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ABSTRACT	

Photosynthesis	is	a	vitally	important	but	inefficient	system,	converting	only	3-6%	of	light	energy	

into	biomass.	Photosynthetic	rate	is	limited	by	the	carbon-fixing	enzyme	Rubisco,	which	is	slow	

and	reacts	unproductively	with	atmospheric	oxygen.	This	study	reviews	scientific	literature	

relating	to	enhancement	of	photosynthetic	efficiency.	Evolutionary	responses	to	the	

inefficiencies	of	photosynthesis	are	described	and	their	limitations	explored.	Engineering	

strategies	are	reviewed,	including	strategies	to	increase	CO2	concentration	around	Rubisco	or	

replace	Rubisco	entirely.	Also	considered	are	strategies	to	improve	the	efficiency	of	photon	

absorption.	Strategies	are	assessed	on	potential	to	increase	photosynthetic	efficiency	and	

likelihood	of	successful	implementation	towards	improving	agricultural	and	biofuel	yields.	

	

INTRODUCTION	

	 Photosynthesis	is	the	foundation	of	life	on	Earth	as	we	know	it:	the	process	by	which	

light	energy	is	converted	into	chemical	energy,	in	the	form	of	sugar.	One	of	the	key	steps	in	this	

process	is	the	fixation	of	atmospheric	carbon	dioxide,	catalyzed	by	the	enzyme	Rubisco	(short	

for	ribulose	1,5-bisphosphate	carboxylase/oxygenase).	Despite	the	importance	of	Rubisco,	all	

variants	of	this	enzyme	have	what	seem	to	be	two	major,	glaring	flaws.	First,	Rubisco	is	slow	



and	inefficient,	with	a	very	low	catalytic	rate.	Second,	Rubisco	has	a	tendency	to	react	with	

oxygen	instead	of	carbon	dioxide,	which	is	unproductive	and	energetically	costly.	About	a	

quarter	of	Rubisco	activity	is	spent	on	this	wasteful	reaction,	releasing	previously	fixed	carbon	

dioxide	back	into	the	atmosphere	in	the	process.	Because	of	this	and	other	factors,	such	as	the	

limited	spectrum	of	sunlight	available	for	photosynthesis,	the	average	efficiency	of	conversion	

from	light	energy	to	sugar	is	a	mere	3-6%	(FAO	1997).	As	humanity	faces	the	ever-looming	

threat	of	environmental	change	and	scarcity	of	resources,	the	idea	of	engineering	a	more	

efficient	photosynthesis,	better	optimized	to	serve	our	needs,	has	attracted	the	interest	of	

many	scientists.		

	

Figure	1.	Overview	of	photosynthesis.	From	Johnson,	2011.	

	 Overview	of	photosynthesis	Photosynthesis	is	divided	into	two	components:	the	light-

dependent	reactions	and	the	carbon	assimilation	reactions.	The	light-dependent	reactions	(Fig.	

1)	begin	when	photons	pass	into	the	chloroplast	of	a	photosynthetically	active	plant	cell,	

exciting	the	chlorophyll	molecules	that	make	up	the	light-antenna	complexes.	This	energy	is	

used	to	split	H2O	into	H+	and	O2,	donating	electrons	which	are	carried	through	the	thylakoid	



membrane,	the	inner	membrane	of	the	chloroplast.	The	electrons	are	eventually	passed	to	

NADP+,	reducing	it	to	NADPH,	and	the	resulting	gradient	of	charge	across	the	membrane	is	used	

by	the	ATP	synthase	protein	to	generate	ATP.	The	ATP	and	NADPH	produced	from	these	

reactions	are	used	to	fuel	the	carbon	assimilation	reactions.	The	O2	is	released	into	the	

atmosphere	(Lehninger,	et	al.	2015).	

		

	

Figure	2.	The	light-dependent	reactions	in	a	plant	chloroplast.	From	Johnson,	2011.	

	

	 The	carbon	assimilation	reactions	that	occur	in	all	plants,	algae,	and	cyanobacteria	occur	

in	a	process	called	the	Calvin	cycle	(Fig.	3).	The	Calvin	cycle	begins	with	fixation	of	atmospheric	

CO2	by	Rubisco	to	the	five-carbon	molecule	RuBP	(ribulose	1,5-bisphosphate).	As	pictured	

below,	the	immediate	six-carbon	product	is	immediately	split	into	two	molecules	of	3PGA	(3-

phosphoglycerate).	Using	ATP	and	NADPH	from	the	light-dependent	reactions,	these	3PGA	



molecules	are	phosphorylated	and	reduced	to	GA3P	(glyceraldehyde	3-phosphate).	With	three	

turns	of	the	Calvin	cycle,	six	GA3P	are	produced.	One	leaves	the	Calvin	cycle	to	be	used	for	

sugar	synthesis,	while	the	other	five	are	used	to	regenerate	3	molecules	of	RuBP	for	the	next	

turns	of	the	cycle.	Six	turns	of	the	cycle,	fixing	one	CO2	each,	are	needed	to	produce	a	molecule	

of	glucose	(Lehninger	et	al.	2015).	

	

	

Figure	3.	The	Calvin	cycle.	

	 The	overall	formula	for	the	production	of	a	glucose	molecule	by	photosynthesis	can	be	

summarized	as	follows:	

	 Light-dependent	reactions	

48	photons	+	12	H2O	+	18	ADP	+	12	NADP+	à	18	ATP	+	12	NADPH	+	12	H+	+	6	O2	

Carbon	assimilation	reactions	

18	ATP	+	12	NADPH	+	6	CO2	à	1	glucose	+	18	ADP	+	12	NADP+	



	 Rubisco-catalyzed	carbon	fixation	is	a	rate-limiting	step	in	this	process,	due	in	part	to	its	

low	catalytic	rate	(Stitt	et	al.	1994).	Rubisco’s	average	rate	of	catalysis,	or	kcat,	is	3	s-1,	meaning	

each	molecule	produces	3	products	per	second	–	quite	slow	for	a	metabolic	enzyme	(Galmes	et	

al.	2014).	One	can	compare	this	to	PEP	carboxylase,	an	enzyme	that	catalyzes	CO2	fixation	at	a	

rate	of	150	products	per	second;	or	to	human	pyruvate	kinase,	a	key	metabolic	enzyme,	which	

has	a	kcat	of	1182	s-1	(BRENDA).	The	ideal	enzyme	would	have	a	kcat	equal	to	the	diffusion	rate	

of	its	substrate,	approximately	107,	astronomically	higher	than	Rubisco’s	limit.	

Though	the	light-dependent	reactions	power	the	Calvin	cycle,	the	oxygen	they	generate	

as	a	waste	product	is	released	into	the	atmosphere,	further	reducing	Rubisco’s	efficiency.	This	

is	because	in	addition	to	fixing	atmospheric	CO2,	Rubisco	can	also	fix	atmospheric	oxygen	to	

RuBP.	This	results	in	a	costly	salvage	pathway,	pictured	below,	called	photorespiration.	In	this	

process,	2	ATP	and	2	NADH	are	spent,	previously	fixed	carbon	is	released	as	CO2,	and	ammonia	

is	released	(Kebeish	et	al.	2007).	Rubisco	has	a	higher	affinity	for	carbon	dioxide	than	for	oxygen	

(ranging	around	50-100-fold	greater	specificity	(Tcherkez	et	al.	2006)).	In	a	typical	atmosphere	

of	21%	O2	and	0.04%	CO2,	the	ratio	of	O2	to	CO2	after	diffusing	through	the	cell	results	in	an	

average	of	25%	of	Rubisco	activity	being	spent	on	oxygen	fixation	(Peterhansel	et	al.	2011).	

