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Palustris Test Media

K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 K12 K13 K14 K15 K16 K17 K18 K19 K20 K21 K22 K23 K24 K25 K26 K27 K28 K29 K30 K31 K32 K33 K34

NO GROWTH NO GROWTH NO GROWTH NO GROWTH NO GROWTH NO GROWTH NO GROWTH NO GROWTH NO GROWTH NO GROWTH NO GROWTH

Wild type CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009 CGA009

Photosynthetic No Yes No No Yes Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Anaerobic No Yes No No Yes Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Method -

N2/CO2 95/5, 

microaerated

- -

N2/CO2 95/5, 

microaerated

N2/CO2 95/5, 

microaerated

N2/CO2 95/5, 

microaerated

N2/CO2 95/5, microaerated N2/CO2 95/5, microaerated

N2/CO2 95/5, 

microaerated

N2 N2 N2 N2 N2 N2 N2 N2 N2 N2 N2 N2 N2, microaerated N2/CO2 95/5

N2/CO2 95/5, 

microaerated

N2, microaerated

N2/CO2 95/5, 

microaerated

N2, microaerated N2/CO2 95/5

N2/CO2 95/5, 

microaerated

N2/CO2 95/5, 

microaerated

N2/CO2 95/5, 

microaerated

N2/CO2 95/5, 

microaerated

N2/CO2 95/5, 

microaerated

pH 6.0 before autoclaving - 6.0 before autoclaving 6.0 before autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving 7 7

7.0 before autoclaving 7.0 before autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

7.0 before 

autoclaving

Base/Acid for adjusting Not adjusted Not adjusted Not adjusted Not adjusted NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M NaOH 5M

Temperature [C°] 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30

Illumination - White Neon Light - - White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light White Neon Light

Culture method 50ml in 250ml flask

50ml in 250ml Serum 

Bottle

50ml in 250ml flask 50ml in 250ml flask

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum Bottle 50ml in 250ml Serum Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

50ml in 250ml Serum 

Bottle

Shaking speed 0/100/250 100 rpm 0/100/250 0/100/250 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm 100 rpm

Duration

Application

Medium

K2HPO4 0.9 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l

KH2PO4 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.6 g/l 0.5 g/l 0.5 g/l 0.44 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l

MgCl2 0.5 g/l 0.5 g/l 0.5 g/l 0.5 g/l 0.2 g/l

MgSO4 . 7 H2O 0.1 g/l 0.1 g/l 0.4 g/l 0.4 g/l 0.1 g/l 0.4 g/l 0.4 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l

MnSO4 . 5 H2O

NaCl 0.4 g/l 0.4 g/l

Na2HPO4

CaCl2 . 2 H2O 27 mg/l 27 mg/l 0.05 g/l 0.05 g/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l 27 mg/l

Ethanol

Sodium Propionate - C3H5NaO2 1 g/l

Sodium Butyrate - C4H7NaO2 1 g/l

EDTA 0.02 g/l

Na2-EDTA

Yeast extract 6 g/l 6 g/l 6 g/l 6 g/l 0.1 g/l 0.4 g/l 0.4 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.8 g/l 0.1 g/l 0.2 g/l 0.4 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 6 g/l

Iron Citrate solution (1.0 g/l)

Trace element solution (see auxiliary solution) 2 ml/l 2 ml/l

Concentrated base solution (see auxiliary solution)

Vitamin Solution (See auxiliary solution)

Sodium Bicarbonate 2 g/l 2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l 4.2 g/l

Fe(III) citrate solution (0.1% in H2O)

Carbon source

See sparging gaz See sparging gaz See sparging gaz See sparging gaz

Casein 0.8 g/l

malic acid 2 g/l 2.7 g/l

Succinate

glutamic Acid 0.6 g/l 0.6 g/l

Sucrose (saccharose) 10 g/l 10 g/l 10 g/l

Nitrogen source

Ammonia Chloride 2.5 g/l 2.5 g/l 2.5 g/l 2.5 g/l 1 g/l 0.4 g/l 2 g/l

(NH4)2HPO4 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.1 g/l 0.1 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l 0.8 g/l

(NH4)2SO4

Electron donnor

Sodium Thiosulfate - Na2O3S2 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l

Sodium Acetate 1 g/l

Growth Factors (Vitamins, etc…)

Nicotinic acid 5 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 2 mg/l 1 mg/l 2 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l

para-aminobenzoic acid 4 mg/l 4 mg/l 4 mg/l 4 mg/l 4 mg/l 4 mg/l 4 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l 2 mg/l

Vitamin B1 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 2 mg/l 1 mg/l 2 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l 1 mg/l

Biotin 0.02 mg/l 0.02 mg/l 0.01 mg/l 0.1 mg/l 0.1 mg/l 0.1 mg/l 0.1 mg/l 0.1 mg/l 0.1 mg/l 0.1 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l 0.02 mg/l

Vitamin B12 (10mg in 100ml H2O) 0.4 ml/l 0.4 ml/l 0.4 ml/l 0.8 ml/l 0.4 ml/l 0.8 ml/l 0.4 ml/l 0.4 ml/l 0.4 ml/l 0.4 ml/l 0.4 ml/l 0.4 ml/l 0.4 ml/l 0.4 ml/l 0.4 ml/l

Auxiliary solution

Trace Element Solution Trace Element Solution Trace Element Solution Trace Element Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

Trace Element 

Solution

ZnCl2

ZnSO4 . 7 H2O 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l 0.1 g/l

ZnSO4

MnCl2 . 4 H2O 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l

MnSO4 . H2O

H3BO3 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l

CoCl2 . 6 H2O 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l 0.2 g/l

CuCl2 . 2 H2O 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l 0.01 g/l

CuSO4 . 5 H2O

NiCl2 . 6 H2O 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l 0.02 g/l

NaMoO4 . 2 H2O 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l 0.03 g/l

NaWO4 x 2 H2O 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l

NaSeO3 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l 3 mg/l

FeSO4 . 7 H2O 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l 0.3 g/l
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Introduction
Global Warming

