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A B S T R A C T   

Rubisco catalyses the entry of almost all CO2 into the biosphere and is often the rate-limiting step in plant 
photosynthesis and growth. Its notoriety as the most abundant protein on Earth stems from the slow and error- 
prone catalytic properties that require plants, cyanobacteria, algae and photosynthetic bacteria to produce it in 
high amounts. Efforts to improve the CO2-fixing properties of plant Rubisco has been spurred on by the discovery 
of more effective isoforms in some algae with the potential to significantly improve crop productivity. In-
compatibilities between the protein folding machinery of leaf and algae chloroplasts have, so far, prevented 
efforts to transplant these more effective Rubisco variants into plants. There is therefore increasing interest in 
improving Rubisco catalysis by directed (laboratory) evolution. Here we review the advances being made in, and 
the ongoing challenges with, improving the solubility and/or carboxylation activity of differing non-plant 
Rubisco lineages. We provide perspectives on new opportunities for the directed evolution of crop Rubiscos 
and the existing plant transformation capabilities available to evaluate the extent to which Rubisco activity 
improvements can benefit agricultural productivity.   

1. Introduction 

Prime among the many challenges stemming from a rising global 
population is meeting the escalating food demand. Compounding the 
problem are waning crop yield improvements achievable through 
breeding, lack of additional arable farming land and escalating fre-
quencies of drought and extreme growing temperatures [1,2]. Science 
and agriculture are facing the critical challenge of finding step-change 
solutions to improve crop yield and quality. Underway are a range of 
bio-engineering strategies to improve crop pathogen resistance, 
resource use (water, nutrients), resilience to temperature and salinity, 
and substantial gains in growth rate, yield and quality [3]. Detailed 
molecular understanding of these biological processes and discovery of 
beneficial natural genetic diversity to introgress into domesticated crops 
are helping to accelerate these activities [4]. Access to new multi-target 
genetic engineering capabilities – some inconceivable a decade ago - is 
also proving transformative in the race to provide resilient, sustainable, 
crop harvests [1,5]. 

Among the plant metabolic pathways targeted for improvement is 

photosynthesis, a well understood chloroplast process that underpins 
life on earth. Photosynthesis includes light harvesting and electron 
transfer reactions within thylakoid membranes that produce oxygen, 
ATP and NADPH – with the latter energy products used to fuel chloro-
plast metabolism, including the Calvin Benson Bassham (CBB) cycle 
(Fig. 1 A). The 11 enzymes in the CBB cycle are responsible for fixing 
CO2 into glyceraldehyde 3-phosphate (GAP) that is required for biomass 
production, in addition to regenerating ribulose-1,5-bisphosphate 
(RuBP) to which CO2 is bound by the enzyme RuBP carboxylase/oxy-
genase (Rubisco, [6]). 

Attention on improving photosynthetic efficiency arises from its 
pervasive impact on crop energy conversion efficiency, a component of 
yield potential that has substantial room for improvement [7]. While 
increases in plant growth rate have been obtained by modifying 
photosynthetic light harvesting metabolism (reviewed in [5]), reactions 
within the CO2-fixing and RuBP regeneration phases of the CBB cycle 
have long been known to also limit the rate of photosynthetic carbon 
assimilation [6]. A longstanding target has been to improve the 
carboxylation properties of Rubisco, an inherently slow enzyme that can 
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also fix O2 instead of CO2 to produce toxic 2-phosphoglycolate (2-PG) 
whose recycling via photorespiration consumes energy and results in the 
loss of fixed CO2 (Fig. 1 A, [8]). 

The catalytic inefficiencies of Rubisco have raised interest in the 
design of alternative ‘new-to-nature’ CO2-fixing pathways [9,10]. 
Functional integration of these enterprising, multi-component synthetic 
pathways into chloroplasts poses a significant challenge, especially as 
the CBB cycle constitutes a foundation pathway in central metabolism 
that not only fuels starch and sucrose production but also services the 
isoprenoid, shikimate, thiamine and nucleotide biosynthetic pathways 

(Fig. 1A). Nevertheless, such ambitious plant metabolic redesign aspi-
rations are not new, as evidenced by the long-awaited success in 
generating a functional C4-rice prototype using modern combinatorial 
gene transformation tools [11]. One might question the need for such 
complicated metabolic redesign strategies if the carboxylation proper-
ties of Rubisco itself could be significantly improved. For instance the 
catalytic properties of Rubisco from some red algae would support 
higher rates of photosynthesis in crops like rice, wheat, canola and 
soybean with C3-physiologies (i.e. those that lack a CO2-concentrating 
mechanism, CCM) [12]. This discovery has inspired efforts to emulate 