Experiments	at	artificially	increased	partial	pressures	of	CO2	have	shown	there	is	significant	

room	for	photosynthesis	to	be	enhanced	(Kirschbaum	2010).	



	

Figure	4.	Photorespiration.	Note	energetic	costs	marked	in	red,	O2	fixation	marked	in	blue,	and	

CO2	release	in	lower	right.	

Evolutionary	history	of	photosynthesis.	Rubisco	emerged	in	cyanobacteria	sometime	

between	2.4	and	3.8	billion	years	ago,	possibly	evolving	from	an	enzyme	involved	in	the	

methionine	salvage	pathway	of	sulfur-metabolizing	bacteria	(Ashida	et	al.	2005).	At	this	time,	

the	oxygen	content	of	the	atmosphere	and	oceans	was	negligible,	so	there	was	no	selective	

pressure	against	oxygen	sensitivity	(Nisbet	et	al.	2007).	Prokaryotes	that	used	anoxygenic	

photosynthesis,	using	their	own	set	of	carbon-fixing	enzymes,	thrived.	This	would	change	as	a	

result	of	oxygenic	photosynthesis	in	cyanobacteria,	in	which	Rubisco	evolved.	Cyanobacteria	

caused	O2	to	accumulate	in	the	environment	(Fig.	5),	introducing	oxygen	as	a	constraint	on	

Rubisco	activity	described	above.	Interestingly,	organisms	that	used	anoxygenic	photosynthesis	

fared	worse,	being	obligate	anaerobes	(Berg	2010).	Today,	as	a	result	of	oxygenic	

photosynthesis,	Rubisco	is	limited	by	significant	oxygen-fixing	activity	(Peterhansel	et	al.	2011).	



Correspondingly,	all	surviving	obligately	anaerobic	photosynthetic	organisms	are	now	limited	to	

very	specialized	environmental	niches.	

	

Figure	5.	Change	in	atmospheric	O2	and	CO2	over	time.	From	Shih	et	al.	2014.[	

	

Figure	6.	Actual	global	cereal	production	up	to	2010	(blue)	vs.	projected	demand	up	to	2050	(red).		

	 The	importance	of	improved	photosynthetic	efficiency.	The	limitations	of	Rubisco	

make	it	a	prominent	target	for	genetic	engineering.	Progress	here	has	the	potential	to	address	

three	critical	challenges	for	human	survival:	our	ability	to	produce	sufficient	food	and	sufficient	

fuel,	and	our	ability	to	manage	rising	atmospheric	CO2	concentration.	



	 The	human	population	is	growing	rapidly,	predicted	to	reach	9	billion	by	2050.	

Consequently,	food	demand	is	expected	to	increase	70%,	and	food	production	in	the	

developing	world	in	particular	will	need	to	double	to	serve	everyone’s	needs.	(FAO	2009)	

Currently,	thanks	to	improvements	in	breeding	and	agronomy	since	the	Green	Revolution	of	

the	1960s	and	70s,	global	food	production	experiences	an	annual	linear	increase	of	about	32	

million	metric	tons.	To	reach	the	70%	target	proposed	by	the	UN,	this	would	need	to	increase	

to	44	million	metric	tons	per	year.	(Tester	et	al.	2010)	Unfortunately,	traditional	strategies	to	

increase	yield	have	been	producing	diminishing	returns.	(Schuler	et	al.	2016)	The	inefficiency	of	

Rubisco	is	a	limiting	factor	that	could	be	manipulated	to	further	increase	crop	yields.	(Fig.	7)	

Environmental	sustainability	is	a	major	concern	in	any	yield-increasing	strategy.	To	meet	

food	demand	while	maintaining	as	much	of	the	natural	environment	as	possible	would	require	

sustainable	intensification	–	an	increase	in	productivity	without	expansion	of	cultivated	land	

(Tilman	et	al.	2011).	Increasing	photosynthetic	efficiency	could	accomplish	this.	At	the	same	

time,	overuse	of	nitrogen	fertilizers	needs	to	be	decreased	to	address	runoff	into	waterways,	

which	results	in	harmful	algal	blooms.	Since	Rubisco	accounts	for	50%	of	leaf	protein	on	

average,	it	is	a	significant	nitrogen	sink	(Tcherkez	et	al.	2006).	Increasing	its	efficiency	would	

decrease	the	amount	needed	for	optimal	rates	of	carbon	fixation,	lowering	the	requirement	for	

nitrogen.		



	

Figure	7.	Loss	of	potential	crop	CO2	uptake	due	to	photorespiration	(oxygen	fixation),	increasing	with	

temperature.	From	Long,	et	al.	2006.		

	 Enhancement	of	photosynthetic	efficiency	would	also	improve	prospects	for	replacing	

fossil	fuels	such	as	oil	with	renewable,	carbon-neutral	biofuels.	Biofuel	is	an	attractive	

alternative	solar	energy	source	because	it	takes	the	form	of	liquid	hydrocarbon	fuel,	rather	than	

electrical	energy	as	produced	by	photovoltaic	systems.	This	would	allow	better	integration	into	

existing	systems,	particularly	vehicles,	without	need	for	cumbersome	batteries.	And	

importantly,	since	the	carbon	source	is	atmospheric	carbon	dioxide,	net	carbon	emissions	could	

be	brought	to	near	zero.	At	present,	because	of	low	fuel	yields	and	energy-intensive	inputs,	

biofuel	production	from	crops	does	little	to	reduce	greenhouse	gas	emissions,	while	taking	up	



land	and	water	that	could	be	used	for	food	production	(Tester	2010).	[CITATIONS	ARE	PART	OF	

THE	SENTENCE	SO	BELONG	BEFORE	THE	PERIOD.	THIS	COMES	UP	LOADS	OF	PLACES	IN	THE	

DOCUMENT.]	In	contrast,	algae-based	biofuel	has	been	proposed	as	an	alternative	with	several	

advantages	over	higher	plants.	Algae	do	not	compete	with	crops	for	space,	as	they	can	be	

grown	in	ponds	or	bioreactors	on	non-arable	land,	using	untreated	or	salty	water	unsuitable	for	

agriculture.	(Quinn,	Davis	2015)	They	can	be	grown	year-round,	and	also	produce	a	high	

quantity	of	lipids,	a	valuable	energy	source	that	can	be	converted	into	oil.	The	potential	fuel	

yield	for	algae	is	ten	times	that	of	cellulosic	biofuel	sources	such	as	poplar,	commonly	cited	as	

another	alternative,	and	16-250	times	higher	than	that	of	crop	plants	such	as	maize,	depending	

on	a	range	of	estimates.	(Stephenson	2011)	However,	algae	biofuel	is	not	yet	cost-competitive	

with	fossil	fuels.	(Georgianna,	Mayfield	2012)	Improving	photosynthetic	efficiency	could	help	to	

close	this	gap	in	production	costs.	