For the last decade, global warming has been a major concern in the world. This is due to many factors, but one seems to be the target of many institutions, carbon dioxide. This gas is produced naturally by biological activities, but it is much more produced by human activities, such as energy production from fossil fuels. And carbon dioxide is said to amplify the natural greenhouse effect and change the climate worldwide, which on the long-run will lead to huge natural disasters such as the raising of the sea level or the vanishing of the mountain glaciers. The most vulnerable targets are the poorer countries, which have little abilities to adapt. Studies show that even small changes in climate will have drastic effects in the next few decades. Crop will have productivity decreased at low latitudes, where drying will be the most extreme. Heat waves, floods and drought will increase disease and death, as well species risk of extinction. In all fields, the trend in the end of the 2000 decade is to find solution in order to reduce the carbon dioxide level in the atmosphere, by reducing its emission, recycling it or trapping it in biological or physical wells [1].
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Figure 1. Predicted impacts of Global Warming on the World. [1]
Rhodopseudomonas Palustris
One promising organism capable of helping the planet at reducing the level of carbon dioxide in the atmosphere is a bacteria extremely versatile, called Rhodopseudomonas Palustris. 
These are a gram-negative bacteria of the alphaproteobacteria family, with an outer membrane mainly composed of lipopolysaccharides, are found in many places in nature such as swine waste lagoon, earthworm droppings and pond water. They are rod-shaped to ovoid, sometimes slightly curved. The dimension are 0.6-0.9 x 1.2-2.0 µm. Their motility is assured by a subpolar flagella.

They reproduce themselves by a asymmetrical polar cell division in a budding mode. On the opposite side of the flagella of the mother cell is produced a slender prostheca 1.5 to 2 times the length of the cell. The end of the prostheca swells, and the daughter cell grows. It is then that asymmetrical division takes place. [2]
[image: image4.jpg]



Figure 2. Rhodopseudomonas Palustris. The budding type of reproduction

can be recognized in a number of cells. Bar = 10µm [2]
New cells are very motile. The formation of clusters of cells, which are attached to each other with the flagella, are characteristic of older cultures. The color of the cell can go from translucent white/yellow (chemotrophic growth) to dark blood red (phototrophic growth).
But their biggest feature is their modes of metabolism, which is everything life has invented.
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Figure 3. Overview of physiology of R.Palustris. Representation of the four type of metabolism that support its growth. [3]
Four modes of growth:

· Chemoheterotrophic – Energy and carbon from organic compounds

· Chemoautotrophic – Energy from organic compound and carbon from carbon dioxide

· Photoheterotrophic – Energy from light and carbon from organic compounds

· Photoautotrophic – Energy from light and carbon from carbon dioxide

Preferred mode of growth is Photoheterotrophic without oxygen, in a neutral pH media (6.8-7.0).  
Another feature of Rhodopseudomonas Palustris is the ability of fixing nitrogen and producing hydrogen as a side-product. It can make use of several inorganic compounds as reducing agent for carbon dioxide fixation and nitrogen fixation or as a source of energy for respiratory growth. Amongst them are dihydrogen, thiosulfate and hydrogen sulfide. [3,4]
Phototrophy - Photophosphorylation

Photosystems have first been isolated and understood in purple bacteria Rhodopseudomonas Viridis by nobel prizes Johann Deisenhofer, Robert Huber and Hartmut Michel, which received the nobel prize for that discovery in 1988. Purple bacteria photosynthetic reaction center is the most simple, yet important, amongst all photoautotrophic organisms, but photosystems of plants have been most studied, due to their dominance in nature and their higher efficiency. Internal photosynthetic organs are lamellae underlying and parallel to the cytoplasmic membrane and the pigments are bacteriochlorophyll a and carotenoids of the normal spirilloxanthin series, giving them their red color.
 It is regulated by the light wavelength and is associated with the bacteriophytochrome to change form. One form absorb light in the red, between 660 and 700 nm, and the other in the far-red, between 730 and 750 nm. [14]
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Figure 4. Representation of Photosystem II of purple bacteria. [5]
A simple view of purple bacteria photosystem is here showed (fig.4) and allow a general comprehension of the main principle of photophosphorylation. It is one of the most complex structures solved with X-ray crystallography.
This type of photosystem, used by Rhodopseudomonas Palustris, is called photosystem II. It is embedded in a bilipid layer that surrounds the vertical α-helices. Photons of light are absorbed by the P870 bacteriophyll molecules which catalyzes the transfer of electrons from Cytochrome c. Then the electrons are repulsed from the bacteriophyll molecules and travel to Quinone. The newly charged Quinone then acquires two protons from the cytoplasm to become QH2. QH2 migrates to Cytochrome BC1 protein complex, the same one as used in oxidative phosphorylation, which catalyses the transfer of the proton outside the membrane by oxidation of QH2. This creates a gradient of proton across the membrane which is used to drive the synthesis of Adenosine Triphosphate (ATP), the free chemical energy transporter, by ATP Synthase. Bacteriophylls are regenerated by recycling the electrons from cytochrome BC1 to cytochrome C, which diffuses back to the bacteriophyll. This whole protein complex work as a proton pump to feed the ATP Synthase engine. [5]
Phototrophic growth occurs anaerobically, due to inhibition of the production of bacteriophylls by oxygen [6]. An electron donor is also needed, which is usually gaseous hydrogen, but hydrogen sulfide or thiosulfate can also be used. [3]


Figure 5. Representation of the complex embedded in a dual lipid layer that surrounds the vertical α-helices. The grey dots in the middle are the bacteriophyll molecules that absorb light. Excited electrons are released from the chlorophylls and transferred down toward the bottom of the molecule to reduce a bound quinone near the iron atom, represented by the red brown dots. [5]
Chemotrophy

