function of time from day 4 to day 10 in the exponential 

phase. The growth rate was 0.57 day-1 during exponential phase, with a maximum growth of 

2.91E+7 cells/ml on day10. A stationary phase was observed between days 10 and 11. The 

death phase started to occur after day 11 when nutrients started to deplete. 

 

C. vulgaris 211/21A showed a lag phase between days 1 and 3 with a meagre growth increase 

(Figure 3.1b, Table 3.2). From day 3 to day 10, the cell density increased as a function of 

time in the exponential phase. The growth rate was 0.46 day-1, with a maximum growth of 

3.31E+7 cells/ml on day 10. No stationary phase was observed as the growth suddenly 

shifted after day 10; the growth started to decline, where the death phase has started. 

 

Between days 1 and 3, C. reinhardtii 11/45 displayed a lag phase with a low growth increase 

(Figure 3.1c, Table 3.2). From day 3 to day 10, the cell density increased in the exponential 

phase. The growth rate was 0.51 day-1, with a maximum growth of 1.00E+7 cells/ml on day 

10. C. reinhardtii 11/45 did not show a clear stationary phase as the growth declined after day 

10, in the death phase. 
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Table 3.2. Growth parameters for Chlorella vulgaris 211/111, Chlorella vulgaris 211/21A, and C. reinhardtii 

11/45  by cell count 

 Cell count Chlorella Vulgaris  Chlorella Vulgaris C. reinhardtii  

Lag phase    4 days 3 days 3 days 

Log phase 4-10 3-10 4-10 

Stationary phase 10-11 10 10 

Maximum growth 2.91E+7 cells/ml 3.31E+7 cells/ml 1.00E+7 cells/ml 

Death phase  After day11 After day 10 After day 10 

fastest growth rate 0.57 /day 0.46 /day 0.51 /day 

 

 

3.2 Comparison of growth curves in optical density and cell count  

 

To determine how microalgal growth patterns fit together using the two methods, a 

comparison between OD and cell count has been made for the three strains (Figure 3.1). C. 

vulgaris 211/111 growth shown in Figure 3.1a compares data collected in two ways, cell 

count and OD. The growth tendencies in both methods are similar except for the appearance 

of lag phase in the cell count curve, and the last reading on day 11; where a stationary phase 

is shown in the cell count method but a sudden decline in the growth is shown when OD is 

used. Also, OD looks more constant, and errors between the three replicates are reduced than 

the cell count method.  

 

The growth of strain C. vulgaris 211/21A (Figure 3.1b), shows that both ways of growth 

measurement are representative and showed a similar pattern. However, the errors between 

replicates measured by OD are smaller than errors that occurred when cell count was 

conducted. C. reinhardtii 11/45 is also well represented by both OD and cell count. In 
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addition, similarity of growth curves for both OD and cell count for C. reinhardtii 11/45, is 

higher than  C. vulgaris 211/111 and C. vulgaris 211/21A (Fig. 3.1c). this suggest that the 

estimated number of cells per millilitre from absorption data, is more accurate.  

 

3.3 Calibration curves of optical density and cell count for microalgae  

The relationship between cell number and optical density was found for each strain (Figure 

3.2). The correlation between OD and cell number was demonstrated for C. vulgaris 211/111, 

to find an unknown cell concentration from a known OD the following equation can be used; 

y = 5E-08x + 0.3439 (Figure 3.2.). For C. vulgaris 211/21A, the correlation between optical 

density and cell number was also found. This relation is better demonstrated by the equation: 

y = 4E-08x + 0.0565 (Figure 3.2b). Optical density when plotted against cell number 

demonstrates a linear relationship for C. reinhardtii 11/45 (Figure 3.2c). The calibration 

curve can then be used to determine cell numbers based on the absorbance reading using the 

equation y=8E-08x - 0.0473. 
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Figure 3.2 Calibration curve for optical density and cell number for (a) C. vulgaris 211/111 (b) C. vulgaris 

211/21A and (c) C. reinhardtii 11/45. 

 

3.3 Fourier transform infrared (FTIR) spectroscopy of microalgal strains 

 

Preliminary analysis of microalgal strains under the study have been conducted to find the 

biological print of each strain through FTIR. Figure 3.5 shows the cell molecular groups of C. 

vulgaris 112/111. General identification of absorption bands was obtained from published 

information (Benning et al. 2004; Giordano et al. 2001; Keller,1986; Naumann et al. 1996; 

Stuart, 1997; Wong et al. 1991; Dean et al. 2007; Sigee et al. 2002; Maquelin and Kirchner, 

2002). Peaks in the curve obtained from FTIR was assigned a functional group for each. 
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Protein spectra were characterized by a peak at 3270 cm-1 (amide A); lipid spectra were 

categorized by three sets of strong vibrations, the C-H at 2974 cm-1, 2907 cm-1, and 2897cm-

1; protein also featured at 1645 cm-1 (amide I) and 1552 (amide II). Position 1380 cm-1 

represent protein and lipids bending of methyl. Band of position 1242 cm-1 stands for nucleic 

acids. Carbohydrate absorption bands due to C-O-C of polysaccharides found at 1148 cm-1, 

1045 cm-1 up to 883 cm-1. 

 

 

Figure 3.5. FTIR spectra of C. vulgaris showing biomolecular peak assignments from 3,500–500 cm – 1. ν = 

stretching vibrations, δ = bending vibrations, s = symmetric vibrations and as = asymmetric vibrations. The 

spectrum is a transmission type micro spectrum from algae (C. vulgaris). The sample was placed on the 

diamond field directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. 

Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units 

 

 

 

Analysis of C. reinhardtii cell structure was made using FTIR (Figure 3.6). Published 

information obtained from Coates (2006), Bednarz et al. (2004), Andrew et al. (2010), 

Benning et al. (2004), Giordano et al. (2001) Keller (1986), Naumann et al. (1996), Stuart 
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(1997), Wong et al. (1991), Dean et al. (2007), Sigee et al. (2002), Maquelin and Kirchner 

(2002) was used for general identification of spectral absorption bands of C. reinhardtii. 

Peaks in the scans were assigned a functional group per each. Protein spectra were 

categorised by a clear feature at 3280 cm-1 (amide A). Three sets of strong vibrations, 2975 

cm-1, 2927 cm-1, and 2900 cm-1 were for lipids spectra. Protein also presented at 1641 cm-1 

(amide I) and 1546 (amide II). Position 1380 cm-1 represent protein. Band of position 1271 

cm-1 stands for nucleic acids. Due to the C-O-C of polysaccharides, carbohydrate absorption 

bands were found at 1148 cm-1, 1045 cm-1 up to 878 cm-1.  

 

 

 

Figure 3.6. FTIR spectra of C. reinhardtii showing biomolecular peak assignments from 3,500–500 cm−1.ν = 

stretching vibrations, δ = bending vibrations, s = symmetric vibrations and as = asymmetric vibrations. The 

spectrum is a transmission-type micro-spectrum from algae (C. reinhardtii). The sample was placed on the 

diamond field directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. 

Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units 
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C. vulgaris 211/21A cell structure was demonstrated using FTIR and is shown in Figure 3.7. 

Each peak in the scans represent a functional group. In general, C. vulgaris 211/21A shows 

the same peaks positions as in C. vulgaris 211/111 but differ quantitively. 

 

 

 

Figure 3.7. FTIR spectra of C. vulgaris 211/21A showing biomolecular peak assignments from 3,500–500 cm – 

1.ν = stretching vibrations, δ = bending vibrations, s = symmetric vibrations and as = asymmetric vibrations. The 

spectrum is a transmission-type micro-spectrum from algae (C. vulgaris). The sample was placed on the 

diamond field directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. 

Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units 

 

 

3.4 Results discussion  

 

The growth curves of the green microalgae (Chlorella vulgaris 211/111, Chlorella 

vulgaris 211/21A, and Chlamydomonas reinhardtii 11/45) were measured in two ways 

(optical density (OD) and cell counts). For up to 11 days, sustainable microalgal growth was 

obtained when the Bold Basal medium with 3-fold nitrogen and vitamins  (3NBBM) medium 

was used due to the high content of nutrients in this medium; this was supported by Wong et 
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al. findings (2017) when they used 3NBBM they obtained a longer log phase compare to 

other media. In addition, this high content of nutrients led to the absence of lag phase, high 

growth rates and long exponential phase in the growth curve of C. vulgaris 211/111. C. 

reinhardtii 11/45 and C. vulgaris 211/21A showed a lag phase of 3 to 4 days for OD and cell 

counts, respectively. This difference in the behaviour of microalgae in the medium is due to 

the difference in the reaction that microorganisms adopt when first introduced to new 

conditions, which is so-called: nutrient shock, as described by Azevedo et al. (2012). 

Azevedo et al. (2012) notice that the use of medium with high content of nutrients led to 

growth reduction at the beginning in some of the strains used in their study, this was 

explained as a shock caused by the high volume of nutrient compare to the relatively law 

number of cells in the inoculum. The correlation between OD and cell count showed a good 

fit in the calibration curve of both measurements for the examined microalgae (Stevenson et 

al., 2016). This led to more accuracy in estimating cell numbers from absorbance data. 

 

Data collected through FTIR for the observation of functional groups on microalgal cells for 

the strains under investigation; and to obtain general identification of absorption bands 

(Benning et al. 2004; Giordano et al. 2001; Keller,1986; Naumann et al. 1996; Stuart, 1997; 

Wong et al. 1991; Dean et al. 2007; Sigee et al. 2002; Maquelin and Kirchner, 2002). This 

data helped narrowing the selection range of microalgae to C. vulgaris 211/111 and C. 

reinhardtii 11/45. This is because both C. vulgaris 211/111 and C. reinhardtii 11/45 showed 

a high content of functional groups that play a vital role in the biosorption and bioremediation 

processes, as reported by Javanbakht et al. (2014). 
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CHAPTER FOUR 
 

 

HEAVY METAL TOXICITY ON MICROALGAE AND 

DAPHNIA MAGNA  

 

Summary  

 

This chapter provides the presentation, analysis, and interpretation of data from experiments 

investigating toxicity of selected heavy metals: Cu, Zn, Ni, Hg, Co, and Cd and mixtures on 

selected green microalgae (Chlorella vulgaris 211/111, Chlorella vulgaris 211/21A, and 

Chlamydomonas reinhardtii 11/45) and Daphnia magna. For the microalgae, five 

concentrations of each of the metals were used: 0 mg/l (control), 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l. The matrixes used to prepare metal solutions are 3-NBBM and f/2 medium for 

microalgae toxicity tests. The concentrations used for Daphnia magna toxicity experiments 

were 0 mg/l (control), 0.001 mg/l, 0.01 mg/l, 0.1 mg/l, 1 mg/l, and 10 mg/l. Metals were 

added to a nutritious solution that has nutritious palate used to feed Daphnia magna. The aim 

of this chapter is to measure the LC50 of each metal for each of the organisms used in the 

study. 
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4.1 The impact of heavy metals on the growth of Chlorella vulgaris 211/111 

4.1.1 The impact of cadmium on the growth of Chlorella vulgaris 211/111 

 

C. vulgaris was incubated with five concentrations of cadmium 0, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l to test the impact of Cd on the growth of C. vulgaris represented by LC50. The 

growth was monitored for 5 days up to the beginning of the exponential phase (Figure 4.1a). 

At 100 mg/l of cadmium, C. vulgaris growth was totally inhibited. However, at the other 

three concentrations, 0.1 mg/l, 1 mg/l, and 10 mg/l, the culture was less impacted and 

maintained growth levels at around the same values as in the control. Towards the end of the 

incubation, growth rates significantly reduced, compared to the control, for both 10 and 1 

mg/l. However, the concentration of 0.1 mg/l continued to grow at rates that did not differ 

from the control significantly (Figure 4.1b, Table 4.1) (p >0.05). 

 

 

Figure 4.1. The growth of Chlorella vulgaris in five concentrations of cadmium: 0 mg/l, 0.1 mg/l, 1 mg/l, 10 

mg/l, and 100 mg/l (a) Growth curves of Chlorella vulgaris 211/111 exposed to Cd in five different 

concentrations. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. (b) 
Mortality ratios % of Chlorella vulgaris 211/111in different concentrations of Cd , in relation to the control, at 

day 5.  
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Table 4.1. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of cadmium. 

Chlorella vulgaris Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 4 days 3 days 4 days No 

Day 5 growth/OD*  0.22 0.21 0.14 0.12 No 

Growth rate 0.84/day 0.76/day 0.40/day 038/day No 

* Determined by absorbance at 700 nm 

 

The mortality ratio of C. vulgaris in relation to the control, was found for the five conditions 

used in the test (Figure 4.1b). In addition, the maximum growth obtained on day five was 

compared with the control to calculate the population reduction at the end of the toxicity 

test. The biomass reductions for the concentrations 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l 

were 9.4%, 23.39%, 20.13%, and 96.74% respectively (Figure 4.1b). The LC50 for cadmium 

for Chlorella vulgaris 211/12 was calculated using Probit analysis and was 27.54 mg/l 

(Figure 4.1b). 

 

4.1.2 The impact of cobalt on the growth of Chlorella vulgaris 211/111 

 

Five concentrations of cobalt (0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l) were used to test 

the impact of the metal on the growth of C. vulgaris and to calculate the LC50. The growth 

was monitored for five days up to the beginning of the log phase (Figure 4.2a). Both 100 mg/l 

and 10 mg/l of cobalt reduced C. vulgaris growth by 78.26% and 74.68%, respectively: with 

no significant difference between the two treatments (p >0.05), but a significant difference 

from the control (p <0.05). In the cultures containing 1 mg/l and 0.1mg/l there were more 

than 20% decrease in growth with no significant difference between the two treatment (p 

>0.05), but there were significant differences from the control and cultures with cobalt 



85 

 

concentration of 100 mg/l and 10 mg/l (p <0.05) (Figure 4.2b, Table 4.2). The concentration 

of cobalt that caused 50% reduction of the C. vulgaris population is 3.6 mg/l and was found 

using Probit analysis (Figure 4.2b). 

 

 

 
Figure 4.2. The growth of Chlorella vulgaris in five concentrations of cobalt: 0 mg/l, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l (a) Growth curves of Chlorella vulgaris 211/111 exposed to cobalt in five different 

concentrations. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. (b) The 

mortality ratios % of Chlorella vulgaris 211/111in different concentrations of Co , in relation to the control, at 

day 5. 

 

Table 4.2. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of cobalt. 

Chlorella vulgaris Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.13 0.10 0.10 No No 

Growth rate 0.68/day 0.61/day 0.56/day No No 

* Determined by absorbance at 700 nm 
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4.1.3 The impact of copper on the growth of Chlorella vulgaris 211/111 

 

Five concentrations of copper 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to 

incubate C. vulgaris to test the impact of Cu on the growth of C. vulgaris represented by the 

LC50. The test time was five days up to the beginning of the log phase (Figure 4.3a). Both 

concentrations of 0.1 and 1mg/l of copper showed improved growth rates and no signs of 

inhibition (p >0.05) (Figure 4.3a). The other two concentrations of copper, 100 mg/l and 10 

mg/l, decreased C. vulgaris growth rates by 77.24% and 67.26 %, respectively. The LC50 of 

copper for C. vulgaris 211/12 is 8.49 mg/l (Probit) (Figure 4.3b Table 4.3). 

 

 

Figure 4.3. Chlorella vulgaris growth test with five concentrations of copper (a) Chlorella vulgaris 211/12 

inhibition by Cu, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control (b) Mortality of Chlorella vulgaris 211/12 on different concentrations of Cu at 

the end of the inhibitory test (day 5).  
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Table 4.3. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of copper. 

Chlorella vulgaris Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.13 0.22 0.20 No No 

Growth rate 0.68/day 0.69/day 0.68/day No No 

* Determined by absorbance at 700 nm 

 

 

4.1.4 The impact of nickel on the growth of Chlorella vulgaris 211/111 

 

C. vulgaris was incubated with five concentrations of nickel 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 

100 mg/l to test the impact of Ni on the growth of C. vulgaris represented by the LC50. The 

growth was monitored for five days up to the beginning of the log phase (Figure 4.4a). Above 

90% reduction in C. vulgaris population has occurred at both 100 mg/l and 10 mg/l of nickel. 

Improved growth at 1 mg/l has arisen and negligible inhibition at 0.1 mg/l of nickel with a 

5.65% decrease (p <0.05) (Figure 4.4a). The LC50 of nickel for the strain C. vulgaris 211/111 

was found to be 3.77 mg/l (Probit) (Figure 4.4b).    
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Figure 4.4. Chlorella vulgaris growth test with five concentrations of nickel (a) Chlorella vulgaris 211/12 

inhibition by Ni, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control.(b) Mortality of Chlorella vulgaris 211/12 on different concentrations of Ni at 

the end of the inhibitory test (day 5).  

 

 

Table 4.4. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of nickel. 

Chlorella vulgaris Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    2 days 2 days 2 days No No 

Day 5 growth/OD*  0.35 0.33 0.37 No No 

Growth rate 0.61/day 0.47/day 0.43/day No No 

* Determined by absorbance at 700 nm 
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4.5a). Mercury was lethal for C. vulgaris at both 100 and 10 mg/l causing algae culture 100% 

inhibition. Whereas a 32.12% reduction was caused by mercury at 1 mg/l, and 47.46% at 

0.1mg/l (p < 0.05) (Figure 4.5a). The level of Hg that caused 50% reduction of C. 

vulgaris 211/12 growth was 0.22 mg/l (Probit) (Figure 4.5b).  

 

 

 

Figure 4.5. Chlorella vulgaris growth test with five concentrations of mercury (a) Chlorella vulgaris 211/12 

inhibition by Hg, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control (b) Mortality of Chlorella vulgaris 211/12 on different concentrations of Hg at 

the end of the inhibitory test (day 5). 

 

Table 4.5. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of mercury. 

Chlorella vulgaris Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 2 days No No 

Day 5 growth/OD*  0.23 0.10 0.14 No No 

Growth rate 0.72/day 0.68/day 0.64/day No No 

* Determined by absorbance at 700 nm 
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4.1.6 The impact of zinc on the growth of Chlorella vulgaris 211/111 

 

Five concentrations of zinc: 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to incubate 

C. vulgaris to test the impact of Zn on the growth of C. vulgaris represented by the LC50. The 

growth was observed for five days up to the beginning of the exponential phase (Figure 4.6a). 

At concentration 100 mg/l of zinc, C. vulgaris showed 75.05% reduction in the growth rate 

compared to the control. While at the other three concentrations; 10 mg/l, 1 mg/l, and 

0.1mg/l, the culture showed a significant enhancement in growth and maintained growth 

levels at around the same values as in the control (p <005) (Figure 4.6a; Table 4.6). The LC50 

of zinc for C. vulgaris 211/111 was 25.4 mg/l (Probits) (Figure 4.6b). 

 

 

Figure 4.6. Chlorella vulgaris growth test with five concentrations of zinc (a) Chlorella vulgaris 211/12 

inhibition by Zn, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control (b) Mortality of Chlorella vulgaris 211/12 on different concentrations of Zn at 

the end of the inhibitory test (day 5). 
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Table 4.6. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of zinc. 

Chlorella vulgaris Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days 3 days No 

Day 5 growth/OD*  0.15 0.17 0.18 0.18 No 

Growth rate 0.55/day 0.61/day 0.62/day 0.62/day No 

* Determined by absorbance at 700 nm 

 

4.1.7 The impact of mixture of heavy metals on the growth of Chlorella vulgaris 211/111 

 

C. vulgaris was incubated with five concentrations of a mixture of heavy metals 0, 0.1 mg/l, 1 

mg/l, 10 mg/l, and 100 mg/l to test the impact of metals mixture on the growth of C. vulgaris 

represented by the LC50. The mixture was prepared by adding equal amounts of each metal in 

the mixture (Cu, Zn, Ni, Hg, Co, and Cd) to prepare the required mixture concentration. For 

example, to prepare 100 mg/l of the metal mixture, an amount of 16.67 mg/l of each metal 

(Cu, Zn, Ni, Hg, Co, and Cd) were mixed in one litre of the growth medium to reach a final 

concentration of 100 mg/l of the metal mixture. The growth was monitored for five days up 

to the beginning of the exponential phase (Figure 4.7a). The mixture of metals resulted in 

over 70% reduction of the growth rates of C. vulgaris for both concentrations of 100 and 10 

mg/l with 77.6% and 74.83% decrease in the populations, respectively (p <0.05). However, 

growth rates at 1 mg/l and 0.1 mg/l showed a slight improvement compared to the control 

(Figure 4.7a). On day five, end of the test, algae mortality was calculated at each 

concentration and from there, the LC50 was found to be 15.08 mg/l for the metals mixture 

(Probit) (Figure 4.7b; Table 4.7). 
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Figure 4.7. Chlorella vulgaris growth test with five concentrations of mixture of metals (a) Chlorella vulgaris 

211/12 inhibition by mix of heavy metals, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, 

(×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control (b) Mortality of Chlorella vulgaris 211/12 on different 

concentrations of mix of heavy metals at the end of the inhibitory test (day 5). 

 

Table 4.7. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of mixture of metals. 

