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ABSTRACT

Rubisco catalyses the carboxylation of ribulose-1,5-
bisphosphate (RuBP), enabling net CO2 assimilation in
photosynthesis. The properties and regulation of Rubisco are
not optimal for biomass production in current and projected
future environments. Rubisco is relatively inefficient, and
large amounts of the enzyme are needed to support photo-
synthesis, requiring large investments in nitrogen. The com-
peting oxygenation of RuBP by Rubisco decreases
photosynthetic efficiency. Additionally, Rubisco is inhibited
by some sugar phosphates and depends upon interaction
with Rubisco activase (Rca) to be reactivated. Rca activity is
modulated by the chloroplast redox status and ADP/ATP
ratios, thereby mediating Rubisco activation and photosyn-
thetic induction in response to irradiance. The extreme
thermal sensitivity of Rca compromises net CO2 assimilation
at moderately high temperatures. Given its central role in
carbon assimilation, the improvement of Rubisco function
and regulation is tightly linked with irradiance, nitrogen and
water use efficiencies. Although past attempts have had
limited success, novel technologies and an expanding knowl-
edge base make the challenge of improving Rubisco activity
in crops an achievable goal. Strategies to optimize Rubisco
and its regulation are addressed in relation to their potential
to improve crop resource use efficiency and climate resilience
of photosynthesis.

Key-words: carbon; crop; enzyme; metabolism; productivity;
Rubisco activase.

INTRODUCTION

Ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase
(Rubisco, EC 4.1.1.39) catalyses the photosynthetic assimila-
tion of CO2 into organic compounds. This is often the rate-
limiting step in photosynthesis at the top of the canopy in
field-grown crops (Spreitzer & Salvucci 2002). Although
Rubisco is the most abundant protein on Earth (Ellis 1979;
Raven 2013), it is characterized by a number of severe limi-
tations. Natural and synthetic alternative carbon fixation
pathways that overcome some of these limitations have been
postulated (e.g. Bar-Even et al. 2010), yet Rubisco is still the
only enzyme capable of supporting the net assimilation of

carbon that leads to biomass gain. Optimizing the function-
ality of Rubisco has large implications regarding the
improvement of plant productivity and resource use effi-
ciency (Parry et al. 2007; Whitney et al. 2011a).

Rising global temperatures, changes in water availability
and more variable weather events will adversely impact
plant productivity and carbon assimilation. Environmental
changes, in addition to continued population growth (e.g.
http://www.census.gov/popclock/), mean that more effort is
required to optimize sustainable biomass production and
deliver climate-smart agriculture and forestry. It is timely for
Rubiscologists to make full use of the enormous potential of
the most advanced technologies to drive Rubisco research
and deliver improved plant productivity.

Rubisco has been the subject of a considerable number of
reviews over the past decades (Supporting Information
Table S1). Here, we review the limitations of Rubisco, the
knowledge gained through genetic engineering and through
characterization of its catalytic diversity in nature, and the
possibilities for optimizing photosynthesis and crop produc-
tivity by maximizing Rubisco functionality. We address the
regulation of Rubisco activity as a promising strategy for
maintaining CO2 assimilation in response to variable envi-
ronments. Optimal photosynthesis requires a fine balance
between the activity of Rubisco and that of the Calvin cycle
(Salvucci 1989; Raines 2003), and maximal plant biomass
production further depends upon adequate sink capacity to
use increased photoassimilates efficiently.Thus, while we con-
centrate on Rubisco function and regulation, we recognize
that this is only one aspect of the combined efforts to
improve photosynthesis and maximize plant productivity and
resource use efficiency in crop and forest production systems.

RUBISCO FUNCTIONALITY AND
CATALYTIC INEFFICIENCIES

Rubisco is characterized by a relatively slow catalytic turnover
rate,kcat (e.g.McNevin et al. 2006),and as a consequence, large
amounts of the enzyme are required to sustain adequate
photosynthetic rates. This constitutes a large investment in
nitrogen and impacts upon the environmental and production
costs of agriculture. The catalytic cycles initiated by Rubisco
[the carboxylation and oxygenation of ribulose-1,5-
bisphosphate (RuBP)] are complex and involve a number of
steps and transition states (reviewed in Andersson 2008;
Tcherkez 2013). Rubisco’s reaction with CO2 produces two
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molecules of 3-phosphoglycerate, whereas the competing
reaction with O2 results in the formation of one molecule of
3-phosphoglycerate and one molecule of 2-phosphoglycolate.
The latter enters the photorespiratory carbon oxidation cycle
that leads to a net loss of assimilated CO2, release of NH3 and
considerable consumption of energy (Keys 1986;Wingler et al.
2000). The CO2-concentrating mechanisms present in
cyanobacteria, algae, C4 and CAM plants efficiently decrease
the oxygenation of RuBP and therefore the proportion of
photorespiration in relation to net photosynthesis (Edwards
et al. 1985; Nobel 1991; Carmo-Silva et al. 2008; Hagemann
et al. 2013; Moroney et al. 2013).The ratio of carboxylation to
oxygenation in the presence of the two gaseous substrates,
CO2 and O2, is described by the specificity factor (Laing et al.
1974): SC/O = VcKo/VoKc, where Vc and Vo represent the
maximum velocities of the carboxylase and oxygenase reac-
tions, respectively, and Kc and Ko are the Michaelis–Menten
constants for CO2 [ Km CO2( ) or Kc] and O2 [ Km O2( ) or Ko].

The inefficiencies of Rubisco and corresponding research
targets for improving its functionality are summarized in
Table 1. Attempts to address these targets by engineering a
more efficient Rubisco have resulted in limited success
(Andrews & Whitney 2003; Parry et al. 2007; Mueller-Cajar &
Whitney 2008; Whitney et al. 2011a; Mueller-Cajar et al.
2014). An account of genetic modifications to improve
Rubisco catalysis is provided in Supporting Information
Table S2. Much of the engineering work has focused upon
Rubisco synthesis and assembly (e.g. Kanevski & Maliga
1994; Whitney & Sharwood 2008; Feiz et al. 2012). The valu-
able information gained from these studies, combined with
increasingly comprehensive genome and plastome sequence
information [e.g. IWGSC (The International Wheat Genome
Sequencing Consortium) 2014; Middleton et al. 2014] and the
development of new technologies such as chloroplast trans-
formation for crop species (Hanson et al. 2013), will play a
crucial role in advancing engineering of improved Rubiscos.