	

EVOLUTIONARY	RESPONSES	TO	LOW	RUBISCO	EFFICIENCY	

	 Based	on	the	information	presented	so	far,	it	would	appear	that	the	key	bottlenecks	

limiting	carbon	fixation	by	Rubisco	are	its	low	kcat,	or	catalytic	rate,	and	its	unfavorable	

specificity	for	O2	compared	to	CO2	(represented	by	the	Michaelis	constant,	Km,	which	increases	

inversely	to	binding	affinity).	One	might	wonder	why	billions	of	years	of	evolution	have	not	

simply	selected	for	a	faster	Rubisco	without	the	wasteful	oxygen	affinity.		



	

Figure	8.	Natural	variation	in	Rubisco	kinetics:	Rubisco	kcat	vs.	specificity(CO2/O2),	from	Tcherkez	2006.	

White	dots	represent	Rubisco	variants.	White	triangles	represent	Rubisco	variants	from	cyanobacteria	of	

genus	Synechococcus,	marked	as	outliers.	

	

A	number	of	catalytic	variants	of	Rubisco	have	in	fact	evolved	across	a	range	of	lineages	

and	environments,	but	show	limited	variation	in	these	two	traits.	A	2006	study	by	Tcherkez,	et	

al.	surveyed	19	Rubisco	variants	from	cyanobacteria,	algae	and	a	diverse	set	of	higher	plants.	

The	lowest	kcat	observed	was	1.2	s-1,	in	the	nongreen	algae	Galdieria	sulfuraria,	while	the	

highest	was	13.4	s-1,	in	the	cyanobacteria	Synechococcus	PCC	7002.	The	highest	ratio	of	

specificity	for	CO2	over	O2,	167,	was	observed	in	another	nongreen	algae	species,	Griffithsia	

monilis,	with	the	lowest,	6.2,	was	found	in	the	anaerobic	bacterial	symbiont	of	the	tubeworm	

Riftia	pachyptila.	The	chart	above	(Fig.	8)	is	a	plot	of	kcat	vs.	relative	specificity	(SC/O)	for	all	

Rubisco	variants	analyzed	in	the	study.	An	inverse	relationship	is	observed	between	the	two	

variables.	These	results	suggest	that	an	inherent	mechanistic	trade-off	is	present	in	Rubisco:	



lowering	oxygen	affinity	causes	the	enzyme	to	work	more	slowly,	and	increasing	kcat	raises	

oxygen	affinity.	The	relationship	follows	a	strict	regression,	with	the	exception	of	high-kcat,	low-

specificity	outliers	from	the	cyanobacteria,	which	will	be	explored	in	more	depth	later	in	this	

paper.	For	more	detailed	information	on	the	proposed	mechanism	behind	this	trade-off,	and	

the	reason	for	its	inflexibility,	the	interested	reader	is	directed	to	Tcherkez	et	al	(2006).		

	

Figure	9.	The	Michaelis-Menten	equation,	as	applied	to	Rubisco’s	carbon	fixation	activity.	

	 If	kcat	(catalytic	rate)	and	Km	(binding	affinity)	are	fixed	into	a	certain	sub-optimal	range	

by	the	abovementioned	tradeoff,	then	the	Michaelis-Menten	equation	(Fig.	9)	suggests	two	

alternative	strategies	which	can	influence	the	rate	of	photosynthetic	flux:	concentration	of	

Rubisco	and	concentration	of	CO2.	The	majority	of	photosynthetic	organisms	use	a	“brute	

force”	approach,	maximizing	their	photosynthetic	rate	by	expressing	large	quantities	of	

Rubisco,	causing	Rubisco	to	be	the	most	abundant	protein	on	Earth.	(Peterhansel	et	al.	2011)	

Other	organisms,	including	3%	of	land	plants	and	most	cyanobacteria,	have	developed	

mechanisms	to	increase	the	concentration	of	CO2	around	Rubisco,	crowding	out	the	oxygen	

reaction	and	minimizing	photorespiration.	Two	major	carbon	concentrating	mechanisms	exist	

in	the	land	plants,	called	CAM	and	C4	photosynthesis,	and	cyanobacteria	utilize	a	structure	

called	the	carboxysome.	(Stitt	2013)	



	

Figure	10.	A:	C4	pathway	summary,	B:	CAM	pathway	summary.	From	Michelet,	et	al.	2013.		

CAM	and	C4	plants	use	similar	pathways	to	concentrate	CO2	(see	Fig.	10).	Both	use	the	

enzyme	PEPC	(PEP	carboxylase)	to	initially	fix	CO2	to	the	three-carbon	molecule	PEP	

(phosphoenol	pyruvate),	forming	the	four-carbon	OAA	(oxaloacetate),	from	which	C4	derives	its	

name.	OAA	is	reduced	to	malate,	which	releases	CO2	around	Rubisco.	Pyruvate,	the	other	by-

product,	is	converted	to	PEP,	continuing	the	cycle.	The	C4	system	spatially	separates	the	initial	

CO2	fixation	by	PEP	carboxylase	and	the	handing	over	of	CO2	to	Rubisco	between	two	cell	types,	

increasing	CO2	concentration	around	Rubisco	in	the	bundle-sheath	cells	surrounding	leaf	veins.	

This	increases	CO2	concentration	around	Rubisco	approximately	10-fold	on	average,	compared	



to	C3.	CAM	occurs	in	a	single	cell,	and	the	two	carbon	fixation	events	are	instead	separated	

temporally:	PEPC	is	active	during	the	night,	building	up	malate	stores	which	release	their	CO2	

during	the	day.	(Michelet	et	al.	2013)		

Both	mechanisms	are	slightly	more	energy-intensive	than	the	typical	C3	system	

(according	to	Nobel,	1991:	for	one	CO2	fixed,	ATP	cost	=	3	for	C3,	4-5	for	C4,	5.5-6.5	for	CAM);	

this	negates	some	of	the	benefit.	They	are	most	frequently	found	in	plants	adapted	to	hot,	dry	

temperatures,	such	as	maize	(C4)	and	cacti	(CAM).		The	selective	pressure	influencing	this	

correlation	is	twofold.	First,	as	temperature	increases,	Rubisco’s	speed/specificity	trade-off	

weakens	(lowering	catalytic	rate	gives	a	marginally	smaller	decrease	in	oxygen	affinity).	

(Tcherkez	et	al.	2006)	Photorespiration	from	oxygen	fixation	activity	therefore	becomes	more	

restrictive	to	growth.	The	second	reason	is	that	concentrating	CO2	allows	leaves	to	have	their	

pores	(stomata)	open	less	frequently,	preventing	water	loss	to	evaporation.	CAM	has	twice	the	

water	use	efficiency	of	C4,	and	six	times	that	of	C3,	(Borland,	et	al.	2009)	but	is	unable	to	store	

as	much	CO2	in	its	vacuoles	at	night	as	it	would	be	able	to	fix	during	the	day,	resulting	in	slow	

growth.	(Bowsher	2008)	Because	of	this,	CAM	tends	to	be	an	adaptation	for	aridity,	and	lacks	

the	advantage	of	higher	yield	that	C4	plants	have	over	C3	plants	(as	much	as	40%	at	

temperatures	over	30˚C).	(Ehrleringer,	Monson	1993)	



	

Figure	11.	Cyanobacterial	carbon-concentrating	mechanism,	from	Price	et	al.	2008.	

