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a European consortium

Our consortium so far Europe - the EU and its usual partners - 
has many of the World’s best 
photosynthesis researchers. 

Europe is a centre of expertise.

Currently we have 49 members from 
17 EU member states and associated 

countries: 
this will grow.
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what we need to do

Research for a second Green Revolution

We now must start to improve crops 
by improving plant properties, or 
traits, that are complex and difficult
to ameliorate. 

The key, unexploited 
trait is photosynthesis

Photosynthesis is the engine of 
plant growth. To improve crop yield 
we must in one way or another 
improve crop photosynthetic 
performance. 

What we need is a second Green Revolution 
A broad-based plant sciences initiative to revolutionise our understanding and improvement of photosynthesis 
for crop production. This will require unprecedented funding of plant sciences and it will take decades to accomplish.

The clock is ticking, and we will have to act fast to secure the future supply of food to meet the needs of a growing 
global population under the threat of deteriorating climate conditions.

We can improve the crop photosynthetic 
performance by:
• Improving the peak efficiency of the process
• Using its tolerance to stress and its resource 
 use efficiency

Fulfilling these goals will let us push forward 
to increase crop yields by increasing:
• Light absorption
• Conversion efficiency

We have the tools to do what was impossible 
in the past, so we can:
• Unravel the limitations that diminish 
 the photosynthetic light-use efficiency of crops
• Identify the genetic factors that give rise to these problems
• Fix the problem by plant breeding or even GM 

genetics              modelling    
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99% of our food 
originates directly or 
indirectly from plants

The growth, yield and productivity of (crop) 
plants depend primarily on light, which 
drives the process of photosynthesis.

Photosynthesis is a complex process that 
uses light energy to convert carbon dioxide 
into sugars, which are the basic raw material 
and energy source for plant growth.

Despite the fact that photosynthesis is 
a complex process, the overall relationship 
between the amount of light absorbed by 
a crop and its productivity is a brutally 
simple straight line.

We can improve yield by increasing the 
amount of light absorbed by a crop, for 
example by prolonging the growing season, 
or we can increase the efficiency with which 
light is converted to crop mass and yield.

Until now, plant breeders have exploited 
only much of the readily accessible diversity 
in plant properties to increase yield. 
 

Food, crops, light and photosynthesis
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Photosynthesis

Improving the yield of crops by increasing 
the amount of light absorbed by the crop, 
increasing the efficiency of the crop, or both. 

In light blue the reference light/productivity 
line is given while dark blue shows this line 
for notional, improved crops.

Crops can be improved by:
• increasing the efficiency with which absorbed 
  light energy is converted to crop mass and yield
• increasing the amount of light absorbed 

amount of light absorbed by the crop
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Crop plants and yields

During the Green Revolution the yields 
of crop plants increased strongly 
year-on-year, but this increase has 
diminished and even ceased for many 
crops in many key production areas.
These stagnating yields are at odds 
with increasing crop productivity. 
 
But we can do much better. For example 
in the Netherlands, theoretically we could 
get 22 tonnes per ha. 1960         1980         2000         2020

current
wheat yield

8.5 tonnes per ha
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theoretical 
wheat yield

22 tonnes per ha
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Securing the future

Our food and feedstock may run out

We will need to grow 
more food on less land

Today

Food at the moment remains cheap. 
Cheap food removes the political urgency, 
but the science that will solve the problem 
of increased food demand (it is solvable) 
will not be completed in just a few years. 

To develop solutions that will avert the 
impending mismatch between food supply 
and demand takes decades to fully implement. 

It takes about ten years to bring a new 
plant variety to market. So, if we are to 
develop the solutions to meet tomorrow's 
challenges we will need to start today. 

