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With a rapidly growing world population and dwindling natural resources, we are now 
facing the enormous challenge of increasing crop yields while simultaneously improving 
the efficiency of resource utilization. Introduction of C4 photosynthesis into C3 crops is 
widely accepted as a key strategy to meet this challenge because C4 plants are more 
efficient than C3 plants in photosynthesis and resource usage, particularly in hot climates, 
where the potential for productivity is high. Lending support to the feasibility of this 
C3-to-C4 engineering, evidence indicates that C4 photosynthesis has evolved from C3 
photosynthesis in multiple lineages. Nevertheless, C3-to-C4 engineering is not an easy 
task, as several features essential to C4 photosynthesis must be introduced into C3 plants. 
One such feature is the spatial separation of the two phases of photosynthesis (CO2 
fixation and carbohydrate synthesis) into the mesophyll and bundle sheath cells, 
respectively. Another feature is the Kranz anatomy, characterized by a close association 
between the mesophyll and bundle sheath (BS) cells (1:1 ratio). These anatomical features, 
along with a C4-specific carbon fixation enzyme (PEPC), form a CO2-concentration 
mechanism that ensures a high photosynthetic efficiency. Much effort has been taken in 
the past to introduce the C4 mechanism into C3 plants, but none of these attempts has 
met with success, which is in my opinion due to a lack of system-level understanding 
and manipulation of the C3 and C4 pathways. As a prerequisite for the C3-to-C4 
engineering, I propose that not only the mechanisms that control the Kranz anatomy and 
cell-type-specific expression in C3 and C4 plants must be elucidated, but also a good 
understanding of the gene regulatory network underlying C3 and C4 photosynthesis must 
be achieved. In this review, I  first describe the past and current efforts to increase 
photosynthetic efficiency in C3 plants and their limitations; I  then discuss a systems 
approach to tackling down this challenge, some practical issues, and recent technical 
innovations that would help us to solve these problems.
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INTRODUCTION

About half a century ago, billions of people were on the brink 
of starvation. Fortunately, this potential disaster was avoided, 
thanks to the Green Revolution, which dramatically improved 
crop yields by introducing crops of higher productivity as well 
as new measures and materials for crop management. Since 
then, the Green Revolution has been a major driving force 
for an agriculture that has so far met the need of a rapidly 
growing world population. Another worldwide food crisis is 
looming, however, as increase in crop yield is reaching a plateau 
while the world population is still growing rapidly. According 
to a recent report from the United Nations, by 2050 the 
population is estimated to be  9.7 billion, an increase of 2.7 
billion beyond the present population (World Population 
Prospects: the 2019 Revision).1 To meet the demand for food, 
world food production will need to increase by 70%. With 
the current crops, this means the use of more land, water, 
fertilizers, pesticides, and herbicides, which are not only energy 
expensive but also detrimental to the environment. A sustainable 
agriculture calls for a second Green Revolution, whereby crops 
with higher productivity and better efficiency in resource use 
must be  developed (Wollenweber et  al., 2005).

Crop productivity is determined by a number of factors, 
such as the percentage of sunlight interception, photosynthetic 
efficiency, and the proportion of resources allocated to seeds 
(Foley et  al., 2011). By increasing crop density combined with 
fertilizer utilization and irrigation, the percentage of sunlight 
interception has been maximized during the first Green revolution 
(de Bossoreille de Ribou et  al., 2013). The proportion of 
resources allocated to seeds has also been increased dramatically 
through breeding for cultivars with a short stature and large 
seeds (Long et  al., 2015). The major factor that still needs to 
be  improved is photosynthetic efficiency. It is estimated that 
photosynthetic efficiency is less than 4.6% in C3 plants, whereas 
in C4 plants this number can reach 6% (Zhu et  al., 2008). 
Hence, there is a great potential to increase photosynthetic 
efficiency and thus productivity.

