Review article
Documentation of Genes Controlling Photosynthesis and Photorespiration in Cereals

	ABSTRACT:
			In Earth, most of life mainly relies on solar energy either directly or indirectly. Plants utilize this energy and convert it into chemical energy by means of the photosynthetic process. So, Photosynthesis photosynthesis acts as a key source for supporting the majority of living organisms on earth. There are two different photosynthetic pathways are found in cereals, i.e. C3 and C4 pathways. The mode of CO2 fixation by the enzymes differs from the photosynthetic process. In C4 plants, the CO2 was fixed by an enzyme Phosphoenolpyruvate (PEP) whereas in C3 plants fixation of CO2 was done by RuBisCO enzyme, h. However, the enzyme RuBisCO shows an affinity towards both CO2 and O2, when RuBisCO reacts with  O2 it leads to photorespiratory process and crop yield was reduced. In contrast, C4 plants have less or no photorespiration pathway, ; also it have high water use efficiency and nitrogen use efficiency compared to C3 plants. In order to increase the yield of C3 plants, we can manipulate the photosynthetic process of C3 plants by introduction of C4 genes into the chloroplast of C3 plants or by bypass the photorespiration pathway in C3 plants.	Comment by Reviewer: Other species too?
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INTRODUCTION:
Photosynthesis is a light light-driven chemical reaction, which supports most of the life on earth. In cereals, there are two different mechanisms of the photosynthetic process that happens based on the fixation of CO2 by their respective enzymes.  RuBisCO, the most abundant protein in the world, that plays a key role in CO2 fixation of C3 plants, however the enzyme shows affinity towards both CO2 and O2. Later, the C4 pathway was evolved; it was an elaborated version of C3 pathway. In C4 pathway, Phosphoenolpyruvate (PEP) an enzyme shows more affinity towards CO2 than O2, that reduces the wastage of energy by reduced photorespiration process. C4 Photosynthetic pathway showed wide adaptation to high temperature, dryness and high light intensities, in addition it had high water use efficiency and nitrogen use efficiency. C4 plants dominated most of the tropical and sub-tropical regions (Edwards et al., 2010). The C4 photosynthetic pathway was evolved by undergone numerous anatomical and biochemical variations compared to C3 plants, that helps in increased CO2 concentration around RuBisCO in bundle sheath cells (Gowik and Westhoff 2011) and even though, temperature was increased photorespiration process was reduced (Walker et al., 2016). So, the plants with reduced photorespiration process and increasing productivity need to be developed in order to meet out the future demands (Peterhansel et al., 2013). 	Comment by Reviewer: Why cereal alone? This is very general.
Author please provide your review questions
IMPORTANCE OF PHOTOSYNTHESIS AND PHOTORESPIRATION:
Photosynthesis is a chemical process that utilizes the light energy from sun and converts it into biochemical energy. It plays a major in plants and supports all life on earth. Plant growth and development is primarily depends on photosynthesis (Evans 2013). The assimilatory power ATP and NADPH2 produced during the light reaction is utilized in carbon fixation process of C3 and C4 plants.  The fixed CO2 is converted into carbohydrate and later, carbohydrates are oxidized to release energy, so as to maintain the cellular respiration (Laisk et al., 1984). Also, the oxygen released during photosynthetic process supports the survival of many living organisms on earth. 
Photorespiration is the respiratory process occurs in chloroplast of the plant in presence of light, when the enzyme RUBP combines with O2 instead of CO2. It is considered as a wasteful process in plants where ¾ th of the carbon is recovered as 3-phosphoglycerate and the remaining carbon is released as CO2 (Sage et al., 2012). Even though it is a wasteful process, photorespiration protects the plant from abiotic stress conditions (i.e drought, heat, light stress etc) (Voss et al., 2013). Under high light intensity and partial closure of stomata, photorespiration aids in dissipation of excess energy and protects the photosynthetic apparatus from photo-oxidative damage and also the plant from photoinhibition process (Huang et.al., 2015).