Chlorella Vulgaris Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.15 0.15 0.15 No No 

Growth rate 0.53/day 0.54/day 0.53/day No No 

* Determined by absorbance at 700 nm 

 

4.1.8 The impact of manganese on the growth of Chlorella vulgaris 211/111 

 

C. vulgaris was incubated with five concentrations of manganese 0, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l to test the impact of Mn on the growth of C. vulgaris represented by the LC50. 

The growth was monitored for five days up to the beginning of the exponential phase (Figure 

4.8).The tested concentrations of manganese showed no inhibition effect on C. vulgaris 

211/111. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

1 2 3 4 5

G
ro

w
th

/ 
O

D
 7

0
0

n
m

Time/ Days

0

10

20

30

40

50

60

70

80

90

100

0/
control

0.1
mg/l

1 mg/l 10 mg/l 100
mg/l

M
o

rt
al

it
y 

 %

Concentration mg/l



93 

 

 

 

Figure 4.8. Chlorella vulgaris growth test with five concentrations of manganese, growth curves of each test 

exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control 

 

4.1.9 The impact of aluminium on the growth of Chlorella vulgaris 211/111 

 

C. vulgaris was incubated with five concentrations of aluminium 0, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l to test the impact of Al on the growth of C. vulgaris represented by the LC50. 

The growth was monitored for five days up to the beginning of the exponential phase. 

Aluminium caused the growth rate of C. vulgaris 211/111 to be totally inhibited at 

concentration100 mg/l of Al and maintained growth levels at similar rates as in the control 

for both 1 mg/l and 0.1 mg/l. The concentration of 10 mg/l of Al caused a slight reduction in 

the strain population (p >0.05) (Figure 4.9). The LC50 was not calculated for Al as it was 

eliminated from the study. 
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Figure 4.9. Chlorella vulgaris growth test with five concentrations of aluminium, growth curves of each test 

exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control 

 

4.1.10 The impact of arsenic on the growth of Chlorella vulgaris 211/111 

 

C. vulgaris was incubated with five concentrations of arsenic 0, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l to test the impact of As on the growth of C. vulgaris represented by the LC50. 

The growth was monitored for five days up to the beginning of the log phase. The tested 

concentrations of arsenic showed no significant inhibition of C. vulgaris 211/111 (Figure 

4.10). 
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Figure 4.10. Chlorella vulgaris growth test with five concentrations of arsenic, growth curves of each test 

exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control 

 

4.2 The impact of heavy metals on the growth of Chlorella vulgaris 211/21A 

4.2.1 The impact of cadmium on the growth of Chlorella vulgaris 211/21A 

 

Five concentrations of Cd 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to incubate C. 

vulgaris to test the impact of Cd on the growth of C. vulgaris 211/21A represented by the 

LC50. The test time was five days up to the beginning of the log phase (Figure4.11a). The 

growth curve of C. vulgaris at concentration 0.1mg/l showed improved growth rates and no 

signs of inhibition (Figure 4.11a). The effect of cadmium concentrations on C. 

vulgaris growth rates was as follows; 78.11%, 50.05%, 4.14%, 0, and 0 decrease for the 

concentrations 100 mg/l, 10 mg/l, 1 mg/l, 0.1 mg/l, and 0 mg/l, respectively (p <0.05). 

Therefore, the LC50 of cadmium for C. vulgaris 211/21A was 17.8 mg/l (Probit) (Figure 

4.11b; Table 4.8). 
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Figure 4.11. Chlorella vulgaris growth test with five concentrations of cadmium (a) Chlorella vulgaris 

211/21A inhibition by Cd, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 

mg/l, (●)0.1 mg/l, and  (♦) the control (b) Mortality of Chlorella vulgaris 211/21A on different concentrations 

of Cd at the end of the inhibitory test (day 5). 

 

Table 4.8. Growth parameters for Chlorella vulgaris 211/21A grown in five concentrations of mixture of cadmium. 

Chlorella vulgaris Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days 3 days No 

Day 5 growth/OD*  0.31 0.35 0.30 0.16 No 

Growth rate 0.56/day 0.67/day 0.57/day 0.42/day No 

* Determined by absorbance at 700 nm 

 

4.2.2 The impact of cobalt on the growth of Chlorella vulgaris 211/21A 

 

C. vulgaris was incubated with five concentrations of Co 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 

100 mg/l to test the impact of cobalt on the growth of C. vulgaris 211/21A represented by the 

LC50. The growth was monitored for five days up to the beginning of the exponential phase 

(Figure 4.12a). The inhibition effect of cobalt on C. vulgaris showed relative relation to the 

increased concentration of the metal in the solution; 94.5%, 85.98%, 51.51%, 41.64%, and 0 

reduction for the concentrations 100 mg/l, 10 mg/l, 1 mg/l, 0.1 mg/l, and 0 mg/l, respectively 
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(p <0.05) (Figure 4.12a). The level of cobalt that causes a 50% reduction of C. 

vulgaris growth is 0.33 mg/l (Probits) (Figure 4.12b; Table 4.9). 

 

 

Figure 4.12. Chlorella vulgaris growth test with five concentrations of cobalt (a) Chlorella vulgaris 211/21A 

inhibition by Co, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlorella vulgaris 211/21A on different concentrations of Co 

at the end of the inhibitory test (day 5). 

 

Table 4.9. Growth parameters for Chlorella vulgaris 211/21A grown in five concentrations of cobalt. 

Chlorella vulgaris Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.32 0.19 0.16 No No 

Growth rate 0.57/day 0.58/day 0.47/day No No 

* Determined by absorbance at 700 nm 

 

4.2.3 The impact of copper on the growth of Chlorella vulgaris 211/21A 

 

Five concentrations of copper 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to 

incubate C. vulgaris to test the impact of Cu on the growth of C. vulgaris 211/21A 
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represented by the LC50. The test time was five days up to the beginning of the log phase 

(Figure4.13a). C. vulgaris responded to copper in the solution in a relative relation to the 

increased concentration of the Cu; 95.43%, 93.87%, 55.24%, 39.67%, and 0 reduction for the 

concentrations 100 mg/l, 10 mg/l, 1 mg/l, 0.1 mg/l, and 0 mg/l, respectively (Figure 4.13a). 

The level of copper that caused a 50% reduction of C. vulgaris growth was 0.26 mg/l (Probit) 

(Figure 4.13b; Table 4.10). 

 

 

Figure 4.13. Chlorella vulgaris growth test with five concentrations of copper (a) Chlorella vulgaris 211/21A 

inhibition by Cu, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlorella vulgaris 211/21A on different concentrations of Cu 

at the end of the inhibitory test (day 5). 

 

Table 4.10. Growth parameters for Chlorella vulgaris 211/21A grown in five concentrations of copper. 

Chlorella vulgaris Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.32 0.20 0.15 No No 

Growth rate 0.57/day 0.37/day 0.33/day No No 

* Determined by absorbance at 700 nm 
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4.2.4 The impact of nickel on the growth of Chlorella vulgaris 211/21A 

 

C. vulgaris was incubated with five concentrations of Ni 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 

mg/l to test the impact of Ni on the growth of C. vulgaris 211/21A represented by the LC50. 

The growth was monitored for five days up to the beginning of the exponential phase (Figure 

4.14a) The growth curve of C. vulgaris showed a dramatic decrease with the increase of 

nickel concentration. Ratios of reduction for 100 mg/l,10 mg/l,1 mg/l, and 0.1 mg/l were 

87.02%, 53.27%, 16.3%, and 5.71%, respectively (p <0.05) (Figure 4.14a). The LC50 of 

nickel for C. vulgaris was 7.32 mg/l (Probit) (Figure 4.14b; Table 4.11). 

 

 

Figure 4.14. Chlorella vulgaris growth test with five concentrations of nickel Chlorella vulgaris 211/21A 

inhibition by Ni, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlorella vulgaris 211/21A on different concentrations of Ni 

at the end of the inhibitory test (day 5). 
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Table 4.11. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of nickel. 

Chlorella vulgaris Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days 3 days No 

Day 5 growth/OD*  0.32 0.30 0.27 0.15 No 

Growth rate 0.57/day 0.58/day 0.57/day 0.51/day No 

* Determined by absorbance at 700 nm 

 

4.2.5 The impact of mercury on the growth of Chlorella vulgaris 211/21A 

 

C. vulgaris was incubated with five concentrations of mercury 0, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l to test the impact of Hg on the growth of C. vulgaris 211/21A represented by 

the LC50. The growth was monitored for five days up to the beginning of the exponential 

phase (Figure 4.15a) The three concentrations of mercury: 100 mg/l,10 mg/l and 1 mg/l had a 

fatal impact on C. vulgaris, causing above 90% inhibition of algal culture (Figure 4.15a). In 

addition, at concentration 0.1mg/l of Hg, a reduction of 45.06% of the growth had occurred 

(p <0.05). The concentration of Hg that caused 50% decrease in C. vulgaris population was 

0.01 mg/l (Probit) (Figure 4.15b; Table 4.12).  
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Figure 4.15. Chlorella vulgaris growth test with five concentrations of mercury (a) Chlorella vulgaris 211/21A 

inhibition by Hg, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlorella vulgaris 211/21A on different concentrations of Hg 

at the end of the inhibitory test (day 5). 

 

Table 4.12. Growth parameters for Chlorella vulgaris 211/21A grown in five concentrations of mercury. 

Chlorella vulgaris Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days No No No 

Day 5 growth/OD*  0.31 0.17 No No No 

Growth rate 0.56/day 0.43/day No No No 

* Determined by absorbance at 700 nm 

 

4.2.6 The impact of zinc on the growth of Chlorella vulgaris 211/21A 

 

Five concentrations of Zn 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to incubate C. 

vulgaris to test the impact of zinc on the growth of C. vulgaris 211/21A represented by the 

LC50. The test time was five days up to the beginning of the log phase (Figure 4.16a). C. 

vulgaris responded to Zn in the solution in an intolerance behaviour with a reduction of; 

68.11%, 69.18%, 52.7%, 48.88%, and 0 for the concentrations 100 mg/l, 10 mg/l, 1 mg/l, 0.1 
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mg/l, and 0 mg/l, respectively (p <0.05) (Figure 4.16a). The level of Zn that caused a 50% 

decrease of C. vulgaris population was 0.15 mg/l (Probit) (Figure 4.16b; Table 4.13). 

 

 

Figure 4.16. Chlorella vulgaris growth test with five concentrations of zinc (a) Chlorella vulgaris 211/21A 

inhibition by Zn, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, 

(●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlorella vulgaris 211/21A on different concentrations of Zn 

at the end of the inhibitory test (day 5). 

 

Table 4.13. Growth parameters for Chlorella vulgaris 211/111 grown in five concentrations of mixture of metals. 

Chlorella vulgaris Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.31 0.16 0.15 No No 

Growth rate 0.56/day 0.45/day 0.41/day No No 

* Determined by absorbance at 700 nm 
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4.3 The impact of heavy metals on the growth of Chlamydomonas 

reinhardtii 11/45 

4.3.1 The impact of cadmium on the growth of Chlamydomonas reinhardtii 11/45 

 

Five concentrations of Cd 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to incubate C. 

reinhardtii to test the impact of Cd on the growth of C. reinhardtii represented by the LC50. 

The test time was five days up to the beginning of the log phase (Figure4.21a). Upon 

exposure to Cd, the growth rate of C. reinhardtii was significantly inhibited at 100 mg/l and 

significantly reduced at 10 mg/l, 91.41%, and 60.02%, respectively (p <0.05). Whereas at the 

lowest concentrations, 1 mg/l and 0.1mg/l, of Cd, growth had a reduction average of 17.37% 

and 15.7%, respectively (Figure 4.17a). On day five, algae mortality had been calculated at 

each concentration, and from there, the LC50 was found to be 4.04 mg/l of cadmium for C. 

reinhardtii (Probit) (Figure 4.217b; Table 4.14) 

 

Figure 4.17. Chlamydomonas reinhardtii growth test with five concentrations of cadmium (a) Chlamydomonas 

reinhardtii 11/45 inhibition by Cd, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 

mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlamydomonas reinhardtii 11/45 on 

different concentrations of Cd at the end of the inhibitory test (day 5). 
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Table 4.14. Growth parameters for Chlamydomonas reinhardtii grown in five concentrations of cadmium. 

C. reinhardtii Control  0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days 3 days No 

Day 5 growth/OD*  0.23 0.19 0.20 0.10 No 

Growth rate 0.68/day 0.58/day 0.63/day 0.37/day No 

* Determined by absorbance at 700 nm 

 

4.3.2 The impact of cobalt on the growth of Chlamydomonas reinhardtii 11/45 

 

C. reinhardtii was incubated with five concentrations of cobalt 0, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l to test the impact of Co on the growth of C. reinhardtii represented by the LC50. 

The growth was monitored for five days up to the beginning of the exponential phase (Figure 

4.17a).The growth rate of C. reinhardtii was inhibited by 80% at 100 mg/l of cobalt, 74.87% 

at 10 mg/l, 2.67% at 1 mg/l, and 20.32% at 0.1 mg/l. both growth curves at concentrations 1 

mg/l and 0.1 mg/l showed no significant difference in growth from the control treatment (p 

>0.05) (Figure 4.18a). At day five, the end of the incubation, The LC50 of cobalt for C. 

reinhardtii was found to be 5.91 mg/l (Probit) (Figure 4.17b; Table 4.15).  
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Figure 4.18. Chlamydomonas reinhardtii growth test with five concentrations of cobalt (a) Chlamydomonas 

reinhardtii 11/45 inhibition by Co, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 

mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlamydomonas reinhardtii 11/45 on 

different concentrations of Co at the end of the inhibitory test (day 5). 

 

 

Table 4.15. Growth parameters for Chlamydomonas reinhardtii grown in five concentrations of cobalt. 

C. reinhardtii Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.06 0.05 0.06 No No 

Growth rate 0.64/day 0.66/day 0.67/day No No 

* Determined by absorbance at 700 nm 

 

 

4.3.3 The impact of copper on the growth of C. reinhardtii 11/45 

 

C. reinhardtii was incubated with five concentrations of copper 0, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l to test the impact of Cu on the growth of C. reinhardtii represented by the LC50. 

The growth was monitored for five days up to the beginning of the exponential phase (Figure 

4.19a).The inhibition of C. reinhardtii growth caused by copper showed relative relation to 

the increased levels of the metal in the solution in both 100 and 10 mg/l. On the other hand, 
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concentrations of 1 mg/l,0.1 mg/l had a positive impact on the growth rates of C. reinhardtii 

(p < 0.05) (Figure 4.19a). The LC50 of copper on C. reinhardtii was 0.33 mg/l (Probit) 

(Figure 4.19b; Table 4.16). 

 

 

Figure 4.19. Chlamydomonas reinhardtii growth test with five concentrations of copper (a) Chlamydomonas 

reinhardtii 11/45 inhibition by Cu, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 

mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control (b) Mortality of Chlamydomonas reinhardtii 11/45 on 

different concentrations of Cu at the end of the inhibitory test (day 5). 

 

Table 4.16. Growth parameters for Chlamydomonas reinhardtii grown in five concentrations of copper. 

C. reinhardtii Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.06 0.15 0.12 No No 

Growth rate 0.64/day 0.71/day 0.60/day No No 

* Determined by absorbance at 700 nm 
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4.3.4 The impact of nickel on the growth of Chlamydomonas reinhardtii 11/45 

 

C. reinhardtii was incubated with five concentrations of nickel 0, 0.1 mg/l, 1 mg/l, 10 mg/l, 

and 100 mg/l to test the impact of Ni on the growth of C. reinhardtii represented by the LC50. 

The growth was monitored for five days up to the beginning of the exponential phase (Figure 

4.20a).When exposed to Ni, the growth rate of C. reinhardtii was highly affected by both 

concentrations of 100 mg/l and 10 mg/l with 87.04%, and 84.84% decreased populations, 

respectively. At the same time, levels of both 1 mg/l and 0.1 mg/l of Ni showed a negligible 

impact on C. reinhardtii growth rates, 6.48% and 5.79%, respectively, with no significant 

difference from the control (p >0.05) (Figure 4.20a). On day five, end of the incubation, algae 

mortality was calculated at each concentration, and from there, the LC50 was found to be 5.23 

mg/l (Probit) (Figure 4.20b; Table 4.17). 

 

 

Figure 4.20. Chlamydomonas reinhardtii growth test with five concentrations of nickel (a) Chlamydomonas 

reinhardtii 11/45 inhibition by Ni, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 

mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlamydomonas reinhardtii 11/45 on 

different concentrations of Ni at the end of the inhibitory test (day 5). 
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Table 4.17. Growth parameters for Chlamydomonas reinhardtii grown in five concentrations of nickel. 

C. reinhardtii Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    2 days 2 days 2 days No No 

Day 5 growth/OD*  0.29 0.28 0.27 No No 

Growth rate 0.75day 0.69/day 0.66/day No No 

* Determined by absorbance at 700 nm 

 

4.3.5 The impact of mercury on the growth of Chlamydomonas reinhardtii 11/45 

 

Five concentrations of Hg 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to incubate C. 

reinhardtii to test the impact of mercury on the growth of C. reinhardtii represented by the 

LC50. The test time was five days up to the beginning of the exponential phase (Figure 4.21a). 

Upon exposure to Hg, the growth of C. reinhardtii was completely inhibited at 100 mg/l, 10 

mg/l, and 1 mg/l. Whereas at the lowest concentration (0.1mg/l) of mercury, growth has a 

very low reduction of 4.34% (p <0.05) (Figure 4.21a). On day five, end of the test, algae 

mortality founded and then LC50 was calculated to be 0.59 mg/l (Probit) (Figure 4.21b; Table 

4.18).   
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Figure 4.21. Chlamydomonas reinhardtii growth test with five concentrations of mercury (a) Chlamydomonas 

reinhardtii 11/45 inhibition by Hg, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 

mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlamydomonas reinhardtii 11/45 on 

different concentrations of Hg at the end of the inhibitory test (day 5). 

 

Table 4.18. Growth parameters for Chlamydomonas reinhardtii grown in five concentrations of mercury. 

C. reinhardtii Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    2 days 2days No No No 

Day 5 growth/OD*  0.34 0.32 No No No 

Growth rate 0.60/day 0.49/day No No No 

* Determined by absorbance at 700 nm 

 

4.3.6 The impact of zinc on the growth of Chlamydomonas reinhardtii 11/45 

 

C. reinhardtii was incubated with five concentrations of zinc 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 

100 mg/l to test the impact of zinc on the growth of C. reinhardtii represented by the LC50. 

The growth was monitored for five days up to the beginning of the log phase (Figure 4.22a). 

Above 80% reduction in C. reinhardtii population has occurred at 100 mg/l of zinc. Decrease 

of 26.3% at concentration 10 mg/l was found, an Improved growth rate at 1 mg/l has arisen 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1 2 3 4 5

G
ro

w
th

/ 
O

D
 7

0
0

n
m

Time/ Days

0

10

20

30

40

50

60

70

80

90

100

0/
control

0.1 mg/l 1 mg/l 10 mg/l 100
mg/l

M
o

rt
al

it
y 

 %

Concentration mg/l



110 

 

and a negligible inhibition at 0.1 mg/l of zinc with 1.53% decrease (p <0.05) (Figure 4.22a). 

The LC50 of Zn for the strain C. reinhardtii is 24.19 mg/l (Probit) (Figure 4.22b; Table 4.19).    

 

 

Figure 4.22. Chlamydomonas reinhardtii growth test with five concentrations of zinc (a) Chlamydomonas 

reinhardtii 11/45 inhibition by Zn, growth curves of each test exposure. Treatments are: (⁎) 100 mg/l, (×)10 

mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. (b) Mortality of Chlamydomonas reinhardtii 11/45 on 

different concentrations of Zn at the end of the inhibitory test (day 5). 

 

 

Table 4.19. Growth parameters for Chlamydomonas reinhardtii grown in five concentrations of zinc. 

C. reinhardtii Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    2 days 2 days 2 days 2 days No 

Day 5 growth/OD*  0.10 0.11 0.1 0.08 No 

Growth rate 0.53/day 0.54/day 0.53/day 0.41/day No 

* Determined by absorbance at 700 nm 
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4.1.3.7 The impact of mixture of heavy metals on the growth of Chlamydomonas 

reinhardtii 11/45 

 

C. reinhardtii was incubated with five concentrations of a mixture of heavy metals 0, 0.1 

mg/l, 1 mg/l, 10 mg/l, and 100 mg/l to test the impact of metals mixture on the growth of C. 

reinhardtii represented by the LC50. The mixture was prepared by adding equal amounts of 

each metal in the mixture (Cu, Zn, Ni, Hg, Co, and Cd) to prepare the required mixture 

concentration. For example, to prepare 100 mg/l of the metal mixture, an amount of 16.67 

mg/l of each metal (Cu, Zn, Ni, Hg, Co, and Cd) were mixed in one litre of the growth 

medium to reach a final concentration of 100 mg/l of the metal mixture. The growth was 

monitored for five days up to the beginning of the log phase (Figure 4.23a). When exposed to 

equally mixed metals, the growth rate of C. reinhardtii was highly affected by both 

concentrations of 100 mg/l and 10 mg/l with 83.41%, and 75.12% decreased in the 

populations, respectively. At the same time, the level of 1 mg/l of the mixture showed a 

negligible impact on C. reinhardtii growth rates and 3.46% improved growth rates at 

concentration 0.1 mg/l (p <0.05) (Figure 4.23a). On day five, end of the incubation, algae 

mortality was calculated at each concentration and from there, the LC50 was found to be 

10.66 mg/l for the metals mixture for C. reinhardtii (Probit) (Figure 4.23b; Table 4.20). 
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Figure 4.23. Chlamydomonas reinhardtii growth test with five concentrations of mix of metals (a) 

Chlamydomonas reinhardtii 11/45 inhibition by mix of heavy metals, growth curves of each test exposure. 