The complete catalytic properties of Rubisco are only
available for surprisingly few plant species, and mostly at a
single temperature, thus the overall extent of natural diver-
sity remains poorly understood. While much of the observed
difference in catalysis of well-characterized Rubiscos is com-
paratively small, even this could be exploited to improve
crops (e.g. Parry et al. 2007). Importantly, these limited
studies also suggest that further useful variation is likely to

occur in nature (Parry et al. 2007, 2013). For example, some
C3 plants that are native to arid environments have evolved
Rubiscos that discriminate more strongly against O2 (i.e.
higher SC/O; Galmés et al. 2005). Rubiscos from C4 plants are
generally characterized by faster rates of carboxylation but
higher sensitivity to O2 (lower SC/O) than Rubiscos from C3

plants (Jordan & Ogren 1983; Seemann et al. 1984; von
Caemmerer 2000; Sage 2002; Ghannoum et al. 2005; Kubien
et al. 2008; Carmo-Silva et al. 2010). Correlation analysis
between the catalytic properties of Rubiscos from diverse
origins suggests that there is a trade-off, whereby increased
carboxylation turnover rate is associated with lower affinity
for the CO2 substrate (e.g. Savir et al. 2010). Hence, the chal-
lenge is to identify forms of Rubisco characterized by cata-
lytic properties that maximize carboxylation rates in the
chloroplast of the target crop and allow the plant to
photosynthesize optimally within its environment (Galmés
et al. 2014; Sharwood & Whitney 2014).

Ongoing research aims to characterize the natural diver-
sity in Rubisco catalytic properties across diverse plant lin-
eages and link this variation with specific amino acid residue
changes in the large (e.g. Whitney et al. 2011b) and/or small
subunits (e.g. Ishikawa et al. 2011). Recent evidence suggests
that positive selection of amino acid changes occurs in adap-
tation to the cellular environment, which, in turn, varies in
response to external environmental conditions (Galmés et al.
2005, 2014; Tcherkez et al. 2006; Kapralov & Filatov 2007;
Kapralov et al. 2012). Structural studies have shown that the
active sites of Rubisco are on the large subunits (Andersson
2008); however, the small subunits also affect catalysis
(Spreitzer 2003). The catalytic properties are inherent to the
amino acid sequence of each enzyme and are independent of
plant age and growth conditions. However, the nuclear
genome contains multiple copies of the Rubisco small
subunit gene (rbcS) and their individual expression does
change in response to development and environment (Yoon
et al. 2001; Sawchuk et al. 2008). Hence, it is plausible that
where these encode different rbcS isoforms, the catalytic
properties of Rubisco may be altered.

RUBISCO REGULATORY PROPERTIES
AND INTERACTIONS

Many cellular components interact with Rubisco and its in
vivo activity is modulated by carbamylation and/or by tight
binding of inhibitors. Carbamylation involves the binding of
an activator CO2 molecule to a lysine residue in the catalytic
site of the enzyme (E), which is stabilized by the subsequent
binding of a Mg2+ ion, forming a catalytically competent
ternary complex (Enzyme–CO2–Mg2+; ECM). Sugar phos-
phates may bind to the non-carbamylated (E.X) or
carbamylated (ECM.X) enzyme, blocking the active site and
preventing carbamylation or catalysis. Rubisco activase
(Rca) restores catalytic competence to Rubisco in vivo by
removing the tightly bound inhibitors from the catalytic sites
in an ATP-dependent manner.

A number of natural sugar phosphates have been
described that bind Rubisco active sites tightly (Table 2).The

Table 1. Rubisco inefficiencies and corresponding research
targets for improving its functionality and optimizing
photosynthesis and plant growth

Rubisco inefficiency Research target

Slow turnover rate (kcat) Rubisco with faster kcat

Oxygenase reaction Rubisco with higher carboxylation to
oxygenation ratio

Low affinity for CO2 Rubisco with affinity comparable to
that of other carboxylases, e.g.
phosphoenolpyruvate carboxylase

Inhibition by tight binding
of sugar phosphates

Optimize Rubisco regulation
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substrate, RuBP, has a high affinity for the inactive, non-
carbamylated form of Rubisco and acts as an efficient inhibi-
tor of catalytic activity when Rubisco carbamylation is low
(Jordan & Chollet 1983; Brooks & Portis 1988; Portis
et al. 1995). The inhibitor 2-carboxyarabinitol-1-phosphate
(CA1P; Gutteridge et al. 1986; Berry et al. 1987; Moore et al.
1992) is not ubiquitous throughout the plant kingdom, but
inhibits Rubisco in certain species when exposed to low light
or darkness (Vu et al. 1984; Seemann et al. 1985; Servaites
et al. 1986; Holbrook et al. 1992; Sage & Seemann 1993). In
species where CA1P is abundant, it might function to inhibit
Rubisco activity in the lower canopy layers, which are
exposed to limiting light levels.

During the daytime, misfire products of Rubisco catalysis
also lock carbamylated active sites in unproductive forms
(Keys et al. 1995; Parry et al. 1997; Pearce & Andrews 2003;
Kim & Portis 2004). The most important of the inhibitors
arising from catalytic misfire is likely to be d-glycero-2,3-
diulose-1,5-bisphosphate (PDBP; Kane et al. 1998; Andralojc
et al. 2012), which can be converted into 2-carboxytetritol-
1,4-bisphosphate (Harpel et al. 1995; Pearce & Andrews
2003). A number of other chloroplast metabolites and some
inorganic ions have also been shown to interact positively or
negatively with Rubisco and regulate its activity (Hatch &
Jensen 1980; Badger & Lorimer 1981; Jordan et al. 1983;
Servaites & Geiger 1995; Parry et al. 2008).

Tight-binding inhibitors have been shown to protect
Rubisco from proteolytic breakdown (Khan et al. 1999) and
subsequently suggested to play an important role in prevent-
ing degradation of the enzyme under stress conditions (e.g.
Parry et al. 2008). An oxidized chloroplast environment, as is
frequently observed under stress conditions, would promote
protein degradation (Moreno et al. 2008). If the binding of
inhibitors to catalytic sites makes Rubisco less prone to
proteolysis, it would help to maintain stable amounts of the
protein during stress events. This is particularly relevant
under transient stress, as Rubisco can be re-activated when
optimal conditions are re-established, without the expense of
de novo synthesis.

As a consequence of misfire product formation, in the
presence of saturating concentrations of RuBP and CO2, the
in vitro activity of Rubiscos from flowering plants decreases
progressively with time until a steady-state rate is reached
(this progressive inhibition of Rubisco in vitro has been
termed ‘fallover’; Robinson & Portis 1989; Edmondson et al.
1990a). In line with its function in vivo, Rubisco activase
counteracts fallover, both preventing and reversing the in
vitro decline in Rubisco catalytic activity (Robinson & Portis
1989). In a similar way, CA1P phosphatase (CA1Pase) was
recently shown to maintain the activity of Rubisco in vitro by
dephosphorylating inhibitory sugar phosphates and prevent-
ing these from binding to Rubisco active sites (Andralojc
et al. 2012).