Action is needed

Increased 
population

2015

 

billion

 

2040

Less agricultural land 
due to urbanisation

Increased demand 
for food per capita

Land use for non-food purposes

Environmental problems 
due to climate change
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if we grow this 
much today

we will need to grow 
this much by 2050 
and grow it better - 
more efficiently and 

sustainably

our goal: sustainable food security for Europe and beyond, and 
providing a foundation for the green economy
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how we want to do it - better photosynthesis
photosynthesis is the driving 

force for agriculture  

it is an underachiever 

it will be improved and 
become the engine for a 
doubling of crop yields 

it will be a route to a more 
sustainable agriculture 

it will allow sequestration of 
CO2
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Crop leaves in full sunlight dissipate damaging excess absorbed light energy as heat.
When sunlit leaves are shaded by clouds or other leaves, this protective dissipation
continues for many minutes and reduces photosynthesis. Calculations have shown
that this could cost field crops up to 20% of their potential yield. Here, we describe
the bioengineering of an accelerated response to natural shading events in Nicotiana
(tobacco), resulting in increased leaf carbon dioxide uptake and plant dry matter
productivity by about 15% in fluctuating light. Because the photoprotective mechanism
that has been altered is common to all flowering plants and crops, the findings
provide proof of concept for a route to obtaining a sustainable increase in productivity
for food crops and a much-needed yield jump.

A
ccording to detailed forecasts of future glo-
bal food demand, current rates of increase
in crop yields per hectare of land are in-
adequate. Prior model predictions have
suggested that the efficiency of the photo-

synthetic process and thereby crop yield could
be improved (1). Here, we show improvement
of photosynthetic efficiency and crop productivity
through genetic manipulation of photoprotection.
Light in plant canopies is very dynamic, and

leaves routinely experience sharp fluctuations
in levels of absorbed irradiance. When light in-
tensity is too high or increases too fast for pho-
tochemistry to use the absorbed energy, several
photoprotective mechanisms are induced to pro-
tect the photosynthetic antenna complexes from
overexcitation (2). Excess excitation energy in

the photosystem II (PSII) antenna complex can be
harmlessly dissipated as heat, which is observable
as a process named nonphotochemical quenching
of chlorophyll fluorescence (NPQ) (3). Changes
in NPQ can be fast but are not instantaneous and
therefore lag behind fluctuations in absorbed
irradiance. In particular, the rate of NPQ relax-
ation is slower than the rate of induction, and
this asymmetry is exacerbated by prolonged or
repeated exposure to excessive light conditions
(4). This slow rate of recovery of PSII antennae
from the quenched to the unquenched state im-
plies that the photosynthetic quantum yield of
CO2 fixation is transiently depressed by NPQ
upon a transition from high to low light inten-
sity (Fig. 1). When this hypothesis was tested in
model simulations and integrated for a crop
canopy over a diurnal course, corresponding losses
of CO2 fixation were estimated to range between
7.5 and 30% (5–7). On the basis of these com-
putations, increasing the relaxation rate of NPQ
appeared to be a very promising strategy for im-
proving crop photosynthetic efficiency and in
turn yield (8).
Although the exact NPQ quenching site and

nature of the quenching mechanisms involved
are still debated (9), it is clear that for NPQ to
occur, PSII-associated antennae need to undergo
a conformational change to the quenched state,
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model simulations and integrated for a crop
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Abstract
Over the next 40 years it has been estimated that a 50% increase in the yield of grain crops such as wheat and rice will 
be required to meet the food and fuel demands of the increasing world population. Transgenic tobacco plants have 
been generated with altered combinations of sedoheptulose-1,7-bisphosphatase, fructose-1,6-bisphosphate aldo-
lase, and the cyanobacterial putative-inorganic carbon transporter B, ictB, of which have all been identified as targets 
to improve photosynthesis based on empirical studies. It is shown here that increasing the levels of the three pro-
teins individually significantly increases the rate of photosynthetic carbon assimilation, leaf area, and biomass yield. 
Furthermore, the daily integrated measurements of photosynthesis showed that mature plants fixed between 12–19% 
more CO2 than the equivalent wild-type plants. Further enhancement of photosynthesis and yield was observed when 
sedoheptulose-1,7-bisphosphatase, fructose-1,6-bisphosphate aldolase, and ictB were over-expressed together in 
the same plant. These results demonstrate the potential for the manipulation of photosynthesis, using multigene-
stacking approaches, to increase crop yields.

Key words: Biomass, Calvin–Benson cycle, chlorophyll fluorescence imaging, gas exchange, gene stacking.