Fig. 1. The role, structure, activation and assembly of Rubisco in plant photosynthesis. (A) Summary of the O2 and energy producing light harvesting and carbon 
fixing CBB pathways of photosynthesis that preserve life in the biosphere. The three phases of the CBB cycle comprise (1) ribulose-1,5-bisphosphate (RuBP) 
carboxylation by Rubisco, (2) use of ATP and NADPH to reduce 3-phosphoglycerate (3-PGA) into glyceraldehyde-3-phosphate (GAP) that is (3) either used to 
regenerate RuBP or used to produce carbohydrates (sucrose, starch) and isoprenoids. Intermediary CBB metabolites also fuel the thiamine, nucleotide and shikimate 
biosynthetic pathways. Oxygenation of RuBP by Rubisco produces 2-phosphoglycolate (2-PG) whose recycling by photorespiration (in red) into 3-PGA spans three 
organelles at the expense of ATP and CO2 loss. G: glycolate; GX: glyoxylate; GLY: glycine; SER: serine; HP: hydroxypyruvate; GA: glycerate. (B) Side and top views of 
how the four pairs of RbcL subunits (grey) harbouring the Rubisco catalytic sites arrange as a tetrad core onto which four RbcS (green) arrange at each apex to 
stabilise and catalytically prime plant Form I RbcL8RbcS8 Rubisco (PDB: 3AXM). (C) Catalytic priming of Rubisco (E) requires activation with CO2 and Mg2+ (ECM) 
allowing correct RuBP binding for carboxylation/oxygenation. Inhibitory sugar phosphates (XuBP: Xylulose 1,5-bisphosphate; CA1P: 2-carboxy-D-arabinitol 1-phos-
phate; PDBP: pentadiulose-1,5-bisphosphate) bound within Rubisco catalytic sites (EI, ECMI) are released via an ATP hydrolytic process facilitated by Rubisco 
activase (Rca). The primary functional form of Rca is a hexamer (grey dashed box, tobacco Rca structure [PDB: 3ZW6] showing alternately coloured brown and 
yellow subunits). (D) Proposed pathway of plant Rubisco biogenesis begins with RbcL folding in a chloroplast Cpn60αβ/20 cage prior to forming a variety of possible 
chaperone bound RbcL-intermediary complexes with RAF1 and/or RbcX2, possibly even a RbcL8RAF18(RbcX2)8 complex (PDB: 7XSD) before binding BSD2 to form a 
RbcL8BSD28 complex (PDB: 6EKC) to which RbcS binds and dispels BSD2 to form the functional RbcL8RbcS8 holoenzyme. 
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this evolutionary feat in other forms of Rubisco using directed evolution 
([13]). 

Here we review the advances that have been achieved using directed 
evolution to improve the CO2-fixing speed (kcat

c ), affinity (Kc) and CO2/ 
O2 specificity (Sc/o) of different non-plant Rubisco isoforms. We focus on 
the few genuine examples where the catalytic prowess has been 
improved and explore how the approach might be extended to evolve 
plant Rubisco. A core requirement of such endeavours is being able to 
test by genetic transformation the translational impact an evolved 
Rubisco has on plant photosynthesis and growth. We therefore appraise 
the plant transformation capabilities available for bioengineering 
Rubisco that are currently constrained by the range of species amenable 
to chloroplast transformation [14]. 

2. Enhancing Rubisco activity – a target for improving 
photosynthesis 

Under ambient CO2 and saturating illumination, the rate of photo-
synthesis in C3-plants is predominantly Rubisco activity (Ac) limited. As 
evident from the productivity gains experienced in CO2-fertilisation 
field studies, C3-plant photosynthesis and growth will continue to 
experience Rubisco activity productivity limitations under the elevated 
CO2 (eCO2) levels envisaged over the next century [15]. Enhancing 
Rubisco activity in C3-crops has thus been a focal point for improving 
photosynthesis, growth and yield under both current and future eCO2 
[14,16]. 

As evident from the biochemical models of photosynthesis in C3- 
plant leaves [17], improving the rate of CO2-assimilation when Ac 
limited could be achieved by increasing the kcat

c and Sc/o of Rubisco and 
enhancing its affinity for CO2 (decreasing Kc) and reducing its affinity 
for O2 (increasing Ko) (Fig. 2A). While a preference would be to achieve 

concurrent improvements in all four catalytic parameters (as idealisti-
cally portrayed in Fig. 2B), it is not essential as long as the net kinetic 
gains in combination increase the initial slope under Ac-limited growth 
[14]. This could be achieved by improving the Rubisco carboxylation 
efficiency (defined as kcat

c / Kc(1 +[O2]/Ko) while maintaining a kcat
c that 

is at least wild-type equivalent (Fig. 2). Photosynthetic gains by 
improving Sc/o are also envisaged to arise from enhancing electron 
transport rate limited photosynthetic rates (Aj) due to declines in 2-PG 
production and costly recycling by photorespiration. Improving Sc/o 
would also lower the CO2 compensation point (Γ) under Ac-limited 
growth (Fig. 2B). As Rubisco is already inherently produced in high 
abundance in plants (up to 50% w/w of the leaf protein in C3-species, 
[18]), improving its catalysis may provide opportunities to improve 
plant nitrogen use efficiency by reducing the Rubisco levels required 
[14,16]. Reciprocal Rubisco overexpression studies have however 
shown productivity increases in field grown rice [19] and chamber 
grown maize [20]. In both instances the gains were achieved under 
carefully managed resource replete conditions, an economic cost that 
might constrain their practical utility in some agricultural settings. 

A variety of bioengineering strategies aimed at enhancing Rubisco 
activity indirectly in C3-crops are also being pursued. These include 
introducing components of the CCM from cyanobacteria or algae into 
leaf chloroplasts to allow Rubisco to work under saturating CO2 [21,22]. 
While the genetic complexity of introducing these CCM’s into plants 
pose significant bioengineering hurdles, the ongoing efforts have 
dramatically improved our CCM mechanistic understanding [23,24]. 
The predicted crop productivity gains of up to 60% afforded by intro-
ducing a heterologous CCM are however modelled on producing their 
cognate high kcat

c Rubiscos in equivalent abundance to native plant 
Rubisco [22]. However, the biogenesis requirements of cyanobacteria 
Rubisco (summarised in Figure S1) and algae Rubisco [12,25] are either 