Elevated temperatures favour oxygenation over
carboxylation of RuBP (due to increased solubility of O2

relative to CO2 in the chloroplast stroma, and decreased
specificity of Rubisco towards CO2; Keys 1999) and promote
faster overall rates of catalysis, resulting in faster formation
of misfire products (Kim & Portis 2004; Salvucci &
Crafts-Brandner 2004a; Schrader et al. 2006). However,
because Rubisco also becomes more flexible at higher tem-
peratures, sugar phosphates bind less tightly to the active
sites and their spontaneous dissociation is faster (Jordan &
Chollet 1983; Schrader et al. 2006). Overall, this means that
the decline in Rubisco activity in vitro does not increase with
temperature. Other factors, such as decreased availability of
Mg2+ at high temperatures (Kim & Portis 2006), have also
been suggested as causal factors for the inactivation of
Rubisco under these conditions in vivo. It is possible that a
negative interaction with heat-inhibited Rca (Salvucci et al.
2001) could contribute or even explain the negative impact of
elevated temperatures on Rubisco activation state in planta.

Pearce (2006) compared different types of Rubisco (from
algae and cyanobacteria) and argued that proteins with
increased flexibility produce by-products in larger quantity, but
are less prone to inhibition, due to the facilitated release of
sugar phosphates from the catalytic site.Accordingly, a tobacco
Rubisco enzyme in which Leu-335 has been substituted by Val

Table 2. Sugar phosphates that bind the non-carbamylated (E) or carbamylated (ECM) forms of Rubisco, inhibiting its activity

Inhibitor Abbreviation
Rubisco
form Additional information Reference

Ribulose-1,5-bisphosphate RuBP E ECM-R, substrate; E-R,
inhibitor

Jordan & Chollet (1983)

2-Carboxy-D-arabinitol
1-phosphate

CA1P ECM Nocturnal/Low light Gutteridge et al. (1986); Berry et al. (1987)

D-xylulose-1,5-bisphosphate XuBP E, ECM Misprotonation of enediol
(ECM-R); poor
substrate

Edmondson et al. (1990b); Zhu & Jensen
(1991); Pearce & Andrews (2003)

D-glycero-2,3-pentodiulose-
1,5-bisphosphate

PDBP ECM Oxygenation by-product Paech et al. (1978); Kane et al. (1998)

2-Carboxytetritol-1,4-bisphosphate CTBP ECM Re-arrangement of PDBP;
tighter binding

Harpel et al. (1995); Pearce & Andrews
(2003)

3-Ketoarabinitol-1,5-bisphosphate KABP ECM Conflicting information.
True inhibitor?

Zhu & Jensen (1991); Zhu et al. (1998);
Pearce & Andrews (2003); Kim & Portis
(2004)
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(Whitney et al. 1999) had a more flexible catalytic site and
bound inhibitors less tightly (Pearce & Andrews 2003). This
type of residue substitution may be useful for manipulating the
regulation of Rubisco activity by altering the tight binding of
inhibitors, provided there is no impact on the enzyme’s catalytic
properties. Altering the amount and properties of Rca and
CA1Pase provide alternative options for modulating the capac-
ity to regulate Rubisco catalysis.

RUBISCO’S CATALYTIC CHAPERONE

Rca belongs to the AAA+ protein superfamily (ATPases
associated with a variety of cellular activities; Neuwald et al.
1999). It is a catalytic chaperone that uses the energy from
ATP hydrolysis to remodel the conformation of Rubisco and
promote the release of inhibitory sugar phosphates from
active sites. The Rca holoenzyme is typically composed of a
shorter redox-insensitive β-isoform and a longer α-isoform
that contains a redox-sensitive C-terminal extension with two
cysteine residues (Zhang & Portis 1999). Changes in the
redox status and ADP/ATP ratio of the chloroplast modulate
the activity of Rca, thereby mediating the regulation of
Rubisco activation and net CO2 assimilation in response to
the prevailing irradiance (Salvucci et al. 1985; Robinson &
Portis 1988; Woodrow et al. 1996; Mott & Woodrow 2000;
Zhang et al. 2002; Carmo-Silva & Salvucci 2013; Scales et al.
2014). The activity of Rca is extremely thermally sensitive
and the enzyme becomes inactive and limits net CO2 assimi-
lation at moderately high temperatures. Hence, Rca has
become a target for optimizing irradiance use efficiency and
for probing Rubisco activity to adapt to rising temperatures.

The number of Rca isoforms is not ubiquitous across the
plant kingdom. Immunoblotting analyses first showed the
presence of the longer α-isoform and shorter β-isoform in a
number of plant species, including Arabidopsis, spinach,
soybean, kidney bean, pea, celery, oat and barley (Salvucci
et al. 1987). The same authors mentioned pigweed, purslane,
dandelion, sorghum and crabgrass as containing both long
and short isoforms. Their immunoblotting analyses also indi-
cated that the ratio between the abundance of these isoforms
was species-specific, and that in tobacco and maize, only the
short Rca isoform was present. Subsequent studies have
extended the list of plant species known to contain two
isoforms of different lengths to include apple (Watillon et al.
1993), cotton (Feller et al. 1998; Salvucci et al. 2003; DeRidder
& Salvucci 2007), rice (To et al. 1999), wheat (Law &
Crafts-Brandner 2001), creosote bush and Antarctic grass
(Salvucci & Crafts-Brandner 2004b), red maple (Weston
et al. 2007), black cottonwood (Hozain et al. 2010), sweet
potato (Xu et al. 2010; Jiang et al. 2013) and grass-leaved
arrowhead (Wang et al. 2014).

The number and structure of Rca genes present in diverse
plant species and the respective isoforms they encode are
also variable. In many species, including Arabidopsis and
spinach, alternative splicing of a single pre-mRNA was
shown to produce either the long or the short Rca isoforms
(Werneke et al. 1989). In barley, in addition to an Rca gene
that is alternatively spliced and produces both isoforms,

an additional gene is present that produces only the short
isoform (Rundle & Zielinski 1991). In cotton and soybean,
there is no evidence for alternative splicing, instead two Rca
genes encode the long and short isoforms separately
(Salvucci et al. 2003; Yin et al. 2010).Tobacco contains at least
three genes, all of which encode short isoforms only (Wang
et al. 1992; Qian & Rodermel 1993). In maize, despite the
initial observations that only a short isoform gene would be
present (Ayala-Ochoa et al. 2004), analysis of the species
genome revealed the presence of a second gene encoding a
long isoform (Yin et al. 2014). Recent evidence suggested
that alternative splicing of the Rca gene can also produce
short β-isoforms that vary in C-terminus sequence and length
(DeRidder et al. 2012). In most cases, these differences are
likely to be too small to be resolvable by electrophoresis.
Thus, thorough dissection of genome and transcriptome
information may reveal the presence of a more diverse range
of Rca isoforms.

