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The growth rate of the human population is faster than

improvements in crop yields. To feed people in the future,

multiple strategies are required. One proposed approach is to

raise the yield potential of C3 crops by modifying

photosynthesis to the more efficient C4 pathway. Owing to

complex changes associated with C4 photosynthesis, it is no

understatement to define this conversion as one of the Grand

Challenges for Biology in the 21st Century. Here we outline the

challenges of installing a C4 system and assess how new

approaches and knowledge may help achieve this goal.
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Background to crop yields
The Green Revolution led to large improvements in grain

production. However, in recent years, plant breeders have

failed to systematically increase yields in line with popu-

lation [1,2]. It is estimated that world cereal production

must increase by 50% by 2030 to meet the projected

demand for food [3]. Owing to increases in climate

uncertainty, it would be most beneficial if genetic

improvements increased yields across a range of environ-

ments. Increasing the maximum attainable yield of exist-

ing food crops could be part of the solution. It is

theoretically possible to increase yield potential by

50% in some species by raising their photosynthetic

capacity [2,4–6]. If this proved possible in practice, then

it would greatly contribute to food security.

Increasing photosynthetic capacity raises
yield potential
Dramatically increasing yield potential is not trivial

because the outcome results from complex interactions
www.sciencedirect.com 
between contributing components. Yield potential is the

product of four factors: (1) total incident solar radiation

accrued over the growing season, (2) efficiency of the

plant to intercept photosynthetically active radiation

(PAR), (3) efficiency with which intercepted PAR is

converted into dry matter (radiation use efficiency,

RUE) and (4) amount of resources partitioned to the

grain (harvest index). During the Green Revolution, light

interception and harvest index were maximised. Extend-

ing the growing season is undesirable because manage-

ment practices are tied to cyclical weather patterns that

allow production within specific time frames, and canopy

production and architecture are thought to be optimised

[2,4]. This leaves RUE as a potential source for significant

new genetic improvement. Theoretical models predict

RUE of C3 crops would be improved by approximately

50% by using C4 photosynthesis [2,4]. This led to the

suggestion that converting crops from C3 to C4 could

mitigate the global food crisis [4,7].

Flavours of C4 photosynthesis
There are multiple forms of C4 photosynthesis, but all

involve specialised anatomy and biochemistry of leaves.

Three major subtypes of biochemistry [8] are superim-

posed onto at least twenty-five types of leaf anatomy

[9] (Figure 1a), and evidence is mounting that these

biochemical subtypes are an oversimplification [10,11��,
12�,13�,14]. This diversity leads to the important question

of which C4 flavour should be selected to engineer into C3

crops. Two main approaches have been undertaken, both

of which use NADP-malic enzyme (NADP-ME) biochem-

istry (Figure 1b) as a basis for converting rice from C3 to C4.

These are the development of a single-celled C4 system

[15,16] and a two-celled system [17] that would require the

development of mesophyll (M) and bundle sheath (BS)

cells arranged in classical Kranz anatomy (Figure 1b,c).

The latter effort, which is the subject of this review, has

been selected by the C4 Rice Project [18] because it is the

type utilised by many of the most productive C4 crops and

is relatively simple. However, it will still be difficult

to engineer.

Challenges associated with placing C4

photosynthesis into C3 leaves
The complexity of C4 photosynthesis indicates that its

integration into C3 leaves will be an enormous challenge.

Indeed, many domesticated C3 crops, including rice,

belong to genera that are deeply embedded in clades

consisting only of C3 species [19��] and so it can be argued

that there is some inherent incompatibility between the
Current Opinion in Biotechnology 2012, 23:209–214
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Figure 1
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C4 photosynthesis requires specialised leaf biochemistry and anatomy.