Treatments are: (⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. (b) Mortality of 

Chlamydomonas reinhardtii 11/45 on different concentrations of mix of heavy metals at the end of the 

inhibitory test (day 5). 

 

 

Table 4.20. Growth parameters for Chlamydomonas reinhardtii grown in five concentrations of mixture of metals. 

C. reinhardtii Control 0.1 mg/l 1 mg/l 10 mg/l 100 mg/l 

Lag phase    3 days 3 days 3 days No No 

Day 5 growth/OD*  0.15 0.16 0.15 No No 

Growth rate 0.59/day 0.71/day 0.71/day No No 

* Determined by absorbance at 700 nm 

 

4.3.8 The impact of manganese on the growth of Chlamydomonas reinhardtii 11/45 

 

Five concentrations of Mn 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to incubate 

C. reinhardtii to test the impact of Mn on the growth of C. reinhardtii represented by the 

LC50. The test time was five days up to the beginning of the log phase. The tested 

concentrations of manganese showed no inhibitory effect on C. reinhardtii 11/45 (Figure 

4.24). 
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Figure 4.24. Chlamydomonas reinhardtii growth test with five concentrations of manganese. Treatments are: 

(⁎) 100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control. 

 

4.3.9 The impact of aluminium on the growth Chlamydomonas reinhardtii 11/45 

 

Five concentrations of Al 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to incubate C. 

reinhardtii to test the impact of Al on the growth of C. reinhardtii represented by the LC50. 

The test time was five days up to the beginning of the log phase. Aluminium caused the 

growth rate of C. reinhardtii to be totally inhibited at 100 mg/l and significantly reduced at 

both 10 and 1 mg/l. Whereas at the lowest concentration (0.1mg/l) of Al, the growth rate has 

a slight decrease (p >0.05) (Figure 4.25). The LC50 was not calculated for Al for being 

eliminated from the study. 
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Figure 4.25. Chlamydomonas reinhardtii growth test with five concentrations of aluminium. Treatments are: (⁎) 

100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●) 0.1 mg/l, and  (♦) the control 

 

4.3.10 The impact of arsenic on the growth of Chlamydomonas reinhardtii 11/45 

 

Five concentrations of As 0, 0.1 mg/l, 1 mg/l, 10 mg/l, and 100 mg/l were used to incubate C. 

reinhardtii to test the impact of As on the growth of C. reinhardtii represented by the LC50. 

The test time was five days up to the beginning of the log phase. The tested concentrations of 

arsenic showed no significant inhibition of C. reinhardtii 11/45 (Figure 4.26). 
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Figure 4.26. Chlamydomonas reinhardtii growth test with five concentrations of arsenic. Treatments are: (⁎) 

100 mg/l, (×)10 mg/l, (▲)1 mg/l, (●)0.1 mg/l, and  (♦) the control 

 

 

Table 4.21. Concentration of heavy metal (mg/l) that result in LC50 of microalgae  

 
strain Zn Hg Co Cd Cu Ni Mixture 

LC50 
C.V 25.4 0.22 3.6 27.5 8.49 3.76 15.08 

C.R 24.19 0.59 5.91 4.21 0.33 5.2 10.66 

C.V: Chlorella vulgaris. C.R: Chlamydomonas reinhardtii  

 

 

4. The impact of heavy metals on the growth of Daphnia magna  

4.1 The impact of zinc on the growth Daphnia magna 

 

D. magna was incubated in six concentrations of zinc 0 mg/l (control) 0.001 mg/l, 0.01mg/l, 

0.1mg/l, 1mg/l, and 10mg/l to measure the toxicity of the metal (Figure 4.27). The growth 

was observed for 48 hours, and a count of living Daphnia was taken every two hours. 

Analysis of variance with one-way ANOVA was performed to detect any significant 
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differences from the control (p <0.05). Concentrations of 0.01mg/l, 0.1mg/l, 1mg/l, and 

10mg/l of Zn caused a significant impact on the growth of D. magna (p <0.05). At the 

concentration of 0.01mg/l, 60% reduction of the number of D. magna in the solution has 

occurred within the first 12 hours of the test. However, at the end of incubation the 

population of D. magna reduced to 66.7%. On the other hand, the concentrations of 0.1mg/l, 

1mg/l, and 10 mg/l of Zn caused 100% reduction of D. magna numbers. The concentration of 

0.001 mg/l Zn did not show a considerable differentiation from the control (p >0.05). The 

LC50 of zinc was below 0.01 mg/l. 

 

Figure 4.27. Daphnia magna response to zinc at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 mg/l, 

(▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

 

4.2 The impact of copper on the growth of Daphnia magna  

 

Six concentrations of copper were used to measure the toxicity on D. magna 0 mg/l, 0.001 

mg/l, 0.01mg/l, 0.1mg/l, 1mg/l, and 10mg/l (Figure 4.28). The growth was monitored for 48 

hours, and a count of living Daphnia was taken every two hours. All the concentrations used 
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in the toxicity test of copper on D. magna: 0.001 mg/l, 0.01mg/l, 0.1mg/l, 1mg/l, and 10mg/l 

showed a significant difference from the control with a 100% reduction of  the population of 

D. magna within the first 6 hours of the test (p <0.05). Therefore, the LC50 of Cu was below 

0.001 mg/l. 

 

 

Figure 4.28. Daphnia magna responses to copper at different concentrations: (▬) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

 

4.3 The impact of nickel on the growth of Daphnia magna 

 

D. magna was incubated with six concentrations of nickel: 0 mg/l, 0.001 mg/l, 0.01mg/l, 

0.1mg/l, 1mg/l, and 10mg/l as shown in Figure 4.29. The growth was monitored for 48 hours, 

and the number of living Daphnia was recorded every two hours. The concentrations of 

0.001mg/l, 0.01mg/l, 0.1mg/l, 1mg/l, and 10mg/l showed a significance difference from the 

control (p <0.05). The concentration of 0.001 mg/l of Ni resulted in a reduction of 40% in the 

population of Daphnia, within the first 8 hours. The concentrations of 0.01mg/l, 0.1mg/l, 
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1mg/l, and 10 mg/l of Ni caused a total inhibition of D. magna growth. The LC50 of nickel for 

D. magna was below 0.01 mg/l. 

 

Figure 4.29. Daphnia magna responses to nickel at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

 

4.4 The impact of mercury on the growth of Daphnia magna 

 

D. magna was tested with six concentrations of mercury 0 mg/l, 0.001 mg/l, 0.01mg/l, 

0.1mg/l, 1mg/l, and 10mg/l. The results of incubating and monitoring D. magna for 48 hours 

in mercury solutions are shown in Figure 4.30. The concentrations of 0.001mg/l, 0.01mg/l, 

0.1mg/l, 1mg/l, and 10mg/l of mercury, showed a significant difference from the control (p 

<0.05). At concentrations of 0.01mg/l, 0.1mg/l, 1mg/l, and 10 mg/l of Hg, total inhibition of 

D. magna growth has occurred within the first 4-6 hours. The concentration of 0.001 mg/l Hg 

did not show a significant difference from the control. The LC50 of mercury was below 0.01 

mg/l for D. magna. 
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Figure 4.30. Daphnia magna responses to mercury at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

 

4.5 The impact of cobalt on the growth of Daphnia magna  

 

D. magna was exposed to five concentrations of cobalt 0.001 mg/l, 0.01mg/l, 0.1mg/l, 1mg/l, 

10mg/l, in addition to the control (0 mg/l), shown in Figure 4.31. The growth was observed 

for 48 hours, and a count of living Daphnia was taken every two hours. The analysis of data 

showed that concentrations of 0.01mg/l, 0.1mg/l, 1mg/l, and 10mg/l of cobalt were 

significantly different from the control. Reduction of 20% and 30% of D. magna population 

were caused by concentrations of 0.01mg/l and 0.1 mg/l, respectively within the first 24 

hours (p <0.05). By the end of the incubation, mortality rates have reduced to 26.7% and 

66.7% at concentrations of 0.01mg/l, 0.1mg/l after 48 hours, respectively. At levels 1 mg/l, 

and 10 mg/l of cobalt, D. magna was totally inhibited after 10 hours. The concentration of 
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0.001 mg/l of Co did not show a significant difference from the control (p <0.05). The LC50 

of cobalt was below 0.1 mg/l for D. magna. 

 

Figure 4.31. Daphnia magna responses to cobalt at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

 

4.6 The impact of cadmium on the growth of Daphnia magna 

 

Six concentrations of Cd were used to incubate D. magna 0 mg/l, 0.001 mg/l, 0.01mg/l, 

0.1mg/l, 1mg/l, and 10mg/l to test the toxicity of cadmium on Daphnia (Figure 4.32). The 

growth was observed for 48 hours, and a count of living Daphnia was taken every two hours. 

At the concentrations of 0.01mg/l, 0.1mg/l, 1mg/l, and 10mg/l of cadmium, a significant 

difference from the control was appeared (p <0.05). The reduction rates of D. magna 

population were 40%, 50% and 60% at hours 10,12,30 hours, respectively, for the 

concentrations of 0.01mg/l of Cd. Also, 80% and then 90% reduction of D. magna numbers 

at hours 8,12, respectively, occurred up to the end of the test for the concentration of 0.1 mg/l 

of Cd. The concentrations 1mg/l and 10 mg/l of cadmium caused a total inhibition of D. 
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magna after 6 hours. The concentration of 0.001 mg/l started to show a significant difference 

from the control (p <0.05) after 28 hours of the incubation to reach 23.7% reduction in D. 

magna numbers by the end of the test. According to the results, half of D. magna population 

reduced at a concentration less than 0.01mg/ of cadmium. 

 

 

Figure 4.32. Daphnia magna responses to cadmium at different concentrations: (‒) 10 mg/l, (⁎)1 mg/l, (■) 0.1 

mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

 

 

4.7 The impact of mixture of heavy metals on the growth of Daphnia magna  

 

Six different concentrations, namely: 0 mg/l, 0.001 mg/l, 0.01mg/l, 0.1mg/l, 1mg/l, and 

10mg/l of a mixture of heavy metals (Zn, Cu, Hg, Co, Cd, and Ni) were prepared by mixing 

equal amounts of each metal to prepare the required concentration and then used to test their 

toxic effect in a combination on D. magna (Figure 4.33). The growth was monitored for 48 

hours, and the number of living Daphnia was recorded every two hours. The metal mixture 
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concentrations of 0.001mg/l, 0.01mg/l, 0.1mg/l, 1mg/l, and 10mg/l showed a significant 

difference from the control (p <0.05). The concentration of 0.001mg/l of the mixture caused 

84% reduction of D. magna population after 12 hours and up to the end of the test. At 

concentrations of 0.01mg/l, 0.1mg/l, 1mg/l, and 10 mg/l of the metal’s mixture, 100% 

inhibition of D. magna growth has occurred. The LC50 of the metal mixture was below 0.001 

mg/l for D. magna. 

 

Figure 4.33. Daphnia magna responses to mixture of heavy metals at different concentrations: (‒) 10 mg/l, (⁎)1 

mg/l, (■) 0.1 mg/l, (▲)0.01 mg/l, (●)0.001 mg/l, and  (♦) the control. 

 

 

4.8 Results discussion  

 

The results revealed that the test of metals mixture impact on C. vulgaris showed a high LC50 

value (15.08 mg/l) compared to what has been reported by other researchers (Expósito et al. 

2021). Expósito et al. (2021) stated that predictive mixture effect models tend to overestimate 

the effects of metal mixtures in C. vulgaris for both growth and photosynthesis inhibition 

tests. This is because of the other factors that impact toxicity intensity, such as the microalgal 

species used, metals interactions in the mixture of metals and other physical and chemical 
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influences; like pH, and temperature (Hart,1982). For example, the presence of nickel, lead, 

and selenium in the solution reduced cadmium toxicity as found by Hotchinson and Stokes 

(1975); Hotchinson (1976); Dietilainin (1976); Al-Waeli et al. (2012); Shamshad et al. 

(2016) ;Zwolak (2020), probably because of the complexing part of the cadmium to lessen 

the concentration of toxic forms (Gesamp, 1987). On the other hand, C. reinhardtii had an 

LC50 value of 10.66 mg/l when exposed to heavy metals mixture during toxicity experiment, 

and C. vulgaris 211/21A has an LC50 of 1 mg/l for the mixture of metals; these results 

confirm what was stated by Hotchinson (1976); Hotchinson and Stokes (1975); Dietilainin 

(1976); Hall (2000); Arunakumara, and  Zhang (2008), regarding the algal species depending 

response to metals toxicity. In addition, cobalt in natural water bodies, ranges from 4x10-6 to 

1.7 mg/l (Abbasi et al.,1998; Tchounwou et al., 2012). This suggests that a species isolated 

from a water body that has a concentration of 4x10-6 of cobalt will have a different LC50 for 

the same species habitats a water body that has an average concentration of 1.7 mg/l of Co. 

For example, C. vulgaris 211/111 used in the study has an LC50 of 3.6 mg/l, unexpectedly 

lower than C. reinhardtii (5.91 mg/l); this might be related to the original habitats these two 

species were originally from. C. vulgaris 211/21A has an LC50 of 0.33 mg/l, another 

confirmation that this species is more delicate than the other two species; these findings are 

similar to what has been reported by Australian and New Zealand Environment and 

Conservation Council (ANZECC) & Agriculture and Resource Management Council of 

Australia and New Zealand (ARMCANZ) (2000). The reaction of the three strains to metals 

toxicity strengthened the conclusion of eliminating C. vulgaris 211/21A from the study. 

Wang (1986) reported that algae collected from wastewater treatment lagoons exhibited 

different responses to zinc toxicity after acclimation. This suggests that toxicological 

response depends upon algal acclimation to the specific environment, not the origin of the 

algal source. Wang (1986) used algal consortium in his study and tested them after prolonged 
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exposure to Zn. Algae isolated from a low zinc concentration developed resistance to zinc 

when acclimated to higher considerations of zinc for a prolonged period of exposure. The 

same behaviour was obtained from the algal consortium isolated from a high concentration 

zinc environment adapted to a low zinc concentration environment. 
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CHAPTER FIVE 

 

 

THE ADAPTATION OF MICROALGAE TO HEAVY METALS 

IN THE GROWTH MEDIUM 

 

 

Summary  

In this chapter, the adaptation stages of microalgae (Chlorella vulgaris and Chlamydomonas 

reinhardtii) to elevated concentrations of heavy metals have been presented. In addition, 

metal concentrations in the growth medium before and after microalgal growth have been 

analysed using inductively coupled plasma - optical emission spectrometry (ICP-OES). The 

obtained data were analysed and demonstrated in the second part of this chapter. 

Furthermore, the spectra obtained from Fourier Transform Infrared (FTIR) spectroscopy, was 

analysed. Scanning of algae strains before and after adaptation has been conducted to 

determine the structural changes after this process. Comparison through detecting the marker 

bands has been made in addition to determining the position of each band for both strains 

Chlorella vulgaris and Chlamydomonas reinhardtii. The aim of this chapter was to monitor 

cell composition impacted by adaptation of microalgae to heavy metal/s. 

 

5.1 The adaptation of microalgae to heavy metals in the growth medium 

 

Microalgae (Chlorella vulgaris 211/111 and Chlamydomonas reinhardtii 11/45) were 

cultivated in Bold Basal Medium with 3-fold Nitrogen and Vitamins (3NBBM) for 7 days for 

each generation with a defined concentration of heavy metals over 10 generations (one stage), 

with metal concentrations increasing by 10% at each stage (Table 5.1). The individual metal 

additions or the addition of a mixture of metals were carried out to enhance microalgal 
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resistance to the individual metals or mixture metals. In cases where the increased metal 

concentration reduced the culture growth significantly, the metal concentration was kept at 

the same level for two stages to avoid losing the adapted phenotype. The initial 

concentrations of heavy metals used in stage 1 were derived from the toxicity experiments 

and represents the LC50 of microalgae for each metal. The adaptation process consisted of 

five stages over a period of 315 days to produce an adapted microalgal phenotype, capable of 

surviving in aqueous systems impacted by heavy metals and to explore how microalgal 

cultures could mitigate heavy metal toxicity. 

 

Table 5.1. Heavy metals concentrations (mg/l) used in the adaptation of Chlorella vulgaris 

Stages 
strain Zn Hg Co Cd Cu Ni Mix 

Stage 1 C.V 25 0.2 3.6 27 8.4 3.7 15 

Stage 2 C.V 27.5 0.3 4 29 9.2 4.1 16.5 

Stage 3 C.V 30 0.3 4.4 32 10 4.1 18.1 

Stage 4 C.V 33 0.4 4.8 32 11 4.4 19.9 

Stage 5 C.V 33 0.5 5.2 32 12 4.4 22 

 

5.1.1 Adaptation of Chlorella vulgaris to the presence of mercury in the growth medium 

 

Chlorella vulgaris was repeatedly incubated in 3NBBM medium with mercury to enhance the 

microalga’s resistance to the metal toxicity in the incubation medium. Mercury was added in 

concentrations: 0.2 mg/l, 0.3 mg/l, 0.3 mg/l, 0.4 mg/l and 0.5 mg/l, for stages 1-5 respectively 

(Table 5.1). The initial mercury concentration used was obtained from toxicity experiments, 

where LC50 of mercury was calculated to be 0.22 mg/l. In the sequential stages, Hg 

concentration increased by approximates of 10%. A significant microalgal growth was 

detected during stages 1, 2, and 3, where mercury concentrations were: 0.2 mg/l, 0.3 mg/l, 



127 

 

and 0.3 mg/l, respectively. However, when Hg concentration increased to 0.4 mg/l and 0.5 in 

stages 4 and 5, respectively, the growth significantly decreased (p<0.05) (Figure 5.1). The 

presence of increasing metal concentrations by 50% from Stages 1 to 3 led to a significant  

increase in tolerance of Chlorella vulgaris during the adaptation period of 315 days (p<0.05). 

 

 

Figure 5.1. The adaptation stages of Chlorella vulgaris in 3NBBM with mercury in different concentrations, 0.2 

mg/l, 0.3 mg/l, 0.3 mg/l, 0.4 mg/l, and 0.5 mg/l for stages 1 to 5, respectively: metal concentrations are 

presented on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented 

on the z-axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten 

generations and each generation last for seven days for a total adaptation period of 315 days. The growth of each 

stage is an average of generations of that stage. 
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5.1.2 Adaptation of Chlorella vulgaris to the presence copper in the growth medium 

 

Copper was added to 3NBBM medium in concentrations: 8.4 mg/l, 9.2 mg/l, 10 mg/l, 11 

mg/l, and 12 mg/l for Stages 1 - 5, respectively (Table 5.1). C. vulgaris was incubated with 

sequentially increasing concentrations to enhance the microalga’s resistance to copper 

toxicity in the incubation medium. The initial copper concentration used was obtained from 

toxicity experiments, where LC50 of copper was calculated to be 8.49 mg/l. In the sequential 

stages, copper concentration increased by approximates of 10%. A significant improvement 

in the growth of Chlorella vulgaris was observed at the first stage of adaptation (Figure 5.2). 

The growth significantly increased for the following stages up to the 4th stage (p<0.05). In 

the fifth stage, in which the Cu concentration increased to 12mg/l, microalgal growth 

significantly decreased (p<0.05). The presence of increasing metal concentrations by 30% 

from Stages 1 to 4 led to a significant  increase in tolerance of C. vulgaris  during the 

adaptation period of 315 days (p<0.05).  
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Figure 5.2. The adaptation stages of Chlorella vulgaris in 3NBBM with copper in different concentrations, 8.4 

mg/l, 9.2 mg/l, 10 mg/l, 11 mg/l, and 12 mg/l for stages 1 to 5, respectively: metal concentrations are presented 

on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-

axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten generations and 

each generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an 

average of generations of that stage. 

 

 

5.1.3 Adaptation of Chlorella vulgaris to the presence of zinc in the growth medium 

 

C. vulgaris was repeatedly incubated with zinc in 3NBBM medium to enhance the 

microalga’s resistance to the metal toxicity in the incubation medium. Zinc was added in 

concentrations: 25 mg/l, 27.5 mg/l, and 30 mg/l, for stages 1-3, respectively, and a 

concentration of 33 mg/l was used for stages 4 and 5 (Table 5.1). The initial zinc 

concentration used was obtained from toxicity experiments, where LC50 of zinc was 

calculated to be 25.4 mg/l. In the sequential stages, zinc concentration increased by 

approximates of 10%.  Microalgal growth was significantly enhanced during stages 1, 2, and 
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when Zn concentration increased to 33 mg/l in stage 4, the growth significantly decreased 
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(p<0.05). Maintaining Zn concentration at the same level for stage 5 did not help the culture 

recover; the growth continued to decrease (Figure 5.3). The presence of increasing metal 

concentrations by 20% from Stages 1 to 3 led to a significant  increase in tolerance of C. 

vulgaris  during the adaptation period of 315 days (p<0.05). 