Organisms that cannot use light as the energy source have reduced compounds to get the energy from. These compounds can be of organic (organotroph) or inorganic (lithotroph) origin. Rhodopseudomonas Palustris can make use of both kinds. Reduced compounds are integrated in the respiration chain and are transformed into chemical energy in the form of ATP. The mechanism philosophy is the same as Photophosphorylation but electrons are used instead of light. 
Organotrophy

Organisms using organic molecules for energy production are called organotrophs. 
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Figure 6. Exemple of catabolic pathway. Breakdown of large molecules into smaller ones. Incorporation into citric acid cycle, which provides electrons to oxidative phosphorylation for ATP synthesis.
Organic compounds are broken down into smaller molecules, which is called catabolism, during which electron are collected by transporters such as NAD+ or FAD. Those molecules then can eventually be transformed to Acetyl-CoA to be integrated into the citric acid cycle, which can pull out additional electrons. Another exemple of catabolism is glycolysis which uses glucose as substrate. All the collected electrons are channeled to the oxidative phosphorylation sites situated in the mitochondria. 
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Figure 7. Schematic view of oxidative phosphorylation in eukaryotes with all the different complexes, analogous to photophosphorylation.
Oxidative phosphorylation is a biochemical process in cells. It is the final metabolic pathway of cellular respiration, after glycolysis and the citric acid cycle. In figure 7, a representation of oxidative phosphorylation in eukaryotic cells, which is very similar to photosystems, including ATP synthase. This reactional chain is assured by several enzymes in the plasma membrane in prokaryotic cells and the protons are transported from the cytoplasm of the bacterium across the cytoplasmic membrane to the periplasmic space located between the cytoplasmic membrane and the cell wall. Creating the needed proton gradient to make the ATP synthase work and produce usable chemical energy. The end electron acceptor is oxygen. Hence making chemotrophic growth only possible in an aerobic environment. [8]
Lithotrophy

Rhodopseudomonas Palustris can also use reduced inorganic molecules as electron donor and to generate chemical energy, amongst them are dihydrogen, hydrogen sulfide, carbon monoxide and thiosulfate. Again, the mechanism is very similar to Photophosphorylation. The goal is to pump protons out of the matrix in order to create a gradient in order to produce ATP with ATP synthase. [2,8]
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Figure 8. Representation of electron transport chain leading to ATP production from hydrogen. [5]
Autotrophy - Carbon dioxide fixation – Calvin, Benson & Bassham cycle
Inorganic carbon dioxide assimilation is one of the most important inventions of life. Life relies almost only on this mechanism. Organisms, such as plants and photosynthetic bacteria, use carbon dioxide as the source of carbon in order to produce organic compounds, which then can be used by the organisms for production of sugar, fatty acids, amino acids, etc… Or any other chemotrophic and/or heterotrophic that feed on it.
This cycle has been discovered by Calvin, Benson and Bassham. The key enzyme is Ribulose 1,5-Biphosphate Carboxylase/Oxygenase (RuBisCO) which fixes the carbon dioxide and Rhodopseudomonas makes use of it in its autotrophic growth mode.
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The cycle can be simplified in three main steps:

1. Fixation of the Carbon Dioxide

2. Reduction to Triose
3. Regeneration of Rubilose
1. Carbon Dioxide Fixation
Ribulose 1,5 bisphosphate (RuBP) + carbon dioxide  → 2 (3-phosphoroglycerate) 
3 C5H8P2O11 + 3 CO2 → 6 C3H3P1O6 + H2O

2. Reduction to triose
3-phosphoroglycerate + ATP → 1,3 bisphosphoroglycerate + ADP
6 C3H3P1O6 + 6 ATP → 6 C3H3P2O10 + 6 ADP 

1,3 bisphosphoroglycerate + NADPH → 3-phosphoglyceraldehyde + NADP+ + Pi

6 C3H3P2O10 + 6 NADPH → 6 C3H5P1O6 + 6 NADP+ + 6 Pi 

3-phosphoglyceraldehyde → ribulose 5-phosphate + Pi

5 C3H5P1O6 → 3 C5H8P1O7 + 2 Pi 

3. Regeneration of Ribulose
ribulose 5-phosphate + ATP → ribulose 1,5-bisphosphate + ADP
3 C5H8P1O7 + 3 ATP → 3 C5H8P2O11 + 3 ADP 

The missing 3-phosphoglyceraldehyde molecule is converted to whatever needed. [9]
RubisCO is a large and slow enzyme that can only catalyse the fixation of 3 carbon dioxide per second, whereas other enzymes of the Calvin cycle average about a thousand catalyzed substrate a second, making RubisCO the rate-limiting step of inorganic carbon fixation. It is sensitive of the ratio of Carbon Dioxide/Oxygen as it can interact with both molecules, which is respectively known as part of Photosynthesis and Photorespiration activities. High concentration of oxygen slows down the carboxylase activity considerably. Rhodopseudomonas Palustris makes use of the form II of RubisCO, which is smaller than form I but the speed is relatively the same, very slow. But it has been reported that form I is encoded in its genome [3]. Photoautotrophic growth has to be done with hydrogen, sulfide and thiosulfate as electron donors in the presence of small amounts of yeast extract. [7, 15]
[image: image12.emf]
Figure 9. Molecular structures of photosynthetic Rubiscos Form I and Form II. [7]
Heterotrophy

In the presence of organic compounds, Rhodopseudomonas Palustris uses them as the source of carbon. Broken down molecules from catabolism pathways are eventually converted into pyruvate or acetyl-CoA and enter the citric acid cycle, which will lead to precursors for synthesis of most needed molecules. [8]
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Figure 10. Overview of the citric acid cycle with key precursors for synthesis of vital molecules. [10]
In Rhodopseudomonas Palustris, heterotrophic growth takes place with many different organic compounds such as lignin monomeres, alcohols, amino acids, fatty acids, aromatic compounds, acetate and many others, under both aerobic and anaerobic conditions. [3]
Nitrogen Fixation – Nitrogenase