Fig. 2. The impact of improving Rubisco carboxylation on C3-photosynthesis?. The biphasic responses of photosynthetic rate (A, red line) to varying chloroplast CO2 
pressures (Cc) at 25 ◦C in a tobacco leaf expressing (A) wild-type Rubisco (intersecting red lines) and (B) a Rubisco with 20% improvements in kcat

c (s− 1), Kc (µM), Ko 

(µM) and Sc/o (green lines). Rubisco activity limited rates of photosynthesis (Ac) using the shown kinetic values were fitted to the equation: Ac =
m.kcat

c
(

Cc .sc − 0.5Oc/Sc
o

)

(Cc .sc+Kc(1+Oc/Ko))
−

Rd, and the electron transport limited photosynthetic rate (Aj) fitted according to: Aj =

(
Cc .sc − 0.5Oc/Sc

o

)
Jmax

4
(

Cc .sc+Oc/Sc
o

) − Rd, as defined by [17]. Solid lines indicate the minimal 

rates of CO2-assimilation from the intersecting Ac and Aj modelled rates. Triangles indicate the kinetic parameters impacting the increase in Ac, stars indicate the 
improvement in Aj and lower CO2 compensation point (Γ) arising from the Sc/o increase. Oc, chloroplast O2 concentration (modelled at 252 µbar); sc, CO2 solubility 
constant (0.0334 M bar− 1); so, O2 solubility constant (0.00126 M bar− 1); m, Rubisco content (30 μmol catalytic sites.m− 2), Jmax, electron transport rate (180 μmol. 
m− 2.s− 1), Rd, mitochondrial respiration rate (1 μmol CO2 released.m− 2.s− 1). The pink/green shading represent the extrapolated span in CO2-assimilation rates (A) 
under the Cc pressures in tobacco leaves grown under ambient CO2 (aCO2, 410 ppm) with the “better” Rubisco simulated to improve A by 7–27%. Tobacco Rubisco 
kinetic values from [26]. 

M. Gionfriddo et al.                                                                                                                                                                                                                            



Seminars in Cell and Developmental Biology 155 (2024) 37–47

40

poorly met, or not met at all, by leaf chloroplasts. Producing a heterol-
ogous CCM in leaf chloroplasts that can support faster rates of photo-
synthesis may therefore necessitate additional genetic engineering to 
bolster cognate Rubisco activity levels by co-transplanting in compatible 
assembly and metabolic repair chaperones (for example Rubisco acti-
vase, [26]) from the cyanobacteria or algae. 

Alternative strategies for improving Rubisco activity have focused on 
altering chloroplast metabolism to limit flux through the resource costly 
photorespiratory cycle (reviewed in [27]). For example, introducing 
synthetic CO2-emmiting glycolate metabolizing pathways in the stroma 
and slowing chloroplast glycolate and glycerate transport can improve 
the rates of photosynthesis and growth of tobacco, though only in some 
lines producing each recombinant component in optimal quantities 
[28]. 

3. Plant Rubisco structure, regulation and biogenesis 

Plant Rubisco constitutes a Form I structure of ~520 kDa that com-
prises eight ~50 kDa large (RbcL) subunits coded by the rbcL gene in the 
chloroplast genome (plastome) and eight ~15 kDa small (RbcS) sub-
units coded by multiple RbcS genes in the nucleus [29]. The RbcL’s bind 
head-to-tail into dimers that house two catalytic sites at their interface 
(Fig. 1B). Four dimers then arrange to form an octameric (RbcL2)4 core 
to which eight RbcS bind to form a highly stable, catalytically primed, 
RbcL8RbcS8 holoenzyme [30]. 

3.1. The need for activation and regulation 

The RbcL amino acids that form the catalytic site are conserved in 
nature, as is the activation process wherein a molecule of CO2 reacts 
with lysine-201 to form a carbamate that is stabilised by Mg2+ binding 
(Fig. 1C). In this active ‘ECM’ form the catalytic site can correctly bind 
RuBP for binding substrate CO2 to form a β–keto acid that is cleaved into 
two molecules of 3-phosphoglycerate (3-PGA, [14,29,31]). Competing 
oxygenation of RuBP can also occur, in C3-plants occurring at a fre-
quency that leads to ~30% of the fixed CO2 being lost during photo-
respiratory recycling of 2-PG back into 3-PGA (Fig. 1A)[8]. 

Inhibition of plant Rubisco can occur when a catalytic site, both 
before and after CO2-Mg2+ activation, bind sugar phosphate compounds 
produced either as catalytic misfire products or as natural regulators 
(Fig. 1C). Displacement of these compounds from a Rubisco catalytic site 
is facilitated by Rubisco activase (Rca), a AAA+ (ATPase Associated 
Activity) metabolic repair protein where the hexamer is the most active 
oligomeric conformation [29,32]. There is increasing attention to better 
understanding the mechanistic properties of Rca as it can crucially 
impact the temperature response of photosynthesis. That is, unlike the 
thermal stability of plant Rubisco (denaturation requiring temperatures 
>60 ◦C), the structural and functional integrity of Rca in plants is 
compromised under moderate heat stress (between ~35 – 40 ◦C) mak-
ing enhancing the thermostability of Rca a target for improving crop 
productivity under warmer temperatures [32,33]. 