Introduction
Increasing demands of  the growing world population for 
food and fuel are putting ever greater pressure on the need to 
develop higher-yielding crop varieties. It has been estimated 
that increases of  50% will be required in the yield of  grain 
crops such as wheat and rice if  food supply is to meet the 
demands of  the increasing world population (Fischer and 
Edmeades, 2010). The maximum yield of  a crop is deter-
mined by the yield potential, which is the biomass produced 
per unit area of  land over the growing season under optimal 
conditions and is influenced by genetic factors and agro-
nomic practice. The primary determinant of  crop yield is the 
cumulative rate of  photosynthesis over the growing season 

which is the result of  the crop’s ability to capture light, the 
efficiency by which this light is converted to biomass, and 
how much biomass is converted into the usable product, for 
example, grain in the case of  wheat and rice. Traditional 
breeding and agronomic approaches have maximized light 
capture and the conversion of  biomass to end-products and, 
therefore, in order to increase yield, the efficiency of  energy 
conversion will have to be improved (Zhu et  al., 2010). In 
plants that fix atmospheric CO2 using the Calvin–Benson 
(C3) cycle enzyme, ribulose-1,5-bisphosphate carboxylase, 
the theoretical maximum energy conversion efficiency attain-
able is 4.6%, but, in the field, efficiencies of  less than 50% of 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author 2015. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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Over-expressing the C3 photosynthesis cycle
enzyme Sedoheptulose-1-7 Bisphosphatase
improves photosynthetic carbon gain and yield
under fully open air CO2 fumigation (FACE)
David M Rosenthal1, Anna M Locke2, Mahdi Khozaei3, Christine A Raines4, Stephen P Long5 and Donald R Ort6*

Abstract

Background: Biochemical models predict that photosynthesis in C3 plants is most frequently limited by the slower
of two processes, the maximum capacity of the enzyme Rubisco to carboxylate RuBP (Vc,max), or the regeneration
of RuBP via electron transport (J). At current atmospheric [CO2] levels Rubisco is not saturated; consequently,
elevating [CO2] increases the velocity of carboxylation and inhibits the competing oxygenation reaction which is
also catalyzed by Rubisco. In the future, leaf photosynthesis (A) should be increasingly limited by RuBP
regeneration, as [CO2] is predicted to exceed 550 ppm by 2050. The C3 cycle enzyme sedoheptulose-1,7
bisphosphatase (SBPase, EC 3.1.3.17) has been shown to exert strong metabolic control over RuBP regeneration at
light saturation.

Results: We tested the hypothesis that tobacco transformed to overexpressing SBPase will exhibit greater
stimulation of A than wild type (WT) tobacco when grown under field conditions at elevated [CO2] (585 ppm)
under fully open air fumigation. Growth under elevated [CO2] stimulated instantaneous A and the diurnal
photosynthetic integral (A’) more in transformants than WT. There was evidence of photosynthetic acclimation to
elevated [CO2] via downregulation of Vc,max in both WT and transformants. Nevertheless, greater carbon
assimilation and electron transport rates (J and Jmax) for transformants led to greater yield increases than WT at
elevated [CO2] compared to ambient grown plants.

Conclusion: These results provide proof of concept that increasing content and activity of a single photosynthesis
enzyme can enhance carbon assimilation and yield of C3 crops grown at [CO2] expected by the middle of the 21st
century.

Keywords: climate change, photosynthetic carbon reduction cycle, C3 plants, RuBP regeneration, electron trans-
port, improving photosynthesis

Background
Biochemical models of C3 photosynthesis (A) predict
that A is limited by the slowest of three processes: the
maximum carboxylation capacity of the enzyme Rubisco
(Vc,max), the regeneration of Ribulose-5-phosphate
(RuBP) via whole chain electron transport (J or Jmax), or

the inorganic phosphate release from the utilization of
triose phosphates (TPU or Pi limited) [1,2]. At current
atmospheric [CO2], and under non stressed conditions,
light saturated A operates at the transition between
Rubisco and RuBP regeneration limitation. Globally,
[CO2] is expected to increase from current levels of 390
ppm [3] to over 550 ppm by the middle of this century
[4,5]. Elevating [CO2] stimulates C3 photosynthesis by
increasing the substrate for carboxylation, CO2, and by
reducing photorespiration [6,7]. Therefore, as atmo-
spheric carbon dioxide concentration increases, the