Depending on the structure of the first product of the CO2 
fixation reaction, plants can be classified into two major groups: 
C3 plants, which make a three-carbon compound, 
3-phosphoglycerate, or C4 plants in which a four-carbon product, 
oxaloacetate (OAA), is synthesized (Gowik et  al., 2011). C4 
photosynthesis is more efficient than C3 photosynthesis in 
warmer climates, where yield potential is high. The lower 
photosynthetic efficiency in C3 plants is due to a dual activity 
in the enzyme that fixes CO2, Ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO; Brown et  al., 2011). Besides 
its carboxylase activity, RuBisCO also has an oxygenase activity, 
which turns Ribulose-1,5-bisphosphate (RuBP), the substrate 
for CO2 fixation, into 2-phosphoglycolate. To regenerate RuBP 
from 2-phosphoglycolate, ATP is consumed and CO2 is released, 
leading to loss of carbon and reduction in photosynthetic 
efficiency. Because this process resembles respiration, it has 
been named photorespiration (Sage et al., 2012). The oxygenase 

1 http://esa.un.org/unpd/wpp/index.htm

activity of RuBisCO is enhanced under intense light and high 
temperature, which is why C3 plants are less competitive than 
C4 plants in tropical and subtropical climates. C4 plants do 
not have this issue because they rely on a different enzyme 
for CO2 fixation, PEP carboxylase (PEPC), which does not 
have oxygenase activity (Gowik et  al., 2011). Many important 
crops are C3 plants, such as rice, wheat, and soybean. Introducing 
the C4 mechanism into these crops provides an attractive 
means to meet the need of a rapidly growing world population 
(von Caemmerer et al., 2012; Long et al., 2015). It is estimated 
that an increase of as little as 10% in photosynthetic efficiency 
would increase crop yields by 50% (Langdale, 2011).

C4 plants are also more efficient in nitrogen and water 
use. Owing to its low efficiency, RuBisCO is produced in large 
amount in C3 plants. As a matter of fact, RuBisCO is the 
most abundant protein in the world, accounting for nearly 
50% of the total proteins in leaves. Because PEPC has a high 
affinity for CO2, C4 plants can fix CO2 at a much lower level 
of atmosphere CO2 and can maintain photosynthesis even when 
the stomata are not completely open, thus reducing water loss.

Evidence suggests that C4 plants have evolved from C3 
plants in more than 60 distinct lineages (Christin et  al., 2013). 
There are thousands of plant species using the C4 photosynthesis, 
including both dicots and monocots. The large number of C4 
plants and independent events of C4 evolution suggest that 
the C3-to-C4 conversion is a relatively easy step in evolution. 
Importantly, these findings also lend support to the feasibility 
of the C3-to-C4 engineering, which has drawn enormous 
interests (Hibberd et  al., 2008; Furbank, 2017; Sedelnikova 
et  al., 2018). Nevertheless, C3-to-C4 engineering still poses an 
enormous challenge, as discussed below.

TEXT

C4 Photosynthesis Is a Syndrome
In addition to the deployment of an oxygen-insensitive 
carboxylase (PEPC), C4 plants have acquired a number of 
features that collectively improve their photosynthetic efficiency 
(Sage et  al., 2012). One of the most critical features is the 
spatial separation of the two phases of photosynthetic process, 
i.e., CO2 fixation and the Calvin-Benson cycle, into mesophyll 
and BS cells. Thus, BS cells become the primary sites of 
photosynthesis, whereas mesophyll cells are only involved in 
CO2 fixation. In C3 plants, in comparison, photosynthesis occurs 
in both mesophyll and BS cells, although in many cases BS 
cells contribute little to photosynthesis (Kangasjarvi et al., 2009). 
In C4 plants, the BS cells are also much larger and contain 
a greater number of chloroplasts that are also enlarged. On 
the other hand, RuBisCO expression is dramatically reduced 
or completely absent in mesophyll cells, thus minimizing carbon 
loss in the mesophyll cells. The spatial separation of the 
photosynthetic process thus forms a CO2 concentration 
mechanism (Hatch and Osmond, 1976). Photorespiration in 
the BS cells is suppressed due to a high concentration of CO2. 
The internal position of the BS cells in leaves makes them 
less accessible to O2 in the atmosphere, resulting in an increase 
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in the ratio between CO2 and O2 and consequently further 
suppression of photorespiration.

Compared to C3 plants, C4 plants also have a more active 
and dynamic system for metabolite transport between mesophyll 
and BS cells (Weber and von Caemmerer, 2010; Gowik et  al., 
2011). An efficient metabolite transport system is essential to 
C4 photosynthesis because on the one hand, photosynthesis 
in BS cells relies on a continuous supply of CO2 (in the form 
of a C4 compound) from the mesophyll cells, and on the 
other hand, the substrate for CO2 fixation is regenerated in 
the BS cells through decarboxylation of the C4 compound, 
and this compound has to be  shuttled back into the mesophyll 
cells. Removal of the C4 compound from the mesophyll cells 
and the decarboxylation product from the BS cells is also 
necessary because their accumulation would inhibit CO2 fixation 
and the decarboxylation reaction, respectively.

