
Plant biologist Krishna Niyogi opens the 
doors of growing cabinets in his lab at the 
University of California, Berkeley, reveal-

ing rows of tobacco and Arabidopsis plants. 
Under the warm solar lamps, vibrant green 
algae thrives in rotating flasks and streaked on 
petri dishes. For the past 20 years or so, Niyogi 
has been using these plants to study photosyn-
thesis, mutating one gene at a time to uncover 
the molecular mechanisms behind plants’ 
responses to shifting light levels.

The green world inside the cabinets may 
seem distant from the reality of growing maize 
(corn) in Iowa or rice in Cambodia, but think 
again. Last November, Niyogi and his col-
leagues showed that engineering photosyn-
thesis can improve crop yields in field-grown 
tobacco plants (Nicotiana tabacum). The 
researchers are now translating their modifi-
cations to food crops.

Mindful of the growing global population, 
non-profit organizations and governments 
around the world are investing in research to 
optimize photosynthesis in the hope of improv-
ing the yield of crops such as rice, wheat and 
cowpeas. “Photosynthesis is a bit of an undera-
chiever,” says Jeremy Harbinson, a plant scientist 
at Wageningen University in the Netherlands. 
Photosynthesis is inefficient and, despite it 
being one of the best understood processes in 
plants, it hasn’t been exploited by agronomists 
to boost crop production, Harbinson explains. 
While researchers, such as Niyogi, are engineer-
ing plants to use sunlight more efficiently, others 
are working to improve the reactions that cap-
ture carbon dioxide or, even more ambitiously, 
reinvent a plant’s metabolism and anatomy.

ROOM TO GROW
During the middle of the last century, amid 
warnings of famines, scientists made a con-
certed effort to modernize agriculture. As 
part of the green revolution, agronomists used 
conventional breeding techniques to improve 
yields, producing plants with shorter stalks, for 
example, that focus their energy on making 
more seeds instead. They also encouraged the 
use of fertilization, irrigation and pest-control 
methods. These advances meant global pro-
duction of wheat, rice and maize doubled from 
around 1 billion tonnes of grain in 1960 to 2 
billion tonnes in 2000. A food-supply crisis 
was averted.

The prospect of world hunger looms again, 
however. To feed 2050’s expected population 
of 9.7 billion people, the Food and Agriculture 
Organization (FAO) of the United Nations 
estimates that global agricultural production 
will have to rise by about 50%, and double in 
developing countries, assuming levels of food 
loss and waste do not change. 

But the techniques that have increased yields 
since the 1960s may have hit a ceiling. In wheat 
and rice in particular, plant biologists are seeing 
limited improvements. “We’ve been living off 
those gains for 50 years,” says Robert Furbank, 

B I O E N G I N E E R I N G

Solar upgrade
Plant scientists are redesigning photosynthesis to improve 
crop yields and feed a growing population.

B Y  K A T H E R I N E  B O U R Z A C

Modified tobacco is tested to see how well it photosynthesizes under different levels of light.  
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director of the Australian Research Council 
Centre of Excellence for Translational Photo-
synthesis in Acton. “We have to look at radical 
solutions.” Reducing food loss and waste (see 
page S6), and making more-sustainable dietary 
choices (see page S18) will help. But increasing 
the potential yield of crops to produce more 
food without using extra land, water or fertilizer 
would be a powerful boost to ensuring people 
have access to enough food. The hope is that 
with genetic modification of photosynthesis we 
will enter a new era of yield improvements.

CATCHING THE SUN
Photosynthesis is the chain of metabolic reac-
tions through which plants convert energy from 
the Sun, CO2 and water into the molecules they 
need. The process converts only about 5% of 
the energy that plants receive into biomass. 
“You would think a billion years of evolution 
would have optimized photosynthesis by now,” 
says Niyogi, but things aren’t so simple. For 
one thing, cultivated crops face different lim-
iting factors to wild plants. “In nature, plants 
are usually limited by drought stress, nutri-
ents and pathogens,” 
he says. But modern 
farming methods and 
tools such as irrigation, 
fertilizer and pesticides 
have lessened these 
challenges, affording 
cultivated crops the 
luxury of bumping up 
against the inefficien-
cies of light absorption.