 

 

Figure 5.3. The adaptation stages of Chlorella vulgaris in 3NBBM with zinc in different concentrations, 25 

mg/l, 27.5 mg/l, 30 mg/l, 33 mg/l, and 33 mg/l for stages 1 to 5, respectively: metal concentrations are presented 

on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-

axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten generations and 

each generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an 

average of generations of that stage. 
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resistance to cobalt toxicity in the incubation medium. The initial Co concentration used was 

obtained from toxicity experiments, where LC50 of cobalt was calculated to be 3.6 mg/l. In 

the sequential stages, cobalt concentration increased by 10%. A significant improvement in 

the growth of C. vulgaris was observed at the first stage of adaptation (Figure 5.4). The 

growth significantly increased for the following stages up to the 4th stage (p<0.05). In the 

fifth stage, in which the Co concentration increased to 5.2mg/l, microalgal growth 

significantly decreased (p<0.05). The presence of increasing metal concentrations by 34% 

from Stages 1 to 4 led to a significant increase in tolerance of C. vulgaris during the 

adaptation period of 315 days (p<0.05).  

 

 

Figure 5.4. The adaptation stages of Chlorella vulgaris in 3NBBM with cobalt in different concentrations, 25 

mg/l, 27.5 mg/l, 30 mg/l, 33 mg/l, and 33 mg/l for stages 1 to 5, respectively: metal concentrations are presented 

on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-

axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten generations and 

each generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an 

average of generations of that stage. 
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5.1.5 Adaptation of Chlorella vulgaris to the presence of cadmium in the growth medium 

 

C. vulgaris was repeatedly incubated in 3NBBM medium with cadmium  to enhance the 

microalga’s resistance to the metal toxicity in the incubation medium. Cadmium was added at 

27 mg/l, 29 mg/l, and 32 mg/l, for stages 1-3 respectively; 32 mg/l was also used for stages 4 

and 5 (Table 5.1). The initial cadmium concentration used was obtained from toxicity 

experiments, where LC50 of cadmium was calculated to be 27.5 mg/l. In the sequential stages, 

cadmium concentration increased by 10%. A significant increase in the growth of C. vulgaris 

occurred during stage one of adaptation to cadmium (p<0.05). However, the growth 

significantly reduced when Cd level was raised to 32 mg/l in stage 3. Furthermore, keeping 

the concentration at the same level in the following stages did not improve the growth in a 

significant way (p<0.05) (Figure 5.5). The presence of increasing metal concentrations by 

10% from Stages 1 to 2 led to a significant  increase in tolerance of C. vulgaris  during the 

adaptation period of 315 days (p<0.05).  
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Figure 5.5. The adaptation stages of Chlorella vulgaris in 3NBBM with cadmium in different concentrations, 

27 mg/l, 29 mg/l, 32 mg/l, 32 mg/l, and 32 mg/l for stages 1 to 5, respectively: metal concentrations are 

presented on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented 

on the z-axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten 

generations and each generation last for seven days for a total adaptation period of 315 days. The growth of each 

stage is an average of generations of that stage.  
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to 4.4 mg/l at stage 4 and kept the same at stage 5, to maintain the growth enhancement. The 

presence of increasing metal concentrations by 19 % from Stages 1 to 5 led to a significant  

increase in the tolerance of C. vulgaris  during the adaptation period of 315 days (p<0.05) 

(Figure 5.6). 

 

 

Figure 5.6. The adaptation stages of Chlorella vulgaris in 3NBBM with nickel in different concentrations, 3.7 

mg/l, 4.1 mg/l, 4.1 mg/l, 4.4 mg/l, and 4.4 mg/l for stages 1 to 5, respectively: metal concentrations are 

presented on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented 

on the z-axis (◊). The X-axis represents the adaptation stages over time, where each stage consists of ten 

generations and each generation last for seven days for a total adaptation period of 315 days. The growth of each 

stage is an average of generations of that stage. 
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metals pollution in the environment. The mixture was prepared by adding equal amounts of 

each metal in the mixture to prepare the required mixture concentration. For example, to 

prepare 15 mg/l of the metal mixture, an amount of 2.5 mg/l of each metal (Cu, Zn, Ni, Hg, 

Co, and Cd) were mixed in one litre of the growth medium. At the first stage of the 

adaptation process, the initial heavy metal concentrations used were obtained from toxicity 

experiments, where LC50 was calculated for the mixture of heavy metals for C. vulgaris and 

was 15.08 mg/l  (Table 5.1). In the sequential stage incubations, the mixture concentration 

increased by approximates of 10%. The concentration used in the adaptation of C. vulgaris to 

heavy metals mixture were: 15 mg/l, 16.5 mg/l, 18.1 mg/l, 19.9 mg/l, and 22 mg/l for Stages 

1 - 5, respectively. A significant improvement in the growth of C. vulgaris was observed at 

the first stage of adaptation (Figure 5.7); however, when the concentration of metals 

increased to 16.5mg/l in stage 2, the growth was significantly reduced (p<0.05). In the 

following stages, 3 and 4, the growth was back to increase. In stage 5, when metals 

concentration reached 22 mg/l, microalgal growth significantly reduced (p<0.05). The 

mixture concentration increased by 30% from stage 1 to stage 4; however, the growth did not 

differ between the two stages, suggesting that C. vulgaris has developed resistance to the 

metal mixture presence during the adaptation period of 315 days (p<0.05).  
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Figure 5.7. The adaptation stages of Chlorella vulgaris in 3NBBM with a mixture of metals, Cu, Zn, Ni, Hg, 

Co, and Cd, at different concentrations, 15 mg/l, 16.5 mg/l, 18.1 mg/l, 19.9 mg/l, and 22 mg/l for stage1 to 5, 

respectively: metal concentrations are presented on y-axis as mg/l (⁎), and microalgal growth is measured by 

optical density 700nm and represented on the z-axis(◊). The X-axis represents the adaptation stages over time, 

where each stage consists of ten generations and each generation last for seven days for a total adaptation period 

of 315 days. The growth of each stage is an average of generations of that stage. 
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3. The growth continued to improve up to stage 3. In stage 4, when Hg concentration 

increased to 0.7 mg/l, the growth significantly decreased (p <0.05) (Figure 5.8). The presence 

of increasing metal concentrations by 20% from stages 1 to 3 led to a significant  increase in 

tolerance of C. reinhardtii during the adaptation period of 315 days (p<0.05). 

Table 5.2. Heavy metals concentrations (mg/l) used in the adaptation of Chlamydomonas reinhardtii 

Stages strain Zn Hg Co Cd Cu Ni Mix 

Stage 1 C.R 24 0.5 5.9 4.2 0.3 5 10.7 

Stage 2 C.R 26.4 0.6 6.5 4.6 0.4 5.5 11.8 

Stage 3 C.R 30 0.6 7.1 5 0.5 5.5 13 

Stage 4 C.R 33 0.7 7.8 5.5 0.6 6 14.3 

Stage 5 C.R 33 0.7 7.8 5.5 0.6 6 14.3 

 

 

 

Figure 5.8. The adaptation stages of Chlamydomonas reinhardtii in 3NBBM with mercury at different 

concentrations, 15 mg/l, 16.5 mg/l, 18.1 mg/l, 19.9 mg/l, and 22 mg/l for stage1 to 5, respectively: metal 

concentrations are presented on y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm 

and represented on the z-axis (◊). The X-axis represents the adaptation stages over time, where each stage 

consists of ten generations and each generation last for seven days for a total adaptation period of 315 days. The 

growth of each stage is an average of generations of that stage. 
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 5.2.2 Adaptation of C. reinhardtii to the presence of copper in the growth medium 

 

Copper was added to the 3NBBM medium in concentrations: 0.3 mg/l, 0.4 mg/l, 0.5 mg/l, 0.6 

mg/l, and 0.6 mg/l for Stages 1 - 5, respectively (Table 5.2). C. reinhardtii was incubated in 

the sequentially increasing concentrations to enhance the microalga’s resistance to copper 

toxicity in the incubation medium. The initial Cu concentration used was obtained from 

toxicity experiments, where LC50 of Cu was calculated to be 0.33 mg/l. In the sequential 

stages, copper concentration increased by approximates of 10%. The increase of Cu 

concentration from 0.3 mg/l to 0.4 mg/l reduced microalgae growth in stage 2; however, the 

difference was not significant between growth in stage 1 and 2. In stage 3 the growth 

improved even though there was an increase in Cu level to 0.5mg/l. When concentration 

increased to 0.6mg/l in stage 4 the growth significantly reduced (p <0.05). Maintaining Cu 

levels at 0.6 mg/l in the next stage helped the culture recover and enhanced growth (Figure 

5.9). The tolerance of C. reinhardtii to copper significantly increased during the adaptation 

period of 315 days, where copper presented in an increasing concentration by 50% from stage 

1 to stage 3 (p <0.05). 
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Figure 5.9. The adaptation stages of C. reinhardtii in 3NBBM with copper at different concentrations, 0.3 mg/l, 

0.4 mg/l, 0.5 mg/l, 0.6 mg/l, and 0.6 mg/l for stage1 to 5, respectively: metal concentrations are presented on y-

axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis (◊). 

The X-axis represents the adaptation stages over time, where each stage consists of ten generations and each 

generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an average 

of generations of that stage. 

 

5.2.3 Adaptation of C. reinhardtii to the presence of zinc in the growth medium 

 

C. reinhardtii was repeatedly incubated in 3NBBM medium with zinc to enhance the 

microalga’s resistance to the metal toxicity in the incubation medium. Zn was added in 

concentrations: 24 mg/l, 26.4 mg/l, 30 mg/l, 33 mg/l and 33 mg/l, for stages 1-5 respectively 

(Table 5.2). The initial Zn concentration used was obtained from toxicity experiments, where 

LC50 of zinc was calculated to be 24.19 mg/l. In the sequential stages, zinc concentration 

increased by approximates of 10%. The growth of C. reinhardtii significantly decreased 

when zinc concentration increased from 24 mg/l to 26.4 mg/l at stage 2 and from 30 mg/l to 

33 mg/l at stage 4; however, the growth increased for the subsequence stage (Figure 5.10). In 
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addition, the tolerance of C. reinhardtii to zinc significantly increased during the adaptation 

period of 315 days, where Zn presented in an increasing concentration by 37.5 % from stage 

1 to stage 5 (p <0.05). 

 

 

Figure 5.10. The adaptation stages of C. reinhardtii in 3NBBM with zinc at different concentrations, 24 mg/l, 

26.4 mg/l, 30 mg/l, 33 mg/l, and 33 mg/l for stage1 to 5, respectively: metal concentrations are presented on y-

axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis (◊). 

The X-axis represents the adaptation stages over time, where each stage consists of ten generations and each 

generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an average 

of generations of that stage. 
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5.2.4 Adaptation of C. reinhardtii to the presence of cobalt in the growth medium 

 

Cobalt was added to 3NBBM medium in concentrations: 5.9 mg/l, 6.5 mg/l, 7.1 mg/l, 7.8 

mg/l, and 7.8 mg/l for Stages 1 - 5, respectively (Table 5.2). C. reinhardtii was incubated in 

the sequentially increasing concentrations to enhance the microalga’s resistance to cobalt 

toxicity in the incubation medium. The initial Co concentration used was obtained from 

toxicity experiments, where LC50 of Co was calculated to be 5.91 mg/l. In the sequential 

stages, cobalt concentration increased by approximates of 10% (Figure 5.11). There was an 

insignificant decrease in C. reinhardtii growth in stage 2 when cobalt concentration increased 

to 6.5 mg/l (p >0.05). At stage 3, C. reinhardtii growth increased significantly when cobalt 

concentration increased from 6.5 mg/l to 7.1 mg/l at stage 3 (p<0.05). The tolerance of C. 

reinhardtii to Co significantly increased during the adaptation period of 315 days, where 

cobalt presented in an increasing concentration by 20 % from stage 1 to stage 3 (p <0.05). 
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Figure 5.11. The adaptation stages of C. reinhardtii in 3NBBM with cobalt at different concentrations, 5.9 mg/l, 

6.5 mg/l, 7.1 mg/l, 7.8 mg/l, and 7.8 mg/l for stage1 to 5, respectively: metal concentrations are presented on y-

axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis (◊). 

The X-axis represents the adaptation stages over time, where each stage consists of ten generations and each 

generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an average 

of generations of that stage. 

 

5.2.5 Adaptation of C. reinhardtii to the presence of cadmium in the growth medium 

 

C. reinhardtii was repeatedly incubated in 3NBBM medium with Cd to enhance the 

microalga’s resistance to the metal toxicity in the incubation medium. Cadmium was added in 

concentrations: 4.2 mg/l, 4.6 mg/l, 5 mg/l, 5.5 mg/l, and 5.5 mg/l, for stages 1-5 respectively 

(Table 5.2). The initial Cd concentration used was obtained from toxicity experiments, where 

LC50 of cadmium was calculated to be 4.21 mg/l. In the sequential stages, Cd concentration 

increased by approximates of 10%. A significant increase in the growth of C. reinhardtii 

occurred during the second stage of adaptation to cadmium (p<0.05). However, the growth 

significantly reduced when Cd level was increased to 5.5 mg/l in stage 4 (p <0.05). 

Furthermore, keeping the concentration at the same level in the following stages did not 

improve the growth of C. reinhardtii (Figure 5.12). The presence of increasing metal 
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concentrations by 19% from Stages 1 to 3 led to a significant  increase in tolerance of C. 

reinhardtii during the adaptation period of 315 days (p<0.05).  

 

 

Figure 5.12. The adaptation stages of C. reinhardtii in 3NBBM with cadmium at different concentrations, 4.2 

mg/l, 4.6 mg/l, 5 mg/l, 5.5 mg/l, and 5.5 mg/l for stage1 to 5, respectively: metal concentrations are presented on 

y-axis as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis 

(◊). The X-axis represents the adaptation stages over time, where each stage consists of ten generations and 

each generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an 

average of generations of that stage. 

 

5.2.6 Adaptation of C. reinhardtii to the presence of nickel in the growth medium 

 

Nickel was added to 3NBBM medium in concentrations: 5 mg/l, 5.5 mg/l, 5.5 mg/l, 6 mg/l, 

and 6 mg/l for Stages 1 - 5, respectively (Table 5.2). C. reinhardtii was incubated in the 

sequentially increasing concentrations to enhance the microalga’s resistance to Ni toxicity in 

the incubation medium. The initial nickel concentration used was obtained from toxicity 

experiments, where LC50 of nickel was calculated to be 5.2 mg/l. In the sequential stages, Ni 

concentration increased by approximates of 10%. There was no significant improvement in 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

1

2

3

4

5

6

0 1 2 3 4 5 6

G
ro

w
th

 O
D

 7
0

0
n

m

M
et

al
s 

co
n

ce
n

tr
at

io
n

 m
g/

l

Adaptation stages/ Cd-cr



144 

 

the growth of C. reinhardtii at the first stage of adaptation (Figure 5.13). However, the 

growth significantly increased for the following stage when metal concentration kept at the 

same level (p<0.05). In the fourth stage, in which the Ni concentration increased to 6 mg/l, 

microalgal growth significantly decreased (p<0.05). The presence of increasing metal 

concentrations by 10% from Stages 1 to 3 led to a significant increase in tolerance of C. 

reinhardtii during the adaptation period of 315 days (p<0.05).  

 

 

Figure 5.13. The adaptation stages of C. reinhardtii in 3NBBM with nickel at different concentrations, 5 mg/l, 

5.5 mg/l, 5.5 mg/l, 6 mg/l, and 6 mg/l for stage1 to 5, respectively: metal concentrations are presented on y-axis 

as mg/l (⁎), and microalgal growth is measured by optical density 700nm and represented on the z-axis (◊). The 

X-axis represents the adaptation stages over time, where each stage consists of ten generations and each 

generation last for seven days for a total adaptation period of 315 days. The growth of each stage is an average 

of generations of that stage. 
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5.2.7 Adaptation of C. reinhardtii to the presence of metals mixture in the growth 

medium 

 

C. reinhardtii was repeatedly incubated in 3NBBM with a mixture of metals (Cu, Zn, Ni, Hg, 

Co, and Cd) to enhance its resistance to heavy metals; thereafter, the stress caused by heavy 

metals pollution in the environment. At the first stage of the adaptation process, the initial 

heavy metal concentrations used were obtained from toxicity experiments, where LC50 was 

calculated for the mixture of heavy metals for C. reinhardtii and was 10.66 mg/l (Table 5.2). 

In the sequential stage incubations, the mixture concentration increased by approximates of 

10%. Concentration used in the adaptation of C. reinhardtii to heavy metals mixture were: 

10.7 mg/l, 11.8 mg/l, 13 mg/l, 14.3 mg/l, and 14.3 for Stages 1 - 5, respectively. A significant 

improvement in the growth of C. reinhardtii was observed at the first stage of adaptation up 

to the third stage (Figure 5.14). In stage 4 and 5, when metals concentration raised to 14.3 

mg/l, microalgal growth significantly reduced (p<0.05). The mixture concentration increased 

by 21% from stage 1 to stage 3, suggesting that C. vulgaris C. reinhardtii has developed 

resistance to the metals mixture presence during the adaptation period of 315 days (p<0.05).  
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Figure 5.14. The adaptation stages of C. reinhardtii in 3NBBM with a mixture of metals, Cu, Zn, Ni, Hg, Co, 

and Cd, at different concentrations, 10.7 mg/l, 11.8 mg/l, 13 mg/l, 14.3 mg/l, and 14.3 mg/l for stage1 to 5, 

respectively: metal concentrations are presented on y-axis as mg/l (⁎), and microalgal growth is measured by 

optical density 700nm and represented on the z-axis (◊). The X-axis represents the adaptation stages over time, 

where each stage consists of ten generations and each generation last for seven days for a total adaptation period 

of 315 days. The growth of each stage is an average of generations of that stage. 

 

 

5.2.8 A comparison between Chlorella vulgaris and Chlamydomonas reinhardtii in 

response to adaptation to heavy metals 

 

The LC50 of zinc for Chlorella vulgaris was 25 mg/l, however, it increased to 30 mg/l by the 

end of the adaptation period, this means that the produced phenotype increased resistance to 

zinc by 20%. On the other hand, the LC50 of Zn for Chlamydomonas reinhardtii was 24.19 

mg/l and then reached 33 mg/l at the end of the adaptation experiments. The phenotype 

produced was 37.5% more tolerant to zinc as a result (Table 5.3).  
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Table 5.3. A comparison between Chlorella vulgaris and  Chlamydomonas reinhardtii in response to 

adaptation to heavy metals  

Metal Concentration 

before 

adaptation 

mg/l 

Concentration 

after 

adaptation 

mg/l 

The 

increase 

in the 

metal 

resistance  

Concentration 

before 

adaptation 

mg/l 

Concentration 

after 

adaptation 

mg/l 

The 

increase 

in the 

metal 

resistance Chlorella vulgaris Chlamydomonas reinhardtii 

Zn 25 30 20% 24.19 33 37.5% 

Hg 0.22 0.3 50% 0.5 0.6 20% 

Co 3.6 4.8 34% 5.9 7.7 20% 

Cd 27.5 29 10% 4.2 5 19% 

Cu 8.4 12 30% 0.3 0.5 50% 

Ni 3.76 4.1 19% 5 5.5 10% 

Mixture 15.08 19 30% 10.7 13 21% 

 

 

The tolerance of Chlorella vulgaris phenotype to mercury was increased by 50% from 0.22 

mg/l at the beginning of the adaptation to 0.3 mg/l by the end of the experiments. However, 

this rate was 20% in the case of Chlamydomonas reinhardtii when the concentration of Hg 

increased from 0.5 mg/l to 0.6 mg/l through the adaptation stages. The tolerance of Chlorella 

vulgaris phenotype to Co was increased by 34% from 3.6 mg/l at the beginning of the 

adaptation to 4.8 mg/l by the end of the adaptation experiments. However, this rate was 20% 

in the case of Chlamydomonas reinhardtii when the concentration of Cobalt increased from 

5.6 mg/l to 7.7 mg/l through the adaptation stages. The increase of resistance to cadmium was 

10% in the produced phenotype in comparison to the original strain of C. vulgaris. But the 

phenotype produced from adaptation experiments was more tolerant to Cd by 19% in the case 

of C. reinhardtii.   

The LC50 of Cu for C. vulgaris was 8.4 mg/l, however, it was increased to 12 mg/l by the end 

of the adaptation period, this means that the produced phenotype increased resistance to Cu 

by 30%. On the other hand, the LC50 of copper for C. reinhardtii was 0.3 mg/l and then 

reached 0.5 mg/l at the end of the adaptation experiments. The phenotype produced was 50% 

more tolerant to Cu as a result. The increase of resistance to nickel was 19% in the produced 
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phenotype in comparison to the original strain of C. vulgaris. But the phenotype produced 

from adaptation experiments was more tolerant to Ni by 10% in the case of C. 

reinhardtii.  The tolerance of C. vulgaris phenotype to the metal mixture was increased by 

30% from 15.08 mg/l at the beginning of the adaptation to 19 mg/l by the end of the 

adaptation experiments. However, this rate was 21% in the case of C. reinhardtii. 