* Correspondence: d-ort@uiuc.edu
6Global Change and Photosynthesis Research Unit, United States
Department of Agriculture, Institute for Genomic Biology, 1206 West Gregory
Drive, Urbana, IL, 61801, USA; Department of Plant Biology and Crop
Sciences, University of Illinois, Urbana, IL, 61801, USA
Full list of author information is available at the end of the article

Rosenthal et al. BMC Plant Biology 2011, 11:123
http://www.biomedcentral.com/1471-2229/11/123

© 2011 Rosenthal et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

12% dry weight increase at 
ambient CO2 conditions

15 - 20% yield  
increase
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it will be done somewhere - WE WANT IT TO BE HERE!

Research for a second Green Revolution

We now must start to improve crops 
by improving plant properties, or 
traits, that are complex and difficult
to ameliorate. 

The key, unexploited 
trait is photosynthesis

Photosynthesis is the engine of 
plant growth. To improve crop yield 
we must in one way or another 
improve crop photosynthetic 
performance. 

What we need is a second Green Revolution 
A broad-based plant sciences initiative to revolutionise our understanding and improvement of photosynthesis 
for crop production. This will require unprecedented funding of plant sciences and it will take decades to accomplish.

The clock is ticking, and we will have to act fast to secure the future supply of food to meet the needs of a growing 
global population under the threat of deteriorating climate conditions.

We can improve the crop photosynthetic 
performance by:
• Improving the peak efficiency of the process
• Using its tolerance to stress and its resource 
 use efficiency

Fulfilling these goals will let us push forward 
to increase crop yields by increasing:
• Light absorption
• Conversion efficiency

We have the tools to do what was impossible 
in the past, so we can:
• Unravel the limitations that diminish 
 the photosynthetic light-use efficiency of crops
• Identify the genetic factors that give rise to these problems
• Fix the problem by plant breeding or even GM 

genetics              modelling    
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99% of our food 
originates directly or 
indirectly from plants

The growth, yield and productivity of (crop) 
plants depend primarily on light, which 
drives the process of photosynthesis.

Photosynthesis is a complex process that 
uses light energy to convert carbon dioxide 
into sugars, which are the basic raw material 
and energy source for plant growth.

Despite the fact that photosynthesis is 
a complex process, the overall relationship 
between the amount of light absorbed by 
a crop and its productivity is a brutally 
simple straight line.

We can improve yield by increasing the 
amount of light absorbed by a crop, for 
example by prolonging the growing season, 
or we can increase the efficiency with which 
light is converted to crop mass and yield.

Until now, plant breeders have exploited 
only much of the readily accessible diversity 
in plant properties to increase yield. 
 

Food, crops, light and photosynthesis
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Photosynthesis

Improving the yield of crops by increasing 
the amount of light absorbed by the crop, 
increasing the efficiency of the crop, or both. 

In light blue the reference light/productivity 
line is given while dark blue shows this line 
for notional, improved crops.

Crops can be improved by:
• increasing the efficiency with which absorbed 
  light energy is converted to crop mass and yield
• increasing the amount of light absorbed 

amount of light absorbed by the crop
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Crop plants and yields

During the Green Revolution the yields 
of crop plants increased strongly 
year-on-year, but this increase has 
diminished and even ceased for many 
crops in many key production areas.
These stagnating yields are at odds 
with increasing crop productivity. 
 
But we can do much better. For example 
in the Netherlands, theoretically we could 
get 22 tonnes per ha. 1960         1980         2000         2020

current
wheat yield

8.5 tonnes per ha
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Securing the future

Our food and feedstock may run out

We will need to grow 
more food on less land

Today

Food at the moment remains cheap. 
Cheap food removes the political urgency, 
but the science that will solve the problem 
of increased food demand (it is solvable) 
will not be completed in just a few years. 

To develop solutions that will avert the 
impending mismatch between food supply 
and demand takes decades to fully implement. 

It takes about ten years to bring a new 
plant variety to market. So, if we are to 
develop the solutions to meet tomorrow's 
challenges we will need to start today. 

Action is needed

Increased 
population

2015

 

billion

 

2040

Less agricultural land 
due to urbanisation

Increased demand 
for food per capita

Land use for non-food purposes

Environmental problems 
due to climate change
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how we will do it - more crunchy…..

