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A new “green revolution” is needed in world agri-
culture to increase crop yields for food and bioenergy,
because gains from conventional crop improvement
(Fischer and Edmeades, 2010) are less than world
population growth. Efforts to increase crop produc-
tivity must also consider global change. Increasing leaf
photosynthesis provides one attractive avenue to
drive increases in crop yields (Long et al., 2006; Parry
et al., 2007; Hibberd et al., 2008; Peterhansel et al.,
2008; Murchie et al., 2009; Reynolds et al., 2009). It is
timely to consider what new opportunities exist in
the current “omics” era to engineer increases in pho-
tosynthesis.

THE DEBATE: CAN ENHANCING LEAF
PHOTOSYNTHESIS INCREASE
YIELD POTENTIAL?

There has been an ongoing debate whether enhanc-
ing leaf photosynthesis can raise yield potential (as
defined by Fischer and Edmeades, 2010) given the
many steps between leaf photosynthesis and final
yield. Poor correlations between leaf photosynthetic
rates and crop yields (often comparing lines that differ
genetically in many respects), together with sugges-
tions that the crop is sink and not photosynthesis
limited, have led to the view that improving photo-
synthesis is unlikely to increase yield (Sinclair et al.,
2004). However, two lines of evidence contradict this.
First, free-air CO, enrichment studies have shown that
CO,-induced increases in leaf photosynthesis gener-
ally lead to increased crop yield. Second, C, plants
have greater rates of photosynthesis and produce
more biomass per unit of intercepted sunlight than
C; plants (Sheehy et al., 2007). Long et al. (2006)
provide an excellent debate of these issues. The po-
tential benefit from introducing dwarfing genes for the
green revolution took additional breeding and selec-
tion to increase the fraction of biomass in grain. A
similar concerted effort will be needed to capture
enhanced photosynthesis in increased growth.
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IMPROVING C, PHOTOSYNTHESIS

CO, Diffusion: Stomata, Membrane Permeabilities,
and Leaf Anatomy

Rubisco is the primary CO,-fixing enzyme, and its
kinetic properties shape C,; photosynthesis (Farquhar
et al., 1980). Rubisco is a slow catalyst for both car-
boxylase and oxygenase reactions. To reach Rubisco,
CO, has to diffuse through stomata and then through
the liquid phase to the chloroplast stroma (Fig. 1).
Under high irradiance, the drawdown in CO, concen-
tration associated with stomatal conductance is similar
to that in the liquid phase (mesophyll conductance).
Stomatal aperture varies in response to environmental
and plant signals, regulating CO, uptake and water
loss. We can predict how stomata respond to these
signals based on gas-exchange measurements. While
complex descriptions of both regulatory and develop-
mental pathways have come from studying numerous
mutants (Casson and Hetherington, 2010), we still do
not know if and how stomatal function and photosyn-
thetic capacity are coordinated. Transgenic reductions
in photosynthetic rate are independent of stomatal
conductance (Baroli et al., 2008), so it should be pos-
sible to enhance photosynthesis without altering sto-
matal function (and increase water use efficiency) or
enhance photosynthesis by increasing stomatal con-
ductance if water is not limiting. Furthermore, the
consequences on daily photosynthesis of altering the
dynamic behavior of stomata in fluctuating conditions
should be explored.

To enhance CO, diffusion, chloroplasts are spread
thinly along cell wall surfaces, and their surface area
appressing intercellular air space is up to 25 times leaf
surface area. The cell wall and membranes are the key
elements limiting CO, permeability (Evans et al.,
2009). There seems little scope for changing cell walls
to increase mesophyll conductance. On the other hand,
manipulating aquaporins may alter membrane per-
meability to CO, (Uehlein et al., 2008). This needs
confirmation, because at present membrane perme-
abilities measured in vitro are 2 orders of magnitude
below what is needed to support observed rates of CO,
assimilation. However, it opens up the possibility of
manipulating mesophyll conductance. In most cases,
it would be beneficial to increase mesophyll conduc-
tance to increase the CO, concentration at Rubisco.
Alternatively, a CO,-concentrating mechanism at the
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Figure 1. Leaf cross section showing the diffusion
path for CO, and the linkage between the light
reactions, carbon reduction, and photorespiratory
cycles. C, Chloroplast; M, mitochondrion; P, perox-
isome.

chloroplast would require a reduction to chloroplast
envelope permeability to minimize leakage (von
Caemmerer, 2003).