 

5.3 Analysis of growth medium using Inductively Coupled Plasma - Optical 

Emission Spectrometry (ICP-OES) for metal concentration before and 

after microalgal growth 

 

In this part of the chapter, the removal of metal from the solution has been evaluated by 

filtering the growth medium used to grow the adapted phenotype at the last stage of 

adaptation. The filtered medium solution was analysed using ICP-OES, and the removal 

percentage was calculated for each metal-algal strain. 

 

 

5.3.1 Analysis of growth medium using ICP-OES  for metal removal by 

Chlorella vulgaris 
 

During the last stage of adaptation, C. vulgaris bioactivity in cadmium solution significantly 

reduced the concentration of Cd from 32mg/l to 6.45mg/l (p <0.05). Figure 5.15 shows the 

level of cadmium in the solution before adding microalgae and the concentration of Cd after 

microalgal growth for one generation (7 days). The total removal of cadmium by C. vulgaris 

was 81.55%.  
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Figure 5.15. Cadmium concentration before and after Chlorella vulgaris bioactivity (♦) the original 

concentration of Cd solution mg/l. (▬) the concentration of Cd solution after microalgae bioactivity mg/l. 

 

 

Cobalt solution in the last adaptation stage was 5.2mg/l; this was significantly reduced by the 

end of the incubation period of C. vulgaris, which was 7 days, in the final generation of the 

stage (p <0.05). The concentration of Co was 1.34mg/l after microalgal bioactivity (Figure 

5.16). The total removal of cobalt by C. vulgaris was 74.23%. 
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Figure 5.16. Cobalt concentration before and after Chlorella vulgaris bioactivity (♦) the original concentration 

of Co solution mg/l. (▬) the concentration of Co solution after microalgae bioactivity mg/l. 

 

 

In the last stage of adaptation, C. vulgaris bioactivity in copper solution significantly 

decreased the concentration of Cu from 12mg/l to 1.55mg/l (p <0.05). Figure 5.17 

demonstrates the variance of copper levels in the solution before adding microalgae and the 

concentration of Cu after microalgal growth for one generation (7 days). The total removal of 

Cu by C. vulgaris was 87.08%. 
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Figure 5.17. Copper concentration before and after Chlorella vulgaris bioactivity (♦) the original 

concentration of Cu solution mg/l. (▬) the concentration of Cu solution after microalgae bioactivity mg/l. 

 

 

During the last stage of adaptation, C. vulgaris bioactivity in nickel solution significantly 

reduced the concentration of Ni from 4.4mg/l to 2.09mg/l (p <0.05). Figure 5.18 shows the 

Ni level in the solution before adding microalgae and the concentration of Ni after microalgal 

growth for one generation (7 days). The total removal of Ni by C. vulgaris was 52.73%. 
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Figure 5.18. Nickel concentration before and after Chlorella vulgaris bioactivity (♦) the original concentration 

of Ni solution mg/l. (▬) the concentration of Ni solution after microalgae bioactivity mg/l. 

 

 

Figure 5.19 shows the variance between zinc concentration in the solution before adding C. 

vulgaris and the concentration of Zn after microalgal growth for one generation (7 days). In 

the last stage of adaptation, Chlorella vulgaris bioactivity in zinc solution significantly 

decreased the concentration of Zn from 33mg/l to 4.19mg/l (p <0.05). The total removal of 

zinc by C. vulgaris was 87.27%. 
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Figure 5.19. Zinc concentration before and after Chlorella vulgaris bioactivity (♦) the original concentration 

of Zn solution mg/l. (▬) the concentration of Zn solution after microalgae bioactivity mg/l. 

 

 

C. vulgaris bioactivity in mercury solution significantly reduced the concentration of Hg 

from 0.5 mg/l to 0.06mg/l (p <0.05) in the last stage of adaptation. Figure 5.20 shows the 

difference in Hg level in the solution before adding microalgae and mercury concentration 

after microalgal growth for one generation (7 days). The total removal of Hg by C. vulgaris 

was 87.8%. 
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Figure 5.20. Mercury concentration before and after Chlorella vulgaris bioactivity (♦) the original 

concentration of Hg solution mg/l. (▬) the concentration of Hg solution after microalgae bioactivity mg/l. 

 

 

Figure 5.21 shows the concentration of metals in the solution before adding C. vulgaris and 

the concentration of the metals mixture after microalgal growth for one generation (7 days). 

In the last stage of adaptation, C. vulgaris bioactivity in a mixture of metals solution 

significantly decreased zinc concentration from 3.66 mg/l to 1.59 mg/l (p <0.05). The same 

was observed for cobalt which reduced from 3.66 mg/l to 1.57 mg/l (p <0.05). A significant 

reduction in concentration of copper from 3.66 mg/l to 1.42 mg/l was also noticed (p <0.05). 

Microalgal bioactivity successfully reduced Ni, Hg, and Cd levels in the metals mix from 

3.66 mg/l to 1.46mg/l, 2.08 mg/l, and 1.66 mg/l, respectively (p <0.05). The total removal of 

metals mixture by C. vulgaris was 55.54%. The removal of each metal in the mixture was: 

56.56%, 57.1%, 61.2%, 60.1%, 43.2%, and 54.64% of Zn, Co, Cu, Ni, Hg, and Cd, 

respectively.  
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Figure 5.21. (a) Metals mixture concentration before and after Chlorella vulgaris bioactivity (♦) the original 

concentration of metals in the mixed solution mg/l. (▬) the concentration of metals in the mixed solution after 

microalgae bioactivity mg/l.(b) the sum of metals concentrations in the mixture before and after Chlorella 

vulgaris bioactivity. 

 

 

5.3.2 Analysis of growth medium using ICP-OES  for metal removal by 

Chlamydomonas reinhardtii  
 

In the last stage of adaptation, bioactivity of C. reinhardtii in copper solution significantly 

decreased the concentration of Cu from 0.6 mg/l to 0.38 mg/l (p <0.05). Figure 5.22 

demonstrates the variance of in the level of copper in the solution before adding microalgae 

and the concentration of Cu after microalgal growth for one generation (7 days). The total 

removal of copper by C. reinhardtii was 36.67%. 
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Figure 5.22. Copper concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Cu solution mg/l. (▬) the concentration of cu solution after microalgae bioactivity mg/l. 

 

 

During the last stage of adaptation, C. reinhardtii bioactivity in nickel solution significantly 

reduced the concentration of Ni from 6 mg/l to 0.61mg/l (p <0.05). Figure 5.22 shows the 

difference of Ni level in the solution before adding microalgae and the concentration of Ni 

after microalgal growth for one generation (7 days). The total removal of nickel by C. 

reinhardtii was 90%. 
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Figure 5.23. Nickel concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Ni solution mg/l. (▬) the concentration of Ni solution after microalgae bioactivity mg/l. 

 

 

Figure 5.24 shows the concentration (+/- s.d.) of zinc in the solution before and after adding 

C. reinhardtii microalgal growth for one generation (7 days). In the last stage of adaptation, 

C. reinhardtii bioactivity in zinc solution significantly decreased the concentration of Zn 

from 33mg/l to 3.36mg/l (p <0.05). The total removal of Zn by C. reinhardtii was 89.82%. 
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Figure 5.24. Zinc concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Zn solution mg/l. (▬) the concentration of Zn solution after microalgae bioactivity mg/l. 

 

 

Figure 5.25 shows the difference of cadmium level in the solution before adding C. 

reinhardtii and Cd concentration after microalgae growth for one generation (7 days). In the 

last stage of adaptation, Microalgal bioactivity in cadmium solution significantly reduced the 

concentration of Cd from 5.5mg/l to 1.34mg/l (p <0.05). The total removal of Cd by C. 

reinhardtii was 75.64%. 
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Figure 5.25. Cadmium concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Cd solution mg/l. (▬) the concentration of Cd solution after microalgae bioactivity mg/l. 

 

Mercury solution in the last adaptation stage was 0.7mg/l; this was significantly reduced by 

the end of the incubation period of C. reinhardtii which is 7 days, in the final generation of 

the stage (p <0.05). The concentration of Hg was 0.45mg/l after microalgal bioactivity 

(Figure 5.26). The total removal of mercury by C. reinhardtii was 35%. 
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Figure 5.26. Mercury concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Hg solution mg/l. (▬) the concentration of Hg solution after microalgae bioactivity mg/l. 

 

 

C. reinhardtii bioactivity in cobalt solution significantly reduced the concentration of Co 

from 7.8 mg/l to 5.73 mg/l (p <0.05) in the last stage of adaptation. Figure 5.27 shows the 

difference of Co level in the solution before adding C. reinhardtii and the concentration of 

cobalt after microalgal growth for one generation (7 days). The total removal of cobalt by C. 

reinhardtii was 26.54%. 
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Figure 5.27. Cobalt concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the original 

concentration of Co solution mg/l. (▬) the concentration of Co solution after microalgae bioactivity mg/l. 

 

 

Figure 5.28 shows the variance of metals concentrations in the solution before adding C. 

reinhardtii and the concentration of the metals mixture after microalgal growth for one 

generation (7 days). In the last stage of adaptation, C. reinhardtii bioactivity in a mixture of 

metals solution significantly reduced zinc concentration from 2.38 mg/l to 1.75mg/l 

(p <0.05). Similarly, cobalt decreased from 2.38 mg/l to 1.69mg/l (p <0.05). A significant 

reduction was also noticed in copper concentration from 2.38 mg/l to 1.37mg/l (p <0.05). C. 

reinhardtii bioactivity successfully reduced Ni and Cd levels in the metals mix from 2.38 

mg/l to 1.53mg/l and 1.9mg/l, respectively (p <0.05). On the other hand, mercury levels did 

not significantly differ before and after microalgae bioactivity in the mixed metal solution. 

The total removal of metals mixture by C. reinhardtii was 26.43%. The removal of each 

metal in the mixture was: 26.47%, 28.99%, 42.44%, 35.71%, 4.2%, and 20.17% of Zn, Co, 

Cu, Ni, Hg, and Cd, respectively. 
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Figure 5.28. (a) Metals’ mixture concentration before and after Chlamydomonas reinhardtii bioactivity (♦) the 

original concentration of metals in the mixed solution mg/l. (▬) the concentration of metals in the mixed 

solution after microalgae bioactivity mg/l. (b) the sum of metals concentrations in the mixture before and after 

Chlamydomonas reinhardtii bioactivity. 

 

 

5.4 Fourier transform infrared (FTIR) spectroscopy of microalgae  

5.4.1 Fourier transform infrared (FTIR) spectroscopy of Chlorella vulgaris  

General identification of absorption bands was obtained from published information 

(Benning et al. 2004; Giordano et al. 2001; Keller,1986; Naumann et al. 1996; Stuart, 1997; 

Wong et al. 1991; Dean et al. 2007; Sigee et al. 2002; Maquelin and Kirchner, 2002). In 

addition, supportive information for band assignment of protein, nucleic acid, soluble 

carbohydrate, and fatty acids were obtained from Sigee et al. (2002). Table 5.4 contains the 

band assignments, which were issued FTIR spectra to a specific functional group. Band 

contributions were as follows: residual water (band 1), proteins (bands 1, 4, 5, 6 and 7), lipids 
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(bands 2, 3, 6 and 7), carbohydrate (bands 2, 9, 10, 11), cellulose (band 3), and nucleic acids 

(bands 8, 10). 

Each peak in the scans was assigned a functional group. Protein spectra were characterized 

by a peak at 3270 cm-1 (amide A); lipid spectra were categorized by three sets of strong 

vibrations, the C-H at 2974 cm-1, 2907 cm-1, and 2897 cm-1; protein also featured at 1645 cm-

1 (amide I) and 1552 (amide II). Position 1380 cm-1 represent protein and lipids bending of 

methyl. Band of position 1242 cm-1 stands for nucleic acids. Carbohydrate absorption bands 

due to C-O-C of polysaccharides found at 1148 cm-1, 1045 cm-1 up to 883 cm-1.  
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Table 5.4 General band assignment of FTIR spectrum of Chlorella vulgaris 

Band  

 

Main peak (cm-1) Typical band assignment from the literature  Wavenumber  

range (cm-1) 

1 3327  Water v(O-H) stretching 

Protein v(N-H) stretching (amide A)  

3029-3639 

2 2928  Lipid – carbohydrate 

Mainly vas(CH2) and vs(CH2) stretching  

2809-3012 

3 1737  Cellulose–Fatty Acids 

v(C=O) stretching of esters  

1763-1712 

4 1649  Protein amide I band 

Mainly v(C=O) stretching  

1583-1709 

5 1543  Protein amide II band mainly δ(N-H) 

bending and v(C-N) stretching  

1481-1585 

6 1452  

 

Protein δas(CH2) and δas(CH3) bending 

of methyl, 

Lipid δas(CH2) bending of methyl 

1425-1477 

 

7 1389  

 

Protein δs(CH2) and δs(CH3) bending of methyl 

Carboxylic Acid vs(C-O) of COOgroups of 

carboxylates 

Lipid δs(N(CH3)3) bending of methyl 

1357-1423 

 

8 1248  Nucleic Acid (other phosphate-containing 

compounds) vas(>P=O) stretching of 

phosphodiesters  

1191-1356 

9 1149  Carbohydrate v(C-O-C) of Polysaccharides  1134-1174 

10 1082  Carbohydrate v(C-O-C) of polysaccharides 

Nucleic Acid (and other phosphate-containing 

compounds) 

vs(>P=O) stretching of phosphodiesters 

1072-1099 

 

11 1036  Carbohydrate v(C-O-C) of polysaccharides  

 

880-1072 

Band assignment based on Benning et al. (2004), Giordano et al. (2001), Keller (1986), Naumann et al. (1996), 

Stuart (1997), Wong et al. (1991), Dean et al. (2007), Sigee et al. (2002), Maquelin and Kirchner (2002). FTIR, 

Fourier transform infrared. 3270 

 

 

The biological print of Chlorella vulgaris strain was observed using FTIR before and after 

exposure to each metal used in the study. Variations in peak positions upon exposure to 
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specific stress, (in this case, metals) are essential to obtain valuable structural and functional 

information about the studied system. 

 

Figure 5.29 shows the cell's molecular groups of Chlorella vulgaris, a phenotype obtained 

from exposure to cadmium during the adaptation experiment. The figure shows a clear shift 

in the absorbance of some bands, indicating the changes occurred due to the presence of 

cadmium on microalgae.  

 

 

Figure 5.29. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to cadmium (C.v-Cd). The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Band assignment is presented in Table 5; the bands 1 to 11 have been listed with the 

absorbance data for Chlorella vulgaris before adaptation (control) and the phenotype 
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obtained after adaptation at the accompanying position. The significance of difference is also 

included in the table at both 99% and 95% probabilities.  

 

Table 5.5 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. vulgaris before C. vulgaris After N Position  Significancy 

1 0.176 0.231 30 3270 n 

2 0.105 0.113 30 2974 * 

3 0.075 0.082 30 2907 ** 

4 0.074 0.188 30 2897 ** 

5 0.124 0.185 30 1645 n 

6 0.073 0.122 30 1552 n 

7 0.093 0.127 30 1380 n 

8 0.074 0.114 30 1242 n 

9 0.071 0.126 30 1148 n 

10 0.281 0.419 30 1045 n 

11 0.126 0.178 30 883 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

There was a significant difference between the control and the Cd-adapted phenotype of 

Chlorella vulgaris on band 2 (p <0.05). Likewise, bands 3 and 4 showed a significant 

difference in their absorbance (p <0.01). All other bands: 1, 5, 6, 7, 8, 9, 10 and 11 did not 

present a significant difference from the control (p >0.05). 

 

The Chlorella vulgaris phenotype produced from the zinc adaptation experiment was 

scanned, and FTIR spectra were obtained and shown in Figure 5.30. Comparison to the 

control was also conducted to find the difference in the main peaks absorbance that reflects 
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the changes that might have occurred during adaptation. Each peak in the scans represents 

one of the cell’s molecular groups.  

 

 

Figure 5.30. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris) , the control, and Chlorella 

vulgaris phenotype obtained from exposure to zinc (C.v-Zn). The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Table 6 presents the bands assignment of the spectra attained from Chlorella vulgaris -Zn 

phenotype, in comparison to the control. bands 1 to 11 have been listed with the 

accompanying position of each band. The significance of difference is also comprised in the 

table at both 99% and 95% probabilities.  
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Table 5.6 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. vulgaris before C. vulgaris After N Position  Significancy 

1 0.176 0.257 30 3270 n 

2 0.105 0.125 30 2974 * 

3 0.075 0.097 30 2907 ** 

4 0.074 0.105 30 2897 ** 

5 0.124 0.218 30 1645 * 

6 0.073 0.135 30 1552 n 

7 0.093 0.161 30 1380 ** 

8 0.074 0.121 30 1242 n 

9 0.071 0.131 30 1148 ** 

10 0.281 0.382 30 1045 * 

11 0.126 0.178 30 883 ** 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Bands 2, 5, and 10 showed a significant difference from the control (p <0.05). Similarly, 

bands 3, 4, 7, 9, and 11 were significantly different compared to the control (p <0.01). On the 

other hand, 1, 6, and 8 did not differ from the original strain. 

 

Cobalt-adaptation impact on the cell structure as a function of FTIR spectra is shown in 

Figure 5.31. Bands 1 to 11 representing the molecular groups of algal cells of both the control 

and the treated strain, are clearly illustrated.  
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Figure 5.31. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to cobalt (C.v-Co).  The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Assignment of each band is shown in Table 7; the bands 1 to 11 have been listed with the 

absorbance data for Chlorella vulgaris before adaptation (control) and the phenotype 

obtained after adaptation to cobalt. Bands 2, 6, 7, 8, and 9 showed a significant difference 

from the control (p <0.05). Similarly, bands 3, 4, and 10 were significantly different 

compared to the control (p <0.01). On the other hand, 1, 5, and 11 did not differ from the 

control (p >0.05). 
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Table 5.7 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. vulgaris before C. vulgaris After N Position  Significancy 

1 0.176 0.235 30 3270 n 

2 0.105 0.129 30 2974 * 

3 0.075 0.105 30 2907 ** 

4 0.074 0.103 30 2897 ** 

5 0.124 0.199 30 1645 n 

6 0.073 0.140 30 1552 * 

7 0.093 0.144 30 1380 * 

8 0.074 0.133 30 1242 * 

9 0.071 0.145 30 1148 * 

10 0.281 0.434 30 1045 ** 

11 0.126 0.171 30 883 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Figure 5.32 demonstrates the cell's functional groups of Chlorella vulgaris, a phenotype 

obtained from exposure to mercury during adaptation attempt, compared to the control.  
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Figure 5.32. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to mercury (C.v-Hg).  The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

The absorbance of some bands shows a clear effect on the amount of some functional groups 

in the cell, indicating the changes occurred due to the stress applied on microalgae by 

mercury.  

Table 8 shows the assignment of the spectra achieved from FTIR scans to Chlorella 

vulgaris -Hg phenotype and the control (original strain). bands 1 to 11 have been listed with 

the associated position of each band. The significance of difference is also covered in the 

table at both 99% and 95% probabilities.  
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Table 5.8 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. vulgaris before C. vulgaris After N Position  Significancy 

1 0.176 0.236 30 3270 n 

2 0.105 0.115 30 2974 n 

3 0.075 0.101 30 2907 ** 

4 0.074 0.093 30 2897 * 

5 0.124 0.202 30 1645 * 

6 0.073 0.147 30 1552 * 

7 0.093 0.15 30 1380 ** 

8 0.074 0.125 30 1242 n 

9 0.071 0.143 30 1148 ** 

10 0.281 0.333 30 1045 * 

11 0.126 0.160 30 883 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

There was a significant difference between the control and the phenotype of Chlorella 

vulgaris that exposed to Hg in some bands, such as band 4, 5, 6, and 10 (p <0.05). Likewise, 

bands 3, 7, and 9 showed a significant difference in their absorbance (p <0.01). On the other 

hand, band 1, 2, 8, and 11 did not show a significant difference from the control. 