The availability of wheat genome sequence data [IWGSC
(The International Wheat Genome Sequencing Consortium)
2014] enabled us to characterize the Rca gene structure in
this important crop (Fig. 1). Two isoforms of Rca, a 46 kDa
α-isoform and a 42 kDa β-isoform, have been reported to be
present in non-stressed leaves of Triticum aestivum L.
(wheat), with Rca-α representing about 12% of the total Rca
pool (Law & Crafts-Brandner 2001). Using the genome data-
base for Chinese Spring wheat (URGI, Unité de Recherche
Génomique Info, Versailles, France; IWGSC 2014), two
TaRca sequences were identified, in tandem, on chromosome
4 (long arm for A genome and short arm for B and D
genomes). TaRca1 has two exons, and the intron occurs
within the chloroplast targeting sequence (TS), such that the
mature protein (TaRca1-β) is encoded solely by exon 2
(Fig. 1). TaRca2 has a total of six exons; the mature protein
coding sequence starts in exon 2 and alternative splicing at
the end of exon 5 results in either a stop codon (TaRca2-β) or
splicing five bases before this point, extending the intron and
allowing translation through exon 6 (TaRca2-α). The latter
variant encodes a TaRca2-α isoform that is 37 amino acid
residues longer than TaRca2-β (Fig. 2).Translation of TaRca1
produces only a short TaRca1-β isoform.

By comparison with the predicted mature protein Rca
sequences from a number of species (e.g. Werneke et al. 1989;
Salvucci et al. 2003), TaRca1-β is predicted to have a chloro-
plast TS of 48 amino acids, resulting in a mature polypep-
tide of 42.7 kDa. TaRca2-β is predicted (by ChloroP;
Emanuelsson et al. 1999) to have a chloroplast TS of 47
amino acids and to encode a mature protein of 42.2 kDa.
These two isoforms cannot be separated visually on protein
gels or Western blots, but are distinguishable from the longer
TaRca2-α isoform, which has a predicted molecular weight of
46.0 kDa. Coding sequence for the mature forms of
TaRca1-β, TaRca2-β and TaRca2-α from the B genome [the
most highly expressed, as evidenced by expressed sequence
tags (EST) data; Alison Huttly, personal communication]
were cloned from total RNA extracted from T. aestivum cv.
Cadenza and sequenced. [The wheat B genome TaRca1-β,
TaRca2-β and Tarca2-α nucleotide sequences from cDNA
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cloning have been submitted to EMBL (http://
www.ebi.ac.uk/ena/) and are publicly available under the
accession numbers LM992844 (TaRca1-β), LM992845
(TaRca2-β) and LM992846 (TaRca2-α)]. The two TaRca
genes share 83% identity in nucleotide sequence and encode
β proteins that are 88% identical in their amino acid
sequences (Fig. 2). Both coding sequences are identical to
those identified within the published Chinese Spring wheat
genome sequences [URGI; IWGSC (The International
Wheat Genome Sequencing Consortium) 2014]. Comparison

of the three wheat genomes showed a high homology (97–
98%) between the nucleotide sequences encoding mature
TaRca protein (Table 3). Most of these nucleotide differences
are silent and the resulting amino acid sequences are 99%
identical, with a maximum of four amino acids differing
between the isoforms encoded by the three wheat genomes.

Given its role in the modulation of Rubisco activation and
photosynthetic carbon assimilation, the gene expression,
relative isoform abundance and activity of Rca must be finely
regulated. Rca amounts are frequently reported to change in

Figure 1. Wheat Rubisco activase gene structure (a) and splicing site (b). Wheat TaRca1 encodes the short isoform TaRca1-β; alternative
splicing of wheat TaRca2 produces either the short TaRca2-β or the long TaRca2-α isoforms. The two genes, TaRca1 and TaRca2, are
consecutive in wheat chromosome 4 (long arm in genome A and short arm in genomes B and D). Wheat TaRca1 is formed by two exons and
TaRca2 is formed by five or six exons, with the alternative splicing site at the end of exon 5. For both TaRca1 and TaRca2, the first intron is
in the chloroplast targeting sequence (Chloroplast TS). Exon numbers are in bold in figure (a) and annotated as E5 and E6 in (b). The
number of base pairs is given in parenthesis.
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response to a variety of stress conditions (e.g. Law &
Crafts-Brandner 2001; Vassileva et al. 2012). Factors such as
alternative splicing are likely to play a role in the post-
transcriptional regulation of Rca in response to the circadian
clock and growth conditions, including stress (DeRidder et al.

2012; Carvalho et al. 2013; Perez-Santángelo et al. 2013;
Staiger & Brown 2013). Clearly, many questions on the
regulation of Rca and the mechanism of interaction with
Rubisco are still unanswered. Further research into the func-
tional differences and significance of the diverse Rca
isoforms is warranted and will provide valuable informa-
tion for improving the efficiency and climate resilience of
photosynthesis.

IMPROVEMENT OF RUBISCO AND
AGRICULTURAL RESOURCE USE EFFICIENCY

Strategies to optimize Rubisco function and regulation must
consider the improvement of plant resource use efficiency in
current and predicted (more variable) climates.In this section,
we consider not only the optimization of nitrogen and water
use efficiencies but also the efficiency of using the prevailing
light, as well as the overall response of carboxylation rates to
fluctuations in irradiance levels and temperature. As noted
earlier,optimal solutions will vary and depend upon the target
crop and its growth environment. In the context of improving
Rubisco function and regulation, canopy architecture also
needs to be considered (Zhu et al. 2004; Long et al. 2006; Song
et al. 2013). In light-saturated leaves, photosynthesis tends to
be limited by the activity of Rubisco (Ac), whereas in light-
limited leaves, photosynthesis tends to be limited by the elec-
tron transport rate (Aj). Increasing Rubisco kcat in sunlit leaves
would lead to an increase in CO2 assimilation, but in shaded
leaves, this would be of limited value. An increase in SC/O

would affect the CO2 compensation point and have an impact
on Aj, thus being most favourable in leaves when RuBP
regeneration is limiting (Zhu et al. 2004). Figure 3 shows the
modelled effect on the photosynthetic response to the inter-
cellular CO2 concentration when wheat Rubisco is replaced
by a Rubisco with superior catalytic properties.Assuming that
all else would be the same, including the amount and activa-
tion state of Rubisco, the catalytic properties of the Rubisco
from Limonium gibertii (Galmés et al. 2005) could signifi-
cantly increase net assimilation at the CO2 concentrations
typically observed in wheat leaves. Further improvements
would be achieved by a hypothetical further improvement of
the SC/O (Fig. 3).