3.2. The multi-chaperone dependency of plant Rubisco biogenesis 

A decade of discoveries into the multi-chaperone Rubisco biogenesis 
process in plant chloroplasts led to the long-awaited, and heralded, 
achievement of producing Arabidopsis and tobacco Rubisco in E. coli 
[30]. As summarised in Fig. 1D, the biogenesis pathway involves at least 
7 chloroplast components that include 3 elements of the chaperonin 
protein folding cages (Cpn60α, Cpn60β, Cpn20) and four assembly 
chaperones (RAF1, RAF2, RbcX, BSD2). Both RAF1 and BSD2 are spe-
cific to plant Rubisco assembly with RAF2 serving an unknown, but 
essential, role in RbcL8RbcS8 biogenesis – possibly facilitating RbcS 
binding in the complex [34]. While RbcX is not essential for plant 
Rubisco synthesis in E. coli, its inclusion enhances production [30]. 
RAF1 and RbcX can function independently to augment intermediary 

RbcL8-chaperone complex formation, and perhaps even form heterolo-
gous structures containing both chaperones ([35], Fig. 1D). More 
detailed understanding of plant Rubisco biogenesis is still needed, in 
particular understanding the sequence complementarity requirements 
between plant RbcL and its auxiliary chloroplast chaperones which can 
impair, sometimes prevent, the biogenesis of heterologous plant 
Rubiscos in both E. coli and plant chloroplasts [36]. 

4. Directed evolution of Rubisco 

Natural evolution of proteins entails iterated mutation and selection 
over many generations of adaptive changes that benefit function. A 
comparable approach employed by scientists is directed evolution that 
uses laboratory methods to artificially select for alterations in the ac-
tivity of individual biomolecules [37]. A foremost requirement of 
directed evolution is the generation of suitably diverse mutant gene li-
braries. The second core component is a sensitive, high throughput 
screen capable of selecting for the desired biochemical trait. Screens 
utilising fast growing, high transformation efficiency hosts like E. coli 
and yeast (Saccharomyces cerevisiae) are the most popular. As such, the 
development of Rubisco Dependent E. coli (RDE) screens (Fig. 3A) has 
underpinned the successful directed evolution of some Rubisco isoforms 
to identify mutations that enhance catalysis and/or holoenzyme 
biogenesis in the bacterium. 

4.1. Historic summary of RDE screen development 

The discovery spinach phosphoribulokinase (PRK) expression was 
toxic to E. coli metabolism (Fig. 3B) due to the accumulation of RuBP 
[38] led to the design of a theoretical RDE screen incorporating a 
glycolysis pathway deletion complemented with a PRK-Rubisco meta-
bolic bypass [39]. This led to the production of the E. coli ΔgapA mutant 
MM1 strain where glyceraldehyde-3-phosphate dehydrogenase pro-
duction was deleted (Fig. 3C) [40]. MM1 RDE screens were undertaken 
on minimal media containing a carbon source, such as glycerol, up-
stream of the glycolytic lesion so that cell growth was dependent on PRK 
and Rubisco expression. Directed evolution experiments using MM1 
were successful in selecting catalysis changing mutations in the bacterial 
Rhodospirillum rubrum L2 Form II RrRubisco [41] and archaeal Meth-
anococcoides burtonii L10 Form III MbRubisco (Fig. 4A, [42]). The 
metabolic re-wiring in MM1 however impaired its cellular viability that 
reduced its transformation efficiency and marred Rubisco mutant se-
lection efficiency [40]. Other RDE screens using wild-type E. coli showed 
the selection of higher activity Synechococcus elongatus SeRubisco mu-
tants was possible without need for a glycolytic bypass (Fig. 3D), how-
ever the RbcL mutants selected improved the biogenesis (solubility) of 
the cyanobacterial L8S8 holoenzyme, not its kcat

c , Kc or Sc/o properties 
(reviewed in [13]). 

A limitation of wild-type based RDE screens is the extremely high 
prevalence of false positives selected where ~0.5% of the colony 
forming units screened grow under non-permissive PRK selection 
despite coding unmutated Rubisco. Genetic analyses showed these 
‘escape mutants’ mostly arise from prk transgene transposon insertions 
that silence PRK production [43]. To avoid escape mutant selection 
subsequent RDE screens have utilised a PRK::NPTII fusion protein 
linking kanamycin resistance to PRK production to inhibit cell growth 
on kanamycin if PRK::NPTII production is genetically silenced (Fig. 3D, 
[44]). Also limiting existing RDE screens is their exclusive use of solid-
ified agar plate-based selection. Upscaling to continuous liquid culture 
RDE screens have been marred by the faster growth of PRK toxicity 
escape mutants that, even if arising infrequently, encumber the ability of 
higher Rubisco activity mutants to dominate growth [40,41]. Metabol-
ically rewired E. coli strains derived by combining rational metabolic 
design and chemostat-based directed evolution however now exist that 
incorporate a life preserving, Rubisco dependent, CBB pathway where 
carbon assimilation is solely supported from CO2-fixation [9,10]. 
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Adapting these strains for use in an RDE bioreactor screen poses an 
enticing experimental prospect in developing higher throughput 
directed evolution tools for Rubisco bioengineering. 

4.2. Improving bacterial and archaea Rubisco catalysis by directed 
evolution 

Until now the directed evolution of Rubisco using RDE selection has 
been limited to isoforms from bacteria and Archaea whose holoenzyme 
biogenesis needs can be met, either partially or fully, in E. coli. To date, 
mutations that improve the carboxylation properties of MbRubisco 
(Fig. 4A, [42]), ThermoSynechococcus elongatus BP1 Form IB TeRubisco 
(Fig. 4B, [44]) and Rhodobacter sphaeroides Form IC RsRubisco (Fig. 4C, 
[13]) have been identified by using RDE selection, in most cases the 
mutations also improving the amount (solubility) of holoenzyme pro-
duced. Where in some cases the amino acid substitutions are localised 
nearby the catalytic sites (e.g. K332E in MbRubisco and Y345F in 
RsRubisco), other activity enhancing mutations are located more 
remotely. For example, directed evolution of TeRubisco identified an 
array of catalysis enhancing mutations that all clustered at a remote, 
previously unconsidered, RbcL-RbcS interface (Fig. 4B). Other remote 
sequence changes in plant Rubisco with inexplicable catalytic impact 
have been identified [45,46], congruent with a growing database of 
other enzymes whose activities have been dramatically impacted by 

mutations located remotely from catalytic/substrate binding sites [47]. 
Discovering how remote residue substitutions might impact Rubisco 
catalysis using in silico rational and computational protein design 
methods currently appear particularly challenged by the multi-step 
catalytic chemistry and structural complexity of Rubisco [48]. Indeed, 
only ancestral sequence reconstruction has, to date, provided 
biochemical evidence of substitutions in RbcL and RbcS that enhance the 
carboxylation efficiency tobacco Rubisco, with corresponding impacts 
on Sc/o and plant growth not yet tested [49]. 