(a) There are three major subtypes of C4 biochemistry. In each, CO2 is initially fixed by the cytosolic enzyme phosphoenolpyruvate carboxylase

(PEPC) to form a four carbon molecule that is subsequently decarboxylated by at least one of three enzymes: NADP-malic enzyme (NADP-ME),

NAD-malic enzyme (NAD-ME), and/or phosphoenolpyruvate carboxykinase (PEPCK). While NADP-ME operates in the plastid, NAD-ME and PEPCK

function in the mitochondria and cytosol, respectively, requiring diffusion of released CO2 to the chloroplasts. In all subtypes, a high concentration of

CO2 builds in the vicinity of Ribulose-1,5-Bisphosphate Carboxylase Oxygenase (RuBisCO), favouring its use as a substrate to initiate the Calvin–

Benson cycle and dramatically reducing photorespiration. These biochemical reactions may be superimposed onto many different types of leaf

cellular anatomy.

(b) The C4 Rice Project aims to convert rice to a two-celled NADP-ME C4 photosynthetic system with classical Kranz anatomy. In this system, two

distinct photosynthetic cell types, mesophyll (M) and bundle sheath (BS), differentiate to form an interdependent biological unit with a defined spatial

arrangement. M and BS cells form concentric circles around the veins, generating a consistent pattern of vein-BS-M-M-BS-vein across the leaf. The

C4 cycle starts in the M cells, where CO2 is converted to bicarbonate in the cytosol by carbonic anhydrase (CA) and is fixed to phosphoenolpyruvate

(PEP) by PEPC to form oxaloacetate (OAA). OAA moves into the chloroplast where it is converted to malate (MAL) by malate dehydrogenase (MDH).

MAL moves from the M cell chloroplast to the BS cell chloroplast where it is decarboxylated by NADP-ME to form pyruvate (PYR) and CO2. The PYR

moves from the BS cell chloroplast to the M cell chloroplast where it is converted to PEP by pyruvate, orthophosphate dikinase (PPDK), thereby

completing the C4 carbon cycle. The CO2 released in the BS chloroplast is used in the Calvin–Benson cycle.

(c) Sorghum bicolor performs two-celled NADP-ME C4 photosynthesis with classical Kranz anatomy. Shown here is a representative cross section

of a S. bicolor leaf with the vein (centre) surrounded by a layer of BS and M cells, respectively. The C4 Rice Project aims to duplicate this anatomical

and physiological arrangement in rice.
current genomes of these species and operation of C4

photosynthesis. Additionally, major gaps in our knowl-

edge of the C4 leaf must be addressed. No master reg-

ulator(s) has been isolated and loci for many of the

transporters associated with metabolite fluxes, modifi-

cations to cell biology as well as the specialised anatomy

of C4 leaves remain to be identified.

On a more pragmatic note, the number of genes essential

to a functional C4 pathway is large. Existing methods of

genetic engineering are probably insufficient for its instal-

lation, and the engineering challenge will probably

increase as we identify more genes essential to C4. In

the next sections, we propose opportunities that may

allow some of these challenges to be overcome.

Opportunities to introduce Kranz(-like)
anatomy into C3 leaves
For a two-celled NADP-ME C4 leaf to be engineered, a

key modification will be the introduction of Kranz(-like)
Current Opinion in Biotechnology 2012, 23:209–214 
anatomy into C3 leaves. Classical Kranz anatomy

(Figure 1c) is proposed as a target because the most

productive C4 crops have this cellular pattern. Reduction

in interveinal distance, larger and/or increased number of

chloroplasts within BS cells, specialisation of M and BS

chloroplast proteomes, and sufficient plasmodesmata for

transport between M and BS cells will be necessary

modifications to the C3 leaf. Although no genes control-

ling development of Kranz anatomy are known, it is

possible to disrupt cell specific functions and patterning

in C4 species. Large-scale screens of Zea mays [20–23]

yielded mutants in BS and M specific pathways [23,24].