	 The	cyanobacterial	carbon-concentrating	mechanism	lacks	any	separation	of	carbon	

fixation	events.	The	Rubisco	of	cyanobacteria	is	concentrated	in	the	carboxysome,	an	isohedral	

protein	shell,	similar	to	the	protein	coat	of	a	virus.	Inside	the	carboxysome	is	the	enzyme	

carbonic	anhydrase,	which	converts	HCO3-	to	CO2.	Carbonic	anhydrase	and	a	set	of	inorganic	

carbon	transport	proteins	generate	a	concentration	disequilibrium	that	causes	HCO3
-	to	flow	

into	the	carboxysome,	where	it	is	converted	to	CO2	that	is	concentrated	around	Rubisco	and	

the	other	enzymes	of	the	Calvin	cycle.	(McGrath,	Long	2014;	Price,	et	al.	2008)	In	contrast	to	C4	

and	CAM,	this	method	appears	to	use	less	ATP	per	CO2	fixed	compared	to	C3	photosynthesis.	

(McGrath,	Long	2014)	

	

	

	



HOW	CAN	HUMANS	RESPOND	TO	THESE	CHALLENGES?	

	 Carbon-concentration	mechanisms.	A	number	of	researchers	have	proposed	increasing	

photosynthetic	efficiency	of	economically	important	C3	plants	by	engineering	them	to	adopt	the	

natural	CO2-concentrating	mechanisms	described	above.	C3	species	include	the	major	grain	

crops	rice	(Oryza	sativa)	and	wheat	(Triticum	aestivum)	and	overall	accounted	for	roughly	75%	

of	all	primary	foodstuff	production	in	2012	(FAOSTAT,	2013).	An	oft-repeated	argument	for	

introducing	CAM	and	C4	into	C3	plants	is	that	these	mechanisms	have	evolved	independently	

over	60	times	on	a	C3	background.	(Sage	et	al.	2011;	Fig.	12	here)	All	proteins	with	a	critical	role	

in	these	systems	are	already	found	in	C3	plants,	at	varying	levels	of	expression.	One	study	of	

closely	related	C3	and	C4	plants	found	only	a	3%	difference	in	their	total	transcribed	mRNA.	

(Bräutigam	et	al.	2010)	This	is	seen	as	an	indication	that	C4	or	CAM	can	be	introduced	on	a	C3	

background.	While	these	traits	may	have	been	optimized	for	their	natural	environments,	

artificial	selection	could	allow	them	to	succeed	in	new	niches	for	human	use.	It	has	also	been	

said	that	the	CO2	concentration	of	the	atmosphere	has	increased	dramatically	in	the	last	150	

years,	creating	the	possibility	that	improvements	could	be	achieved	in	accordance	with	

environmental	conditions	through	faster,	directed	evolution.	(Zhu	2007)	



	

Figure	12.	Phylogenetic	tree	of	C4	evolution	(red)	in	flowering	plants.	From	Sage,	et	al.	2011	

In	2009,	the	International	Rice	Research	Institute	began	organizing	the	international	C4	

Rice	Consortium	project.	(Schuler	2016)	According	to	a	2009	report	by	the	Food	and	

Agricultural	Organization	of	the	United	Nations,	rice	yields	need	to	increase	an	estimated	60%	

by	2050	in	order	to	support	population	growth,	particularly	in	developing	countries	(FAO	2009).	

As	mentioned	previously,	C4	plants	show	photosynthetic	efficiency	up	to	40%	higher	than	C3	

plants	at	temperatures	over	30˚C,	typical	of	many	areas	where	rice	is	cultivated	(Ehleringer,	

Monson	1993)		



	

Figure	13.	Zea	mays	(C4)	leaf	anatomy	(left)	vs.	Oryza	sativa	(C3)	leaf	anatomy	(right).	From	Jane	

Langdale	lab,	University	of	Oxford.	

C4	is	a	bipartite	system	with	a	distinct	arrangement	of	leaf	cells	(Fig.	13;	see	also	Fig	

10A).	Features	that	distinguish	it	from	C3	include	narrowly	spaced	veins,	specialized	cell	types,	

differently-distributed	Rubisco,	and	dimorphic	chloroplasts.	Introducing	the	C4	system	would	

also	require	development	of	the	requisite	biochemical	pathways	to	shuttle	PEP	and	malate	

between	PEPC	and	Rubisco,	as	described	previously	(Karki	et	al.	2013)	This	daunting	task	is	

made	more	difficult	by	our	current	lack	of	knowledge	on	the	genetic	mechanisms	that	control	

C4	photosynthesis	in	its	native	organisms.	Of	the	likely	thousands	of	regulatory	genes	involved	

in	the	C4	system,	only	a	few	remain	well	understood	or	even	known.	In	a	recent	review	of	the	

progress	made	so	far	on	C4	rice,	challenges	remaining	were	noted	to	include	this	lack	of	

knowledge	on	the	genetics	of	C4,	along	with	the	lack	of	C4	model	species	with	efficient	

transformation	protocols,	and	difficulty	of	generating	diffusive	resistance	between	chloroplasts	

and	cytosol	in	order	to	concentrate	CO2.	The	review	notes	that	there	has	been	research	into	

single	cell	C4-like	systems,	which	feature	dimorphic	chloroplasts	localized	to	different	areas	of	a	

single	cell,	but	the	genetics	regulating	these	appear	to	be	no	simpler	than	those	for	the	two-cell	

C4	system.	(Schuler	2016)	At	this	time,	while	significant	progress	has	been	made	towards	



increasing	our	knowledge	of	C4	in	nature,	little	has	been	accomplished	towards	applying	this	to	

the	modification	of	rice	or	other	C3	plants.	

CAM	engineering	has	not	been	heavily	pursued,	although	there	have	been	some	recent	

proposals.	CAM	plants	tend	to	be	slow-growing,	so	it	would	be	more	favorable	as	an	

engineered	adaptation	for	enduring	heat	and	drought,	rather	than	increasing	growth	rate.	This	

could	still	be	useful	in	the	unpredictable	weather	extremes	caused	by	global	climate	change.	

(Yang	et	al.	2015)	Engineered	plants	would	preferably	be	CAM-inducible	under	significant	water	

stress,	performing	C3	photosynthesis	otherwise	to	allow	faster	growth,	a	trait	that	is	found	in	a	

number	of	existing	species.	(Harerra	2008)		

The	carboxysome-using	cyanobacterial	CO2-concentrating	mechanism	has	stood	out	as	

an	alternative	single-cell	C4-like	system	which	could	be	introduced	into	C3	plants	and	algae.	

Although	cyanobacteria	differ	greatly	from	plants,	the	chloroplast	is	thought	to	share	an	

endosymbiotic	ancestor	with	cyanobacteria.	Because	the	cyanobacterial	system	relies	on	

induced	diffusion	gradients	(rather	than	expanding	metabolic	pathways)	to	concentrate	CO2	

around	Rubisco,	it	has	been	suggested	that	less	complex	genetic	engineering	may	be	required	

compared	to	introduction	of	C4	or	CAM,	though	this	is	speculative.	(McGrath,	Long	2014)	A	

model	of	the	elements	of	the	cyanobacterial	CO2-concentrating	mechanism	introduced	into	

tobacco	showed	an	increase	of	36-60%	in	the	light-saturated	assimilation	of	carbon	by	the	

Calvin	cycle	(Asat).	They	noted	that	almost	all	of	the	features	of	the	system	were	epistatic:	on	

their	own,	they	caused	a	decrease	in	Asat,	only	proving	beneficial	if	all	were	introduced	

simultaneously.	For	example,	addition	of	carboxysomes	without	relocation	of	carbonic	

anhydrase,	or	vice-versa,	is	detrimental,	but	together	they	show	a	clear	benefit	to	growth.	