Author please address this title with some data or graghs.
PHOTOSYNTHETIC AND RESPIRATORY PATHWAY OF C3 PLANTS:
	In C3 plants like wheat, rice, barley, oats, peanuts, cotton, sugar beets, tobacco, spinach, soybeans, etc., photosynthetic process take place only in mesophyll cells. The enzyme RuBisCO (Ribulose-1,5-bisphosphate carboxylase/oxygenase) is the most abundant protein on the earth that shows affinity to both CO2 and O2 . If CO2 enters into the leaf and combines with RUBP in presence of an enzyme RuBisCO then carboxylation reaction take place where the fixed CO2 is reduced into sugars (Figure 1a). Photosynthetic pathway of C3 plants contains three major steps, they are :
1. Carbon fixation – fixation of CO2 by RUBP 
2. Reduction – reduction of 3-phosphoglycerate into glyceraldehydes-3-phosphate by using ATP and NADPH.
3. [image: C:\Users\Nivanisa\Desktop\Anitha\PLP 601\klIeeqO.jpg]Regeneration of RUBP -   regeneration of CO2 acceptor Ribulose-1,5-bisphosphate from glyceraldehydes-3-phosphate.
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Figure 1. Photosynthesis in C3 (a) and C4 (b) plants and photorespiration (c) of C3 plants
author please provide proper citation for each figure.
On other hand, RuBisCO catalyzes O2 and paves the way for photorespiration process, it take place in three different organelles (chloroplast, peroxisome, mitichondria) (Figure 1c). O2 binds with RUBP and produces 2-phosphoglycolate and 3-phosphoglycerate, CO2 and NH3 (Bauwe et al., 2010). The ammonia (inorganic form of N) released in the mitochondria is re-fixed in the chloroplast into glutamate by the enzyme glutamine synthetase (Peterhansel et al., 2012). About 75% of carbon lost by oxygenation of RUBP is retrieved in the photorespiration process and it is given back to C3 cycle (Lorimer 1981).
PHOTOSYNTHETIC AND RESPIRATORY PATHWAY OF C4 PLANTS:
	Plants like maize, sugarcane, sorghum and millets comes under C4 type of photosynthesis. In C4 plants, chloroplast is present in both mesophyll and bundle sheath cells, so photosynthesis is compartmentalized between these two cells, the anatomy of the leaf looks ring like fashion called Kranz (wreath) anatomy (Hatch 1987). The CO2 enters into the leaf and combines with phosphoenolpyruvate (PEP) to produce four carbon compound called oxalo acetic acid (OAA) by the enzyme PEP carboxylase, then it is converted into malic acid in the mesophyll cells and malic acid is entered into the bundle sheath cells, decarboxylates to produce CO2 and pyruvate, CO2 enters into the calvin cycle to produce sugars in the bundle sheath cells and pyruvate returns back to mesophyll cells and regenerates phosphoenolpyruvate for further CO2 fixation (Figure 1b).
C4 plants is further classified into three subtypes, they are:
1. NADP- malic enzyme – found in maize, sugarcane and sorghum
2. NAD-malic enzyme – found in pearl millet, switchgrass, Amaranthus, Atriplex spongiosa
3. Phosphoenolpyruvate carboxykinase (PEPCK) –  Panicum maximum, Chloris gayana
In C4 plants, occurrence of photorespiration process is absent or relatively low when compared to C3 plants.
CO2 COMPENSATION POINT IN C3 AND C4 CROPS: 
The CO2 taken up for the photosynthetic process equals CO2 released during respiration process, therefore the net change becomes zero (i.e the rate in which photosynthetic CO2 uptake equals the respiration rate) is commonly called as CO2 compensation point (Figure 2). Usually, the C3 plants have high CO2 compensation point than C4 plants, because in C3 plants high rate photorespiration is present whereas in C4 plants photorespiration is absent or it is relatively absent. The CO2 compensation point for C3 plants is around 50 ppm and in C4 crop it is about 2 to 5 or even 0 ppm.
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Figure 2: CO2 compensation point of C3 and C4 plants
Author up to this we can find the same info in a standard text book or earlier published review on photosynthesis. So, please indicate that is new in this review.