Mutants with large interveinal spaces or altered BS cell

development have been identified in Panicum maximum
[25]. A screen of sorghum [18] yielded lines with signifi-

cantly increased vein-spacing [17]. Conversely, a screen

of rice mutants identified lines with closer vein-spacing

relative to wild type [17]. The presence of some flexibility

in C3 and C4 leaf traits provides hope that Kranz anatomy

can be introduced into C3 leaves.
www.sciencedirect.com
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The compatibility of C3 leaves with C4

biochemistry
Some characteristics of C4 biochemistry are present in C3

plants. Cells adjacent to veins in tobacco and Arabidopsis
use C4 acid decarboxylases to release CO2 from malate

[26,27]. Additionally, some endogenous Arabidopsis genes

have BS specificity [28]. The ability to accumulate

enzymes in a cell-specific manner across diverse C3

lineages implies a pre-existing regulatory mechanism(s)

is recruited during C4 evolution. Consequently, the

specific site of enzyme expression and the amount accu-

mulated may only need modification rather than gener-

ation de novo when evolving C4.

The latent ability for C3 genes to be expressed in a C4

manner was recently demonstrated [29��]. A region within

the coding sequence of NAD-ME genes from A. thaliana
(C3) and C. gynandra (C4) and NADP-ME from maize (C4)

is sufficient for BS specificity in Cleome gynandra and

maize. Furthermore, some promoters and untranslated

regions of cell specific genes from C4 species can maintain

cell specific expression in C3 species [30–35]. Together,

these data indicate first that C3 leaves can partition gene

expression between M and BS cell types, second that

coding and non-coding regions can be recruited, and third

that a number of promoters can be used as a resource to

allow cell-specific accumulation of proteins. Based on the

above evidence, we conclude there are no inherent

incompatibilities associated with implementing expres-

sion of C4 biochemistry genes in C3 M and BS cells.

Separate lineages have used very similar
paths to generate C4 photosynthesis
Evidence is emerging that some mechanisms underlying

C4 photosynthesis represent parallel evolution. For

example, the same or similar alterations to amino acid

sequences of phosphoenolpyruvate carboxylase (PEPC),

NADP-ME, and phosphoenolpyruvate carboxykinase

(PEPCK) [36–38] have been documented in multiple

lineages of C4 grasses. In addition, it appears that cell

specific regulation of gene expression in C4 leaves can be

mediated by remarkably similar mechanisms in distant

independent lineages of C4 [29]. Together, these findings

indicate that mechanisms underlying the regulation of C4

photosynthesis are shared by multiple and distantly

related lineages. The existence of shared mechanisms,

despite significant variation between C4 lineages, pro-

vides hope that installation of C4 is possible because it

implies there are key routes that lead to a C4 leaf.

Opportunities associated with high-
throughput transcriptomics and proteomics
Important shared mechanisms of gene regulation in C4

are being elucidated with high throughput technologies.

Analyses of transcriptomes [11��] and proteomes

[39,40�,41,42] of maize along a leaf developmental gra-

dient and/or between BS and M cells have provided
www.sciencedirect.com 
insight into regulatory proteins [44,45] putative transcrip-

tional regulators [11��] and putative transporters [14]

important to C4. A proteomics study of distantly related

pea (C3) and maize (C4) also yielded transporters puta-

tively involved in C4 [46]. A quantitative comparison of

transcript abundance between C. gynandra (C4) and C.
spinosa (C3) identified candidate transcription factors and

showed that transcripts encoding ribosomal components

are reduced in C4 relative to C3 [13�,47]. A comparison of

transcriptomes from five closely related Flaverias, which

are C3, C4 or C3–C4 intermediates, comprehensively

quantified the extent to which gene expression differs

between C3 and C4 leaves and identified transcripts for

transporters previously identified as putatively important

to C4 [42,46]. Combining results of these experiments

allows selection of candidates for further study.

For example, some chloroplast membrane transporters

are more abundant in C4 species relative to C3 and have

cell specific accumulation in a C4 context, making them

good candidates for C4 metabolism. In particular, the 2-

oxoglutarate/malate translocator (OMT1) is enriched in

the M cells of C4 species. This accumulation pattern is

significant because in C3 leaves, OMT1 exports stromal

malate in exchange for oxaloacetate (OAA) [43��]. There-

fore, its abundance and M-enriched accumulation in a C4

context open the possibility that OMT1 was recruited

into the C4 cycle to import OAA, the product of PEPC,

into M plastids while exporting malate for transfer to the

BS. As such, OMT1 is a good candidate C4 transporter

identified by transcriptomic and proteomic data.