 

The produced phenotype of Chlorella vulgaris obtained from the copper adaptation 

experiment was scanned, and FTIR spectra were originated, processed, and shown in Figure 

5.33. Comparison to the control was also made to find the difference in the main peaks 

absorbance that reflects the changes that might have occurred during adaptation. Each peak in 

the scans represents one or more of the cell’s molecular groups.  
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Figure 5.33. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to copper (C.v-Cu). The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 
 

 

Assignment of each band is shown in Table 8. bands have been listed with the absorbance 

data for Chlorella vulgaris before adaptation (control) and the phenotype obtained after 

adaptation to copper. Bands 6 and 7 showed a significant difference from the control 

(p <0.05). Alike, bands 3, 4, 8, 9, and 10 were significantly different compared to the control 

(p <0.01). While bands 1, 2, 5, and 11 did not differ from the original strain. 
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Table 5.9 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. vulgaris before C. vulgaris After N Position  Significancy 

1 0.176 0.261 30 3270 n 

2 0.105 0.117 30 2974 n 

3 0.075 0.098 30 2907 ** 

4 0.074 0.095 30 2897 ** 

5 0.124 0.212 30 1645 n 

6 0.073 0.149 30 1552 * 

7 0.093 0.117 30 1380 * 

8 0.074 0.127 30 1242 ** 

9 0.071 0.139 30 1148 ** 

10 0.281 0.389 30 1045 ** 

11 0.126 0.160 30 883 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

The structure of Chlorella vulgaris shaped after adaptation to heavy metals mixture 

consisting of Cd, Co, Cu, Zn, Ni, and Hg at an equal concentration of each, is presented in 

Figure 5.34 as a function of FTIR spectra. The collected spectra were then compared to the 

molecular content of the original strain to find the difference in the cell structure associated 

with the adaptation process. 
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Figure 5.34. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to heavy metals mix (C.v-Mix). The sample was placed on the 

diamond field directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. 

Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Table 10 illustrates the assignment of the spectra accomplished from FTIR scans to Chlorella 

vulgaris phenotype that exposed to a mixture of heavy metals and the control. bands count of 

11 have been included with the associated position of each band. The significance of 

difference is also listed in the table.  

 

There was a significant difference between the control and the phenotype of Chlorella 

vulgaris that exposed to the metals mixture in band 11 (p <0.05). Likewise, bands 3 and 4 

displayed a significant difference in their absorbance (p <0.01). Other bands: 1, 2, 5, 6, 7, 8, 

9, and 10 did not show any difference from the control(p >0.05). 
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Table 5.10 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. vulgaris before C. vulgaris After N Position  Significancy 

1 0.176 0.240 30 3270 n 

2 0.105 0.131 30 2974 n 

3 0.075 0.111 30 2907 ** 

4 0.074 0.108 30 2897 ** 

5 0.124 0.124 30 1645 n 

6 0.073 0.107 30 1552 n 

7 0.093 0.177 30 1380 n 

8 0.074 0.126 30 1242 n 

9 0.071 0.135 30 1148 * 

10 0.281 0.359 30 1045 ** 

11 0.126 0.148 30 883 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

During the adaptation process, nickel introduction to microalgae strain generated a phenotype 

that differs from the original strain in its molecular structure. This change is shown in Figure 

5.35. The control strain of Chlorella vulgaris and the obtained phenotype were scanned with 

FTIR to monitor any alteration in the cell functional groups. 
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Figure 5.35. FTIR spectra of Chlorella vulgaris showing biomolecular peak assignments from 4000–500 cm−1. 

The spectrum is a transmission-type micro-spectrum from algae (Chlorella vulgaris), the control, and Chlorella 

vulgaris phenotype obtained from exposure to nickel (C.v-Ni).  The sample was placed on the diamond field 

directly and covered with pure aluminium slide, and then pressed with the equipment’s clip. Equipment: Bruker 

IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Analysis of the spectra produced from FTIR for both the control and the treated strain was 

made to find the sign of alteration in cell structure. The results are revealed in Table 11.  
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Table 5.11 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. vulgaris before C. vulgaris After N Position  Significancy 

1 0.176 0.253 30 3270 * 

2 0.105 0.107 30 2974 n 

3 0.075 0.075 30 2907 n 

4 0.074 0.108 30 2897 n 

5 0.124 0.218 30 1645 n 

6 0.073 0.135 30 1552 n 

7 0.093 0.161 30 1380 ** 

8 0.074 0.121 30 1242 n 

9 0.071 0.131 30 1148 ** 

10 0.281 0.382 30 1045 n 

11 0.126 0.178 30 883 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Band 1, that related to protein (amide A), Significantly showed much absorbance in the 

obtained phenotype than in the control. This outcome suggests that the presence of nickel 

induced the production of that protein group (p <0.05). Bands 2, 3, 4, 5, 6, 8, 10, and 11 did 

not substantially vary from the control. On the other hand, bands 7 and 9 related to protein 

and lipids bending of methyl, and carbohydrates, respectively, displayed a very significant 

variance in their absorption intensities from the control (P <0.01). 
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5.4.2 Fourier transform infrared (FTIR) spectroscopy of Chlamydomonas 

reinhardtii   

 

Published information obtained from Coates (2006), Bednarz, et al. (2004), Andrew, et al. 

(2010), Benning et al. (2004), Giordano et al. (2001) Keller (1986), Naumann et al. (1996), 

Stuart (1997), Wong et al. (1991), Dean et al. (2007),  Sigee et al. (2002), Maquelin and 

Kirchner (2002) was used for general identification of spectral absorption bands of 

Chlamydomonas reinhardtii. In addition, analysis of protein, nucleic acid, soluble 

carbohydrate, and fatty acids, were made by Sigee et al. (2002) using pure biochemical 

standards, to obtain supportive information on band assignment. These bands were issued 

FTIR spectra to a specific functional group (Table 11). Band contributions were as follows: 

residual water (band 1), proteins (bands 1, 4, 5, 6 and 7), lipids (bands 2, 3, 6 and 7), 

carbohydrate (bands 2, 9, 10, 11), cellulose (band 3), and nucleic acids (bands 8, 10). 

 

Peaks in the scans were assigned a functional group per each. Protein spectra were 

categorised by a clear feature at 3280 cm-1 (amide A). Three sets of strong vibrations,  2975 

cm-1, 2927 cm-1, and 2900 cm-1 were for lipids spectra. Protein also presented at 1641 cm-1 

(amide I) and 1546 (amide II). Position 1380 cm-1 represent protein and lipids bending of 

methyl. Band of position 1271 cm-1 stands for nucleic acids. Due to the C-O-C of 

polysaccharides, carbohydrate absorption bands were found at 1148 cm-1, 1045 cm-1 up to 

878 cm-1.  
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Table 5.12 General band assignment of FTIR spectrum of Chlamydomonas reinhardtii 

Band  

 

Main peak (cm-1) Typical band assignment from the literature  Wavenumber  

range (cm-1) 

1 3327  Water v(O-H) stretching 

Protein v(N-H) stretching (amide A)  

3200-3400 

2 2960 Lipid – carbohydrate 

Mainly vas(CH2) and vs(CH2) stretching  

2809-3012 

3 1745 Cellulose–Fatty Acids 

v(C=O) stretching of esters  

1763-1712 

4 1655  Protein amide I band 

Mainly v(C=O) stretching  

1583-1709 

5 1545  Protein amide II band mainly δ(N-H) 

bending and v(C-N) stretching  

1481-1585 

6 1455  

 

Protein δas(CH2) and δas(CH3) bending 

of methyl, 

Lipid δas(CH2) bending of methyl 

1425-1477 

 

7 1390  

 

Protein δs(CH2) and δs(CH3) bending of methyl 

Carboxylic Acid vs(C-O) of COOgroups of 

carboxylates 

Lipid δs(N(CH3)3) bending of methyl 

 

1357-1423 

 

8 1240 Nucleic Acid (other phosphate-containing 

compounds) vas(>P=O) stretching of 

phosphodiesters  

1191-1356 

9 1150  Carbohydrate v(C-O-C) of Polysaccharides  1134-1174 

10 1082  Carbohydrate v(C-O-C) of polysaccharides 

Nucleic Acid (and other phosphate-containing 

compounds) 

vs(>P=O) stretching of phosphodiesters 

1072-1099 

 

11 1075  Carbohydrate v(C-O-C) of polysaccharides  

 

800-1075 

Band assignment based on Coates (2006),  Bednarz, et al. (2004), Andrew, et al. (2010), Benning et al. (2004), 

Giordano et al. (2001), Keller (1986), Naumann et al. (1996), Stuart (1997), Wong et al. (1991), Dean et al. 

(2007), Sigee et al. (2002), Maquelin and Kirchner (2002). FTIR, Fourier transform infrared. 
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Biomarkers of Chlamydomonas reinhardtii strain have been observed using FTIR before and 

after contact to each metal used in the study to evaluate absorbance intensity changes upon 

exposure to specific stress as an essential mean to obtain valuable structural and functional 

information about the studied system. 

 

Figure 5.36 demonstrates the patterns of FTIR spectra for both control and phenotype treated 

with cadmium throughout the acclimation process. Eleven bands were selected to compare 

the two strains to find the impact that might have occurred on the produced strain due to the 

stress applied by the added metal. Both strains did not vary substantially at most of the bands. 

 

 

Figure 5.36. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to cadmium (C.r-Cd).  The sample 

was placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 
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Table 13 lists the absorbance values of C. reinhardtii before and after acclimation for each 

peak and shows the test of significance on how these bands differ. Only band 4 and 10 

showed a significant variation from the control (p <0.05). Bands 1, 2, 3, 5, 6, 7, 8, 9, and 11 

did not display any difference compared to the original strain. 

 

Table 5.13 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. reinhardtii before C. reinhardtii After n Position  Significancy 

1 0.226 0.237 30 3280 n 

2 0.123 0.125 30 2975 n 

3 0.096 0.110 30 2927 n 

4 0.089 0.098 30 2900 * 

5 0.156 0.193 30 1641 n 

6 0.089 0.122 30 1546 n 

7 0.126 0.129 30 1380 n 

8 0.093 0.110 30 1271 n 

9 0.098 0.138 30 1148 n 

10 0.391 0.443 30 1045 * 

11 0.192 0.200 30 878 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Similarly, treatment of C. reinhardtii with copper did not show a remarkable structural 

alteration in our experiment when Fourier Transform Infrared (FTIR) spectroscopy was used 

to monitor the cell construction of the produced phenotype (Figure 5.37). 
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Figure 5.37. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to copper (C.r-Cu).  The sample 

was placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Table 14 illustrates the absorbance values of C. reinhardtii before and after acclimation for 

each peak and shows the test of significance on how these bands differ. Bands 1, 2, 3, 4, 5, 6, 

7, 8, 9, and 11 did not display any difference from the control. The only band that displayed a 

significant variation from the control (p <0.05) was band 10. 
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Table 5.14 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. reinhardtii before C. reinhardtii After n Position  Significancy 

1 0.226 0.232 30 3280 n 

2 0.123 0.129 30 2975 n 

3 0.096 0.097 30 2927 n 

4 0.089 0.092 30 2900 n 

5 0.156 0.170 30 1641 n 

6 0.089 0.094 30 1546 n 

7 0.126 0.170 30 1380 n 

8 0.093 0.097 30 1271 n 

9 0.098 0.112 30 1148 n 

10 0.391 0.415 30 1045 * 

11 0.192 0.205 30 878 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Treatment in which mercury was introduced to C. reinhardtii have shown that Hg has a 

limited impact on the cell structure of the strain used in the study. Figure 5.38 demonstrate 

that most of the band did not vary between the two compared strains.  
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Figure 5.38. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to mercury (C.r-Hg).  The sample 

was placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Further analysis to test the impact of Hg on the produced C. reinhardtii  phenotype was made 

and revealed in Table 15. Band’s comparison showed that only band 1 and 10 had varied 

significantly from the control (p <0.05). Bands 2, 3, 4, 5, 6, 7, 8, 9, and 11 did not show a 

subsequential variance.  
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Table 5.15 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. reinhardtii before C. reinhardtii After n Position  Significancy 

1 0.234 0.214 30 3280 * 

2 0.120 0.118 30 2975 n 

3 0.080 0.106 30 2927 n 

4 0.083 0.091 30 2900 n 

5 0.177 0.191 30 1641 n 

6 0.099 0.122 30 1546 n 

7 0.123 0.133 30 1380 n 

8 0.112 0.113 30 1271 n 

9 0.108 0.138 30 1148 n 

10 0.396 0.415 30 1045 * 

11 0.198 0.201 30 878 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

The structure of C. reinhardtii formed after adaptation to heavy metals mix comprising of Cd, 

Co, Cu, Zn, Ni, and Hg at an equal concentration of each, is presented in Figure 5.39 as a 

function of FTIR spectra. The collected spectra were then compared to the molecular content 

of the original strain to find the difference in the cell structure associated with the adaptation 

process. 
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Figure 5.39. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to heavy metals mix (C.r-Mix). The 

sample was placed on the diamond field directly and covered with pure aluminium slide, and then pressed with 

the equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

 

Band assignment is presented in Table 16; the bands 1 to 11 have been listed with the 

absorbance data for C. reinhardtii before adaptation (control) and the phenotype obtained 

after adaptation at the accompanying position. The significance of the difference is also 

included in the table at both 99% and 95% probabilities. None of the bands presented any 

significant variance in the case of heavy metals mix. 
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Table 5.16 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. reinhardtii 

before 

C. reinhardtii 

After 

n Position  Significancy 

1 0.210 0.229 30 3280 n 

2 0.110 0.121 30 2975 n 

3 0.084 0.100 30 2927 n 

4 0.079 0.090 30 2900 n 

5 0.161 0.192 30 1641 n 

6 0.096 0.125 30 1546 n 

7 0.115 0.127 30 1380 n 

8 0.080 0.105 30 1271 n 

9 0.099 0.125 30 1148 n 

10 0.355 0.414 30 1045 n 

11 0.176 0.199 30 878 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Figure 5.40 demonstrates the cell's functional groups of C. reinhardtii, a phenotype obtained 

from exposure to nickel during adaptation effort, compared to the control. The absorbance of 

some bands shows an effect on the amount of some functional groups in the cell, indicating 

the changes occurred due to the stress applied on microalgae by nickel.  
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Figure 5.40. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to nickel (C.r-Ni). The sample was 

placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Table 17 shows the assignment of the spectra achieved from FTIR scans to C. reinhardtii -Ni 

phenotype and the control (original strain). bands 1 to 11 have been listed with the associated 

position of each band. The significance of difference is also covered in the table at both 99% 

and 95% probabilities.  
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Table 5.17 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. reinhardtii before C. reinhardtii After n Position  Significancy 

1 0.230 0.234 30 3280 * 

2 0.119 0.118 30 2975 n 

3 0.085 0.086 30 2927 * 

4 0.082 0.082 30 2900 n 

5 0.165 0.181 30 1641 * 

6 0.090 0.107 30 1546 n 

7 0.123 0.115 30 1380 * 

8 0.097 0.093 30 1271 * 

9 0.109 0.104 30 1148 * 

10 0.382 0.397 30 1045 n 

11 0.193 0.187 30 878 * 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Bands 2, 4, 6, and 10 did not display any difference from the control. Bands 1, 3, 5,7, 8, 9, 

and 11 had significantly lower absorbance compared to the control (p <0.05). This outcome 

suggests that nickel stress led to a reduction in the production of some functional groups in 

the cell of microalgae (Chlamydomonas reinhardtii). 

 

Generation of a phenotype from the association of zinc and C. reinhardtii microalgae through 

adaptation, resulted in cell alteration in some of the bands that represent a shift in the 

production of functional groups that these bands represent. This change is shown in Figure 

5.41. The control strain of C. reinhardtii and the obtained phenotype were scanned with FTIR 

to monitor any alteration in the cell molecular structure. 
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 Figure 5.41. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to zinc (C.r-Zn). The sample was 

placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Table 18 illustrates the assignment of the spectra accomplished from FTIR scans to C. 

reinhardtii phenotype that exposed to zinc and the control. bands count of 11 have been 

comprised with the linked position of each band. The significance of difference is also 

registered in the table.  
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Table 5.18 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. reinhardtii before C. reinhardtii After n Position  Significancy 

1 0.236 0.256 30 3280 * 

2 0.129 0.104 30 2975 n 

3 0.092 0.078 30 2927 * 

4 0.085 0.073 30 2900 n 

5 0.185 0.169 30 1641 n 

6 0.107 0.083 30 1546 n 

7 0.120 0.097 30 1380 * 

8 0.109 0.077 30 1271 * 

9 0.119 0.099 30 1148 n 

10 0.404 0.336 30 1045 n 

11 0.207 0.187 30 878 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Bands 2, 4, 5, 6, 9, 10 and 11 did not show any difference from the control. Bands 1, 3, 7, and 

8 had significantly different absorbance values compared to the control (p <0.05). Band 1 has 

a higher absorbance value which means higher production of the linked functional group 

(protein amide A); however, bands 3, 7, and 8 had lower absorption suggesting that zinc 

stress caused a reduction in the production of the associated functional. 

 

Introducing cobalt to C. reinhardtii during the adaptation period had an impact on the cell 

structure of microalgae as shown in Figure 5.42. The produced phenotype showed differences 

in some bands in comparison to the control. 
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Figure 5.42. FTIR spectra of Chlamydomonas reinhardtii showing biomolecular peak assignments from 4000–

500 cm−1. The spectrum is a transmission-type micro-spectrum from algae (Chlamydomonas reinhardtii), the 

control, and Chlamydomonas reinhardtii phenotype obtained from exposure to cobalt (C.r-Co). The sample was 

placed on the diamond field directly and covered with pure aluminium slide, and then pressed with the 

equipment’s clip. Equipment: Bruker IR scope II, circular diameter of aperture ~60 μm; a.u., arbitrary units. 

 

 

Assessment of the spectra produced from Fourier Transform Infrared spectroscopy for both 

the control and the treated strain was made to find the sign of alteration in cell structure. The 

results are listed in Table 19.  
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Table 5.19 Comparison of band intensities at each band position, Mann-Whitney Test. 

Band C. reinhardtii before C. reinhardtii After n Position  Significancy 

1 0.182 0.223 30 3280 * 

2 0.111 0.144 30 2975 * 

3 0.077 0.117 30 2927 * 

4 0.077 0.114 30 2900 * 

5 0.123 0.180 30 1641 n 

6 0.74 0.109 30 1546 n 

7 0.095 0.174 30 1380 * 

8 0.072 0.114 30 1271 n 

9 0.072 0.135 30 1148 * 

10 0.297 0.470 30 1045 * 

11 0.149 0.199 30 878 n 

N number of spectra, n= not significant, * = significant at 95% probability, **= significant at both 95%, and 

99% probabilities. 

 

Band 1, 2, 3, 4, 7, 9, and 10 significantly showed much absorbance in the obtained phenotype 

than in the control (p <0.05). This result suggests that the presence of cobalt encouraged the 

production of the functional group assigned to each band. On the other hand, bands 5, 6, 8, 

and 11 did not substantially vary from the control. 

 

5.5 Results Discussion  

 

The results present data from an experiment in which C. vulgaris 211/111 and C. 

reinhardtii 11/45 were cultivated in 3NBBM for a prolonged time with a defined 

concentration of heavy metal/s over ten generations (stage) and increasing metal/s 

concentration for the subsequent stages by 10%. This was the most logical increase ratio 

since LC50 for each metal-algae spices were highly distinctive. The metals were introduced as 

individual heavy metal additions or as a mixture of metals to enhance microalgal resistance to 
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them. The initial concentration of heavy metals used in stage 1 was derived from the toxicity 

experiments and represents the LC50 for each metal. The adaptation process consisted of five 

stages (the stages division was used for ease of data presentation) over 315 days (Chapter 5). 

 

The findings from this experiment showed a successful selection and adaptation strategies on 

enhancing C. vulgaris 211/111 and C. reinhardtii 11/45 to  tolerance of single and mixtures 

of heavy metals. There was an improvement of metals resistance by 10% to 50% between 

first stage and third or fifth stage of adaptation of the studied strains (chapter 5). Various 

studies investigating heavy metal pollution of water bodies have revealed that microalgal 

diversity may be reduced due to a selection process to the most tolerant species (Fahmi et al. 

1982; Foster 1982; Gupta and Chandra 1994; Harding and Whitton 1976; Takamura et 

al. 1989). It has also been suggested that exposure to heavy metals leads to adverse impacts 

on growth, photosynthesis, respiration, cell division, and degeneration of cell components, 

causing the reduction of microalgal diversity (Wang and Chen 2009). The results corroborate 

with previous results where a successful adaptation was also reported by Shehata and 

Whitton (1982), Kuwabara and Leland (1986). De Fillippis and Pallghay (1976) used 

Chlorella sp. to monitor growth parameters impacted by zinc and mercury and reported that 

long-term exposure to zinc (1 mM ZnCl for 50 d) had developed resistance to zinc in the 

studied strain. Volskey (1990) compared studies that used different microalgae strains from 

seven classes. A hindered and eighteen microalgae strains were isolated from polluted and 

unpolluted sites exposed to elevated concentrations of heavy metals. They found that algae 

from Chlorellaceae and Chlorophyceae were more adaptable to the increasing concentration 

of heavy metals than strains belonging to blue-green algae that were more sensitive to the 

studied metals Cu, Cd, and Zn.  Bates et al. (1982) studied zinc absorption and transport 

by Chlamydomonas variabilis and Scenedesmus subspecies (Chlorophyceae) growing in simi 
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continuous culture. They reported that both strains accumulated zinc very fast and that the 

accumulation on cell walls took place within minutes. De Fillippis and Pallghay (1976) 

used Chlorella sp in a study about zinc and mercury bioremediation by living cells. They 

monitored growth parameters during exposure to these heavy metals; reporting that only 14% 

of the accumulated mercury was situated in the cell wall. The in-cell mercury concentration 

was very close to the concentration of sulfhydryl in the cell, suggesting that sulfhydryl is the 

primary binding site that Chlorella uses to accumulate mercury. 