GENES INVOLVED IN REGULATION OF KEY ENZYMES IN PHOTOSYNTHESIS: (ref for each gene)
	Genes
	Regulated  Enzymes
	Site of synthesis
	Role of enzyme in photosynthesis

	Light reaction

	Lhcb1 (CabII)
	Photosystem II
	Nucleus
	Involves in capturing light energy by acting as a antenna pigment protein in PS II (Ref..)_

	PetC
	Cytochrome b6/f complex (Rieske protein)
	Nucleus
	Mediate the transfer of electrons between two Photosystems  (ref..)

	PetE
	Plastocyanin
	Nucleus
	transfer electrons from cytochrome b6f complex to  photosystem I (PS I) 

	Lhca1 (CabI)
	Photosystem I
	Nucleus
	Involves in capturing light energy by acting as a antenna pigment protein in PS I

	PetF
	Ferredoxin
	Nucleus
	Contains an iron-sulfur cluster and involves in transfer of electron 

	PetH
	Ferredoxin-NADPH-oxidoreductase
	Nucleus
	This is the last enzyme involved in transfer of electrons from PS I to NADPH 

	atpA
	CF1 subunit α 
	Chloroplast
	Catalytic

	atpB 
	CF1 subunit β 
	Chloroplast
	Catalytic

	atpC
	CF1 subunit γ
	Nucleus
	Proton gating

	atpD
	CF1 subunit δ
	Nucleus
	Binding CF1 to CF0

	atpE 
	CF1 subunit ε 
	Chloroplast
	ATPase inhibition

	atpG
	CF0 subunit II
	Nucleus
	Binding CF0 to CF1

	C3 cycle

	RbcS
	Rubisco small subunit
	Nucleus
	Rate limiting step in CO2 fixation in photosynthesis

	rbcL
	Rubisco large subunit
	Chloroplast
	

	pgk
	3-phosphoglycerate kinase
	Nucleus
	Transfer of a phosphate group from ADP into ATP

	Rca
	Rubisco activase
	Nucleus
	Activates Rubisco by removing Sugar phosphate from active site

	GapA/B
	Glyceraldehyde 3-phosphate
dehydrogenase
	Nucleus
	Uses NADPH to fix CO2 into carbohydrate.

	RPE
	Ribulose-5-phosphate epimerase
	Nucleus
	Converts Xylulose-5-phosphate to 4 ribulose-5-phosphate

	RPI
	Ribulose-5-phosphate isomerase
	Nucleus
	catalyzes the conversion between ribose-5-phosphate (R5P) and ribulose-5-phosphate (Ru5P)

	C4 cycle

	CA1-3
	β-Carbonic anyhdrase
	Nucleus
	Catalyzes CO2 and water into Carbonic acid

	PEPC
	Phosphoenolpyruvate carboxylase
	Nucleus
	Facilitates the binding of CO2 in bicarbonate form with PEP

	NADP-MDH
	NADP+-malate dehydrogenase
	Nucleus
	Convertion of oxalo acetic acid into malate

	NADP-ME
	NADP+-malic enzyme
	Nucleus
	Decarboxylation of Malate into pyruvate and CO2

	PPDK
	Pyruvate orthophosphate dikinase
	Nucleus
	Helps in PEP regeneration in C4 cycle



ENZYMES INVOLVED IN REGULATION OF PHOTORESPIRATION : (ref..)
	Enzymes
	Role of enzyme in photorespiration

	Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
	Fix O2 with RUBP

	2-phosphoglycolate phosphatase (PGLP)
	Converts 2-phosphoglycolate into glycolate

	Glycolate oxidase (GOX)
	Converts glycolate into glyoxalate

	Serine:glyoxylate aminotransferase (SGAT) 
	Catalyzes the conversion of glyoxalate and serine into glycine

	Glutamate:glyoxylate aminotransferase (GGT)
	Catalyzes glyoxalate into serine using glutamate

	Glycine decarboxylase (GDC)
	Glycine is decarboxylated and produces CO2 and NH3

	Serine hydroxymethyl transferase (SHMT)
	Glycine is converted into serine using Methylene H4 folate

	Hydroxypyruvate reductase (HPR)
	Catalyzes hydroxypyruvate into glycerate

	Glycerate kinase (GLYK)
	Transfer the phosphate group to ADP i.e converts glycerate into 3-phosphoglycerate



