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Based on 16S rRNA 

Plants, algae 

Eukaryotic photosynthetic 
organisms formed by 
endosymbiosis of 
cyanobacteria   



Anoxygenic Photosynthesis Oxygenic Photosynthesis 
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Origin 

Cyanobacteria 

Transition to Oxygenic Photosynthesis 
Transitional forms 
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 The “Light” and  the so-called “Dark” Reactions of Photosynthesis: 
The Hill Reaction and the Blackman Reaction (Calvin-Benson Cycle) 

-
BENSON 

Govindjee (2010) 



The Calvin-Benson Cycle 
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1.  The Photosynthetic Unit, 1932 
2.  The Minimum Quantum Requirement for Oxygen 

Evolution, 1920s—1960s 
3.  The Very First Ideas on Two Light Reactions, 1945 
4.  Action Spectra of Photosynthesis, 1943 
5.  The Red Drop in Photosynthesis, 1943 
6.  The Emerson Enhancement Effect, 1957 
7.  The Blinks Effect: Chromatic Transients, 1957, 1960 
8.  The Two Light Reactions and Two Photosynthesis: 

Chlorophyll a in both systems, 1960 
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Green alga Chlorella 
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Govindjee and Rabinowitch (1960) and R. 
Govindjee et al. (1960) showed that a short 
wavelength absorbing form of chlorophyll 
a (Chl a 670) was present in the same 
system that used chlorophyll b (or other 
accessory pigments) . This agreed  with 
Duysens (1952) that all energy absorbed by 
chlorophyll b is transferred to chlorophyll 
a. Also Rajni’s work showed that the effect 
was in photosynthesis , not respiration 

Rajni Govindjee 
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7. Antagonistic Effect of Two  Lights on P700: 
Bessel Kok, 1959 

8. Robin Hill’s Concepts (Hill and Fay Bendall, 
1960) 

9. Lou Duysens and Jan Amesz’s Key Experiments 
on  Cytochrome f: Naming of the System 1 and 

System 2; The Push and Pull Experiments; 
Evidence for the Series Scheme, 1961 

10. Experiments by Horst Witt and coworkers 
with Light Flashes, 1961 
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Three or two light reactions? 

The bicycle model 

The Z-Scheme 

               Hill (1965)  

Hill 

Forti 
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Light 1 (red light) oxidized cytochrome f (called Light Reaction 1 and its 
Photosystem,PS 1) ; whereas, Light 2 (green light) reduced it (called Light 
Reaction 2, and its photosystem, PS 2). This push-pull antagonistic effect 
on a redox intermediate is the crux of the Series Z-Scheme. 

Red alga Porphyridium cruentum 
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We note that Horst Witt   had the intermediates  X,Y and Z different from what  
Rabinowitch had in 1945.   
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11. Biochemists Began to Contribute Through Use 
of Chemicals, Inhibitors, Electron Donors and 

Acceptors, 1962 et seq  
12. Physical Separation of Pigment Systems ; Keith 

Boardman and Jan Anderson, 1964 
13. Geneticists (e.g.,Paul Levine) Began to Provide 

Key Confirmation of the Steps Through the 
Use of Mutants 

By 1963, the Picture was Clear 
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The Various Z-Schemes of Electron 
Transport in Photosynthesis that We 

Have Drawn over the Years, 1965--2010 

Comments on How Best to Teach The 
Z-Scheme at Various Levels 



1965 
With 
Rabinowitch 

1975 
With Rajni 
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1989, Govindjee with Demeter 
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Poster  with Veit (distributed  
in 2001, 2004 and 2007) 



The most interesting way to 
explain the Z-Scheme is to 
involve students by having 
them play the role of 
different intermediates 

Distributed at this Congress 





Chloride 

David Walker 

Anonymous 

Brudvig? 

Govindjee  





The energy stored in 
a pH gradient (and 
electricpotential)acro-
ss the membrane is 
converted into ATP 
phosphate energy by 
coupling mechanical 
motion to chemical 
bond formation."



Miscanthus is a 
perennial grass that has 
a very high efficiency 
and a long growing 
season. Currently used 
in Europe as a biomass 
source.!
Steve Long and others 
have begun to exploit 
this grass for 
Bioalcohol, the Big 
British Petroleum grant!!



Algae and 
cyanobacteria 
as potential 
sources of 
biodiesel"





H2 
Fuel 
cell 

Electricity 

H2O 

O2 

Sunlight Oxygenic microbes* 

Sun 

Work being done by Mike Seibert 
(Colorado) and Tasso Melis (Berkeley)&… 



Wh =  

Harvested 
yield 

S 

Total solar 
energy 

εi 

Interception 
efficiency 

εc 

Conversion 
efficiency 

η 

Partitioning  
efficiency 

(Harvest index) 