Improving Rubisco’s Performance

Modification of Rubisco to increase specificity for
CO, relative to oxygen would decrease photorespira-
tion and increase photosynthesis when ribulose 1,5-
bisP (RuBP) regeneration is limiting (Fig. 2, blue lines).
Increasing catalytic turnover rate would increase the
amount of CO, fixed per Rubisco protein. The pros-
pects and current challenges for improving Rubisco
and its helper enzyme Rubisco activase have been
reviewed in detail (Parry et al., 2007; Peterhansel et al.,
2008). Naturally occurring Rubiscos with better spec-
ificity have been found among the red algae, and
Rubiscos from C, species have superior catalytic turn-
over rates. Crop models predict that substantial in-
creases in canopy photosynthesis could follow from
incorporating a “better Rubisco” into C; crop species
(Long et al., 2006).

Higher plant Rubisco is a hexadecamer composed of
eight chloroplast-encoded large subunits and eight
nucleus-encoded small subunits. The inability to as-
semble Rubisco from any photosynthetic eukaryote
within Escherichia coli has hampered structure-func-
tion studies of higher plant Rubisco. Progress is being
made in understanding chaperoning action in the
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folding and assembly of hexadecameric Rubisco (Liu
etal., 2010). Although crystal structures of Rubisco are
available, the possibility of improving the kinetic
properties of Rubisco by rational design remains a
goal for the future. Meanwhile, directed evolution in E.
coli dependent on Rubisco activity is being used to
generate novel Rubiscos (Mueller-Cajar and Whitney,
2008). To manipulate Rubisco within higher plants,
chloroplast transformation systems need to be de-
veloped in more species. The creation of a master line
of tobacco (Nicotiana tabacum) expressing Rubisco
from Rhodosprillum rubrum facilitates rapid transfor-
mation of tobacco with altered Rubisco (Whitney and
Sharwood, 2008).

Photorespiration

The oxygenase reaction of Rubisco produces phos-
phoglycolate that is metabolized by the photore-
spiratory pathway. Alternative photorespiratory
pathways have been engineered that convert phos-
phoglycolate and release CO, either within the chlo-
roplast or the cytosol, resulting in plants with
enhanced growth (Peterhansel et al., 2008; Maurino
and Peterhansel, 2010). Enhanced growth may be due
to a reduced NADPH requirement, but reduced com-
pensation points indicate that chloroplast CO, was
also elevated. This fits with the observations by
Uehlein et al. (2008) that the chloroplast envelope is
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Figure 2. Illustration of leaf-level responses of CO, assimilation rate to
intercellular CO, (C)) with diurnal variation in temperature and irradi-
ance, which both peak at midday. CO, assimilation rate is Rubisco
limited at low C; (red lines), and RuBP regeneration is limited at high C,
(blue lines). A hypothetical diurnal path of leaf CO, assimilation rate
and the corresponding C; are shown in black. The impact of changing
Rubisco or RuBP regeneration capacity depends on irradiance, tem-
perature, stomatal conductance, and leaf orientation.

less permeable to CO, than the plasma membrane and
that photorespiratory and respiratory CO, bypass the
chloroplast (Fig. 1). Confocal microscopy may help
study the impact of mitochondprial location on the CO,
diffusion path.

CO,-Concentrating Mechanisms

Mechanisms that concentrate CO, at Rubisco to
increase catalytic turnover rate have evolved in cya-
nobacterial, algal, and higher plant species. Introduc-
ing CO,-concentrating mechanisms into C; species
could enhance photosynthesis (Hibberd et al., 2008;
Peterhansel et al., 2008). The C, photosynthetic path-
way in higher plants uses phosphoenolpyruvate car-
boxylase in mesophyll cells to pump CO, into bundle
sheath cells for Rubisco. It is intriguing that the C,
pathway has evolved independently many times uti-
lizing diverse anatomical and biochemical modifica-
tions. Parallel sequencing of related C; and C, species
may enable identification of genes involved in the
evolution of this photosynthetic pathway. Species with
a single-cell C, photosynthetic pathway have been
discovered, and characterization of these pathways
may help efforts to install a CO, pump (Smith et al.,
2009) or cyanobacterial bicarbonate transporters (Price
et al., 2008) into the chloroplast envelope.