Niyogi’s research centres on a fundamental 
process called photoprotection. High levels of 
sunlight can damage plant cells, so to protect 
themselves they make pigments that temporar-
ily deflect excess energy when sunlight is too 
bright — a botanical sunscreen. When the light 
levels shift, perhaps because of the movement 
of leaves that shade others or a change in cloud 
cover, plant cells ramp photosynthesis back up 
— but it takes a few minutes. In densely planted 

crops, where a canopy of leaves creates dynamic 
patterns of light and shade, a lot of productive 
time is lost to this photoprotection lag.

Niyogi’s research focuses on a photoprotec-
tion mechanism called non-photochemical 
quenching (NPQ), which reduces yield by an 
estimated 20%. His group has had promising 
results from the upregulation of three genes 
in tobacco involved in two forms of NPQ that 
include the protective pigment zeaxanthin. But 
positive results in the lab are no guarantee of 
success in a field crop. It can be difficult to get 
plants to stably express new genes over multiple 
generations. And of course, field conditions can 
vary widely from the controlled environment 
inside growth cabinets.

Niyogi’s team is part of a multi-institution 
project — called Realizing Increased Photosyn-
thetic Efficiency (RIPE) — to increase the yield 
of food crops in developing countries through 
photosynthesis. As part of the programme, the 
Berkeley researchers worked with plant biolo-
gist Stephen Long, who directs the wider RIPE 
project, and his team at the University of Illi-
nois at Urbana–Champaign to do field tests of 
the engineered light-handling mechanism in 
tobacco. Tobacco is a good model for studying 
photoprotection because it has a dense canopy 
of leaves, like maize. 

RIPE’s computer models, which simulate the 
reactions of photosynthesis, predicted a 20% 
improvement in yield for tobacco plants with 
genetically altered NPQ pathways. That’s a big 
change — an improvement of just a few per 
cent achieved without upping the pressure on 
land, water or fertilizer would make a signifi-
cant difference to farmers. Because this kind 
of research can be difficult to translate to field 
trials, when the researchers measured the dry 
weight, and saw the tobacco yield had been 
boosted by 15%1, they were delighted. “Yes! 
We got more!” Long says. 

They are now planning to test whether the 
photoprotection boost works in cowpea (Vigna 
unguiculata), a major source of protein in sub-
Saharan Africa, in partnership with researchers 

at the Commonwealth Scientific and Industrial 
Research Organisation in Australia and cowpea 
breeders in West Africa. And in Illinois, the 
researchers are translating the work to rice.

Tinkering with photoprotection is not the 
only way to improve plants’ use of light energy. 
Anastasios Melis, a plant biologist at the Uni-
versity of California, Berkeley, is working on 
reducing the amount of the pigment chloro-
phyll inside chloroplasts, plants’ photosyn-
thetic organelles. Melis knows that this sounds 
counter-intuitive. But consider the way in which 
a canopy of densely planted crops shades many 
of the leaves below, he says. More-transparent 
leaves with less chlorophyll will allow more light 
to pass through to lower leaves — improving the 
productivity of the plant as a whole.

Researchers are also studying the infrared-
absorbing chlorophylls made by some types 
of photosynthetic cyanobacteria2. Infrared 
radiation is normally considered to be outside 
the range that can be used by plants for photo-
synthesis. If scientists can map out the details 
of how bacterial chlorophylls are produced, 
and integrate them into crops, the number of 
available photons could increase by about 19%, 
allowing the modified plants to capture more 
solar energy. “We cannot change the intensity of 
the sunlight,” says Melis. “We just have to make 
better use of it.”

CARBON FIX
The solar energy that plants capture is used 
to make chemical energy inside the cell. This 
is then used to fix CO2 and make sugars. This 
second stage, called the Calvin cycle, could also 
be made more efficient.