Further comparisons of C3 and C4 species should help

identify the core C4 gene set. C4 photosynthesis is an

extraordinary example of convergent evolution found in

at least 62 independent lineages [19��,48,49]. This

suggests that the evolutionary transition from C3 to C4

is relatively simple, occurring via modification of existing

genes. The fact that all C4 genes identified to date are

present in C3 species [50] and the presence of shared

regulatory mechanisms across diverse lineages support

this notion. The 1000 Plant Transcriptomes Project [51] is

using recent advances in sequencing technologies to

study in parallel numerous lineages of closely related

C3 and C4 species. Mining the natural diversity of C4

plants may make it possible to access the core C4 gene set,

including shared regulatory mechanisms.

Using new models to accelerate
understanding
Traditionally, maize and sorghum are C4 model species.

Both are large monocot plants with relatively large gen-

omes and slow generation times. Development of more

tractable C4 model species that are small and rapid cycling,

such as Cleome gynandra (dicot) [52] and Setaria viridis
(monocot) [53�], will accelerate identification of important

loci by enabling rapid classical forward genetic screens.
Current Opinion in Biotechnology 2012, 23:209–214
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Technology development will facilitate the
installation of C4

One problem associated with shifting a plant from C3 to

C4 is the complexity of gene engineering needed. Even

with our current incomplete understanding of C4 bio-

chemistry, the number of genes that need to be stacked

into a C3 crop is daunting. We estimate that the lower

limit is 14 genes, when core components of the pathway

and key transporters are counted, but additional genes

will almost certainly be necessary. An upper limit of 3582

genes, which express in a C4-related cluster has been

suggested for Flaveria species [13]. However, technol-

ogies such as zinc-finger nucleases, meganucleases and

the ability to engineer mini-chromosomes into plants [54–
56] could help overcome this issue. As engineering a C4

system into crops such as rice is clearly a long-term

endeavour, it would be sensible not to allow limitations

of current technologies to limit the discovery stage of

development.

Summary
Although the above analysis indicates that converting a

C3 crop to C4 photosynthesis is an extremely challen-

ging undertaking, the economic and societal benefits

that would accrue are significant [57]. To achieve this

Grand Challenge, we argue that we need to build on the

solid platform generated by decades of previous work

on the regulation of C4 gene expression [50], that

significant further advances in gene discovery will come

from intensified and thoughtful use of mutant screens,

and that the ability to direct gene expression in M and

BS cells of C3 leaves will be enhanced by additional

analysis of cis-elements and trans-factors. Furthermore,

systems biology studies of rapid-cycling models as well

as high throughput sequencing of multiple non-model

species will provide new gene candidates for C4 traits

that are currently opaque. By combining genetic

resources and new technologies, we are optimistic that

the core suite of genes necessary to build and maintain

a C4 plant will be found in a timely manner to alleviate

world hunger.

Acknowledgements
We thank the BMGF for funding the C4 Rice Project. Views expressed here
were stimulated by being part of this consortium. We thank our
collaborators in the C4 Rice Project and outside it for providing many of the
foundations for the analysis in this review.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest

�� of outstanding interest

1. Kropff MJ, Cassman KG, Peng S, Matthews RB, Setter TL:
Quantitative understanding of yield potential. In Breaking the
Yield Barrier: Proceedings of a Workshop on Rice Yield Potential in
Favourable Environments. Edited by Cassman KG. Los Banos,
Philippines: International Rice Research Institute; 1994:21-38.
Current Opinion in Biotechnology 2012, 23:209–214 
2. Zhu XG, Long SP, Ort DR: Improving photosynthetic efficiency
for greater yield. Annu Rev Plant Biol 2010, 61:235-261.

3. Royal Society: Reaping the benefits: Science and the
sustainable intensification of global agriculture. Edited by The
Royal Society, London; 1999.