Another great feature of life which Rhodopseudomonas Palustris possesses is the capacity to introduce inorganic nitrogen in the organic world. But this ability is not This is done by many prokaryote cells by the use of an matelloenzyme called Nitrogenase, which is capable of breaking the triple bond of the relatively inert dinitrogen (N2) and turn it into Ammonia (NH3). The catalyzed reaction is as follow:
N2 + 8H+ + 8e- + 16 ATP → 2NH3 + H2 + 16ADP + 16 Pi
The most common nitrogenase is composed of two active proteins, Fe protein (also called dinitrogenase reductase) and MoFe protein (also called dinitrogenase) which work together catalyze the reduction of dinitrogen at ambient temperature and pressure.
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Figure 11. Representation of Fe and MoFe protein with their respective metal clusters. [11]
The Fe protein is used as the reductant of the MoFe protein, serving to transfer an electron from its [4Fe–4S] cluster to the MoFe protein. That reaction is linked to the hydrolysis of ATP.

After each electron transfer, the Fe protein dissociates from MoFe protein in order to be recharged by reduction with ATP. At least eight association and dissociation of Fe and MoFe proteins are needed to reduce each N2. The site of N2 binding and reduction is situated on MoFe protein, it is a complex metal cluster called FeMo-cofactor [7Fe–9S–Mo–Xhomocitrate]. Another metal cluster called the P-cluster [8Fe–7S] is also contained, this one mediates electron transfer from the Fe protein to FeMo-cofactor. [11]
[image: image15.png]N NH
A I I
N
H, H, CP\MO/P EP\MO/P
/’% j ] -
Dlmtrogen Dlazemdo x N
Eg—— E1H1—>E2H2 E3H3
H N2 P\MD/P CP\M P
2 > P P L NG
Amine Hydrazido
He
E4H4 E3HN2 e le NHs NH,
H, NyH, !
NZ NHz
’\u s EP\M <P
M /| N j I !

E,« Eg+ Ej E4HoN, \ / Hydrazidiur
Amido
C M<Pj EP\MO/PJ
._,

mida Nitrido




Figure 12. N2 Reduction cycles. (A) Shown is the Thorneley–Lowe cycle for dinitrogen binding and reduction by nitrogenase and (B) the Chatt cycle for N2. [11]
Many questions remain to be answered about how nitrogenase catalyzes the difficult N2 reduction reaction, including how N2 binds to FeMo-cofactor and the nature of the intermediates formed along the reduction pathway to products. 
Rhodopseudomonas Palustris has the particularity of encoding three different nitrogenases in its genome. A molybdenum-dependent nitrogenase, found in all nitrogen-fixing bacteria, and also a vanadium-dependent and an alternative iron nitrogenase. [12]
Bacterial growth

Bacterial growth is the reproduction of bacteria by binary fission, which the division of one bacterium into two identical daughter cells. This leads the bacterial population to raise exponentially. [13]
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Figure 13. Reprensatation of the exponential model of bacterial growth with the 4 phases over time. [5]
Bacterial growth model is divided into 4 stages:
1. Lag phase

The lag phase represents the time in which bacteria adjust their metabolism to the new growing condition. It is the period where the individual bacteria are maturing and not yet able to divide. Maturing involves synthesis of enzymes, RNA and other molecules in order to reach the optimal metabolism.

2. Exponential phase

Exponential phase is the period where cell are dividing. The population of new bacteria appearing per unit time is a function of the current population, giving an exponential growth. Plotting the natural logarithm of cell number against time producing a straight line. The slope of this line is the specific growth rate of the organism, which is a measure of the number of metabolism, this affecting occurrence of cell division and the probability that both daughter cells survive. Exponential growth cannot continue indefinitely, however, because the medium is soon depleted of nutrients and enriched with toxic wastes.

3. Stationary phase

During stationary phase, the growth rate slows as a result of nutrient depletion and accumulation of toxic products. This phase is reached as the bacteria begin to exhaust the resources that are available to them.
4. Death phase

Bacteria run out of nutrients and die.

Goals of this project

· Define the viability of using Rhodopseudomonas Palustris and its carbon dioxide fixation ability (Photoautotrophy) in order to reduce CO2 in the atmosphere by manipulating culture media and without using hydrogen.
· Detect and address any problem rising from the trials of new media.
· Test and define optimal media for photoautotrophic growth as well as a standard procedure for Rhodopseudomonas cultures.
Materials & Methods
Bacterial Strain & Biochemicals
The Rhodopseudomonas Palustris straing used comes from Prof. Liao’s group collection of wild type CGA009. This strain has been chosen due it to be the most representative of its family and it has its whole genome published.

All chemicals used in this study are biology grade compounds provided by Sigma-Aldrich.

Preculture

Precultures are made in aerobically in the dark with an organic source of carbon, inducing a chemoheterotrophic growth. They are grown for 96 hours in glass tube in an incubator at 30°C with a shaking speed of 250 RPM.
Protocole – Preculture Rhodopseudomonas Palustris
Sterilize one 1L bottle. Prepare the preculture media (aerobic) in an non-sterile 1L bottle following the following recipe. Make sure each compound is fully dissolved before adding the next one.
	Preculture Medium
	

	KH2PO4
	0.5 g/l

	MgCl2
	0.5 g/l

	Yeast extract
	6 g/l

	Succinate
	10 g/l

	Ammonia Chloride
	2.5 g/l


Media is identical to ref. [16]
Filter sterilize the media to the sterilized bottle. Keep the media in the refrigerator.
Culture
Rhodopseudomonas Palustris have been cultivated in 150ml serum bottles sealed with a rubber cap and in 50ml of various media, most of them are anaerobic and use carbon dioxide or sodium bicarbonate as carbon source. Anaerobic culture are sparged using pure N2 or a 5/95 mix of Co2/N2 with an gas headspace 100ml. Phototrophic cultures are grown at 30°C in an incubator lit with white neon light for 4 days to 2 weeks and shaken at 100 RPM. All media and exact conditions are described in section 2.5. Several procedures have been tried to make the media, one has been kept as standard protocol for futur cultures.
Protocol – Culture Rhodopseudomonas Palustris
Two main solutions to prepare: Base media and Trace Element.
Autoclave 1 bottle of 1L or any amount of smaller bottles if making different solutions, as many small 150ml serum bottles as needed and 2ml centrifugation tubes.
For base media, mix the following compounds in a 1L non-autoclaved bottle. Make sure to have dissolved each compound before adding the next one.