Rubisco is one of the most important 
enzymes in the Calvin cycle, but the CO2 fixing 
enzyme is prone to errors. “Every fourth turno-
ver, it fixes an oxygen molecule instead of CO2,” 
explains Donald Ort, a plant biologist for the US 
Department of Agriculture who is based at the 
University of Illinois at Urbana–Champaign. 
This chemical error, known as photorespiration, 
generates a toxic compound called glycolate that 
plants must break down.

When photosynthetic cells first evolved, there 
was very little oxygen in the atmosphere, so the 
fact that rubisco couldn’t always distinguish 
oxygen from CO2 wasn’t a problem. Research-
ers think that by the time oxygen levels were 
high enough to be a problem, the enzyme was 
too established and complex to be improved 
through evolution. Instead, plants make rubisco 
in large quantities so there is always enough to 
fix the CO2 needed. The enzyme is thought to 
be the most abundant on Earth. 

Although higher levels of CO2 in the atmos-
phere boost photosynthesis, human activities 
that increase the level of CO2 will not improve 
rubisco’s odds. The enzyme makes more mis-
takes at higher temperatures, and plant scien-
tists expect that photorespiration will increase 
as a result of rising global temperatures — to the 
detriment of crop yields.

“We cannot 
change the 
intensity of 
the sunlight. 
We just have 
to make better 
use of it.” 

SHAPE OF THINGS 
TO COME 
The leaf of a C4 plant 
such as maize (corn) 
contains structural 
features not seen in C3 
crops such as rice. In 
C4 leaves, mesophyll 
cells radiate out around 
bundle sheath cells 
like spokes on a wheel, 
whereas in C3 leaves 
they are stacked on top 
of one another in a flat 
arrangement. And the 
vascular bundles of C4 
leaves are spaced more 
closely than in C3 leaves.

Vascular 
tissue

Mesophyll cells
encircle and 
radiate out 
from bundle 
sheath cells

Bundle sheath cells
surround vascular tissue; 
in C4 plants, these cells 
are also packed with 
chloroplasts

Narrow vein 
spacing
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For many years, researchers were uncertain 
whether there was much variation in rubisco, 
says Elizabete Carmo-Silva, a plant scientist at 
Lancaster University, UK. But improvements in 
technology that allows photosynthetic pheno-
types to be measured in the field have shown 
that this isn’t true. 

Carmo-Silva’s group is studying rubisco and 
rubisco activase (which helps restore the car-
bon-fixing enzyme after it makes a mistake) in 
wheat strains. The work is ongoing, but the team 
has already found variants of these enzymes that 
recover more quickly than typical rubisco after 
fixing oxygen. These variants could be bred into 
the germplasm, the genetic material that’s used 
to develop seeds, she says (see page S8).

Ort is focused on streamlining the reactions 
that plants use to break down glycolate. These 
type of reactions use a lot of energy and require 
chemical intermediates to be shuttled between 
chloroplasts, mitochondria and organelles 
called peroxisomes. “This lowers the efficiency 
of photosynthesis by about 30 or 40% — it’s 
huge,” says Ort.

Organisms, such as the bacterium Escherichia 
coli, have more-efficient reaction pathways for 
metabolizing glycolate than the complex path-
ways that evolved in plants. When researchers 
tried to introduce this bacterial mechanism into 
Arabidopsis, they found that photosynthesis was 
boosted only modestly3. Ort suspects that this is 
because plant cells were still shipping glycolate 
out of the chloroplast even with the introduc-
tion of the improved chemical pathway. Ort has 
developed tobacco plants with chloroplasts that 
lack glycolate transporters, and so are forced to 
metabolize the compound in that organelle 
using the more-efficient pathway. Preliminary 
results suggest that these plants had a 20–30% 
increase in biomass. Before submitting the work 
for publication, Ort plans to replicate the results 
in a second field experiment this year.

REBUILDING RICE
Although plants haven’t developed an alterna-
tive to rubisco, a more-efficient form of photo-
synthesis has independently evolved more than 
60 times. C4 photosynthesis, in which the first 
step involves producing a four-carbon com-
pound instead of a three-carbon one, is about 
50% more efficient than the C3 process because 

it uses a more-effective enzyme to capture CO2. 
This is especially true for plants living in dry, hot 
conditions, says Jane Langdale, a plant biologist 
at the University of Oxford, UK.