Key outcomes of the Rubisco directed evolution research summar-
ised in Fig. 4 are the demonstrated feasibility of the technology to 
improve Rubisco catalysis and that both kcat

c and Sc/o can be improved 
simultaneously. This finding supports the discovery that the antiquated 
kcat

c -Sc/o trade-off hypothesis was overestimated from a phylogenetic bias 
in the kinetic data analysed [50]. Of additional interest is the favourable 
outcomes of the directed evolution pilot study with Form IC RsRubisco 
([13], Fig. 4C) that not only shares a phylogenetic lineage with the high 
Sc/o Rubiscos of red algae, but whose biogenesis needs are met in leaf 
chloroplasts [26]. Together, these properties provide an enticing possi-
bility for using RsRubisco as a proxy to explore the catalytic enhancing 
sequence space of red algae Rubisco towards bioengineering RsRubisco 
mutants that might be capable of improving the rates of leaf photosyn-
thesis, plant growth and yield. 

Fig. 3. Rubisco Dependent E. coli – a directed evolution screening tool. A variety of Rubisco dependent E. coli (RDE) screens have been utilized in the directed 
evolution of Rubisco. (A) Common to all RDE screens is the expression of phosphoribulokinase (PRK) to convert ribulose 5-phosphate (R5P) produced in the pentose 
phosphate pathway into RuBP, a non-native and inexplicably toxic metabolite to E. coli. Cell survival is thus dependent on Rubisco activity to alleviate this toxicity. 
Current directed evolution RDE screens rewire (B) wild-type E. coli metabolism by incorporating a PRK-Rubisco shunt (red arrows and shading) into strains coding 
(C) a glycolytic mutation (e.g. the ΔgapA deletion MM1 strain [41]) or (D) no mutation. RDE screens are performed under elevated CO2 to promote RuBP 
carboxylation by Rubisco to produce 3-phosphoglycerate (3-PGA), a compatible glycolytic intermediate [13,40]. E. coli can also metabolise 2-PG produced via 
Rubisco RuBP oxygenation[41]. The rate of RuBP metabolism, and thus cell viability, is thus linked to the level of cellular Rubisco activity. More efficient RDE 
screens use a PRK::NPTII fusion protein and undertake selection on kanamycin to avoid false positive (‘escape mutant’) selection [44]. P1, plasmid coding PBAD 
promoter arabinose inducible PRK::NPTII; P2, plasmid coding IPTG inducible T7 promoter regulated Rubisco gene(s); P3, compatible plasmid to P2 coding T7 
regulated auxiliary chaperones required for plant Rubisco biogenesis (see [36] and Fig. 5, step 4 *). G6P: glucose 6-phosphate; GAP: glyceraldehyde 3-phosphate; 1, 
3BPG: 1,3-bisphosphoglycerate; 3-PGA: 3-phosphoglycerate; Pyr: pyruvate; A-CoA: Acetyl-CoA; R5P: ribose 5-phosphate; RuBP: ribulose 1,5-bisphosphate; PRK: 
phosphoribulokinase; PPP: Pentose Phosphate Pathway. 
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4.3. Developing a new RDE screen for enhancing plant Rubisco catalysis 

Biochemical surveys among C3-plants and C4-plants have revealed 
significant variation in the carboxylation properties of their Rubisco [51, 
52]. While C3-photosynthesis simulations indicate examples where this 
variability might benefit leaf CO2-assimilation rates [14], questions 

remain as to whether the improvement levels are sufficient to afford 
productivity gains in a crop context [53]. While the feasibility of 
achieving catalytic gains equivalent to a “20% better” plant enzyme (as 
modelled in Fig. 2B) are contentious, being able to now express plant 
Rubisco in E. coli provides an unprecedented opportunity to more fully 
explore the sequence space of plant Rubisco for improvements in 

Fig. 4. Successful directed evolution of Rubisco catalysis by RDE screening. Summary of the biochemical properties of (A) M. burtonii MbRubisco [42], (B) 
T. elongatus TeRubisco [44] and (C) R. sphaeroides RsRubisco [13] mutants selected by RDE screening. Mutants with improved (green) or impaired (red) holoenzyme 
biogenesis (solubility) or kinetics are indicated, including the % change relative to wild-type (WT, grey bars). Residues numbering for MbRubisco and TeRubisco are 
relative to the parental enzyme with RsRubisco numbered relative to tobacco Rubisco (see RbcL and RbcS alignments in Fig. S2). Shown are the crystal structures of 
the L10 MbRubisco (PDB: 5MAC), the L8S8 TeRubisco (PDB: 3ZXW) and RsRubisco (PDB: 5NV3) and the location of the amino acid mutations (in red) relative to the 
catalytic sites (indicated by bound sugar phosphate in blue) in both the unassembled RbcL and RbcS and in the assembled quaternary structure. Surface mutations are 
indicated with differing colored triangles. TSP, total soluble protein. 
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catalysis [30,54]. Accelerating such efforts requires the E. coli expression 
technology be adapted for directed evolution. As shown for TeRubisco 
(Fig. 4B), identifying structural changes in crop Rubisco that provide a 
step improvement in carboxylation (that is, at a scale of transformative 
impact to plant productivity) may only be feasible by directed evolution. 