 

Fourier Transform Infrared (FTIR) spectroscopy system is used to attain an infrared spectrum 

of absorption or emission of a solid, liquid, or gas. High-spectral-resolution data over broad 

spectral range are simultaneously collected via a FTIR spectrometer; this deliberates a 

significant advantage over a dispersive spectrometer, which measures intensity over a narrow 

range of wavelengths at a time. FTIR has been widely used as a rapid and accurate tool for 

detecting and analysing organic materials for decades since it was initially used to study the 

cell structure of algae since FTIR can distinguish cell components at the molecular level (Li 

et al., 2021). The infrared spectrum is a method for identifying molecular structure based on 

atom vibration and rotation. Atoms of organic molecules that form chemical bonds and 

functional groups are in a constant state of vibration. When a bundle of IR (infrared 

radiations) beam with a continuous wavelength passes through the sample, the light of a 

particular wavenumber is absorbed, which causes the absorbance spectrum. The equivalent of 

light energy and the differences between two energy levels is the indispensable condition of 

absorption, thus determining the position of the absorption in the spectrum. Finally, the 

spectrum is further processed by the Fourier transformation technique to make it more 

efficiently analysed. 
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Fourier Transform Infrared (FTIR) spectroscopy was used to scan algal cells for the strains 

used in this research before and after adaptation to determine the structural changes in the cell 

after incubation with the heavy metals. Comparison through detecting the marker bands was 

made in addition to determining the position of each band for both strains C. vulgaris and C. 

reinhardtii.  

 

The result showed a significant change in the microalgal cell structure upon exposure to 

heavy metals in both individual metals and the mixture additions for both C. 

vulgaris 211/111 and C. reinhardtii 11/45. Microalgae respond differently to heavy metal 

toxicity, such as the synthesis of phytochelatins, upregulation of antioxidants, accumulation 

of compatible solutes, accumulation of low-molecular-weight metabolites, and changes in 

phytohormone levels (Bajguz and Hayat 2009) and metallothionine (Pérez-Rama et al., 

2001). Production of any of the previous cell components depends on the cell mechanism 

used by microalgae to tolerate heavy metals stress (Bajguz, 2011; Shamim, 2018). The results 

showed that the changes in cell structure were more significant in C. vulgaris 211/111 than 

in C. reinhardtii 11/45, which suggest that C. vulgaris 211/111 uses intercellular 

mechanisms, while C. reinhardtii 11/45 uses extracellular mechanisms. Jahan et al. (2004) in 

their study used C. vulgarise and Scenedesmus abundans to test the impact of Cu and As 

toxicity on the cell structure, and reported that the changes occurred in S. abundans  cell was 

significant and that the main process involved in removing heavy metals was biosorption. 

The obtained findings have many practical applications apart from heavy metal 

bioremediation; for example, the use of heavy metals to induce the production of desired cell 

components such as lipids, proteins, and other economically valuable components. In support 

of this, Robinson et al. (1993) found that an increase of Zn, Cd, Pb, Cu, Hg, and Ag induced 

the production of phytochelatins in microalgal cells. Other researchers have also reported a 
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relationship between metals and the increases in protein production in plant, yeast, and 

microalgal cells (Clements et al.1999; Mallick et al., 1994). For example, Mallick et al. 

(1994) found that Anabaena doliolum cells were able to produce a low molecular protein that 

can bind to Cd and reduced its toxicity when introduced in a high concentration. Yang et al. 

(2015) used Chlorella sp. for both lipid production and cadmium, copper, manganese, and 

zinc ions removal under heterotrophic culture conditions; and could efficiently remove them 

through intracellular accumulation and extracellular immobilization. They reported that algal 

lipids content increased by 21.07% and 93.90%, respectively, induced by cadmium and 

copper. 

In the last stage of adaptation, the impact of incubating C. vulgaris and C. reinhardtii in the 

heavy metal solutions on removing heavy metals from the solution was tested using ICP-

OEC. The concentration of metals was compared before adding microalgal phenotype and 

then after microalgal growth for one generation (7 days). In general, the presence of the 

microalgae significantly decreased the concentration of heavy metals in solution. The results 

further indicated that the biosorption of heavy metals by microalgal biomass is accompanied 

by an induction of a variety of biochemical changes, some of which directly contribute to the 

metal tolerance capacity of the cell. Once adapted to higher concentrations of heavy metals, 

the microalgae quickly removed metal ions from aqueous solutions by biosorption without 

any toxic effects on the cells. These findings are similar to those reported by Bajguz (2011), 

who studied the ability of C. vulgaris to remove Cd, Pb and Cu from the solution through the 

production of intracellular components. The author studied the addition of brassinolide to 

a C. vulgaris culture and the impact of this treatment on the cultural response to heavy metals 

toxicity and the production and levels of intercellular components of C. vulgaris such as 

phytochelatins, upregulation of antioxidants, accumulation of compatible solutes, 

accumulation of low-molecular-weight metabolites, and changes in phytohormone levels 
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(ABA, auxins, cytokinins, and gibberellins). Gale (1986) also found that microalgae were 

able to remove toxic metals from wastewater of up to 99%. Other similar studies reported a 

100% lead removal at 1 mg/l concentration within 24 hours at 23 ℃ (Mac and Hardy 1990; 

Manzoor et al., 2019). 
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CHAPTER SIX 
 

 

IMPACT OF MICROALGAL BIOMASS ON THE SURVIVAL 

OF DAPHNIA MAGNA IN THE PRESENCE OF HEAVY 

METALS 

 
 

Summary  

In this chapter, the impact of microalgal biomass on the survivability of Daphnia magna in 

the presence of heavy metals, was investigated. A concentration of 0.01 mg/l was used for 

Zn, Ni, Hg, Co, and Cd. For the Cu solution and the mixture of metals, a concentration of 

0.001 mg/l was used for each treatment. These concentrations represent the levels at which 

50% of the Daphnia population was killed by toxicity of the metal/s. An inoculum of 5% v/v 

of microalgae was added to each flask/ treatment. The data were statistically compared, and 

Cohen’s d values were calculated to see the effect size of algae-pre-treatment on the survival 

of Daphnia magna.  

 

6.1 Survival of Daphnia magna in heavy metals solutions pre-treated with 

adapted Chlorella vulgaris 211/111 

6.1.1 Daphnia magna survival in zinc solution pre-treated with Chlorella vulgaris 

211/111 

 

Three solutions were used to incubate D. magna 0 mg/l of zinc (control), 0.01mg/l of zinc 

(control+), and 0.01mg/l of zinc that has been treated with C. vulgaris phenotype before the 

incubation of D. magna. A one-way analysis of variance (ANOVA) was performed to show 
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any significant differences from the control (p <0.01). The results showed that there was no 

significant variation in the survival ratio of D. magna grown in zinc solution of 0.01 mg/l that 

was pre-treated with C. vulgaris, from the control (p >0.01). On the other hand, there was a 

significant decrease in the number of D. magna that was incubated in the 0.01mg/l of zinc 

(control+) compared to the control (p <0.05). The mortality rate of D. magna in the presence 

of zinc, compared to the control, was - 0.40/h (Figure 6.1).  

 

 

Figure 6.1. Daphnia magna survival in 0.01 mg/l zinc solution pre-treated with Chlorella vulgaris: the control, 

0 mg/l of zinc (●); 0.01mg/l of zinc (■), and 0.01mg/l of zinc that has been treated with C. vulgaris phenotype 

(♦). 

 

To find the practical significance of impact of the pre-treatment with C. 

vulgaris on Daphnia survivability, the effect size of the pre-treatment was calculated. The 

effect size is essential to check the applicability of the findings on a large scale. The effect 

size of the algal pre-treatment on the survival of Daphnia has been assessed by calculating 

Cohen's d value, 5.77; this suggests that the pre-treatment with C. vulgaris has a significant 

impact on Daphnia’s survival. 
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6.1.2 Daphnia magna survival in copper solution pretreated with C. vulgaris 211/111 

 

The number of survivors is shown in Figure 6.2, where three solutions were used to incubate 

D. magna: 0 mg/l of copper (control), 0.001mg/l of copper (control+), and 0.001mg/l of 

copper that has been treated with C. vulgaris phenotype before the incubation of D. magna. 

In the solution of 0.001mg/l of copper (control+), the mortality rate was -0.48/h in relation to 

the control (0 mg/l of copper), this differed from the algae pre-treated copper solution and the 

control (p <0.01). The pre-treated copper solution had 100% survival ratio of D. magna, with 

no significant difference from the control (p >0.01). This outcome suggests that the pre-

treatment with C. vulgaris phenotype reduced the impact of copper toxicity on D. magna. 

Cohen’s d value was calculated to be 9.23, which means a very high impact on the survival 

chance of D. magna when algal pre-treatment was applied on the copper solution before the 

incubation of Daphnia. 

 

Figure 6.2. Daphnia magna survival in 0.001 mg/l copper solution pretreated with Chlorella vulgaris; the 

control, 0 mg/l of copper (●); 0.001mg/l of copper (■), and 0.001mg/l of copper that has been treated with C. 

vulgaris phenotype (♦). 
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6.1.3 Daphnia magna survival in nickel solution pretreated with C. vulgaris 211/111 

 

There was a slight difference in Daphnia’s survival between the control and the algae-treated 

nickel solution of concentration of 0.01mg/l as shown in Figure 6.3. Statistically, this 

difference was not significant (p >0.01). The survival ratio of Daphnia in the pretreated 

solution was 96.7% compared to 55% in the control+ (the untreated 0.01 mg/l nickel 

solution) which is highly significant (p <0.01). In addition, the mortality rate of D. magna in 

the untreated nickel solution in relation to the control was -0.59/h. The effect size of algae 

pretreatment on the survival of Daphnia in the pre-treated nickel solution was assessed by 

calculating Cohen's d value, 6.93; this suggests that the pre-treatment with C. vulgaris has a 

significant impact on Daphnia’s survival. 

 

Figure 6.3. Daphnia magna survival in 0.01 mg/l nickel solution pretreated with Chlorella vulgaris; ; the 

control, 0 mg/l of Ni (●); 0.01mg/l of Ni (■), and 0.01mg/l of Ni that has been treated with C. vulgaris 

phenotype (♦).  
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6.1.4 Daphnia magna survival in mercury solution pretreated with C. vulgaris 211/111 

 

Data in Figure 6.4 illustrates the survival ratio of D. magna, where 0.01 mg/l of mercury was 

added in the control+ treatment, the survival ratio was 48.66%, significantly different from 

the algae-treated mercury solution (p <0.01). C. vulgaris -pretreated mercury solution had a 

100% survival ratio, with no significant difference from the control (p >0.01). This finding 

suggests that the pretreatment successfully reduced mercury toxicity on D. magna. The 

mortality rate of D. magna in a concentration of 0.01 mg/l of mercury in relation to the 

control was found to be -0.47/h. Cohen’s d value was found to be 9.24, which means a very 

high impact on mercury removal and D. magna survivability. 

 

 

Figure 6.4. Daphnia magna survival in 0.01 mg/l mercury solution pretreated with Chlorella vulgaris ; the 

control, 0 mg/l of mercury (●); 0.01mg/l of mercury (■), and 0.01mg/l of mercury that has been treated with C. 

vulgaris phenotype (♦). 
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6.1.5 Daphnia magna survival in cobalt solution pretreated with C. vulgaris 211/111 

 

There was a difference in Daphnia’s survival between the control and the pre-treated cobalt 

solution of concentration of 0.01mg/l as shown in Figure 6.5 (p <0.01). Which means that the 

pretreatment with C. vulgaris did not entirely eliminate cobalt from the solution or, needs 

more time remove the metal from the solution. However, the survival ratio of Daphnia in the 

pre-treated solution was 90% compared to 43% in the control+ (the untreated 0.01 mg/l 

cobalt solution) which was significant (p <0.01). The mortality rate of D. magna in a 

concentration of 0.01 mg/l of cobalt in relation to the control was found to be -0.48/h. The 

effect size of algae pretreatment on the survival of Daphnia in the pre-treated Co solution 

was assessed by calculating Cohen's d value, 8.08, this means that the pretreatment with C. 

vulgaris has improved Daphnia’s ratio of survival. 

 

 

Figure 6.5. Daphnia magna survival in 0.01 mg/l cobalt solution pretreated with Chlorella vulgaris; ; the 

control, 0 mg/l of cobalt (●); 0.01mg/l of cobalt (■), and 0.01mg/l of cobalt that has been treated with C. 

vulgaris phenotype (♦). 
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6.1.6 Daphnia magna survival in cadmium solution pretreated with C. vulgaris 211/111 

 

The performed statistical analysis showed a significant variation in the survival ratio of D. 

magna grown in a pre-treated solution of 0.01 mg/l cadmium and the control (p <0.01). 

However, an improved survival of 90% was observed in the pre-treated solution. On the other 

hand, there was a significant decrease in the population of D. magna in the control+, the 

untreated 0.01 mg/l of cadmium solution, compared to the pre-treated solution of the same 

concentration and the control (p <0.05). Thus, a reduction of 46% in Daphnia population in 

the control+ has occurred at the end of the incubation (Figure 6.6). The mortality rate of D. 

magna in a concentration of 0.01 mg/l of cadmium in relation to the control was -0.59/h. 

Cohen’s d value has been found to be 6.35, which states a high impact of C. vulgaris pre-

treatment on cadmium removal and D. magna survivability. 

 

 

Figure 6.6. Daphnia magna survival in 0.01 mg/l cadmium solution pretreated with Chlorella vulgaris; ; the 

control, 0 mg/l of cadmium (●); 0.01mg/l of cadmium (■), and 0.01mg/l of cadmium that has been treated with 

C. vulgaris phenotype (♦). 
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6.1.7 Daphnia magna survival in metals mixture solution pretreated with C. vulgaris 

211/111 

A mixture of the following metals: Zn, Cu, Ni, Hg, Co, and Cd, was prepared to test the 

combining effect on their removal by C. vulgaris. The mixture was prepared by adding equal 

amounts of each metal in the mixture to prepare the required concentration. For example, to 

prepare 10 mg/l of the metal mixture, an amount of 1.67 mg/l of each metal (Cu, Zn, Ni, Hg, 

Co, and Cd) were mixed in one litre of the growth medium to reach a final concentration of 

10 mg/l of the metal mixture. The concentration used was 0.001mg/l. The results showed that 

pre-treatment with C. vulgaris significantly reduced the lethal effect of the metals mixture on 

Daphnia’s longevity (p <0.01). On the other hand, the survival ratio reduced to 57% in the 

control+ compared to the microalgae-pretreated solution of the same concentration, where a 

90% survival ratio was obtained (Figure 6.7). The mortality rate of D. magna in 0.001 mg/l of 

metals mixture in relation to the control was -0.48/h. Cohen’s d value was 9.24, which means 

that C. vulgaris pre-treatment, has a significant impact on metals removal and Daphnia 

survivability. 
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Figure 6.7. Daphnia magna survival in 0.001 mg/l mixture of metals solution pretreated with Chlorella 

vulgaris; the control, 0 mg/l of mixture of metals (●); 0.01mg/l of mixture of metals (■), and 0.01mg/l of 

mixture of metals that has been treated with C. vulgaris phenotype (♦). 

 

Table 6.1 shows a summary of the survival parameters of Daphnia magna in heavy metals 

solutions pre-treated with adapted Chlorella vulgaris 211/111. 

 

Table 6.1. Survivability parameters of D. magna in the metal solution with and without treatment with 

C.vulgaris phenotype 

                           Metal 

Parameter 

Zn Cu Ni Hg Co Cd Mixture 

Survival rate in the pre-

treated solution  

100% 100% 96.99% 100% 90% 90% 90% 

Death rate in the 

untreated solution  

40% 53.67% 43.67% 43.67% 43.67% 43.67% 50.67 

Mortality rate per hour  -0.40/h -0.48/h -0.47/h -0.59/h -0.59/h -0.48/h -0.48/h 

 

 

 

0

20

40

60

80

100

0 2 4 6 8 10

S
u

rv
iv

al
 %

Time/ hours



209 

 

6.2 Survival of Daphnia magna in heavy metals solutions pre-treated with 

adapted Chlamydomonas reinhardtii 11/45 

6.2.1 Daphnia magna survival in zinc solution pre-treated with C. reinhardtii 11/45 

 

Three solutions were used to incubate D. magna: 0 mg/l of zinc (control), 0.01mg/l of zinc 

(control+), and 0.01mg/l of zinc that has been treated with C. reinhardtii phenotype before 

the incubation of D. magna. A one-way analysis of variance (ANOVA) was performed to 

show any significant differences from the control (p <0.01). The results showed that adding 

C. reinhardtii to 0.01mg/l of zinc solution has a positive impact on D. magna survival in the 

metal solution (Figure 6.8). The difference in Daphnia’s survival ratios between the algae-

treated solution and the control+ was significant (p <0.01). A survival ratio of 100% was 

observed in the pre-treated solution versus 63.33% in the control+. The mortality rate of D. 

magna in a concentration of 0.01 mg/l of zinc in relation to the control was -0.63/h. Cohen’s 

d value was 6.35, which refers to a high impact of the treatment on the survivability of D. 

magna. 
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Figure 6.8. Daphnia magna survival in 0.01 mg/l zinc solution pretreated with Chlamydomonas reinhardtii; the 

control, 0 mg/l of zinc (●); 0.01mg/l of zinc (■), and 0.01mg/l of zinc that has been treated with C. reinhardtii 

phenotype (♦).  

 

 

6.2.2 Daphnia magna survival in copper solution pretreated with C. reinhardtii 11/45 

 

Adding C. reinhardtii to 0.001 mg/l of copper enhanced the survival chance of D.magna 

(Figure 6.9). An improvement was obtained in the survival ratio of 86.67%. In the control+, 

the survival ratio was 63.3%. Both were significantly different from the control (p <0.01). 

These results suggest that adding C. reinhardtii improved the survivability of D. magna, but 

its presence did not completely remove Cu from the solution. The mortality rate of D. magna 

in a concentration of 0.001 mg/l of Cu in relation to the control was -0.73/h. Cohen’s d value 

was 7.50, suggesting that using C. reinhardtii to reduce copper toxicity, highly impacted 

Daphnia survivability. 
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Figure 6.9. Daphnia magna survival in 0.001 mg/l copper solution pretreated with Chlamydomonas reinhardtii; 

the control, 0 mg/l of copper (●); 0.001mg/l of copper (■), and 0.001mg/l of copper that has been treated with C. 

reinhardtii phenotype (♦).  

 

 

6.2.3 Daphnia magna survival in nickel solution pre-treated with C. reinhardtii 11/45 

 

Figure 6.10 demonstrates the survival ratio of D. magna, where 0.01 mg/l of nickel was 

added in the control+ treatment. The survival ratio was 53.33%, significantly lower than the 

solution pre-treated with adapted C. reinhardtii, which had a 100% survival ratio, the pre-

treated solution showed no significant difference from the control (p >0.01). This outcome 

suggests that the pre-treatment successfully reduced Ni toxicity on D. magna. The mortality 

rate of D. magna in a concentration of 0.01 mg/l of Ni in relation to the control was -0.53/h. 

Cohen’s d value was 8.08, which means this treatment highly impacted Daphnia 

survivability. 
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Figure 6.10. Daphnia magna survival in 0.01 mg/l nickel solution pretreated with Chlamydomonas reinhardtii; 

the control, 0 mg/l of nickel (●); 0.01mg/l of nickel (■), and 0.01mg/l of nickel that has been treated with C. 

reinhardtii phenotype (♦).  

 

 

6.2.4 Daphnia magna survival in mercury solution pretreated with C. reinhardtii 11/45 

 

The solutions used to incubate D. magna were 0 mg/l of mercury (control), 0.01mg/l of 

mercury (control+), and 0.01mg/l of mercury that has been treated with C. reinhardtii 

phenotype before the incubation of D. magna. The analysis of data and comparison with the 

control showed that there was no variation in the survival ratio of D. magna grown in a pre-

treated solution of 0.01 mg/l mercury and the control (p >0.01) (both achieved 100% 

survivors). On the other hand, there was a significant decrease in the number of D. magna in 

the control+ (the untreated 0.01 mg/l of mercury solution) compared to the microalgae-

treated solution and the control (p <0.01). A reduction of 56.66% in D. magna population in 

the control+ has occurred at the end of the incubation (Figure 6.11). The mortality rate of D. 

0

20

40

60

80

100

0 2 4 6 8 10

S
u

rv
iv

al
 %

Time/ hours



213 

 

magna in a concentration of 0.01 mg/l of mercury in relation to the control was found to be -

0.43/h. Cohen’s d value was found to be 9.81, refers to a very high impact on Hg removal and 

the survival ratio of D. magna. 

 

 

Figure 6.11. Daphnia magna survival in 0.01 mg/l mercury solution pretreated with Chlamydomonas 

reinhardtii; the control, 0 mg/l of mercury (●); 0.01mg/l of mercury (■), and 0.01mg/l of mercury that has been 

treated with C. reinhardtii phenotype (♦).  