Certain	cyanobacterial	bicarbonate	transporters	showed	an	increase	in	Asat	on	their	own,	

suggesting	this	could	be	a	place	to	start	with	this	project(McGrath	and	Long,	2014).	Recent	

studies	have	shown	progress	in	assembling	carboxysomes	or	carboxysome-like	structures	in	

higher	plant	chloroplasts,	with	some	incorporated	transport	proteins,	using	synthetic	biology	

methods.	(Lin	et	al.	2014;	Gonzalez-Esquer	et	al.	2015;	Cai	et	al.	2015)		

A	pair	of	experimental	studies	by	members	of	the	Hanson	lab	at	Cornell	(Lin	et	al.	2014;	

Occhialani	et	al.	2016)	have	shown	an	interesting	extension	of	the	cyanobacterial	CO2-

concentrating	mechanism	engineering	project,	focusing	on	introduction	of	cyanobacterial	

Rubisco	(from	Synechococcus	elongatus)	into	tobacco	(Nicotiana	tobacum),	a	C3	model	

organism.	In	vitro	assays	confirmed	the	previously	reported	observation	that	S.	elongatus	

Rubisco	has	a	kcat	of	12	s-1,	four	times	the	turnover	rate	of	tobacco’s	native	Rubisco	(see	Fig	8).	

However,	S.	elongatus	Rubisco	is	very	sensitive	to	oxygen,	and	therefore	requires	a	carbon-

concentrating	mechanism	to	function	well.	While	the	protein	was	able	to	assemble	successfully	

in	tobacco,	its	lower	catalytic	efficiency	was	apparently	confirmed	by	slower	growth	of	

transformants	compared	to	wild	type.	However,	combined	with	a	carbon	concentrating	

mechanism	such	as	that	found	in	cyanobacteria,	the	enzyme	could	be	able	to	act	on	its	higher	

potential.		



	

Fig.	14.	Experimental	data	from	Lin	et	al.	2014,	demonstrating	cyanobacterial	Rubisco	saturation	

vs.	tobacco	native	Rubisco.	SeLSX	and	SeLSM35	=	cyanobacterial	Rubiscos.		

It	was	observed	in	vitro	under	various	CO2	concentrations	that,	in	addition	to	its	higher	

kcat	compared	to	other	Rubisco	variants,	the	cyanobacterial	Rubisco	has	a	much	higher	point	of	

CO2	saturation.	Whereas	the	activity	of	tobacco’s	native	Rubisco	leveled	out	at	about	2	mol	CO2	

fixed	per	active	site	per	second	(achieved	at	125	µM	CO2),	remaining	constant	with	increasing	

atmospheric	CO2	concentration,	cyanobacterial	Rubisco	reached	5-6	mol/active	site/second	(at	

640	µM	CO2).	(Fig	14)	Despite	this,	the	transformed	tobacco	plants	remained	sluggish	even	at	

high	CO2	concentration,	apparently	due	at	least	in	part	to	low	expression	of	Rubisco.	(Lin	et	al.	

2014)	A	follow-up	study	featuring	the	introduction	and	modification	of	different	regulatory	

elements	produced	cyanobacterial	Rubisco-transformed	tobacco	that	grew	at	near-wild	type	

rates.	(Occhialani	et	al.	2016)	With	the	introduction	of	other	elements	of	the	cyanobacterial	

CO2-concentrating	mechanism,	or	combination	with	other	CO2-concentrating	mechanisms,	this	



method	shows	potential	for	both	eukaryotic	algae	and	higher	plants.	However,	significant	yield	

increases	in	vivo	remain	to	be	seen.	

	

Fig.	15.	Photorespiratory	bypass	diagram	from	Kebeish,	et	al.	2007.	

Lowering	the	cost	of	oxygen	fixation’s	resultant	photorespiration	pathway	has	been	

presented	as	a	simpler	alternative	to	installing	complex,	oxygen-excluding	CO2-concentration	

mechanisms.	Photorespiration	is	a	pathway	designed	to	recover	75%	of	carbon	while	removing	

2-phosphoglycolate,	the	product	of	oxygen	fixation,	which	the	cell	cannot	otherwise	

metabolize.	However,	many	bacteria	are	equipped	with	enzymes	to	more	efficiently	metabolize	

glycolate.	E.	coli	glycolate	dehydrogenase	(GDH),	glyoxylate	carboligase	(GCL)	and	tartronic	

semialdehyde	reductase	(TSR)	allow	for	a	three-step	bypass	to	the	photorespiratory	pathway	

(Fig.	15,	in	red;	see	also	Fig	4),	lowering	the	energetic	cost	by	2	ATP.	CO2	is	released	as	in	

photorespiration,	but	it	is	released	in	the	chloroplast	rather	than	the	mitochondrion,	which	has	

been	theorized	to	result	in	up	to	14%	higher	CO2	concentration	at	Rubisco	(Zhu	et	al.	2007).	



Ammonia	loss	was	also	prevented,	negating	the	outside	energetic	cost	of	refixing	nitrogen.	This	

photorespiratory	bypass	was	both	proposed	and	demonstrated	in	Kebeish,	et	al.	2007,	where	it	

was	shown	to	reduce	photorespiration,	enhance	photosynthetic	efficiency	and	increase	growth	

rate	after	introduction	into	Arabidopsis	thaliana	(a	C3	plant	model	organism).	A	near-doubling	

in	biomass	production	was	observed.	Theoretically,	under	standard	conditions,	photosynthetic	

carbon	assimilation	rate	would	be	increased	by	a	more	modest	8%.	(Xin	2015)	A	different	

photorespiratory	bypass	has	also	been	proposed,	with	similar	energetics	and	the	added	bonus	

of	fixing	two	extra	atmospheric	CO2	in	the	course	of	the	pathway.	However,	when	studied	in	

cyanobacteria,	results	were	inconclusive,	suggesting	further	optimization	is	necessary.	(Shih	et	

al.	2014)	

	

Other	enhancements	to	photosynthetic	efficiency.	RuBP	must	be	regenerated	by	the	

Calvin	cycle	to	be	fixed	with	CO2	(Fig	3),	a	process	with	its	own	relatively	slow	enzymes.	This	has	

been	suggested	to	be	particularly	significant	for	the	high-kcat	cyanobacterial	Rubisco,	whose	

efficiency	is	offset	by	the	slower	RuBP	regeneration	rate.	An	enzyme	involved	in	RuBP	

regeneration,	sedoheptulose	1,7-bisphosphatase	(SBPase),	is	kept	at	a	rate-limiting	low	

concentration,	unlike	many	other	Calvin	cycle	enzymes	such	as	Rubisco.	This	has	raised	the	

question	of	whether	its	expression	can	be	modified	to	increase	the	rate	of	carbon	assimilation.	

In	a	2005	paper,	30-40%	increase	in	growth	was	observed	in	tobacco	overexpressing	SBPase.	