Systems for plant Rubisco expression in E. coli have been developed 
in several laboratories [30,36,49]. Recent success in condensing the 
expression system to two, rather than three, plasmids and co-ordinating 
expression of all 9 transgenes with IPTG inducible T7 promoter provides 
the genetic circuitry needed for RDE development [54]. As summarised 
in Fig. 5 (step 4 *), this golden gate cloning based tobacco chloroplast 
compatible tccE. coli expression system codes the Rubisco genes in 
pET16 (ampicillin resistance; plasmid P2) and the 7 tobacco chloroplast 
chaperones required for Rubisco biogenesis (see Fig. 1D) in pCDF 
(spectinomycin resistance; plasmid P3). Adapting this expression system 
for RDE screening should therefore be feasible by transforming in 
pACYCprk:nptII (chloramphenicol resistance, plasmid P1) where PRK:: 
NPTII production is regulated by the arabinose inducible BAD promoter 
(Fig. 3D). 

5. Plant Rubisco directed evolution, new possibilities and in 
planta testing 

The traditional directed evolution pipeline using RDE screens 
encompass generating and transforming IPTG inducible mutant Rubisco 
libraries (typically produced by error-prone PCR) into E. coli cells (MM1, 
XL1-Blue, JM109(DE3) or BL21(DE3)) already transformed with an 
arabinose inducible PRK or PRK::NPTII expressing plasmid (Fig. 5, steps 
1–4). The libraries are then plated on selective media containing suitable 
concentrations of IPTG and arabinose that only allow Rubisco mutants 
with ‘above wild-type’ activity to grow (Fig. 5, step 7). Re-screening is 
undertaken to compare and confirm the capacity of each Rubisco mutant 
to improve RDE fitness before sequencing and analysing the biochemical 
properties of each novel mutant (Fig. 5, steps 6–9) to identify suitable 
Rubisco mutants for additional rounds of directed evolution. 

5.1. Employing next generation genomic tools to accelerate discovery 

As summarised in Fig. 5, adapting the ‘traditional’ RDE screen for 
plant Rubisco directed evolution may simply entail adopting the 3- 
plasmid expression system described in Section 4.3 (step 4 *). Changes 
to the analytical pipeline might also consider using Deep Mutational 
Scanning (DMS) to sequence the combined Rubisco plasmid pool from 
surviving colonies (Fig. 5, steps 6 * and 7 *) in place of individual colony 
picking, rescreening and Rubisco plasmid sequencing (Fig. 5, steps 6–8). 
Of potential use is the rapid, low cost, mutational screening capabilities 
of Oxford Nanopore MinION long-read sequencing that make it an 
appealing DMS tool in protein analytics [55,56]. Of particular merit, 
DMS would both identify the selection frequency of fitness enhancing 
amino acid mutations in Rubisco as well as identify in what residue 
combinations they might occur. Problems with false positive colony 
selection is also avoided as only novel (non-wild-type) amino acid 
changes are mined for. Subsequent testing the impact these residue 
changes have on RDE selection fitness and carboxylation kinetics (Fig. 5, 
steps 7 * and 8 *) would require additional mutant gene generation, a 
bottleneck of diminishing significance with the rapid improvement in 
the speed and economics of single reaction restriction-ligation technol-
ogies and gene synthesis [36,57]. Once biochemically characterised, 
Rubisco mutant(s) modelled to improve photosynthesis (as simulated in 
Fig. 2) would be transformed into plants to test their translational 
impact on photosynthesis, growth and productivity (Fig. 5, steps 9 * and 
10 *). This in planta translational testing is important as Rubisco 
biogenesis in E. coli poses an unreliable proxy for production in chlo-
roplasts [36]. 

The choice of epPCR to generate lower mutation rate Rubisco li-
braries has been traditionally favoured over techniques incorporating 

larger domain swaps or saturation mutagenesis due the increased like-
lihood the latter methods introduce structurally destabilizing changes 
that impact holoenzyme assembly [37]. While the validity of such 
caution is tenuous, there remain new directed evolution technologies 
with the potential to accelerate progress in optimizing Rubisco perfor-
mance. Prime among these is the process of continuous evolution where 
gene(s) of interest are subject to repeated cycles of hypermutation and 
selection in vivo [58]. The approach is advantage by the capacity to 
successively accumulate functionally neutral mutations over generation 
cycles before acquiring fitness-enhancing epistatic mutations. The 
approach thus provides a robust, faster method for progressively 
selecting better-performing variants at each round of mutation and se-
lection. While continuous evolution systems such as Phage-assisted 
continuous evolution (PACE), PRANCE, EvolvR, OrthoRep, MutaT7 
have been used to evolve a wide range of proteins [59,60], their utility in 
the directed evolution of Rubisco remains hypothetical (e.g. as an 
alternative to step 4 * in Fig. 5). Possibly a suitable “low experimental 
effort” PACE system might encompass coupling Rubisco catalysed 
3-PGA production to the synthesis of the protein pIII required for M13 
phage replication in E. coli, a selection screen successful in evolving T7 
RNA Polymerase [61]. As with current plate based RDE selection sys-
tems, the continuous Rubisco evolution system design will need to 
ensure its efficiency is not compromised by escape mutant selection. 