 

6.2.5 Daphnia magna survival in cobalt solution pre-treated with C. reinhardtii 11/45 

 

There was a minor difference in Daphnia’s survival between the control and the algae-treated 

cobalt solution of concentration of 0.01mg/l as shown in Figure 6.12. Statistically, this 

difference was not significant (p >0.01). The survival ratio of Daphnia in the pre-treated 

solution was 96.67% compared to 43.33% in the control+ (the untreated 0.01 mg/l cobalt 

solution) which is highly significant (p <0.01). The mortality rate of D. magna in a 

concentration of 0.01 mg/l of cobalt in relation to the control was found to be -0.45/h. The 
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effect size of algae pre-treatment on the survival of Daphnia in the pre-treated cobalt solution 

has been assessed by calculating Cohen's d value, 9.24; this suggests that the pre-treatment 

with C. reinhardtii has a high impact on Daphnia’s survivability. 

 

 

Figure 6.12. Daphnia magna survival in 0.01 mg/l cobalt solution pretreated with Chlamydomonas reinhardtii; 

the control, 0 mg/l of cobalt (●); 0.01mg/l of cobalt (■), and 0.01mg/l of cobalt that has been treated with C. 

reinhardtii phenotype (♦).  

 

6.2.6 Daphnia magna survival in cadmium solution pretreated with C. reinhardtii 11/45 

 

An insignificant difference in the survival of Daphnia between the control and the algae-

treated cadmium solution of concentration of 0.01mg/l was observed (Figure 6.5) (p >0.01). 

This indicates that the pre-treatment with C. reinhardtii did not fully remove Cd from the 

solution. However, the survival rate of Daphnia in the pre-treated solution was 90% 

compared to 46.67% in the control+ (the untreated 0.01 mg/l cadmium solution) which was 

very significant (p <0.01). The mortality rate of D. magna in a concentration of 0.01 mg/l of 
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Cd in relation to the control was -0.52/h. Cohen's d value was 7.50, which means that the pre-

treatment has improved Daphnia’s survivability. 

 

 

Figure 6.13. Daphnia magna survival in 0.01 mg/l cadmium solution pretreated with Chlamydomonas 

reinhardtii; the control, 0 mg/l of cadmium (●); 0.01mg/l of cadmium (■), and 0.01mg/l of cadmium that has 

been treated with C. reinhardtii phenotype (♦).  

 

6.2.7 Daphnia magna survival in metals mixture solution pretreated with C. reinhardtii 

11/45 

 

Zinc, copper, nickel, mercury, cobalt, and cadmium were used to prepare metal mixture to 

evaluate their impact altogether on the efficiency of their removal by C. reinhardtii. The 

concentration used was 0.001mg/l. Analysed data showed that pre-treatment with C. 

reinhardtii significantly reduced the lethal effect of the metals mixture on Daphnia’s 

population (p <0.01) (Figure 6.14).  
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Figure 6.14. Daphnia magna survival in 0.001 mg/l metals mixture solution pretreated with Chlamydomonas 

reinhardtii; the control, 0 mg/l of metals mixture (●); 0.001mg/l of metals mixture (■), and 0.001mg/l of metals 

mixture that has been treated with C. reinhardtii phenotype (♦).  

 

 

The control+ survival rate was 43.33% compared to the algae-treated solution of the metal 

mixture at a concentration of 0.001mg/l, where a 100% survival ratio was attained. The 

mortality rate of D. magna in the metals mixture in relation to the control was -0.43/h. 

Cohen’s d value was 9.81, which means that C. reinhardtii pre-treatment has considerably 

improved the metals removal and survival ratios of Daphnia magna. 

 

Table 6.2 represents a summary of the survival parameters of Daphnia magna in heavy 

metals solutions pre-treated with adapted C. reinhardtii. 
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Table 6.2. Survivability parameters of D. magna in the metal solution with and without treatment with 

C.reinhardtii phenotype 

 

                           Metal 

Parameter 

Zn Cu Ni Hg Co Cd Mixture 

Survival rate in the pre-

treated solution  

100% 86.67% 100% 100% 96.66% 90% 100% 

Death rate in the 

untreated solution  

46.67% 36.67% 46.67% 56.67% 56.67% 53.33% 56.67 

Mortality rate per hour  -0.63/h -0.73/h -0.53/h -0.43/h -0.45/h -0.52/h -0.43/h 

 

 

6.3 A comparison between the survival rate of Daphnia magna in the metal/s solution 

treated with Chlorella vulgaris and  Chlamydomonas reinhardtii phenotypes produced 

from the adaptation to heavy metals 

 

The incubation of Chlorella vulgaris phenotype in 0.01 zinc solution led to an increasing of 

Daphnia Magna survival rate from 50% to 100% compared to the untreated solution. 

Similarly, the use of the adapted C. vulgaris phenotype in the treatment of copper and 

mercury solutions led to 100% survival of D. Magna compared to the control. On the other 

hand, the use of the adapted phenotype reduced the toxicity of Ni, Co, Cd, and metal mixture 

to rise the survivability to 96.99%, 90%, 90% and 90% in the treated solutions, respectively 

(Table 6.3). 

The use of C. reinhardtii in the treatment of metal solutions resulted in the increase of 

survivability of D. magna in the solution as follows: 100% survival rate in the case of zinc, 

cobalt, cadmium, and metal mixture. while the survival rates of mercury was 86.67%, 

96.66% for copper and 90% for nickel. 

 

 

 

 

 



218 

 

Table 6.3. A comparison between the survival rate of Daphnia magna in the metal/s solution treated 

with Chlorella vulgaris and  Chlamydomonas reinhardtii phenotypes produced from the adaptation to 

heavy metals  

Metal The survivability of Daphnia magna in the 

solution treated with Chlorella vulgaris 

phenotype  

The survivability of Daphnia magna in the 

solution treated with Chlamydomonas 

reinhardtii phenotype 

Zn 100% 100% 

Hg 100% 86.67% 

Co 96.99% 100% 

Cd 100% 100% 

Cu 90% 96.66% 

Ni 90% 90% 

Mixture 90% 100% 

 

 

6.4 Results discussion  

 

The survivability of Daphnia magna in heavy metal solutions was measured following 

incubation with microalgal biomass. Defined concentrations of Zn, Ni, Hg, Co, and Cd, Cu 

and metals mixture solution were used in individual and mixture treatments. The data were 

statistically compared, and Cohen’s d values were calculated to elucidate the impact of algal-

pretreatment on the survival of Daphnia magna. The results for the survivability of Daphnia 

magna demonstrates that both C. vulgaris 211/111 and C. reinhardtii 11/45 successfully 

reduced the impact of heavy metals on Daphnia. C. vulgaris was incubated in Zn, Cu, and Hg 

solutions for three days before incubating D. magna in the metal solutions; 100% of D. 

magna survived, which suggest that C. vulgaris entirely removed the metals from the 

solutions. In the case of nickel, the incubation of C. vulgaris reduced the toxicity of Ni on D. 

magna, and 96.66% survivability was observed. The survivability of D. magna in cobalt, 

cadmium, and metal mixture solutions previously incubated with C. vulgaris for three days, 

was 90%. When C. reinhardtii was incubated with copper, cadmium, and cobalt solutions for 

three days, survivability of 86.66%, 90%, and 96.66, respectively, for D. magna was 

obtained. 100% survivability of D. magna was attained when C. reinhardtii was incubated in 
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Zn, Ni, Hg, and metal mixture solutions. The similar survivability ratio found of D. 

magna for cadmium solution for C. vulgaris and C. reinhardtii suggests that some heavy 

metals may require a longer treatment time for a total removal via bioaccumulation (Jahan et 

al., 2004). Jahan et al. (2004) indicted that bioaccumulation of heavy metals in microalgae, 

C. vulgaris and Scenedesmus abundans took longer time than biosorption process in addition 

to the difference of bioaccumulation efficiency between the two microalgal species. As 

discussed earlier, intercellular and extracellular mechanisms may be used in microalgal 

tolerance to heavy metals stress. Microalgae successfully eliminated the heavy metals' hazard 

impact on Daphnia magna. The results from biosorption tests also showed the importance of 

bioactivity of microalgae in cleaning polluted water bodies (Bajguz 2011; Gale,1986; Mac 

and Hardy, 1990; Manzoor et al., 2019); these studies frequently reported the removal of 

heavy metals from the solution that reaches up to 100% removal in some of these studies. 
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CHAPTER SEVEN  
 

CONCLUSION, FUTURE WORK, AND 

RECOMMENDATIONS  

 

7.1 Conclusion  
 

The results of investigations in this research established the success of adaptation strategies in 

improving the resistance of heavy metals in green microalgae Chlorella 

vulgaris and Chlamydomonas reinhardtii; this is because of their high content of functional 

groups that play a significant role in heavy metals tolerance. In addition, they are able to alter 

cell structure to increase the content of these functional groups to adapt to the new conditions. 

The gradual adaptation to the new conditions for an extended time helped microalgae to 

improve tolerance to heavy metals toxicity, making them a preferable biological candidate for 

bioremediation. The importance of these results comes from overcoming a major challenge 

that faces bioaccumulation use, where living cells are used and are impacted by metals 

toxicity. Adapting to high levels of heavy metals and improving microalgal resistance to 

heavy metals toxicity promotes the bioaccumulation process. In addition, the results obtained 

from enhanced metals bioaccumulation shows its role in improving the mitigation of heavy 

metals impact on the next organism in the food chain. This was observed from the Daphnia 

magna survivability experiment. The presence of eukaryotic microalgae, Chlorella 

vulgaris and Chlamydomonas reinhardtii successfully reduced heavy metals toxicity in the 

solution used to incubate D. magna. The results reveal the possibilities for further exploiting 

adaptation strategy with eukaryotic algae and designing sustainable bioremediation strategies 
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that will help mitigate environmental pollution. Therefore, this thesis presents the impact of 

in vitro strategies and key mechanisms to promote and improve microalgal bioaccumulation 

and biodegradation of toxic heavy metals in the aquatic environment. 

 

7.2 Future work and recommendations  
 

 

The application of adaptation strategies significantly improves microalgae resistance to heavy 

metals toxicity, emphasising this research's role in paving the way for the obtained phenotype 

to be scaled-up to be applicable for bioremediation in the environment. Furthermore, the 

findings from the adaptation experiment showed a successful impact of the selection and 

adaptation strategy on enhancing C. vulgaris 211/111 and C. reinhardtii 11/45 to the 

tolerance of single and mixtures of heavy metals. Therefore, it is recommended that the 

researchers increase knowledge of adaptation strategy with other algal species that might act 

differently to different metals or pollutants. 

 

The result showed a significant change in cell structure upon exposure to heavy metals in 

both individual and mixture addition for both C. vulgaris 211/111 and C. reinhardtii 11/45. 

This could be a main objective for future studies by using long term exposure to metal ions to 

produce valuable cell components, this is because adaptation is a safe and natural strategy for 

promoting molecules production. Microalgae respond differently to heavy metal toxicity, 

such as the synthesis of phytochelatins, upregulation of antioxidants, accumulation of 

compatible solutes, accumulation of low-molecular-weight metabolites, and changes in 

phytohormone levels (Bajguz and Hayat 2009). Production of any of the previous cell 
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components depends on the mechanism used by microalgae to tolerate heavy metals stress 

(Bajguz, 2011). Therefore, further investigations on increase knowledge of adaptation 

strategy with other algal species which might contain different valuable cell molecules that 

are usable in industries and biotechnological applications.  

 

Bioaccumulation of heavy metals by microalgae successfully promote the survivability of 

Daphnia magna in the solution indicating that this biological strategy creates a better 

environment for the next organism in the food chain following incubation with microalgal 

biomass. The results for the survivability of D. magna demonstrate that both C. 

vulgaris 211/111 and C. reinhardtii 11/45 successfully removed heavy metals danger from 

the aqueous solution, thereby reducing the impact of heavy metals on  D. magna. It is 

recommended that further comparisons are made on the impact of the use of microalgal 

phenotypes with the use of other biological, chemical, and physical means on the organisms 

in the food chain and the long-term remediation. 

 

In general, microalgae significantly decreased the concentration of heavy metals in solution. 

The results further indicated that the biosorption of heavy metals by microalgal biomass is 

accompanied by an induction of a variety of biochemical changes, some of which directly 

contribute to the metal tolerance capacity of the cell. Once adapted to higher concentrations 

of heavy metals, the microalgal biomass quickly eliminated metal ions from aqueous 

solutions by biosorption without any toxic impacts. Therefore, research is recommended into 

the broader production of adapted phenotypes to fulfil the environmental demands. In 

addition, further studies are required to:  
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-         Investigate the effects of algal progeny on metal tolerance, optimise the sorption 

capacity of algae and study cell function and structure after acclimation. 

-         Test the interchangeability of acquired tolerance of algal phenotype to a particular 

heavy metal with another. 

-         Understand metals recovery from adapted microalgae to use them as a hunting tool, 

especially for valuable metals.  

-         Understand the use of adapted phenotypes with different environmental conditions and 

investigate their effect  

-         Optimise the adaptation- bioremediation process to reach the final production point of 

nontoxic outcomes like water and biomass.  

-         Optimise the process of using adapted phenotypes for bioremediation by adding 

supporting steps to the process to reach the ultimate goal of a clean environment. 
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APPENDICES 

 

 

Appendix 1: 3N-BBM+V (Bold Basal Medium with 3-fold Nitrogen and Vitamins; 

modified)* 

 

Stocks  per litre 

1 NaNO3  75 g 

2 CaCl2.2H2O  2.5 g 

3 MgSO4.7H2O 7.5 g 

4 K2HPO4.3H2O 7.5 g 

5 KH2PO4  2.5 g 

6 NaCl 17.5 g 

7 Trace Elements (PIV)  

  

Ensure elements are added in the following sequence: 

 Na2EDTA  0.75 g 

 FeCl3.6H2O 0.097 g 

 MnCl2.4H2O 0.041 g 

 ZnCl2.6H2O 0.005 g 

 CoCl2.6H2O 0.002 g 

 Na2MoO4.2H2O 0.004 g 

  

Once elements are dissolved autoclave at 15 psi for 15 minutes. 

   

Per 100 ml 

8 Vitamin B1 (Thiamine hydrochloride) 

Filter sterile 

0.12 g 

9 Vitamin B12 (Cyanocobalamin) 0.1 g 

  

Take 1 ml of this solution and add 99 ml Deionised water. Filter sterile. 

 

Medium 

  

per litre 

 Stock solution 1 - 6 10 ml each 

 Stock solution 7 (Trace element) 6 ml 

 Stock solutions 8 - 9 1 ml each 

 

Make up to 1 litre with distilled water. For agar add 15 g per litre Bacterial Agar. Autoclave at 15 psi 

for 15 minutes. 

 

*CCAP (Culture Collection of Algae and Protozoa), SAMS Ltd, Scottish Marine Institute, Oban, Argyll, PA37 

1QA, UK. 
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Appendix 2: f/2 Medium* 

 

Stocks  per litre 

1 NaNO3  15 g 

2 NaH2PO4.2H2O 1.13 g 

 

3 

 

Trace Elements (x10 concentration) 

 

Per 200 ml 

 Na2EDTA  8.32 g 

 FeCl3.6H2O 6.30 g 

 MnCl2.4H2O 0.36 g 

 ZnSO4.6H2O 0.044 g 

 CoCl2.6H2O 0.02 g 

 Na2MoO4.2H2O 0.012 g 

 CuSO4.5H2O 0.02 g 

 

4 

 

Vitamin mix: First make primary stocks of Cyanocobalamin and Biotin. 

  Per 100 ml 

 Vitamin B1 (Thiamine hydrochloride) 

Filter sterile 

0.12 g 

 Biotin 0.1 g 

  

Dispense any excess primary stocks into 1 ml aliquots and freeze 

 For final vitamin mix stock solution: Per 200 ml 

 Vitamin B12 (Cyanocobalamin) 0.02 g 

 Thiamine HCl (Vitamin B1) 1 ml 

 Biotin 1 ml 

  

Medium  per litre 

 Stock solution 1 1.0 ml 

 Stock solution 2 1.0 ml 

 Stock solution 3 (Trace element) 0.1 ml 

 Stock solutions 4 (Vits) 1.0 ml 

 

Make up to 1 litre with filtered natural seawater. Adjust pH to 8.0 with 1M NaOH or 1 M HCl prior to 

autoclaving. For agar add 15g per litre Bacteriological Agar. Autoclave at 15 psi for 15 minutes. 

 

*Guillard RRL & Ryther JH (1962) Studies of marine planktonic diatoms. I. Cyclotella nana Hustedt and 

Detonula confervaceae (Cleve) Gran. Can. J. Microbiol. 8: 229-239. 
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Appendix 3: pH and temperature averages during adaptation experiments of microalgae  

pH and temperature averages during adaptation experiments of Chlorella vulgaris to different heavy metals (values are mean ± standard error (n = 3)) 

Stages 1 2 3 4 5 

Treatment/perimeter  pH Temperature/ °C pH Temperature/ °C pH Temperature/ °C pH Temperature/ °C pH Temperature/ °C 

Nickel  7±0.25 25±2 7±0.35 25±2 7±0.35 25±2 7±0.4 25±2 7±0.5 25±2 

Cadmium  7±0.75 25±2 7±0.75 25±2 6±0.75 25±2 6±0.75 25±2 6±0.75 25±2 

Copper 7±0.5 25±2 7±0.5 25±2 7±0.75 25±2 6±0.25 25±2 6±0.5 25±2 

Zink  6±0.25 25±2 6±0.4 25±2 6±0.5 25±2 6±0.5 25±2 6±0.5 25±2 

Cobalt 7±0.5 25±2 7±0.5 25±2 7±0.5 25±2 7±0.6 25±2 7±0.8 25±2 

Mercury  7±0.5 25±2 7±0.5 25±2 7±0.5 25±2 7±0.6 25±2 7±0.75 25±2 

Metal’s mixture  7±0.75 25±2 7±0.75 25±2 6±0.25 25±2 6±0.3 25±2 6±0.5 25±2 

pH averages during adaptation experiments of Chlamydomonas reinhardtii to different heavy metals 

Stages 1 2 3 4 5 

Treatment/perimeter  pH Temperature/ °C pH Temperature/ °C pH Temperature/ °C pH Temperature/ °C pH Temperature/ °C 

Nickel  7±0.25 25±2 7±0.35 25±2 7±0.35 25±2 7±0.4 25±2 7±0.5 25±2 

Cadmium  7±0.5 25±2 7±0.5 25±2 7±0.5 25±2 7±0.75 25±2 7±0.75 25±2 

Copper 7±0.5 25±2 7±0.5 25±2 7±0.5 25±2 7±0.75 25±2 7±0.75 25±2 

Zink  6±0.3 25±2 6±0.5 25±2 6±0.5 25±2 6±0.5 25±2 6±0.5 25±2 

Cobalt 7±0.5 25±2 7±0.5 25±2 7±0.5 25±2 7±0.75 25±2 7±0.75 25±2 

Mercury  7±0.5 25±2 7±0.5 25±2 7±0.5 25±2 7±0.75 25±2 7±0.75 25±2 

Metal’s mixture  7±0.5 25±2 7±0.7 25±2 6±0.25 25±2 6±0.5 25±2 6±0.5 25±2 
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Appendix 4: Transformation table from percentage to Probits 

 

% 0 1 2 3 4 5 6 7 8 9 

0 - 2.67 2.95 3.12 3.25 3.36 3.45 3.52 3.59 3.66 

10 3.72  3.77 3.82 3.87 3.92 3.96 4.01 4.05 4.08 4.12 

20 4.16  4.19 4.23 4.26 4.29 4.33 4.36 4.39 4.42 4.45 

30 4.48  4.50 4.53 4.56 4.59 4.61 4.64 4.67 4.69 4.72 

40 4.75  4.77 4.80 4.82 4.85 4.87 4.90 4.92 4.95 4.97 

50 5.00  5.03 5.05 5.08 5.10 5.13 5.15 5.18 5.20 5.23 

60 5.25   5.28 5.31 5.33 5.36 5.39 5.41 5.44 5.47 5.50 

70 5.52  5.55 5.58 5.61 5.64 5.67 5.71 5.74 5.77 5.81 

80 5.84   5.88 5.92 5.95 5.99 6.04 6.08 6.13 6.18 6.23 

90 6.28   6.34 6.41 6.48 6.55 6.64 6.75 6.88 7.05 7.33 

- 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

99 7.33 7.37 7.41 7.46 7.58 7.65 7.75 7.75 7.88 8.09 
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Appendix 5: pH, dissolved oxygen, and temperature averages of survival experiments 

for Daphnia magna 

 

 

Treatment/perimeter  pH Temperature/ °C Dissolved oxygen mg/ l 

Nickel  7±0.25 25±2 6±0.25  

Cadmium  7±0.75 25±2 6±0.25  

Copper 7±0.1 25±2 6±0.25  

Zink  7±0.25 25±2 6±0.25  

Cobalt 7±0.5 25±2 6±0.25  

Mercury  7±0.5 25±2 6±0.25  

Metal’s mixture  7±0.2 25±2 6±0.25  

Values are mean ± standard error (n = 3) 
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