However,	this	was	only	observed	under	controlled,	perfectly	optimal	conditions,	whereas	more	

natural	greenhouse	conditions	showed	growth	only	slightly	over	wild	type.	(Lefebvre	2005)	This	

may	be	because	SBPase	has	a	role	in	regulatory	feedback	loops	that	control	metabolism,	and	



overexpression	leads	to	an	indirect	imbalance	which	can	affect	plant	water	stress	responses.	

(Zhu	2007)	It	should	be	noted	that	this	may	not	be	an	issue	in	water-saturated	algal	cultures	

used	for	biofuel	and	other	products	(though	this	has	not	been	experimentally	tested).	Increased	

SBPase	expression	may	also	result	in	improved	high	temperature	tolerance.	(Feng	et	al.	2007)	

	

Fig.	16.	Absorption	spectra	of	chlorophyll	molecules.	From	Chen,	Blankenship	2006.	

Upstream	of	Rubisco,	the	light-dependent	reactions	have	also	been	targeted	for	

improvement	by	engineering.	One	option	would	be	to	expand	the	wavelength	of	light	available	

as	photosynthetically	active	radiation.	Currently,	most	photosynthetic	organisms	absorb	light	

energy	via	excitation	of	chlorophyll	a	and	b	molecules	in	the	light-antenna	complexes.	(Chen,	

Blankenship	2006,	Fig	16	here)	These	chlorophylls	have	characteristic	absorption	peaks	in	the	

red	and	blue	wavelengths	of	visible	light.	Green	light	is	reflected,	causing	the	green	coloration	

typical	of	plants.	Recently-discovered	prokaryotic	chlorophylls,	chlorophyll	d	and	f,	have	red-



shifted	absorption	peaks,	expanding	the	spectrum	of	photosynthetically	active	radiation	from	a	

maximum	of	700	nm	to	750	nm.	This	increases	the	number	of	photons	available	for	

photosynthesis	by	19%.	It	has	been	proposed	that	transgenic	organisms	expressing	some	

combination	of	these	four	chlorophyll	types	could	be	valuable	for	agriculture	and	biofuel	

production.	(Chen,	Blankenship,	2015).		

	

Figure	17.	Light	saturation	curve	of	oxygenic	photosynthesis.	From	Melis	2009.		

Counter-intuitively,	decreasing	the	quantity	of	chlorophyll	in	light	antenna	complexes	

may	also	provide	a	large	increase	in	light	use	efficiency.	In	high-light	conditions,	only	10%	of	

photons	that	excite	chlorophyll	reaction	centers	contribute	to	production	of	ATP	and	NADPH,	

while	the	remaining	90%	is	dissipated	by	non-photochemical	quenching	as	heat	or	

fluorescence.	The	ability	of	sunlight	to	increase	photosynthetic	rate	therefore	saturates	at	

about	10%	of	full	sunlight	(Fig.	17).	This	is	because	the	electron	transport	chain	of	the	light-

dependent	reactions	can	process	energy	from	200	photons	per	second	at	maximum,	due	to	the	



speed	of	electron	carrier	diffusion,	while	the	chlorophyll	light	antennas	can	be	excited	by	2000	

photons	per	second.	(Lee,	et	al.	2002)		

	

Fig.	18.	Cartoon	of	incident	sunlight	absorption	and	processing	in	fully-pigmented	(left)	vs.	

truncated	light	antenna	(right)	microalgae	cultures.	P	=	photosynthetic	productivity,	NPQ	=	dissipation	of	

energy	by	non-photochemical	quenching.	From	Melis	2009.		

Consequently,	chloroplasts	exposed	to	the	most	direct	sunlight	over-absorb	photons	

and	leave	less	for	the	more	shaded	chloroplasts	deeper	in	the	algal	culture	or	leaf	canopy,	

causing	growth	of	those	cells	to	be	more	light-limited.	Reducing	the	size	(chlorophyll	content)	

of	the	light	antenna	in	algal	cultures	or	plants	could	allow	more	photons	to	pass	through	the	

outer	layers,	increasing	overall	productivity	of	the	system	(Fig.	18).		Whereas	chlorophyll	a	and	

b	content	can	be	as	much	as	600	molecules	per	photosystem,	the	optimal	minimum	may	be	

closer	to	132,	achieving	the	highest	level	of	photon	utilization	by	cells	per	unit	volume	under	an	

area	of	illumination.	(Melis	2009)	As	proof	of	concept,	cultures	of	an	antenna-deficient	mutant	

of	the	algae	Chlamydomonas	showed	double	the	wild-type	maximum	rate	of	CO2	fixation,	at	



artificially	optimal	conditions.	(Lee	et	al.	2002;	Fig.	19	here)	Similar	studies	showed	up	to	45%	

greater	productivity	of	mutants	at	greater	than	typically	saturating	light	conditions,	though	only	

in	low-density	cultures.	(Nakijima	et	al.	2001;	Melis	2009)		

	

Figure	19.	Saturation	at	higher	light	intensity	observed	in	truncated	light	antenna	Chlamydomonas	

mutants,	from	Lee	et	al.,	2002.		

There	are	a	number	of	potential	explanations	for	the	problems	observed	in	these	

experiments.	Issues	with	culture	density	may	be	partly	attributed	to	off-target	mutations,	since	

these	mutants	were	produced	from	chemical	and	UV	random	mutagenesis	rather	than	

transgenesis.	(Huesmann	et	al.	2009)	Improvement	at	sub-optimal	CO2	partial	pressure	could	

be	limited	by	the	slow	rate	of	the	Calvin	cycle,	particularly	without	a	carbon	concentrating	

mechanism.	Beyond	this,	there	is	the	issue	that	algae	with	truncated	light	antennas	experience	

low	fitness	in	the	wild.	Light	is	often	limiting	in	aquatic	environments,	and	a	truncated	light	

antenna	slows	response	to	transient	increases	in	light	intensity.	Capturing	and	dissipating	light,	



rather	than	allowing	it	to	be	used	by	neighboring	cells,	may	also	provide	a	competitive	

advantage.	(Melis	2009)	The	question	remains	open	whether	artificial	selection	can	adequately	

control	this	individual	loss	of	fitness,	especially	for	algae,	where	individual	cells	cannot	be	

selected	as	easily	as	individual	crop	plants.	

	 Finally,	some	exciting	work	has	been	done	to	develop	synthetic	carbon	fixation	

pathways,	entirely	unknown	to	nature.	Using	a	database	of	all	known	metabolic	enzymes	

(approximately	5,000)	and	their	properties,	researchers	at	the	Ron	Milo	lab	modeled	all	

possible	combinations	that	could	be	used	towards	carbon	fixation.		

	

Figure	20.	The	C4-glyoxylate	cycles	and	comparison	with	natural	C4	cycle,	from	Bar-Even,	et	al.	2010.	



The	most	efficient	alternate	carbon	fixation	cycles	were	found	in	a	group	of	similar	

pathways,	the	C4-glyoxylate	cycles,	pictured	above	(Fig.	20),	which	showed	2-3	times	the	rate	of	

product	formation	per	mg	of	protein	compared	to	the	Calvin	cycle.	These	pathways	used	PEP	

carboxylase	as	their	sole	CO2-fixing	enzyme,	taking	advantage	of	its	high	catalytic	rate	and	

specificity.	The	C4-glyoxylate	cycles	use	a	series	of	enzymes,	some	unique	to	prokaryotes,	to	

bypass	C4	photosynthesis’s	“futile	cycle”	of	decarboxylation	of	malate	and	reassimilation	of	CO2	

by	Rubisco	into	the	Calvin	cycle.	(Bar-Even	2010)	Glyoxylate,	a	two-carbon	compound,	is	

produced	and	incorporated	into	the	bacterial-like	glycerate	pathway	to	synthesize	sugar.		