More efficient carboxylation by Rubisco would require
less nitrogen to be invested in producing sufficient amounts
of the enzyme to support photosynthesis and plant growth.
Rubisco typically accounts for 30–50% of the total soluble
protein (TSP) and 10–30% of the total nitrogen (N) in the
leaves of C3 species (Table 4). In the leaves of C4 plants, the
amount of Rubisco is considerably lower, with typical values
ranging from 10 to 25% of the TSP and from 5 to 10% of leaf
N.The percentage of leaf N allocated to Rubisco (Rubisco/N)
increases in plants grown at high light compared with low
light (Evans 1989; Evans & Poorter 2001). Increased
Rubisco/N has also been reported in plants grown under sub-
or supra-optimal temperatures (Yamori et al. 2005; Nagai &
Makino 2009). Conversely, decreased Rubisco amounts have
been observed in some species under water deficit (Parry
et al. 2002; Tezara et al. 2002). In some circumstances, an

Figure 2. Protein structure (a) and amino acid sequence (b) of
wheat Rubisco activase. The isoform TaRca1-β is encoded by
TaRca1; TaRca2-β and TaRca2-α are produced by alternative
splicing of TaRca2. Rca protein domains: N-terminal (N), AAA+
ATPase (AAA+), Rubisco recognition (Rubisco), C-terminal (C)
and a 37 residue C-terminal extension (C-ext) that is present only
in TaRca2-α. Coloured lines above the sequences correspond to
the domains as identified in (a); shaded residues differ in
TaRca2-β/α compared with TaRca1-β, red residues indicate the
two C-ext cysteines that confer redox regulation.

Table 3. Comparison of the mature coding sequence of wheat
Rubisco activase (TaRca) genes and resulting proteins

Gene TaRca1-β TaRca2-β TaRca1-α

Total number of nucleotides 1155 1143 1254
Nucleotide differences

Genomes A and B 26 15 17
Genomes B and D 29 16 17
Genomes A and D 19 12 13

Protein TaRca1-β TaRca2-β TaRca1-α

Total number of amino acids 384 380 417
Amino acid differences

Genomes A and B 4 2 2
Genomes B and D 4 3 3
Genomes A and D 0 1 1
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increased activation state may compensate for lower Rubisco
amounts. Galmés et al. (2011) showed that variation exists in
species adaptation to low intercellular CO2 concentrations
such that evergreen sclerophyll species maintain higher acti-
vation states, and consequently higher photosynthesis, than
herbs and semi-deciduous species when exposed to low water
availability. Optimizing the efficiency of RuBP carboxylation
by Rubisco therefore has the potential to improve plant
water use efficiency by decreasing the concentration of CO2

required to achieve high photosynthetic rates (Parry et al.
2007).

Under certain environmental conditions, maximizing
Rubisco activity may not be the ideal strategy to optimize
photosynthesis. At low light and at high CO2 concentrations,
photosynthesis is limited by the regeneration of RuBP (von
Caemmerer 2000). Plants grown at high CO2, in free-air CO2

enrichment experiments, typically show a decrease in
Rubisco amount alongside decreased leaf N, resulting in
increased photosynthetic nitrogen and water use efficiencies
(PNUE & PWUE; Long et al. 2004; Ainsworth & Long 2005;
Leakey et al. 2009). In plants grown at low irradiance levels,
N tends to be preferentially allocated to light-harvesting
components, resulting in relatively low carboxylation and
photosynthetic capacities (Evans 1989). Importantly, plant
species characterized by high specific leaf area (SLA) have
higher PNUE at both high and low growth irradiances, and
tend to allocate proportionally more N to Rubisco and have
higher catalytic activity when grown at high irradiance
(Poorter & Evans 1998).

In general, the amount of Rubisco in leaves increases with
N supply and with leaf N content (Sage et al. 1987; Kumar
et al. 2002; Table 4). When N availability is not limiting,

Rubisco amounts can exceed the requirements to support
photosynthesis, especially in plants exposed to low irradiance
levels. However, the apparent over-investment in Rubisco is
likely to provide a means of storing N (Millard 1988; Millard
& Grelet 2010), which can be remobilized upon stress condi-
tions and during senescence (Feller et al. 2008). Hence,
Rubisco plays a central role in PNUE, affecting N storage
and remobilization to seeds (Feller et al. 2008; Millard &
Grelet 2010). Feller et al. (2008) provided a good schematic
overview of N remobilization from vegetative to reproduc-
tive organs in maize and wheat. Strategies to optimize PNUE
in crops should therefore also consider the required quality
of the end product (e.g. grain protein content).

The amount and activation state of Rubisco tend to corre-
late negatively, as evidenced by genetic modifications to the
amounts of Rubisco and Rca (Table 5). Studies with reduced
Rca amounts further suggest that Rubisco activation is gen-
erally not limiting for Rubisco catalysis in vivo because
photosynthesis is only affected when Rca amounts are
reduced by more than 60%. However, most of these studies
have only analysed plants grown under controlled environ-
ment conditions and the findings may not hold true for field-
grown plants. The research focus is now shifting towards
gaining a better understanding of plant responses to rapidly
changing conditions, such as those experienced by plants in
natural environments (Lawson et al. 2012). Rca determines
the rate of photosynthetic induction following an increase in
irradiance levels (Mott & Woodrow 2000). Rice plants
overexpressing Rca had higher Rubisco activation states and
CO2 assimilation rates in response to varying light levels
when compared to the wild type (Fukayama et al. 2012;
Yamori et al. 2012). Importantly, when grown under ideal