4. Mitchell PL, Sheehy JE: Supercharging rice photosynthesis to
increase yield. New Phytol 2006, 171:688-693.

5. Parry MA, Reynolds M, Salvucci ME, Raines C, Andralojc PJ,
Zhu XG, Price GD, Condon AG, Furbank RT: Raising yield
potential of wheat. II. Increasing photosynthetic capacity and
efficiency. J Exp Bot 2011, 62:453-467.

6. Hibberd JM, Sheehy JE, Langdale JA: Using C4 photosynthesis
to increase the yield of rice-rationale and feasibility. Curr Opin
Plant Biol 2008, 11:228-231.

7. Reynolds M, Bonnett D, Chapman SC, Furbank RT, Manes Y,
Mather DE, Parry MA: Raising yield potential of wheat. I.
Overview of a consortium approach and breeding strategies.
J Exp Bot 2011, 62:439-452.

8. Hatch MD: C4 photosynthesis: a unique blend of modified
biochemistry, anatomy and ultrastructure. Biochim Biophys
Acta 1987, 895:81-106.

9. Edwards G, Vonzenesenskaya E: C4 photosynthesis: Kranz
forms and single-cell C4 in terrestrial plants. In C4

Photosynthesis and Related CO2 Concentrating Mechanisms.
Edited by Raghavendra AS, Sage RF. Kluwer Academic
Publishers; 2011:29-60.

10. Wingler A, Walker RP, Chen ZH, Leegood RC:
Phosphoenolpyruvate carboxykinase is involved in the
decarboxylation of aspartate in the bundle sheath of maize.
Plant Physiol 1999, 120:539-546.

11.
��

Li P, Ponnala L, Gandotra N, Wang L, Si Y, Tausta SL, Kebrom TH,
Provart N, Patel R, Myers CR et al.: The developmental dynamics
of the maize leaf transcriptome. Nat Genet 2010, 42:1060-1067.

This paper was the first to systematically dissect C4 differentiation along a
leaf developmental gradient so that gene regulatory networks can be
identified. This work is significant because it is being performed in
conjunction with proteomics on the same sample, thus creating great
depth of analysis.

12.
�

Furbank RT: Evolution of the C4 photosynthetic mechanism:
are there really three C4 acid decarboxylation types? J Exp Bot
2011, 62:3103-3108.

This review summarises current thinking on the flexibility that probably
exists in the operation of decarboxylases in C4 plants.

13.
�

Gowik U, Brautigam A, Weber KL, Weber AP, Westhoff P:
Evolution of C4 photosynthesis in the genus Flaveria: how
many and which genes does it take to make C4? Plant Cell
2011, 23:2087-2105.

This study makes use of the largest number of C3, C3–C4 and C4 species
to date in a comparative transcriptomics experiment and shows the
power of combining available genetic resources with next generation
sequencing technology in identifying genes of interest to the C4 pathway.

14. Majeran W, van Wijk KJ: Cell-type-specific differentiation of
chloroplasts in C4 plants. Trends Plant Sci 2009, 14:100-109.

15. Miyao M, Masumoto C, Miyazawa S, Fukayama H: Lessons from
engineering a single-cell C4 photosynthetic pathway into rice.
J Exp Bot 2011, 62:3021-3029.

This review summarises the most advanced work to date on installing a
C4 system in rice, the single cell NADP-ME C4 type. Lessons learned from
these attempts should inform work on a two-celled system.

16. Taniguchi Y, Ohkawa H, Masumoto C, Fukuda T, Tamai T, Lee K,
Sudoh S, Tsuchida H, Sasaki H, Fukayama H et al.:
Overproduction of C4 photosynthetic enzymes in transgenic
rice plants: an approach to introduce the C4-like
photosynthetic pathway into rice. J Exp Bot 2008,
59:1799-1809.

17. Kajala K, Covshoff S, Karki S, Woodfield H, Tolley BJ, Dionora MJ,
Mogul RT, Mabilangan AE, Danila FR, Hibberd JM et al.:
Strategies for engineering a two-celled C4 photosynthetic
pathway into rice. J Exp Bot 2011, 62:3001-3010.