Certain	enzymes	in	these	pathways	could	require	some	reengineering	for	their	new	function,	

since	their	natural	variants	only	have	optimum	temperatures	above	50˚C.	(Bar-Even	2010	

appendix)	No	results	have	been	published	experimentally	testing	the	C4-glyoxylate	pathways,	

although	some	preliminary	work	towards	this	project	has	been	published	(de	la	Fuente	2013).	

One	synthetic	carbon	fixation	pathway	has	been	experimentally	verified	to	function	in	

vitro	and	(somewhat)	in	vivo.	What	distinguishes	this	pathway	from	any	of	those	constructed	in	

the	Bar-Even,	et	al.	2010	study	is	that	it	utilizes	a	computationally	designed	synthetic	enzyme	

called	formolase	(FLS).	Formolase	catalyzes	the	coupling	of	3	formaldehyde	(CH2O)	into	

dihydroxyacetone,	or	DHA	(C3H6O3),	a	compound	primarily	synthesized	for	commercial	use	in	

sunless	tanning	products.	(Chemical	&	Engineering	News,	2000) This	reaction	had	not	been	

previously	observed	to	be	biologically	catalyzed.	CO2	is	reduced	to	formic	acid	(HCOOH)	by	

formate	dehydrogenase,	which	can	be	used	in	the	formolase	pathway	to	produce	the	three-

carbon	metabolite	DHAP	(dihydroxyacetone	phosphate).	It	is	predicted	to	support	a	biomass	

yield	higher	than	the	Calvin	cycle.		



	

	

Figure	21.	Formolase	pathway,	from	Siegel	et	al.	2015.		

The	formolase	pathway	was	shown	to	function	in	vitro.	Expression	of	the	formolase	

enzymes	in	an	E.	coli	strain	on	13C-labeled	formate	showed	increase	in	labeled	DHAP	as	well.	

However,	the	observed	activity	was	low,	and	formate-dependent	growth	failed	to	occur.	The	

authors	of	the	study	believe	further	design	and	selection	can	be	used	to	increase	enzyme	

activities.	The	reactivity	of	formaldehyde	is	another	concern,	which	they	claim	could	be	

addressed	using	a	repurposed	carboxysome	or	other	microcompartment	to	contain	the	

intermediate.	(Siegel	2015)	Clearly	more	work	needs	to	be	done	to	optimize	the	enzymes,	

control	regulation	and	build	biochemical	infrastructure	suggestion,	but	the	study	is	an	exciting	

proof	of	principle	for	the	formolase	pathway,	and	a	demonstration	of	the	possibilities	opened	

up	by	synthetic	enzyme	design.	No	suggestion	has	been	made	for	expressly	integrating	the	

formolase	pathway	with	light-dependent	ATP	generation,	instead	focusing	on	producing	fuels		

and	chemicals	from	one-carbon	molecules	in	E.	coli	cultures,	but	one	can	imagine	its	potential,	

far	off	though	it	may	be,	to	be	the	carbon-fixing	pathway	for	a	new	form	of	photosynthesis.	

Synthetic	enzyme	design	opens	doors	to	other	optimization	strategies,	such	as	direct	removal	

of	oxygen	or	a	more	efficient	photorespiratory	bypass.	

	



LOOKING	FORWARD	

	 Based	on	experimental	results	and	logical	predictions	made	in	the	literature,	I	have	

assembled	a	table	(Table	1.)	showing	potential	fold-improvement	in	photosynthetic	carbon	

assimilation	under	ambient	conditions.	Also	included	are	my	own	judgments,	based	on	the	

current	body	and	rate	of	research	in	each	area,	for	the	likelihood	of	successful	implementation	

in	commercial	agriculture	or	biofuel	production	by	2050	–	an	arbitrary	deadline	based	on	the	

predictions	of	population	growth	and	food	demand	made	by	the	UN,	as	mentioned	previously	

(FAO	2009).		



Table	1.	Assessment	of	photosynthetic	optimization	strategies.	
	

	

A	number	of	these	strategies	are	mutually	exclusive.	C4	and	carboxysome	both	fulfill	the	

same	function	of	concentrating	CO2	at	Rubisco,	and	combining	both	would	be	unlikely	to	show	

significant	benefit.	Because	both	minimize	photorespiration,	they	would	make	a	

photorespiratory	bypass	redundant.	The	synthetic	C4-glyoxylate	carbon	fixation	pathways	

would	make	all	of	these	redundant	because	they	do	not	rely	on	Rubisco,	although	potentially	

increased	HCO3-	concentration	at	PEPC	could	still	be	valuable.	Similarly,	introduction	of	

Engineering	
Strategy	

Proportional	
improvement	

Likelihood	of	successful	
implementation	by	
2050	

Citations	

C4	into	C3	 1.4x	 Low	 Ehleringer,	Monson	1993;	
Yang	et	al.	2015;	Schuler	et	
al.	2016	

Carboxysome	
into	C3	

1.3x	 High	 McGrath,	Long	2014;	Lin	et	
al.	2014b;	Gonzalez	et	al	
2015		

Photorespiratory	
bypass	

1.08x-1.6x	 High	 Kebeish	et	al.	2007;	Shih	et	
al.	2014;		Xin	2015	

Cyanobacterial	
Rubisco	(with	a	
conc.	
mechanism)	

1.4x	 High	 Lin	et	al.	2014a;	McGrath,	
Long	2014;	Occhialani	et	
al.	2016	

C4-glyoxylate	
cycles	

2-3x	 Very	low	 Bar-Even	et	al.	2010	

Red-shifted	
chlorophylls	

1.19x	 Moderate	 Chen,	Blankenship.	2006,	
2015;	Chen	et	al.	2011	

Truncated	light	
antenna	

1.45x	 Moderate	for	algae,	low	
for	food	

Nakijima	et	al.	2001;	Mets	
et	al.	2002;	Melis	2009	

Downstream	
Calvin	cycle	
enzyme	(SBPase)	
overexpression		

1.4x	 High	for	algae,	low	for	food	 Lefebvre	et	al.	2005;	Zhu	
et	al	2007;	McGrath,	Long	
2014	



cyanobacterial	Rubisco	or	SBPase	overexpression	are	both	only	relevant	to	organisms	that	use	

the	Calvin	cycle	rather	than	synthetic	pathways.	Alterations	to	the	light-dependent	reactions	

could	be	applied	along	with	any	of	the	other	strategies.	

	 	In	the	best-case	scenario	shown	in	Table	1,	one	of	the	C4-glyoxylate	cycles	would	be	

successfully	introduced	to	plants	or	algae,	in	combination	with	red-shifted	chlorophylls	and	

truncated	light	antenna.	A	19%	wider	spectrum	of	light	would	be	used	45%	more	efficiently	

throughout	the	culture	or	crop,	and	carbon	would	be	fixed	with	3-fold	efficiency,	potentially	

increasing	overall	photosynthetic	efficiency	approximately	5-fold.	However,	the	C4-glyoxylate	

cycles	are	completely	theoretical,	and	the	regulatory	requirements	for	their	successful	

introduction	in	vivo	are	virtually	unknown	at	this	time.	The	truncated	light	antenna	is	also	far	

from	optimization,	particularly	in	crop	plants,	where	it	would	need	to	be	specially	distributed	by	

canopy	layer	to	minimize	shading.	Red-shifted	chlorophylls	may	be	simpler	to	introduce,	but	at	

present	this	is	experimentally	untested,	so	the	potential	complications	that	could	emerge	in	35	

years	of	research	are	unknown.	