Figure 3. Modelling photosynthesis to demonstrate the benefit of replacing wheat Rubisco with Rubisco from Limonium gibertii at
saturating irradiance. The Rubisco-limited (Ac, solid lines) and RuBP-regeneration-limited (Aj, dashed lines) rates of net CO2 assimilation
(A) were derived using the model of Farquhar et al. (1980) and the Rubisco kinetic constants determined for wheat (black lines; Carmo-Silva
et al. 2010) or those determined for L. gibertii (red lines; Galmés et al. 2005). The graph on the left demonstrates the benefit of a further 10%
increase in Rubisco specificity factor (SC/O). The shaded grey area corresponds to the resulting improvement in photosynthesis. For reference,
an intercellular CO2 concentration (Ci) of about 210 μbar would be typical in leaves of field-grown wheat in the UK.
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conditions, rice plants overexpressing barley Rca had slightly
lower Rubisco amounts and lower net CO2 assimilation rates
than wild-type plants, resulting in no overall net benefit for
plant growth (Fukayama et al. 2012). Conversely, rice plants
overexpressing maize Rca exhibited a higher activation state
of Rubisco (and higher net CO2 assimilation rates) at low
light levels and more rapid photosynthetic induction follow-
ing increases in light intensity (Yamori et al. 2012). Thus,
Rubisco activation appears not to limit photosynthesis under
optimal, steady-state conditions but, as suggested by Yamori
et al. (2012), the enhancement of Rca capacity will improve
Rubisco function and CO2 assimilation in environments
where light levels fluctuate. Results obtained with transgenic

Arabidopsis expressing a β-isoform of Rca that is largely
insensitive to the ADP/ATP ratio suggest that manipulating
Rca regulatory properties has the potential to confer
improved Rubisco function, photosynthetic CO2 assimilation
and plant growth under fluctuating light conditions
(Carmo-Silva & Salvucci 2013).

In addition to its central role in adjusting CO2 assimilation
to the prevailing light level, Rca is very sensitive to elevated
temperatures and has been shown to limit photosynthesis in
some species under relatively moderate heat stress condi-
tions (Crafts-Brandner & Salvucci 2000; Salvucci &
Crafts-Brandner 2004b; Sage et al. 2008). Studies with
Arabidopsis have shown that increasing the thermal stability

Table 4. Rubisco amount in the leaves of flowering plants, expressed as a percentage of the leaf total soluble protein amount
(Rubisco/TSP) and the leaf total nitrogen amount (Rubisco/N)

Species Rubisco/TSP Rubisco/N A gs Growth Observations Reference

10 C3 dicots 25–42% 16–26% 17–27 – CE ↑ Rubisco/N with growth at
high light

Evans & Poorter (2001)

Soybean ca. 55% – 15–20 – GH Rubisco/TSP unaffected by
growth [CO2]

Campbell et al. (1988)

Sunflower ca. 42% – ca. 20 – GH Rubisco/TSP unaffected by
water deficit

Gimenez et al. (1992)

Wheat 40–58% – – – Field – Carmo-Silva & Andralojc
(unpublished)

Arabidopsis 40% – 14 – CE – Eckardt et al. (1997)
Sunflower 32% – ca. 20 ca. 0.75 GH ↓ Rubisco/TSP under water

deficit
Tezara et al. (2002)

Tobacco 24% – – – CE – Sharkey et al. (2001)
Tobacco 23% – – – CE ↓ Rubisco/TSP under water

deficit
Parry et al. (2002)

Wheat 21–35% – – – GH – Galmés et al. (2014)
Barley 65–74% – – – CE – Ecochard et al. (1991)
Several C3 species – 9.5–28% – – – ↑ Rubisco/N with N supply

and light availability
Evans (1989)

Chenopodium album – 10–27% – – – ↑ Rubisco/N with N supply Sage et al. (1987)
Rice – 20–30% 10–37 – GH ↑ Rubisco/N with N supply Makino et al. (1997)
Rice – 25–28% 15–30 – GH ↑ Rubisco/N with N supply Suzuki et al. (2007)
Rice – ca. 30% 25–30 – CE ↑ Rubisco amount with low or

high growth temperature
Nagai & Makino (2009)

Rice – 29% ca. 32 ca. 0.6 CE ↑ Rubisco/N with N supply Yamori et al. (2011)
Rice – 17% – – GH – Suzuki & Makino (2012)
Wheat – 21% – – GH – Evans & Seemann (1984)
Wheat – 25–30% 25–30 – CE ↑ Rubisco amount with low or

high growth temperature
Nagai & Makino (2009)

Wheat – 21% ca. 30 ca. 0.5 CE ↑ Rubisco/N with N supply Yamori et al. (2011)
Spinach – 14–17% ca. 20 – CE ↑ Rubisco/N with low growth

temperature
Yamori et al. (2005)

Spinach – 24% ca. 35 ca. 0.45 CE ↑ Rubisco/N with N supply Yamori et al. (2011)
Tobacco – 24% ca. 28 ca. 0.45 CE ↑ Rubisco/N with N supply Yamori et al. (2011)
27 C4 grasses ca. 14% 4–8% 25–35 0.16–0.23 CE ↓ Rubisco/N with N supply Ghannoum et al. (2005)
Three C4 grasses 15–25%a – 25–30 0.15–0.3 GH Rubisco amount unaffected by

water deficita
Carmo-Silva et al. (2008)

Maize (C4) – 8.5% 20–50 – – – Makino et al. (2003)
Amaranthus retroflexus

(C4)
– 5–9% – – – ↑ Rubisco/N with N supply Sage et al. (1987)

Reported Rubisco amounts were typically in the range of 1–5 g m−2 in C3 leaves (and about 25% lower for C4 plants). Net CO2 assimilation
(A, μmol m−2 s−1) and stomatal conductance (gs, mol m−2 s−1), and observed response to growth conditions or treatments, when available, are
provided for reference.
aUnpublished data.
CE, controlled environment; GH, glasshouse; TSP, total soluble protein.
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Table 5. Genetic engineering of Rubisco activity and regulation

Reference Protein Organism Modification Observed response

Rodermel et al. (1988) rbcS Tobacco rbcS antisense ↓ Rubisco amount with consequent effects on
plant growth

Quick et al. (1991) rbcS Tobacco rbcS antisense Low light: ↓ Rubisco amount 40%; ↑ Rubisco
activation 65%; ↓ A 6%

Hudson et al. (1992) rbcS Tobacco rbcS antisense ↓ Vi up to 82%; ↓ A up to 63%
Masle et al. (1993) rbcS Tobacco rbcS antisense ↓ Vi up to 87%; ↓ growth at ambient CO2

Furbank et al. (1996) rbcS Flaveria bidentis Decreased rbcS expression
(antisense)

↓ Rubisco amount correlated with
photosynthesis at high light and ambient
CO2

Larson et al. (1997) rbcL Chlamydomonas P89R Altered species-specificity of Rubisco–Rca
interaction

Makino et al. (1997) rbcS Rice Decreased rbcS expression
(antisense)

↓ Rubisco amount 35%; ↓ A 20% at ambient
CO2 but ↑ A 5–15% at high CO2

Ott et al. (2000) rbcL Chlamydomonas D94K Altered species-specificity of Rubisco–Rca
interaction