18. http://irri.org/c4rice.
www.sciencedirect.com

http://irri.org/c4rice


Integrating C4 photosynthesis into C3 crops Covshoff and Hibberd 213
19.
��

Sage RF, Christin PA, Edwards EJ: The C4 plant lineages of
planet Earth. J Exp Bot 2011, 62:3155-3169.

This review provides a summary of the evolution of C4 and a compre-
hensive analysis of how many C4 lineages there are likely to be.

20. Kolkman JM, Conrad LJ, Farmer PR, Hardeman K, Ahern KR,
Lewis PE, Sawers RJ, Lebejko S, Chomet P, Brutnell TP:
Distribution of Activator (Ac) throughout the maize genome for
use in regional mutagenesis. Genetics 2005, 169:981-995.

21. Miles CD, Daniel DJ: Chloroplast reactions of photosynthetic
mutants in Zea mays. Plant Physiol 1974, 53:589-595.

22. Miles CD, Markwell JP, Thornber JP: Effect of nuclear mutation
in maize on photosynthetic activity and content of chlorophyll-
protein complexes. Plant Physiol 1979, 64:690-694.

23. Hall LN, Roth R, Brutnell TP, Langdale JA: Cellular differentiation
in the maize leaf is disrupted by bundle sheath defective
mutations. Symp Soc Exp Biol 1998, 51:27-31.

24. Covshoff S, Majeran W, Liu P, Kolkman JM, van Wijk KJ,
Brutnell TP: Deregulation of maize C4 photosynthetic
development in a mesophyll cell-defective mutant. Plant
Physiol 2008, 146:1469-1481.

25. Fladung M: Genetic variants of Panicum maximum (Jacq.) in C4

photosynthetic traits. J Plant Physiol 1994, 143:165-172.

26. Hibberd JM, Quick WP: Characteristics of C4 photosynthesis in
stems and petioles of C3 flowering plants. Nature 2002,
415:451-454.

27. Brown NJ, Palmer BG, Stanley S, Hajaji H, Janacek SH, Astley HM,
Parsley K, Kajala K, Quick WP, Trenkamp S et al.: C4 acid
decarboxylases required for C4 photosynthesis are active in
the mid-vein of the C3 species Arabidopsis thaliana, and are
important in sugar and amino acid metabolism. Plant J 2010,
61:122-133.

28. Takahashi H, Watanabe-Takahashi A, Smith FW, Blake-Kalff M,
Hawkesford MJ, Saito K: The roles of three functional sulphate
transporters involved in uptake and translocation of sulphate
in Arabidopsis thaliana. Plant J 2000, 23:171-182.

29.
��

Brown NJ, Newell CA, Stanley S, Chen JE, Perrin AJ, Kajala K,
Hibberd JM: Independent and parallel recruitment of
preexisting mechanisms underlying C4 photosynthesis.
Science 2011, 331:1436-1439.

This paper demonstrates that there is a region in the coding sequence of
C3 and C4 MEs from divergent C4 lineages sufficient to drive BS specific
expression of GUS in a C4 context. This implies that C3 genes have a
latent capacity to evolve into their C4 homologues.

30. Gowik U, Burscheidt J, Akyildiz M, Schlue U, Koczor M,
Streubel M, Westhoff P: cis-Regulatory elements for mesophyll-
specific gene expression in the C4 plant Flaveria trinervia, the
promoter of the C4 phosphoenolpyruvate carboxylase gene.
Plant Cell 2004, 16:1077-1090.

31. Matsuoka M, Kyozuka J, Shimamoto K, Kano-Murakami Y: The
promoters of two carboxylases in a C4 plant (maize) direct cell-
specific, light-regulated expression in a C3 plant (rice). Plant J
1994, 6:311-319.

32. Nomura M, Higuchi T, Katayama K, Taniguchi M, Miyao-
Tokutomi M, Matsuoka M, Tajima S: The promoter for C4-type
mitochondrial aspartate aminotransferase does not direct
bundle sheath-specific expression in transgenic rice plants.
Plant Cell Physiol 2005, 46:743-753.