RuBP Regeneration and Light Reactions

Under conditions of high CO, or low irradiance, the
rate of CO, assimilation is limited by the rate of RuBP
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regeneration, which in turn can be limited by chloro-
plast electron transport capacity or by the enzymes
involved in the regeneration of RuBP (Fig. 2). These
enzymes interact with electron transport and are redox
regulated. Several enzymes have been identified, and
overexpression of sedoheptulose-1,7-bisphosphatase
increased both photosynthetic rate and growth. This
single gene manipulation should be tested in crop
species under field conditions. The saturation charac-
teristics of overexpression of these enzymes need to be
studied, because gains from increasing Calvin cycle
activity by more than a small amount may be thwarted
by other electron transport limitations (for review, see
Raines, 2006; Peterhansel et al., 2008). A modeling
approach using an evolutionary algorithm predicted
that optimizing the distribution of resources between
enzymes of the Calvin cycle can dramatically increase
photosynthetic rates (Zhu et al., 2007). These in silico
approaches provide new ideas of how carbon metab-
olism can be manipulated to enhance photosynthesis.
The capture and conversion of light into chemical
energy is the start of photosynthesis. At low irradi-
ance, the quantum yield of the system (on an absorbed
light basis) is similar for all nonstressed C; leaves. At
high irradiance, electron transport rates reach a max-
imum, which correlates with cytochrome b.f and
ATPase contents. It was possible to increase electron
transport in Arabidopsis through the expression of
Porphyra cytochrome ¢, introducing a parallel electron
carrier between cytochrome f and PSI (see Peterhansel
et al, 2008). ATPase regulation provides feedback
control between carbon metabolism and light reac-
tions (Kiirats et al., 2009). In a future high-CO, world,
C; photosynthesis will be increasingly limited by
RuBP regeneration, and research is needed to explore
how greater amounts of cytochrome b,f and ATPase
complexes can be assembled, given that they contain
both nucleus- and chloroplast-encoded subunits.
When light exceeds that used in photochemistry,
photoprotection is activated to prevent damage. De-
creasing the time it takes for photoprotection to relax
could increase photosynthesis in fluctuating light
(Murchie et al., 2009). Light saturation is less impor-
tant for plant communities than single leaves because
light is distributed between them. However, decreas-
ing chlorophyll content would spread the light further
and could increase crop solar conversion efficiency.

NEW APPROACHES IN SYSTEMS BIOLOGY AND
MATHEMATICAL MODELING

The conceptual simplification of photosynthesis fo-
cusing on the kinetic properties of Rubisco in the
model of Farquhar et al. (1980) has proved tremen-
dously powerful in guiding our understanding of
how CO, assimilation is linked to the underlying bio-
chemistry of C,; photosynthesis (Fig. 2). Different
approaches harnessing the masses of information
emerging from transcriptomics, metabolomics, and
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fluxomics to construct system models have been
heralded (de Oliveira Dal’'Molin et al., 2010; Stitt
et al., 2010). Crop-modeling approaches are needed
that test predictions coming from new systems ap-
proaches in silico. The complex web of control means
that few single-gene changes will improve photosyn-
thesis. It will be necessary to pyramid a coordinated
series of changes to increase photosynthesis with
another series of changes to convert this through to
crop yield (Sinclair et al., 2004; Long et al., 2006). An
example is the C, rice (Oryza sativa) project (Hibberd
et al, 2008), which hopes to translate changes to
photosynthesis into improved crop yield through a
concerted team effort spanning many disciplines and
taking 10 to 20 years.

We have focused on the biochemistry of the leaf.
Understanding photosynthesis, its development, reg-
ulation, and coordination with stomatal and hydraulic
capacity provide new opportunities for enhancing leaf
photosynthesis. The next challenge is to translate it
into increased growth.
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