Mitchell et al. (2004) rbcS Wheat Decreased rbcS expression
(antisense)

↓ Rubisco amount unstable! (recovered to
wild-type levels by T2 generation)

Suzuki et al. (2007) rbcS Rice rbcS OE ↑ Rubisco amount 30%; ↓ Rubisco activation
8%; Vi unaffected

Suzuki et al. (2009) rbcS Rice rbcS OE Uppermost leaves: ↑ Rubisco amount;
↓ Rubisco activation; Vi unaffected

Ishikawa et al. (2011) rbcS Rice and sorghum Chimeric enzyme: rice with
some rbcS from sorghum

↑ Rubisco amount 24%; ↓ Rubisco activation
slightly

Zhang et al. (2011) rbcL and rbcS Tomato and
tobacco

Hybrid enzyme: rbcL
replacement

↓ Rubisco amount; ↑ Rubisco activation

Wachter et al. (2013) rbcL and rbcS Chlamydomonas
and tobacco/
Spinach/
Arabidopsis

Hybrid enzyme: rbcS
replacement

No effect on species specificity of Rubisco
activation by Rca: hybrid Rubisco still
efficiently activated by Arabidopsis but not
tobacco Rca

Morita et al. (2014) rbcS Rice rbcS OE: isoform absent from
leaf blades

High light: ↑ Rubisco amount; ↓ Rubisco
activation

Shen et al. (1991) Rca Spinach K169R, K169L, K169T No Rca activity (ATP binding site)
Shen & Ogren (1992) Rca-α/Rca-β Spinach K107M ↓ Rubisco activation and ATP hydrolysis in

both isoforms
Shen & Ogren (1992) Rca-α/Rca-β Spinach Q109E ↑ Rubisco activation in Rca-β (not in Rca-α)

and ↑ Rubisco activation/ATP hydrolysis in
both

Shen & Ogren (1992) Rca-α/Rca-β Spinach Q109K, S112P No Rca activity
Shen & Ogren (1992) Rca-β Spinach C256S ↓ Rubisco activation and ATP hydrolysis
Mate et al. (1993) Rca Tobacco Decreased Rca expression

(antisense)
↓ Rca content 75%; ↑ Rubisco/TSP 65%;

↓ Rubisco activation and A ∼ 50%; ↓ plant
growth

Jiang et al. (1994) Rca Tobacco Decreased Rca expression
(antisense)

High light: ↓ Rca 90% resulted in modestly
↓ A and Rubisco activation

Salvucci & Klein (1994) Rca Tobacco K247R, K247C, K247Q ↓ ATP hydrolysis 97–98% and abolished
Rubisco activation

Esau et al. (1996) Rca Spinach N-terminal truncated (12
amino acids)

↓ Rubisco activation activity by almost 100%
and ↓ ATP hydrolysis by about 50%

Esau et al. (1996) Rca Spinach C-terminal truncated (19
amino acids)

↑ Rubisco activation activity with little effect
on ATP hydrolysis

Esau et al. (1996) Rca Spinach C-terminal truncated (19
amino acids) + Q109E

↑ Rubisco activation activity/ATP hydrolysis

Mate et al. (1996) Rca Tobacco Decreased Rca expression
(antisense)

↓ Rca 95% resulted in ↓ Rubisco activation
and A

van de Loo & Salvucci (1996) Rca Tobacco N-terminal truncated (50
amino acids)

↓ Rubisco activation activity by almost 100%
with no effect on ATP hydrolysis

van de Loo & Salvucci (1996) Rca Tobacco W16A, W16C ↓ Rubisco activation 90% with no effect on
ATP hydrolysis

van de Loo & Salvucci (1996) Rca Tobacco W16F, W16Y ↓ Rubisco activation 30–50% with no effect on
ATP hydrolysis

Eckardt et al. (1997) Rca Arabidopsis Decreased Rca expression
(antisense)

↓ Rca 60–70% resulted in moderately
↓ Rubisco activation, A and growth rates

He et al. (1997) Rca Tobacco Decreased Rca expression
(antisense)

↓ Rca 96% resulted in ↓ A and growth rates
and delayed senescence

Esau et al. (1998) Rca Spinach/Tobacco Chimeric enzymes: 1/4 and 3/4
of each species

Species-specificity of Rubisco–Rca interaction
associated with Rca C-terminal region

Hammond et al. (1998) Rca Tobacco Decreased Rca expression
(antisense)

↓ Rca 80% resulted in ↓ rate of Rubisco
activation following an increase in light
intensity

Zhang & Portis (1999) Rca-α Arabidopsis C-terminal deletion and
site-directed mutants

C-terminal extension Cys residues (C392 and
C411) lessen ADP sensitivity of Rca-α

Kallis et al. (2000) Rca-β Arabidopsis Q111E, Q111D ↑ Rubisco activation; ↓ sensitivity to inhibition
by ADP; no effect on thermostability

Sharkey et al. (2001) Rca Tobacco Decreased Rca expression
(antisense)

↓ Rca up to 100%: severely ↓ A, ↑ heat
sensitivity and compromised recovery
post-stress
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of Rca improves photosynthesis and plant growth under
moderate heat stress (Kurek et al. 2007; Kumar et al. 2009).
The Rca from species native to warm environments was
shown to be less thermally sensitive than the Rca from
species native to cool environments (Crafts-Brandner &
Salvucci 2000; Carmo-Silva & Salvucci 2011; Carmo-Silva

et al. 2012). In a wild relative of rice, higher Rubisco activa-
tion state was associated with improved photosynthetic
thermotolerance (Scafaro et al. 2012). Efforts are underway
to engineer wheat plants to express cotton Rca to test the
hypothesis that expression of more thermally stable forms of
Rca, in combination with the native less thermally stable

Table 5. Cont.