	Base media
	

	K2HPO4
	0.5 g/l

	KH2PO4
	0.5 g/l

	MgSO4 . 7 H2O
	0.1 g/l

	CaCl2 . 2 H2O
	27 mg/l


Then add any of the following if needed:

· Source of carbon. Sodium bicarbonate for autotrophic growth (4.2 g/l = 50mM) or organic carbon source.

· Source of nitrogen (Ammonium chloride, etc…).
· Electron donor, sodium thiosulfate for autotrophic growth (0.01 – 0.1 g/l - only if not growing on hydrogen). If organic donor is needed, succinate is a good candidate.

· Electron acceptor, fumaric acid for the use of hydrogen as energy source.
· Trace elements solution for minerals.

For the trace element solution, mix the following compounds in an non-sterile 1L bottle. Again, make sure each salt is fully dissolved before adding the next one.
	Trace Element Solution
	

	ZnSO4 . 7 H2O
	0.1 g/l

	MnCl2 . 4 H2O
	0.03 g/l

	H3BO3
	0.3 g/l

	CoCl2 . 6 H2O
	0.2 g/l

	CuCl2 . 2 H2O
	0.01 g/l

	NiCl2 . 6 H2O
	0.02 g/l

	NaMoO4 . 2 H2O
	0.03 g/l

	NaWO4 x 2 H2O
	3 mg/l

	NaSeO3
	3 mg/l

	FeSO4 . 7 H2O
	0.3 g/l


Then add a few drops of H2SO4 to prevent precipitation. Add 1 to 2 ml of the trace elements solution to the base media.

Vitamins can also be added but the amount to be add are so small that one should firstly make diluted solution of them. Here are some vitamins that can be added to the base solution:
	Vitamins and other growth factors
	

	Nicotinic acid
	1 mg/l

	para-aminobenzoic acid
	2 mg/l

	Vitamin B1
	1 mg/l

	Biotin
	0.02 mg/l

	Vitamin B12 (10mg in 100ml H2O)
	0.4 ml/l


Filter sterilize the mix to the sterilized 1L bottle for storage.
Transfer 50ml of the media to a 150ml serum bottle and seal it with a rubber cap and its metallic safety.
In sterile conditions (flame), Put 2 needles crossed through the cap. Then put a sterilizing filter on each of the filter, see fig. x. Do not forget to sterilize the cap with the flame before putting the needles in.

Sparge the mix with CO2/N2 gas at least 1 hour at 6 kPa for to have less than 0.04% of oxygen in the bottle. 20 minutes will give you approximately less than 5% of oxygen.

Incubation
Washing preculture with sterile media (or sterile water):

1 - Transfer the preculture to a sterile 50ml centrifugation tube.

2 - Add 30-40ml of media in it, agitate and spin cells down at 4000RPM for 10 minutes. Take out the supernatant and repeat this step twice.

3 – Resuspend the cells in 5 ml of media. Mesure the OD and determine the volume of cells to inject in order to get a starting OD of 0.04.
4 – To facilitate the incubation, first transfer the exact volume of preculture to a 1.5ml centrifugation tube with a pipette. Then, use a sterile syringe to incubate the cells in the culture bottle. Do not forget to sterilize the culture bottle cap before incubating. 
5 – Adjust pH to 6.8-7.0 with HCl or NaOH using syringes with sterilizing filters.
6 – Put in an lit incubator at 30°C.

Measurements of growth

Growth of the organism was determined spectrophotometrically by measuring the absorbance of the culture at 660 nm using a Beckman-coulter DU 520 UV/Vis spectrophotometer with one unit of OD660 equals to 0.405 g/l.

For determination of total dry mass, a 40ml sample of culture was taken and cells were harvested by centrifugation at 3340 x g (4000 RPM) in a Sorvall RT7 Plus centrifuge, washed thoroughly with purified water and dried to a constant mass at 80°C. One unit of OD = 0.405g.
Detection of metabolites

The organic acids metabolites were qualified by a gas chromatograph (GC) equipped with flame ionization detector. The system consisted of model 5890A GC (Hewlett-Packard, Avondale, PA) and a model 7673A automatic injector, sampler and controller (Hewlett-Packard). The separation of alcohol compounds was carried out by A DB-WAX capillary column (30 m, 0.32 mm i.d., 0.50 μm film thickness) purchased from Agilent Technologies (Santa Clara, CA). GC oven temperature was initially held at 40 °C for 5 min and raised with a gradient of 15 °C/min until 120 °C. And then it was raised with a gradient 50 °C/min until 230 °C and held for 4 min. Helium was used as the carrier gas with 9.3 psi inlet pressure. The injector and detector were maintained at 225 °C. The 0.5 μL supernatant of culture broth was injected in split injection mode (1:15 split ratio).
For other secreted metabolites, filtered supernatant was applied (20 μl) to an Agilent 1100 HPLC equipped with an auto-sampler (Agilent Technologies) and a BioRad (Biorad Laboratories, Hercules, CA) Aminex HPX87 column (0.5 mM H2SO4, 0.6 mL/min, column temperature at 65 °C). Glucose was detected with a refractive index detector, while organic acids were detected using a photodiode array detector at 210 nm.
Growth Conditions & Media

Results & Discussion
Lag phase
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Figure 14. Effect of condition changes from aerobic to anaerobic and medium change.
Changing media is accompanied with a average lag phase duration is 3 hours. It is the adjustment to the new conditions. From chemotrophy to phototrophy, it requires synthesis of photosystems and from heterotrophy to autotrophy requires production of RuBisCO enzyme. Those are the two main reasons of the lag phase. But 3 hours is a fairly short time.
Anaerobic condition – Flushing gas
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Figure 15. Effect of different culture atmosphere gases.
One whole month has been lost on this problem, no cell growth. Due to shortage of N2/CO2 mix gas, sparging gas has been replace by pure dinitrogen gas and sodium bicarbonate. But that was done in conjunction with many other compounds, so it took time to figure out what was going wrong.