33. Matsuoka M, Numazawa T: Cis-acting elements in the pyruvate,
orthophosphate dikinase gene from maize. Mol Gen Genet
1991, 228:143-152.

34. Stockhaus J, Schlue U, Koczor M, Chitty JA, Taylor WC,
Westhoff P: The promoter of the gene encoding the C4 form of
phosphoenolpyruvate carboxylase directs mesophyll-specific
expression in transgenic C4 Flaveria spp. Plant Cell 1997,
9:479-489.

35. Nomura M, Higuchi T, Ishida Y, Ohta S, Komari T, Imaizumi N,
Miyao-Tokutomi M, Matsuoka M, Tajima S: Differential
expression pattern of C4 bundle sheath expression genes in
rice, a C3 plant. Plant Cell Physiol 2005, 46:754-761.
www.sciencedirect.com 
36. Christin PA, Samaritani E, Petitpierre B, Salamin N, Besnard G:
Evolutionary insights on C4 photosynthetic subtypes in
grasses from genomics and phylogenetics. Genome Biol Evol
2009, 1:221-230.

37. Christin PA, Petitpierre B, Salamin N, Buchi L, Besnard G:
Evolution of C4 phosphoenolpyruvate carboxykinase in
grasses, from genotype to phenotype. Mol Biol Evol 2009,
26:357-365.

38. Christin PA, Salamin N, Savolainen V, Duvall MR, Besnard G: C4

Photosynthesis evolved in grasses via parallel adaptive
genetic changes. Curr Biol 2007, 17:1241-1247.

39. Majeran W, Cai Y, Sun Q, van Wijk KJ: Functional differentiation
of bundle sheath and mesophyll maize chloroplasts
determined by comparative proteomics. Plant Cell 2005,
17:3111-3140.

40.
�

Majeran W, Friso G, Ponnala L, Connolly B, Huang M, Reidel E,
Zhang C, Asakura Y, Bhuiyan NH, Sun Q et al.: Structural and
metabolic transitions of C4 leaf development and
differentiation defined by microscopy and quantitative
proteomics in maize. Plant Cell 2010, 22:3509-3542.

Combined with transcriptomics studies on the same leaf sections, this
study provides insight into the dynamics of C4 leaf development.

41. Friso G, Majeran W, Huang M, Sun Q, van Wijk KJ:
Reconstruction of metabolic pathways, protein expression,
and homeostasis machineries across maize bundle sheath
and mesophyll chloroplasts: large-scale quantitative
proteomics using the first maize genome assembly. Plant
Physiol 2010, 152:1219-1250.

42. Majeran W, Zybailov B, Ytterberg AJ, Dunsmore J, Sun Q, van
Wijk KJ: Consequences of C4 differentiation for chloroplast
membrane proteomes in maize mesophyll and bundle sheath
cells. Mol Cell Proteomics 2008, 7:1609-1638.

43.
��

Kinoshita H, Nagasaki J, Yoshikawa N, Yamamoto A, Takito S,
Kawasaki M, Sugiyama T, Miyake H, Weber AP, Taniguchi M: The
chloroplastic 2-oxoglutarate/malate transporter has dual
function as the malate valve and in carbon/nitrogen
metabolism. Plant J 2011, 65:15-26.

This study in Arabidopsis has significant implications for C4 photosynth-
esis. Based on its findings, it is possible that the OMT1 transporter has
been recruited into the role of importing OAA and exporting malate in the
mesophyll cells of C4 plants.

44. Burnell JN, Chastain CJ: Cloning and expression of maize-leaf
pyruvate, Pi dikinase regulatory protein gene. Biochem Biophys
Res Commun 2006, 345:675-680.

45. Chastain CJ, Xu WX, Parsley K, Sarath G, Hibberd JM, Chollet R:
The pyruvate, orthophosphate dikinase regulatory proteins of
Arabidopsis possess a novel, unprecedented Ser/Thr protein
kinase primary structure. Plant J 2008, 53:854-863.
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