New gene library synthesis technologies with potential to more fully 
explore the sequence space of proteins include single-site variant li-
braries (SSVLs). Unlike epPCR that only survey approximately one-third 
of the possible amino acid diversity due to the redundancy in the genetic 
code [62], SSVLs provide user-defined control over the range of amino 
acid substitutions incorporated at a desired residue within a protein. 
Exploiting the capacity of SSVLs to access Rubisco residue substitutions 
unobtainable by epPCR is highly enticing, though challenging in 
deciding on what residues to focus. Fortunately, there exists a rising 
catalogue of specific amino acids in RbcL and RbcS that have been 
identified by directed evolution (e.g. Fig. 4 and S2), RbcL 
phylogeny-catalysis mapping [63,64] and catalytic site mutagenic 
profiling [65] as functionally important. As with any new technology 
however, the high cost of SSVL’s pose a significant constraint on their 
utility. A more economical alternative might therefore be to consider 
trialing other genetic recombinant methods used in protein evolution 
[37] to generate Rubisco mutant libraries that can explore greater 
sequence space than epPCR with a focus on regions currently identified 
as functionally important (step 2, Fig. 5) [62]. 

5.2. Current and future tools for in planta testing of evolved plant 
Rubiscos 

Confirming a modified biomolecule has the desired impact in an 
applied context is the core aim of directed evolution endeavours. In the 
context of bioengineering Rubisco to improving photosynthesis, ideally 
this entails transforming any ‘improved’ variants back into a photo-
synthetic host to validate their ‘translational’ capacity to enhance pro-
ductivity and growth [14]. The last decade has seen rapid improvements 
in the efficiency, economics, species diversity and genetic precision of 
plant transformation technologies [66]. Inefficiencies associated with 
traditional Agrobacterium-mediated nuclear transformation approaches 
are slowly being superseded with alternate, multiplexed gene-targeting 
DNA delivery systems that offer improvements in transformation cost, 
efficiency and diversification in the spectrum of crop species amenable 
to genetic modification [67]. The advances are providing researchers 
opportunities to genetically modify crops directly and thus circumvent 
the traditional practice of first undertaking transformation tests in 
model plants like Arabidopsis. 

Translational testing how changes to Rubisco catalysis impact plant 
photosynthetic and growth face two core challenges. Firstly, introducing 
changes to RbcL require the availability of chloroplast transformation 
tools to modify the rbcL gene in the plastome (Fig. 6A). Unfortunately, 
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Fig. 5. Next-generation directed evolution and sequencing tools to improve Rubisco. Summary of the traditional mutate-screen-test iterative cycles in the directed 
evolution of Rubisco using RDE selection (blue circle) and new possibilities to (i) evolve plant Rubisco (green), (ii) speed-up winner mutant detection using Deep 
Mutational Sequencing (DMS), (iii) expand the accessible amino acid sequence space for screening (SSV library) and (iv) adapt continuous evolution platforms (e.g. 
PACE, OrthoRep, EvolvR, MutaT7, [60]) for Rubisco activity selection. The cycle steps include: (1) a template including rbcL ( ± rbcS) gene(s), (2) mutagenesis 
(epPCR, SSV library), (3) expression vector library construction (e.g. Golden Gate cloning) and (4) transforming into E. coli containing plasmid P1 coding PRK::NPTII 
for (5) RDE screening using appropriate conditions of IPTG and arabinose for selection (Fig. 3). (6) Colonies with ‘better-than-wild type’ growth fitness are selected, 
their Rubisco plasmid purified and (7) re-screened by RDE to confirm improved growth fitness before (8) rbcL-rbcS sequencing and (9) expressing in E. coli and 
assessing how the mutations impact Rubisco biogenesis (solubility) and catalysis [13]. (4 *) A plant Rubisco RDE screen could entail 3 plasmids that builds on the 
2-plasmid based chloroplast compatible E. coli (ccE. coli) plant Rubisco expression system of [36] (plasmid P2 coding plant Rubisco genes and plasmid P3 its 7 
auxiliary chloroplast folding/assembly chaperones, see Fig. 1D). For quicker mutant screening, (5 *) the faster growing ccRDE winner mutants on the entire plate are 
(6 *) co-harvested by scraping and (7 *) the Rubisco amino acid mutations and frequency identified by rbcL-rbcS deep mutation screening (e.g. Oxford Nanopore 
MinION sequencing) before (8 *) re-testing the impact of high frequency mutations on ccRDE fitness and Rubisco biochemistry (solubility/kinetics). (9 *) ‘Better’ 
Rubisco mutants are introduced by chloroplast transformation into tobacco to assess (10 *) their translational impact on plants photosynthesis and growth (Fig. 6). 
Successive rounds of directed evolution are undertaken on higher activity (‘winner’) Rubisco mutants detected at steps (9) and (8 *). 
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methods for generating fertile, fully homoplasmic chloroplast trans-
formed progeny (that is, where all plastome copies contain the genetic 
modification, Fig. 6) is limited to a small range of crop species that does 
not include monocot plants where there remains no suitable plastid 
transformed tissue regeneration systems (Fig. 6B) [68,69]. The second 
translational testing challenge in plants is the location of the multiple 
RbcS copies in the nucleus (Fig. 6A). Fortuitously the last 5 years has 
seen rapid advances in multiplex plant gene editing technologies to 
undertake multi-RbcS targeted mutagenesis [66,70], with preliminary 
gene editing efforts already successful in silencing targeted RbcS copies 
in Arabidopsis and tobacco [71,72]. 