Same as the need of an electron donor, Rhodopseudomonas Palustris requires an electron acceptor to produce energy. Even in the presence of yeast extract, no growth was observe in K22 culture, meaning many organic compounds cannot be used as an electron acceptor for phototrophic growth, hence cannot participate in production of ATP in photophosphorylation. With oxygen as electron acceptor, K22 could have undergone chemotrophic growth by getting the oxidative phosphorylation pathway working. But, as for phototrophic growth, carbon dioxide is required as a source of electron acceptor and it is reduced down to acetate [17], which has been verified by HPLC. But acetate is secreted in extremely little quantities, therefore it is only detectable highly grown cultures, such as K2 and K7.
Effect of shaking and light
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Figure 16. Effect of shaking on growth.

Shaking speed affects the time Rhodopseudomonas Palustris takes to adapt to the new condition. It keeps the media well mixed, especially the layer of media around each cell, which take more time to reach a homogeneous concentration and steady state rate of diffusion of all the compounds in the media.

Something else is more obvious when one looks at the production of bacteriophyll.
[image: image20.emf]
Figure 17. Sample of 1) Pure Medium, 2) K3 (0.21 g/l), 3) K4 (0.25 g/l diluted to 0.21 g/l), 4) K2 (2.1 g/l)
In figure 17, one can see that culture K3 shows no coloration, whereas K4 shows a red/pink coloration and K2 dark red color. This was not expected, as it is known that bacteriophyll is produced under light and in anaerobic conditions. K3 was grown under light and aerobic conditions with shaking, it was expected to have it not produced any photosynthetic system. But K4, which grew in the dark and aerobic condition but without any form of shaking, produced bacteriophyll, showing the characteristic pink color of purple bacteria at light concentration. This indicates that the lack of light does not inhibits the synthesis of photosystems. It is rather much more influence by the presence of oxygen. Without shaking, K4 culture does not have improved oxygen diffusion of K3 culture, keeping the local concentration of oxygen around every cell fairly low. Enough not to suppress the ability of the cells to produce bacteriophylls and carotenoids, hence phototrophy.
This is how anaerobic conditions are kept in still water and waste water allowing cells like  Rhodopseudomonas Palustris to grow in optimal metabolic mode. The studied bacteria do not need strict anaerobic condition to enter in phototrophic growth mode, which is good to simplify the way media are made and require less time and energy to prepare cultures. That is an important factor in large scale production.
Effect of sodium bicarbonate under nitrogen-only atmosphere
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Figure 18. Effect of bicarbonate under a N2 atmosphere.
Though carbon dioxide is required as electron acceptor for autotrophic growth, it is not the case for photoheterotrophic growth. As shown by K18, Rhodopseudomonas Palustris can use an electron acceptor from yeast extract other than oxygen or carbon dioxide. Though, it is not known what compound has that role, yeast extract being very complex, nor the pathway using it and it is limited. But it is very likely to be fumarate which can be reduced to produce succinate, like in lithotrophic pathway using hydrogen as energy source (see fig 8).
Under nitrogen atmosphere, sodium bicarbonate seems to inhibit heterotrophic growth with yeast extract.  This was unexpected, because yeast extract is the most effective growth factor for Rhodopseudomonas Palustris. This gives a hint that carbon dioxide fixation can maybe be forced through an unknown metabolic regulatory mechanism, which would be very practical. It would allow presence of substantial quantity of organic compounds, without having them used as a source of carbon nor energy. But an appropriate electron acceptor would have to be found. 

Photoautotrophic Growth & Yeast Extract Replacement
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Figure 19. Comparison of cultures with yeast extract against cultures vitamins or casein.
Improvement of photoautotrophic growth is the main goal of this study, but it has rapidly been seen that yeast extract has a very large impact on Rhodopseudomonas Palustris growth. Actually, it has been observed, across all the cultures made, that the studied bacteria growth scales almost exclusively to yeast extract. 