10–17 10–13 10–9 10–5 10–1 103 107
10–12

10–10

10–8

10–6

10–4

10–2

100

time range over which process occurs/s

m
in

im
um

 p
hy

si
ca

l s
ca

le
 fo

r 
pr

oc
es

s/
m

increasing 
complexity

approximate time scale of processes/s
we are grateful to Jon Neild, 
IRRI, Wikipedia and David 
Logan for providing images 
used in this illustration

photosynthesis is a deep process 

it includes processes from the 
quantum mechanical nanoscale to 

the development of leaves and 
canopies 

this makes it complicated BUT also 
means that there are many levels at 

which it can be improved 
we have the talent to do this
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how good can it get - the light response trait
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photosynthesis has many associated traits



the key deliverable - genetic toolkits
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GENETIC 
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companies 
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molecular 'omics scale
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themes and priorities

improvements need to be realised at the field level - expand the trait space

crop models: 
C3 monocots: barley/wheat, rice? 
non-legume C3 dicots: potato, brassica 
legume C3 dicot: pea, soya? 
C4 monocot: maize, sorghum?

photosynthesis is the driving force for improved performance, but need to 
remember the trait convergence problem

make good use of naturally occurring biodiversity

biological innovation: link photosynthetic physiology with genetics

increase carbon gain by crops
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some of the benefits
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• Improving the peak efficiency of the process
• Using its tolerance to stress and its resource 
 use efficiency

Fulfilling these goals will let us push forward 
to increase crop yields by increasing:
• Light absorption
• Conversion efficiency

We have the tools to do what was impossible 
in the past, so we can:
• Unravel the limitations that diminish 
 the photosynthetic light-use efficiency of crops
• Identify the genetic factors that give rise to these problems
• Fix the problem by plant breeding or even GM 
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99% of our food 
originates directly or 
indirectly from plants

The growth, yield and productivity of (crop) 
plants depend primarily on light, which 
drives the process of photosynthesis.

Photosynthesis is a complex process that 
uses light energy to convert carbon dioxide 
into sugars, which are the basic raw material 
and energy source for plant growth.

Despite the fact that photosynthesis is 
a complex process, the overall relationship 
between the amount of light absorbed by 
a crop and its productivity is a brutally 
simple straight line.

We can improve yield by increasing the 
amount of light absorbed by a crop, for 
example by prolonging the growing season, 
or we can increase the efficiency with which 
light is converted to crop mass and yield.

Until now, plant breeders have exploited 
only much of the readily accessible diversity 
in plant properties to increase yield. 
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Crop plants and yields

During the Green Revolution the yields 
of crop plants increased strongly 
year-on-year, but this increase has 
diminished and even ceased for many 
crops in many key production areas.
These stagnating yields are at odds 
with increasing crop productivity. 
 
But we can do much better. For example 
in the Netherlands, theoretically we could 
get 22 tonnes per ha. 1960         1980         2000         2020
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Securing the future

Our food and feedstock may run out

We will need to grow 
more food on less land

Today

Food at the moment remains cheap. 
Cheap food removes the political urgency, 
but the science that will solve the problem 
of increased food demand (it is solvable) 
will not be completed in just a few years. 

To develop solutions that will avert the 
impending mismatch between food supply 
and demand takes decades to fully implement. 

It takes about ten years to bring a new 
plant variety to market. So, if we are to 
develop the solutions to meet tomorrow's 
challenges we will need to start today. 

Action is needed

Increased 
population

2015

 

billion

 

2040

Less agricultural land 
due to urbanisation

Increased demand 
for food per capita

Land use for non-food purposes

Environmental problems 
due to climate change
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For food and feedstocks
Photosynthesis
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For food and feedstocks
Photosynthesis

CO
2

ORGANIC CARBON ADDED TO SOIL, 
sequestering atmospheric CO

2
 and improving soil quality 

resulting in better water and nutrient use efficiency

MORE ALLOCATION TO ROOTS - N
2
 fixation, 

bigger root system (better water and nutrient use efficiency)

FOOD for people 
and animals

RAW MATERIALS 
for the non-food 
bioeconomy

PHOTOSYNTHESIS 2.0

Plant Power  
for the Future

A Proposal