Reference Protein Organism Modification Observed response

Zhang et al. (2002) Rca Arabidopsis rwt43: rca transformant
expressing only Rca-β

Eliminated the decrease of Rubisco activation
in darkness

Zhang et al. (2002) Rca Arabidopsis rwt46: rca transformant
expressing only Rca-α

Similar to wild-type in response to darkness,
↓ A

Kim & Portis (2005) Rca-β and Rca-α Arabidopsis rwt43 and rwt46: rca
transformants expressing
only Rca-β or only Rca-α

rwt46: ↓ A, ↑ heat sensitivity and
compromised recovery post-stress

Li et al. (2005) Rca Tobacco D311K, D311K/L314V Altered species-specificity of Rubisco–Rca
interaction

von Caemmerer et al. (2005) Rca Flaveria bidentis Decreased Rca expression
(antisense)

↓ Rca >70% resulted in ↓ Rubisco activation
& A

Jin et al. (2006) Rca Rice Decreased Rca expression
(antisense)

↓ Rca 70%; ↑ Rubisco amount 77%; ↓ Vi

47%, ↓ A 49%
Li et al. (2006) Rca Tobacco R241A, R244A, R296A Eliminated Rubisco activation activity and

↓ ATP hydrolysis 90–98%
Salvucci et al. (2006) Rca-β and Rca-α Arabidopsis rwt43 & rwt46: rca

transformants expressing
only Rca-β or only Rca-α

Rca-α more sensitive to heat stress than Rca-β
(↓ A and Rubisco activation)

Wang & Portis (2006) Rca-α Arabidopsis D390A, E394A, D401A Reduced sensitivity to inhibition of Rca
activity by ADP

Kurek et al. (2007) Rca-β Arabidopsis Thermostable isoform (gene
shuffling)

↑ Rubisco activation, A and plant growth at
high temperature

Hendrickson et al. (2008) Rca Flaveria bidentis Decreased Rca expression
(antisense)

↓ Rca >75% resulted in ↓ Rubisco activation
& A (at both 25 and 40 °C)

Salvucci (2008) Rca-β and Rca-α Arabidopsis Plants containing low amounts
of Rca-β only (Δ43)

↓ A and ↑ heat sensitivity and compromised
recovery post-stress compared to wild type;
association with cpn-60β

Kumar et al. (2009) Rca Arabidopsis/Tobacco Chimeric Rca in Arabidopsis
(tobacco enzyme with
Rubisco-recognition domain
from Arabidopsis)

↑ Rubisco activation, A and plant growth at
high temperature

Yamori & von Caemmerer
(2009)

Rca Tobacco Decreased Rca expression
(antisense)

↓ Rca 90–95% resulted in ↓ Rubisco
activation 32% and A 59% at 25 °C
(↓ Rubisco activation 41% and A
86% at 40 °C)

Barta et al. (2010) Rca-β Arabidopsis 8 amino acid S-Tag added to
C-terminal

↓ heat stability

Cai et al. (2010) Rca Tobacco Decreased Rca expression
(RNAi)

↓ Rca 75–95% resulted in ↓ A and growth

Stotz et al. (2011) Rca Tobacco Y361A, C-terminal truncation
(ΔC360)

Eliminated Rubisco activation and ATP
hydrolysis activities

Stotz et al. (2011) Rca Tobacco W16A, N-terminal truncation
(ΔN68)

Eliminated Rubisco activation activity with no
effect on ATP hydrolysis

Fukayama et al. (2012) Rca Rice/Barley OE of barley Rca in rice ↓ Rubisco amount; ↓ A; ↑ rate of
photosynthetic induction by light

Yamori et al. (2012) Rca Rice/Maize OE of maize Rca in rice ↑ rate of photosynthetic induction and
Rubisco activation by light; ↑ Rubisco
activation at high temperature

Carmo-Silva & Salvucci (2013) Rca Arabidopsis rwt43: rca transformant
expressing only Rca-β

↓ Rca sensitivity to inhibition by ADP, ↑
Rubisco activation at low light, ↑ rate of
photosynthetic induction by light

Carmo-Silva & Salvucci (2013) Rca Arabidopsis/Tobacco Chimeric Rca-β with tobacco
sensor-2 domain in
Arabidopsis background

No effect neither on Rca sensitivity to
inhibition by ADP nor on Rubisco
activation

Carmo-Silva & Salvucci (2013) Rca Tobacco 17 amino acids in sensor-2
replaced by those in
Arabidopsis

↓ Rca sensitivity to inhibition by ADP

Modifications to Rubisco large and small subunits (rbcL, rbcS) and to Rubisco activase (Rca) resulting in alteration of the respective protein
amounts and isoforms, effects on the Rubisco–Rca interaction or changes in the balance between Rubisco activation and ATP hydrolysis activity
of Rca. When both rbcL and rbcS were targeted and a hybrid enzyme produced, the respective organisms corresponding to rbcL and rbcS are
identified, respectively. Modifications including a change of more than one residue are identified by a ‘/’. The observed response is relative to the
wild-type proteins of the respective photosynthetic organism.
A, net CO2 assimilation; OE, overexpression; rca, mutant expressing no Rca; Vi, Rubisco carboxylation activity.
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forms of Rca, will broaden the temperature response of
Rubisco activation and photosynthesis. Photorespiration
increases with temperature, as a consequence of altered solu-
bilities of CO2 and O2 and decreased SC/O (Keys 1999), and
therefore, it is possible that increasing Rubisco activation at
high temperatures may have a negative impact on photosyn-
thetic efficiency. However, the promising results with
Arabidopsis and rice described earlier suggest that maintain-
ing Rubisco activity at moderately high temperatures will be
beneficial. We consider that optimizing Rubisco function
and regulation for a range of environmental conditions will
both improve photosynthetic performance under current
conditions as well as contribute to mitigating the effects
of climate change on CO2 assimilation and biomass
production.

CONCLUSION

Rubisco is central to plant productivity and much research
has been directed towards improving its properties. The lack
of viable chloroplast transformation protocols for many
crops still hinders direct manipulation of the chloroplast-
encoded large subunit of Rubisco. However, the advanced
technologies now available and the comprehensive knowl-
edge on Rubisco properties, function, regulation and interac-
tions make the challenge of improving Rubisco activity in
crops an attainable goal. Improving the activation of Rubisco
by Rca has the potential to enhance Rubisco activity and CO2

assimilation under fluctuating light levels (promoted by
cloud coverage, leaf shadowing, leaf angle and sunflecks) and
moderately high temperatures (predicted to occur more fre-
quently by climate change scenarios). The structural charac-
terization of Rca (Henderson et al. 2011; Mueller-Cajar et al.
2011; Stotz et al. 2011) has enabled modelling of the interac-
tion between Rubisco and Rca (Wachter et al. 2013). A clear
understanding of this interaction is essential to fully exploit
the benefits of maintaining Rubisco activity to improve
photosynthesis and crop productivity. Importantly, there is no
single solution for optimizing CO2 assimilation in crops and
useful solutions will need to be tailored to the intended
growth environment. The delicate balance between RuBP
consumption (Rubisco activity) and regeneration (Calvin
cycle) (Salvucci 1989; Raines 2003) needs to be considered in
attempts to optimize Rubisco function and regulation to
enable greater photosynthetic resource use efficiency in
current and projected climates.
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Table S2. Genetic engineering of Rubisco catalysis.
Modifications to the Rubisco large and small subunits
(rbcL, rbcS) resulting in changes to the catalytic properties
of Rubisco.
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