An attempt to deconstruct yeast extract has been made in the form of two cultures, one with vitamins (K32) and one with casein (K34), both being supplemented with trace elements as none of them contains any vital minerals. K32 showed almost no growth, due to a lack of steady source of hydrogen and also because hydrogen potassium phosphate is not assimilated. K34 grew better, but didn’t show much sign of a phototrophic growth as little amount of bacteriophyll was produced and a good amount of gas was produced, which is probably molecular hydrogen. The production of hydrogen shows that the cells are fixing nitrogen, hydrogen being a by-product. This explains why one can see a cycle of stable population then incremental increasing. The bacteria are switching between two competitive metabolisms: Nitrogen fixing and hetero/autotrophic growth. But the growth is still very weak compared to yeast extract cultures (K24 & K29). Though, this is a good step toward hydrogen production. Casein, containing most of the amino acids, can be used as a source of nitrogen without repressing nitrogen fixation. Glutamine has been known to be one of them. The lack of color from K34 indicates that
Yeast extract is so complex, this simplistic attempt to determine the group of compounds boosting the growth of Rhodopseudomonas Palustris is not very successful. A full study of yeast extract is required in order to determine why it is such a good growth factor. Plus, it would be of a great help for all the scientific community, because besides the amino acids and some minerals, nothing is known about yeast extract, but it is widely used for bacteria and yeast cultures.
The only certain photoautotrophic culture made has been K32, which has been grown with bicarbonate, a very small amount of vitamins, trace elements and thiosulfate as electron donor. The growth ranges from extremely slow to none. This is not a typical autotrophic media, the typical one using hydrogen gas as electron donor. That is part of the biggest problem, because it is actually the lack of a source of hydrogen donor that slows down the growth, which is usually a organic or molecular source for Rhodopseudomonas Palustris. Other organisms, such as cyanobacteria, have the ability to split water turning water into a source of electrons and protons. Inorganic hydrogen sources , such as potassium phosphate, have been tried, but none seems to be assimilated. One last compound has to be tried in the future with a lot of hope, hydrogen sulfide. It has all the quality of molecular hydrogen. It can act as an electron donor and, hopefully, as a source of hydrogen. It would effectively thiosulfate as electron donors. Otherwise, one will have to seek an organic compound that can provide hydrogen without being used as the main source of carbon, which seems rather difficult. 
Lastly, cultures K24 and K29 investigate the presence of bicarbonate, as it is used as the source of carbon when fixing carbon dioxide. Though K24 grows better than K29, no evidence of K24 using bicarbonate has been found. HPLC didn’t reveal any difference in metabolites for the methods used (organic acids  analysis), nor did Gaseous Chromatography (GC). This suggest that photoheterotrophic growth is preferred over photoautotrophic growth. Though, K24 and K29 look to grow well, they are still extremely slow compared to photoheterotrophic cultures (see Maximum Concentration).
Maximum Concentration
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Figure 20. Comparison of the maximum growth of diverse cultures.
Attempts of photoautotrophic culture in untypical media has been seen, but they are still inefficient. Pure photoheterotrophic cultures goes substantially faster and to much higher concentration. Regardless of the carbon source and without bicarbonate, the growth is dependant of the concentration of yeast extract (K2, K5 & K7).
The maximum concentration of cells is obtained with culture K2. The high concentration of yeast extract (6 g/l) is very beneficial for the cells. It is the media of choice for pure growth and can be used as a first step in hydrogen production culture before switching to ammonia-free medium. The decreased cell growth and sugar consumption are attributed to the inhibition by the accumulation of the organic acids and/or the subsequent reduction in pH. But those have not been investigate further as heterotrophic growth was not in our interest.
The photoautotrophic culture (K32) is growth-shy compared to photoheterotrophic growth and it is not suitable for mass production, as well as all culture containing bicarbonate. Again, the lack of a rich source of hydrogen significantly slowed the growth rate. 
Culture K33 is a remake of K2 except for a little difference in procedure. The preculture used for inoculation has been centrifuged and washed with sterile water. That seemed to have generated stress and influenced culture negatively. The reasons are unclear, but it is likely that the fast change of environment that induces change in metabolism delays adaptation to new environment and lessens it metabolic efficiency. Usually, only a lag phase is observed. This phenomena has been noticed in several other cultures. It is recommended not to washed preculture and try to adapt preculture conditions in way that allows direct injection to culture conditions.
Comparison with P4 strain 

The base preculture media and the first photosynthetic media are taken from ref. 19. A direct comparison can be made of culture K1 and K2 against Rhodopseudomonas Palustris P4, used by Tae Hoo Lee et al. [16]:
	
	Doubling time

	
	Aerobic - Chemoheterotrophic
	Anaerobic - Photoheterotrophic

	R.Pal CGA009
	7 h
	5.4 h

	R.Pal P4
	1 h
	2 h


	
	Final Concentration

	
	Aerobic - Chemoheterotrophic
	Anaerobic - Photoheterotrophic

	R.Pal CGA009
	0.21 g/l (55h)
	2.1 g/l (339h)

	R.Pal P4 
	3.2 g/l (25h)
	2 g/l (25h)


It is striking how slow CGA009 is compared to P4. It can take for CGA009 upto 7 seven time more hours to double. Oddly, preferred growth mode of P4 is chemoheterotrophic and not photoheterotrophic as suggested in Bergey's Manual of Systematic Bacteriology [2]. Not only CGA009 is slower, but it does not get to high concentration as easily as P4. P4 takes a day from start to final concentration, whereas CGA009 can need upto 2 weeks to get to the same point. Chemotrophic ability of CGA009 on sucrose is limited compared to P4, due to the lack of transporter or hexokinase in its genome [3], which seems not to be the case for P4.
Rhodopseudomonas Palustris P4 would be a better choice for growth culture. As to why that strain has a faster metabolism is unknown. Though, it’s photoautotrophic ability are to be investigated and its growth will likely to be limited by RuBisCO enzymatic activity.
Rhodopseudomonas Palustris versus Cyanobacteria
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Cyanobacterium Synechococcus sp. strain PCC 6301 grows very quickly. Its doubling time of 2 hours is done at high temperature, 38°C [19]. Even though, R.Pal CGA009 was not cultivated in the classical photoautotrophic media with hydrogen as the source of reducing power, it is predicted not to be able to outgrow the photoheterotrophic cultures made in this study. Hence, Rhodopseudomonas Palustris strain CGA009 is not able to compete with Synechococcus. Rhodopseudomonas P4 may be able to perform well, but again this has to be investigated. Cyanobacteria has several advantages over Rhodopseudomonas Palustris. Firstly, carbon dioxide fixing in aerobic conditions, makes it easier to induce autotrophic growth. Secondly, the ability to split water solves the problem of the source of inorganic hydrogen and of reducing power. Some strain can also fix nitrogen, therefore produces hydrogen too.
Further experiments

This study should be taken further with the following experiments:
· Try hydrogen sulfide as electron donor but more importantly, as inorganic source of hydrogen. Positive results are expected.