Langdale is part of the C4 Rice Project, which 
aims to transform rice from a C3 into a C4 plant. 
The project was conceived in 1999 by John 
Sheehy, a plant physiologist at the International 
Rice Research Institute (IRRI) in Los Baños, 
Philippines, and the project’s scientists would 
be the first to admit that their goal is ambitious. 
To make rice into a C4 plant, researchers must 
endow it not only with new metabolic networks, 
but also with a new anatomy.

During the initial phases of the project, sci-
entists focused on finding the genes responsible 
for C4 metabolism. They then added these genes 
to a strain of rice one at a time. In the modified 
rice, only about 5% of CO2 enters the more-
efficient C4 pathway, says plant biologist Paul 
Quick at the IRRI, who led this phase of work. 
“We won’t be able to get the benefit of the C4 
pathway until we have the anatomy,” he says. 
Understanding how to build the leaf anatomy 
is the current phase of the project.

Photosynthetic cells in the leaves of C4 plants are 
arranged around the veins in a circular pattern 
called Kranz anatomy (see ‘Shape of things to 
come’). Instead of using rubisco, mesophyll cells 
use the enzyme phosphoenolpyruvate 
carboxylase, which doesn’t bind oxygen, to 
capture CO2 in a four-carbon compound. The 
compound is then shuttled into a second type of cell, 
called a bundle sheath cell, where it is converted 
back to CO2 and fixed by rubisco. The CO2 
concentration is much higher in C4 bundle sheath 
cells, and so the rate of photorespiration is much 
lower. Despite the additional con-version steps and 
the need to move compounds between cells, this 
process is more efficient than C3 photosynthesis.

To build Kranz anatomy into rice leaves, 
plant biologists need a developmental map. 
They don’t know what sets a plant cell on the 
path to becoming part of a vein, a mesophyll 
or bundle sheath cell, and they don’t know how 
these cells form the spatial patterns typical of 
C4 plants. Langdale has been studying 
development in maize, because it’s one of 
only a few plants with both C3 leaves (the 
blades around the corn cob) and C4 leaves (all 
the rest). By examining the 

differences in gene-expression patterns between 
these leaf types, Langdale has found about 280 
genes that seem to be involved in the formation 
of this Kranz anatomy. After whittling down the 
list to 70, based on function, her group “took 
each gene and put it into rice with a promoter 
to switch it on all the time”, she explains. Not all 
of the genes seemed to have an effect. Langdale 
is now doing further studies of ten or so of the 
genes that seem the most promising. 

Genetic engineering has advanced substan-
tially since the C4 Rice Project started. Research-
ers used to have to transform rice one gene at 
a time, now they can do two or three genes at 
once. Eventually, they expect to be able to build 
a C4 shuttle — a set of genes required for C4 
photosynthesis that can be inserted into various 
plants in one go. But first they must work out 
what changes to make. Langdale estimates that, 
realistically, C4 rice won’t make an appearance 
in farmers’ fields until at least 2039.

In the past, improving yields through pho-
tosynthetic interventions was not a practical 
research focus — these were “intellectual ques-
tions”, says Christine Raines, a plant scientist 
at the University of Essex in Colchester, UK. 
Now the idea is in vogue, and researchers have 
the funding to test their ideas. “We will begin 
to see a lot of papers coming out in the next 
18 months,” she says.

But significant challenges lie ahead. “Organ-
isms resist attempts to reprogram them,” says 
Melis, and these projects seek to alter the very 
heart of a plant’s chemistry. Before they can 
make such unprecedented changes, scientists 
will need, for example, to better understand how 
resources such as sugars and lipids are routed to 
certain places in plant cells.

Although this will be difficult, many plant 
biologists think that engineering photosynthe-
sis could be the best hope for feeding a grow-
ing population and combating food insecurity. 
“Photosynthesis is the last big unexplored route 
to improving yields,” says Harbinson. ■

Katherine Bourzac is a freelance journalist 
in San Francisco, California.
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Plants grown in low CO2 chambers at the International Rice Research Institute in Los Baños, Philippines.   
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