Improving Rubisco catalysis can arise from substitutions in RbcL 
and/or in RbcS (see TeRubisco for example, Fig. 4B). In planta Rubisco 
bioengineering activities have therefore employed plastome rbcL engi-
neering in tobacco as well as modifying RbcS expression in tobacco, rice 
and Arabidopsis by either nuclear or chloroplast transformation [14,73]. 
Most RbcL bioengineering studies have been undertaken in tobRr, a 
tobacco genotype where the rbcL gene is replaced with the rbcM gene 
coding L2 R. rubrum RrRubisco (Fig. 6 C) [74]. Although RrRubisco is 
faster than tobacco Rubisco (with a ~4-fold higher kcat

c of ~12 s− 1 [41, 
75]) and highly expressed in chloroplasts (Supplementary Figure S2), 
tobRr growth in soil requires eCO2 due to the poor CO2-affinity and low 
Sc/o of RrRubisco. Nevertheless, the high transformation efficiency and 
ease of recombinant Rubisco detection by native PAGE makes the tobRr 
a preferred plastome transformation master-line [76] and inspired the 

generation of a comparative potRr line for Rubisco bioengineering in 
potato [77] (Fig. 6 C). Plastome engineering rbcL in wild-type tobacco is 
however feasible, although less efficient and error prone [78]. Future 
plant Rubisco bioengineering tools might also consider the recent ad-
vances made in utilizing plastid targeted transcription activator-like 
effector nucleases and cytidine deaminases to edit organelle genomes 
[79,80]. Perceivably these nuclear transformation tools might alleviate 
the rbcL transformation bottleneck currently impeding Rubisco muta-
genesis in most major crops (Fig. 6B). 

Recent advances in plant RbcS engineering include the generation of 
rice, tobacco and Arabidopsis lines where the endogenous RbcS genes 
have been fully, or selectively, silenced by RNA interference (RNAi) or 
CRISPR-Cas9 gene editing (reviewed in [73]). Successful examples 
include the production of RbcS silenced rice lines (edited using CRISPR) 
that only express an RbcS from sorghum (a C4-plant) [81]. Though the 
resulting rice RbcL-sorghum RbcS hybrid enzyme showed an increase in 
kcat

c , the accompanying impairments in Kc and Sc/o impaired leaf 
CO2-assimilation rates, as anticipated by the C3-photosynthesis models 
(Fig. 2). RbcS production was also successfully silenced in tobRr by 
RNAi-RbcS to produce the tobRrΔS genotype (Fig. 6D) where both rbcL 
and a synthetic rbcS can be co-engineered by plastome engineering [45]. 
Using potato Rubisco, this study generated four transplastomic lines 
producing potato RbcL and each of its four different RbcS. Kinetic 
comparisons identified two amino acid differences among its 3-meso-
phyll cell expressed RbcS variants that influence catalysis, and that 

Fig. 6. The translational toolbox for in planta testing of directed evolution Rubisco mutants. (A) The high efficiency of plastome transformation in wild-type tobacco 
(Nicotiana tabacum) makes it the favoured model plant in bioengineering the plastome rbcL gene [14]. (B) Equivalent rbcL engineering efforts have been limited by 
the limited number of crops where plastome bioengineering is established (that does not include 7 of the 10 primary global crops, [68]). (C) Tobacco (tobRr, [74]) 
and potato (potRr, [77]) lines where rbcL had been replaced with the rbcM gene coding the form II R. rubrum L2 Rubisco have been produced, with the tobRr 
master-line used for introducing foreign or mutated tobacco rbcL genes [14]. Subsequent silencing RbcS production in tobRr by RNAi produced (D) tobRrΔS, a 
genotype allowing the simultaneous bioengineering of rbcL and rbcS by plastome transformation [45]. Transforming higher activity Rubisco mutants selected by RDE 
into either the tobRr (when mutations are localised to rbcL) or tobRrΔS (when rbcS mutations require testing) provides the means to evaluate their chloroplast 
biogenesis compatibility and comparative impact on plant photosynthesis and growth relative to wild-type. N. tabacum and Solanum tuberosum (pot) code 13 × and 
4 × nuclear RbcS copies, respectively [45,71]. 
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the trichome made RbcS indeed enhanced kcat
c (as initially shown [82]), 

but at a corresponding cost to Kc and Sc/o that impaired leaf photosyn-
thesis [45]. 

6. Conclusion 

Among the handful of directed evolution applications so far envis-
aged in plant science [83,84], most attention has been on evolving 
Rubisco. As outlined in this review, new genetic technologies for the 
directed evolution of plant Rubisco bioengineering in E. coli now exist. 
The advances include the development of next-generation plant directed 
evolution platforms and DMS analytics that can provide unprecedented 
throughput and opportunities to survey sequence space currently inac-
cessible within photosynthetic hosts and existing RDE screens. 
Improving the fidelity of plant Rubisco RDE screens for catalytic mutant 
selection will require genetic fine tuning to optimise the expression of 
each chaperone, RbcL, RbcS for maximal Rubisco production and 
possibly including Rca expression to maintain full Rubisco activity. 
Optimising plant Rubisco production in E. coli may also provide 
expression consistency that provides a reliable proxy for its production 
in chloroplasts. Coupled with this is the need to develop appropriate 
genetic tools for transforming into crops, while considering responsible 
innovation principles around plant transformation [3]. Ideally the 
redesign of Rubisco fitness should arise via minimal changes to the 
plastome rbcL gene and/or nuclear RbcS copies within target crops via 
gene editing. The potential to engineer step-change improvements to 
crop Rubisco performance by directed evolution and test their trans-
lational impact on agricultural productivity now appear close at hand. 
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