	 Based	on	current	research,	a	more	likely	scenario	would	be	the	introduction	of	the	

cyanobacterial	Rubisco	and	carboxysome	into	other	organisms,	combined	with	increased	rate	

of	RuBP	regeneration	by	overexpressing	SBPase.	Based	on	the	model	of	McGrath	and	Long,	

2014,	and	the	results	in	Lefebvre	2005,	this	could	multiply	to	a	still-impressive	approximate	2.6-

fold	photosynthetic	enhancement.	Occhialani	et	al.,	2016	has	demonstrated	successful	

assembly	of	cyanobacterial	Rubisco	in	tobacco.	Lefebvre,	et	al.	2005	demonstrates	that	

overexpression	of	SBPase	with	optimal	CO2	concentration	provides	a	40%	yield	increase	in	a	C3	

plant.	Significant	progress	is	being	made	in	assembling	the	full	carboxysome	in	chloroplasts.	(Lin	



et	al.	2014;	Gonzalez-Esquer	et	al.	2015;	Cai	et	al.	2015)	Based	on	this	data,	of	the	above	

options,	this	combination	of	strategies	seems	the	most	likely	to	be	achievable	by	2050.	

	 If	even	the	less	optimistic	of	these	scenarios	is	achieved	by	2050,	it	would	meet	the	

projected	food	production	demands.	About	50%	of	sugar	produced	by	photosynthesis	in	

current	popular	breeds	of	crops	such	as	rice,	maize	and	wheat	goes	toward	edible	fraction	–	

this	is	known	as	the	harvest	index.	(Chen	et	al.	2014)	Thus,	a	2.6-fold	increase	in	photosynthetic	

efficiency	translates	into	an	80%	increase	in	edible	yield,	outstripping	the	70%	projected	

increase	in	demand.	(FAO	2009)	These	strategies	may	be	more	effectively	implemented	in	

microalgae	than	in	crop	plants,	due	to	the	simplicity	of	algal	systems,	but	prospects	exist	to	

generate	food	commodities	from	microalgae	as	well.	(Draaisma	et	al.	2013)	

	

	

Fig.	22.	Cartoon	graph	of	change	in	fuel	costs	with	increasing	photosynthetic	efficiency.	

	 The	factors	controlling	biofuel	production	cost	are	highly	complex,	and	very	hard	to	

predict	35	years	in	advance,	but	speculatively,	increasing	photosynthetic	efficiency	could	make	

biofuels	competitive	with	fossil	fuels.	The	graph	above	plots	approximate	fuel	cost	per	gallon	as	

photosynthetic	efficiency	increases.	This	assumes	that	average	fossil	fuel	costs	hold	steady	at	



approximately	$2.00	per	gallon.	The	current	goal	of	the	U.S.	Department	of	Energy	is	to	bring	

the	price	of	algae	biodiesel,	the	most	theoretically	sustainable	and	carbon	neutral	biofuel	

option,	to	$3.00/gal	within	the	next	decade.	This	is	used	as	a	starting	point	for	biofuel	in	2050	

without	photosynthetic	alteration.	The	slope	is	determined	by	the	approximation	that	60%	of	

algal	biomass	can	be	converted	into	fuel	(Thomas,	2006).	Unlike	with	crop	yields,	even	if	

photosynthetic	efficiency	is	doubled,	biofuel	would	remain	less	than	cost-competitive	and	

therefore	not	viable.	Once	the	threshold	of	price	parity	with	fossil	fuel	is	achieved,	however,	

biofuel	could	begin	to	replace	fossil	fuels,	significantly	decreasing	the	rate	of	greenhouse	gas	

accumulation	in	the	atmosphere.	Based	on	these	approximations,	this	could	occur	with	the	

previously	described	engineering	scenarios.	While	this	model	is	highly	speculative	and	

oversimplified,	the	intent	behind	its	inclusion	here	is	to	provide	a	simple	framework	for	the	

relationship	between	biofuel	prices	and	photosynthetic	efficiency.	

	

Other	challenges.	A	potential	challenge	to	keep	in	mind	is	keeping	these	beneficial	genotypes	

stable	in	cultivated	populations.	Particularly	for	algal	cultures,	artificial	selection	is	limited	in	its	

precision	and	natural	selection	may	drive	the	engineered	constructs	back	out	of	the	population.	

One	possibility	is	the	use	of	CRISPR/Cas9	gene	drives	to	keep	selectively	unfavorable	genes	

fixed	in	populations.	These	would	be	“selfish”	gene	constructs	designed	to	increase	in	

frequency	each	generation	without	having	to	confer	a	fitness	advantage,	using	the	CRISPR/Cas9	

gene	editing	system	to	bias	their	rate	of	inheritance.	This	technology	has	been	proposed	to	be	

used	to	cull	mosquito	populations.	(Champer	et	al.	2016)		



Another	concern	that	should	not	be	taken	lightly	is	the	potential	for	transgenic	strains	to	

contaminate	natural	environments	as	invasive	species.	Ecosystem	species	balance	could	be	

disrupted	by	competitive	advantage,	with	consequences	for	biodiversity.	Risk-mitigating	

strategies	would	need	to	be	developed	before	implementing	large-scale	cultivation	of	

transgenic	organisms.	(Gressel	et	al.	2013)	

	The	success	of	production	for	agriculture	or	biofuels	is	predicated	not	just	on	the	rate	of	

carbon	uptake.	Many	other	factors,	outside	the	scope	of	this	study,	influence	the	growth	rate	of	

plants	and	algae	and	the	costs	of	their	cultivation.	Regardless	of	photosynthetic	efficiency,	the	

availability	of	water	and	nutrients	such	as	nitrogen	and	phosphorus	are	often	limiting	of	growth	

rate.	While	these	resources	can	be	abundantly	provided	on	cultivated	land,	their	costs	are	

subject	to	change	due	to	environmental	and	economic	factors.	Management,	transportation	

and	the	construction	of	infrastructure	require	additional	costs.	All	of	these	would	need	to	be	

kept	in	mind	when	assessing	the	overall	viability	of	any	agricultural	or	biofuel-producing	

project.		

	

Conclusion	

	 Global	population	is	increasing,	causing	supply	of	vital	resources	like	food	and	energy	to	

increasingly	strain	against	demand.	At	the	same	time,	climate	change	is	rapidly	changing	the	

environmental	systems	that	support	human	civilization.	Radical	solutions	will	be	needed	to	

mitigate	disaster.	Engineering	increased	photosynthetic	efficiency	into	plants	and	algae	could	

be	one	such	solution.	Based	on	the	current	body	of	research,	there	are	a	number	of	bottlenecks	

in	photosynthesis	where	yields	can	theoretically	be	improved.	Development	of	strategies	has	



seen	significant	progress	in	recent	years,	and	if	this	potential	can	be	fulfilled,	we	would	see	

massive	new	opportunities	to	better	feed	and	fuel	our	world.	
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