PATHWAY MODIFICATION TO IMPROVE PHOTOSYNTHESIS IN C3 PLANTS:
	The crop yield of C3 plants can be increased by modifying the photosynthetic pathway of C3 plants, because the photorespiration process inhibits the photosynthesis when RuBisCO reacts with O2 instead of CO2. There are several ways to improve the crop yield either by minimizing or bypass photorespiration pathways in plants. Among, a few approaches are listed below:
1. Changes in kinetic properties of RuBisCO (Parry et al., 2013).
2. Introduction of C4 pathway genes in C3 plants.
3. Introduction of CO2 concentrating mechanism into chloroplast.
4. Bypassing photorespiration pathway
This is the approach, kindly state what is the conclusion, bootleneck, how we can go forward, those information will be useful to the reader.
INTRODUCTION OF C4 PATHWAY GENES IN C3 PLANTS:
[image: ]	In C3 plants like rice most of the chloroplast was found in mesophyll cells (Yoshimura   et al., 2004) and the function of bundle sheath cells was to maintain hydraulic pressure, prevention of air entry from intercellular spaces to the xylem, avoiding the penetration of excess light into the veins of the leaf (Nikolopoulos et al., 2002), whereas in C4 plants chloroplast was equally distributed in both mesophyll cells and bundle sheath cells (Figure 3a). Genes like Golden 2-like (GLK) was involved in the development of chloroplast. GLK gene family members encode nuclear transcription factors that are involved to regulate chloroplast development in Arabidopsis, Zea mays. By utilizing of C4 gene promoters like phosphoenolpyruvate carboxylase (PEPC) of Zea mays for MC specific expression and phosphoenolpyruvate carboxykinase (PCK) promoter of Zoysia japonica for BSC specific expression in rice leaves (Nomura et al., 2005). 
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Figure 3: a. Size and number of chloroplast in C3 (A) and C4 (B) plants. b. Variation in leaf vein density between C3 (A) and C4 (B & C) plants. (Karki et al., 2013)
	Photosynthetic process of C3 plants usually happens in mesophyll cells, but more mesophyll cells between the consecutive veins pushes the veins away from one another. So the vein space was increased in C3 plants (average of 6 veins per mm) (Figure 3b). Anatomy of C4 plants looks “Kranz anatomy” i.e veins are surrounded by bundle sheath followed by mesophyll cells, looks like a ring fashion, so the C4 leaves have 2 mesophyll cells between the consecutive veins (average of 7 veins per mm) (Karki et al., 2013). The SCARECROW/ SHORTROOT genes was important for the proper patterning of Kranz anatomy (Wang et al., 2013), mutation in these genes leads to the development of unusual differentiation bundle sheath chloroplast and altered the vein density (Slewinski et al., 2012).
INTRODUCTION OF CO2 CONCENTRATING MECHANISM INTO CHLOROPLAST:
Bicarbonate pumps found in cyanobacteria, HCO3−/Na+ symporters encoding genes like single subunit bicA and sbtA genes can be introduced into the chloroplast envelope of C3 plants (Furbank et al., 2015) (Figure 4a). Also, the introduction of carboxysomes (Zarzycki et al., 2013) or pyrenoids (Meyer and Griffiths, 2013) into C3 plants chloroplast, improves the concentration of CO2 around RuBisCO, thereby affinity of RuBisCO was more towards CO2 than O2 and photosynthetic process was increased by minimizing photorespiration.
When chloroplasts cover a large portion of the cell wall space adjacent to the intercellular air space they provide a barrier for the photorespiratory CO2 released by the mitochondria, which can then be reassimilated in the chloroplast (Figure 4b). Tight associations between mitochondria and chloroplasts add to this effect. In addition, a high chloroplast cover reduces the resistance for CO2 entering the chloroplast from the outside of the cell (Betti et al., 2016). Both processes increase the CO2 concentration in the chloroplast and thereby reduce photorespiration. Conversely, low chloroplast cover and/or mitochondria that are not in close contact with the chloroplasts result in a lower capacity to scavenge photorespiratory CO2.
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Figure 4:  a. Candidate bicarbonate transporters from cyanobacteria (Furbank et al., 2015). b. Enhancing the amount of photorespiratory CO2 scavenging (Betti et al., 2016).
BYPASSING PHOTORESPIRATION PATHWAY:
	Three ways were there to bypass the reactions of photorespiratory pathway in plants and it was successfully engineered in model plants (Figure 5):
1. First method – Introduction of  Escherichia coli glycolate catabolic pathway, as a result glycolate was directly converted into glycerate in chloroplast, thus the peroxisomal and mitochondrial reactions was prevented (Kebeish et al., 2007).
2. Second method – Introduction of glycolate catabolic cycle in chloroplast that completely oxidize 2-phosphoglycolate to CO2 (Maier et al., 2012).
3. Third method - introducing the E. coli enzymes glyoxylate carboligase and hydroxypyruvate isomerase into tobacco for the conversion of glyoxylate into hydroxypyruvate directly in the peroxisome (Carvalho et al., 2011).
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Figure 5: Alternative Photorespiratory Pathways (South et al., 2019)
CONCLUSION:
	The review has discussed the different methods to improve the yield of C3 plants. Some of the important strategies are introducing C4 genes, bypassing photorespiratory process, changing the kinetic properties of RuBisCO and increasing the concentration of CO2 around RuBisCO. Improved photosynthesis and greater yield potential in crops will require continued efforts to improve carbon allocation within the plant. New technologies like genetic engineering continues to advance and improve our capability to manipulate targets or introduce genes for obtaining improved photosynthetic efficiency in cereals.
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