· Investigate the use of better Rhodopseudomonas Palustris strain such as P4.
Conclusion

Carbon dioxide fixation has always been an important topic in molecular biology. This study could not gather enough experimental information to improve photoautotrophic growth of Rhodopseudomonas Palustris CGA009. What was supposed to be “How to improve the growth” turned out to be more “How to trigger the right metabolic growth”, as molecular hydrogen was not to be use because it is a valuable white source of energy one wants to produce. The best media is very likely to be the only not tested here, which is CO2/H2/NH3.

As for reducing the level of carbon dioxide in the atmosphere, Rhodopseudomonas Palustris may not be the best candidate. This organism is so versatile that it adapts to every little change of condition and that makes it difficult to trigger the wanted metabolic growth. Most of the time, the growth is very likely to be mixotrophic. 

About autotrophic growth, the main reported problem for all carbon-fixing organism is the slow activity of the RuBisCO enzyme. Except maintaining a high CO2/O2 ratio, modification of the media is unlikely to improve the enzymatic activity of RuBisCO. Metabolic engineering is probably the best way to go in order to improve autotrophic growth rate of this great bacterium. This is widely known and many laboratories are working on the question, such as Prof. Tabita group. But even with improvements, cyanobacteria are much more suited to accomplish that task. Their main advantages are photoautotrophy in aerobic conditions and the ability to split water, which allow much easier handling and the economy of energy, time and money. This is why few people make use of Rhodopseudomonas Palustris for carbon dioxide fixation. 
Rhodopseudomonas Palustris is mainly used for its ability to produce hydrogen. Here, the medium may play a role in the production of H2 and room for some improvements is available. Plus, Rhodopseudomonas Palustris has genes coding for three different nitrogenases, which allow great perspective for genetic engineering.
Finally, four months has been barely enough to get familiar with this versatile bacterium and its specificities. Two more months would have been welcomed in order to get more valuable results. But the bottom line would have probably been the same.
So many things can be learned from Rhodopseudomonas Palustris. It is a concentrated source of biological mechanisms and gathers almost everything that life is. Knowing it is like knowing a good bit of life.
Acknowledgment

Thanks to Professor James Liao from the University of California, Los Angeles (UCLA) for welcoming students from Switzerland to his laboratories and providing research work that gives them a priceless amount of experience.
The author is grateful to Dr. Yajun Yan of UCLA for its advices and support during this research project.

Finally, many thanks to Professor Vassily Hatzimanikatis from the Swiss Federal Institute of Technology, Lausanne (EPFL) for being the home school advisor and allowing such master projects to happen.
References

1. Kerr, R.A. Global Warming Is Changing the World, Science 316, 188-190 (2007).
2. Bergey, D.H. et al. Bergey's Manual of Systematic Bacteriology, 1388p., Williams & Wilkins (1989).
3. Larimer F.W. et al. Complete genome sequence of the metabolically versatile photosynthetic bacterium Rhodopseudomonas Palustris, Nature Biotech. 22, 55-61 (2004).
4. Rolls, J.P. & Lindstrom, E.S. Effect of thiosulfate on the photosynthetic growth of Rhodopseudomonas Palustris. J. Bacteriol. 94, 860–869 (1967).
5. Kensal Edward Van Holde, W. Curtis Johnson, Pui Shing Ho. Principles of Biochemistry, Prentice Hall, 752 pages (2006).
6. Giraud, E. et al. Bacteriophytochrome controls photosystem synthesis in anoxygenic bacteria. Nature 417, 202–205 (2002).

7. Archie R. Portis Jr. & Martin A. J. Parry Discoveries in Rubisco (Ribulose 1,5-bisphosphate carboxylase/oxygenase): a historical perspective Photosynth Res 94:121–143 (2007).
8. Lengeler JW, Drews G, Schlegel HG, editors. Biology of the Prokaryotes. Blackwell Science; 1999.
9. Cooper G.M. The Cell - A Molecular Approach. 2nd ed. Sinauer Associates, Inc. (2000).

10. Johnson, K. Chimie Biologique II course, Swiss Federal Institute of Technology (2006).
11. Barney B.M. Breaking the N2 triple bond: insights into the nitrogenase mechanism, The Royal Society of Chemistry, Dalton Trans., 2006, 2277–2284 (2006).
12. Oda, Y. et al. Functional Genomic Analysis of Three Nitrogenase Isozymes in the Photosynthetic Bacterium Rhodopseudomonas Palustris, Journal of Bacteriology, p. 7784–7794 (Nov. 2005).

13. Zwietering M H, Jongenburger I, Rombouts F M, van 'T Riet K. Modeling of the Bacterial Growth Curve. Applied and Environmental Microbiology 56 (6): 1875–1881 (1990).
14. Giraud, E. et al. Bacteriophytochrome and regulation of the synthesis of the photosynthetic apparatus in Rhodopseudomonas Palustris: pitfalls of using laboratory strains, Photochem Photobiol. Sci., 3, 587–591 (2004)
15. I. Andersson, A. Backlund, Plant Physiol. Biochem., doi:10.1016 (2008)
16. Tae Ho Lee, Ji-young Park, Sunghoon Park Growth of Rhodopseudomonas Palustris under phototrophic and non-phototrophic conditions and its CO-dependent H2 production, Biotechnology Letters 24: 91–96 (2002).
17. Mohn W.W., Tiedje J. M., Catabolic Thiosulfate Disproportionation and Carbon Dioxide Reduction in Strain DCB-1, a Reductively Dechlorinating Anaerobe, Journal of Bacteriology, p. 2065-2070 (1990).
18. Myung Kyum Kim et al., Odorous swine wastewater treatment by purple non-sulfur bacteria, Rhodopseudomonas Palustris, isolated from eutrophicated ponds, Biotechnology Letters 26: 819–822 (2004).
19. Asato Y., Toward an understanding of cell growth and the cell division cycle of unicellular photoautotrophic cyanobacteria, CMLS, Cell. Mol. Life Sci. 60, 663–687 (2003).
[image: image25][image: image26]






28 | Page