Another important feature of C4 plants is the Kranz anatomy, 
characterized by a 1:1 ratio between the BS cells and mesophyll 
cells, in contrast to a ratio greater than 2 in C3 plants (Figure 1; 
Wang et  al., 2011). Along with higher expression levels of 
transporters and a large number of plasmodesmata in the cell 
wall between mesophyll and BS cells (Danila et  al., 2016), the 
Kranz anatomy facilitates metabolite exchange between the two 
cell types. Because these cells form centric rings surrounding 
the vascular tissue, transport of nutrients and water from the 
vascular tissue is also more efficient.

Not all C4 plants use the two-cell CO2 concentration mechanism, 
though. In some C4 plants, the whole photosynthetic process 
is completed within the same cell (Voznesenskaya et  al., 2001). 
Plants with Crassulacean acid metabolism (CAM), which can 

be considered a special type of C4 photosynthesis, also perform 
photosynthesis within the same cell (Black and Osmond, 
2003). In the former case, increased photosynthetic efficiency 
is achieved through spatial separation of the two phases of 
photosynthesis into different parts of the cell. In CAM plants, 
however, this is achieved through temporal separation, with 
CO2 fixation and the Calvin-Benson cycle taking place in 
the night and day, respectively. This one-cell mechanism thus 
enables plants to conduct photosynthesis in a dry and hot 
climate because stomata close in the day, avoiding water loss, 
but open in the night, allowing gas exchange and CO2 fixation 
(DePaoli et  al., 2014).

C3-to-C4 Engineering: One Cell or Two 
Cell?
Some genera, such as Flaveria and Cleome, contain both C3 
and C4 species (Brown et  al., 2005; Marshall et  al., 2007). 
Because interspecies hybrids can be  produced from some of 
these species, these genera provide valuable resources for early 
attempts of C3-to-C4 engineering as well as studies of the 
mechanisms of C4 photosynthesis (Brown and Bouton, 1993). 
Although some F1 hybrids show a higher rate of photosynthetic 
efficiency, increased vein density, and even a higher yield, most 
resemble their C3 parents (Brown and Bouton, 1993). Even 
in hybrids with improved photosynthesis, the hybrid vigor 
becomes dissipated in subsequent generations due to segregation 
of the multiple loci-controlled C4 trait (Brown and Bouton, 
1993). Another issue is that most F1 hybrids are sterile, making 
it impossible to maintain the germplasm.

A major limitation of this genetic-crossing-based method 
is that it can only be  used to C3 species with closely related 
C4 relatives. Unfortunately, most of the world’s important crops 
do not have a close C4 relative. A solution to this interspecies 
barrier is protoplast fusion (Bates, 1985), which has been used 
to generate C3-C4 hybrids (Mastuti et  al., 1997). Protoplast 
fusion, however, does not solve the problem of sterility and 
instability of the C4 trait, which has hindered its application 
in C3-to-C4 engineering.

Because of the complexity of the two-cell C4 mechanism, 
subsequent efforts of C3-to-C4 engineering have therefore 
focused on the one-cell mechanism. As the first step in this 
C3-to-C4 engineering, PEPC was overexpressed in both 
mesophyll and BS cells. The rationale for this one-cell approach 
is that PEPC expression should reduce photorespiration and 
thereby increase the photosynthetic efficiency and yield. Although 
photosynthetic efficiency was increased in the resulting 
transgenic plants, plant growth and yield were not improved 
(Miyao et  al., 2011) and in some cases, there was even a 
drop in the yield (Taniguchi et  al., 2008). Similarly, increase 
in yield has not been achieved when other genes essential to 
C4 photosynthesis were overexpressed in both mesophyll and 
BS cells (Ruan et  al., 2012).

CO2 concentration mechanisms have been found in other 
organisms. In cyanobacteria, for example, an elevated level of 
CO2 is maintained around RuBisCO by a structure called 
carboxysome, which forms a shell around RuBisCO and carbonic 

A

B

FIGURE 1 |  Diagram of the leaf anatomy of typical C3 (A) and C4 
(B) plants. In C4 plants, there are two mesophyll cells between neighboring 
vascular bundles, whereas in C3 plants, there are more than two. Also, the 
bundle sheath cells in C4 plants are much larger and contain more 
chloroplasts, as indicated by color intensity.
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anhydrase (Rae et al., 2013). Compared to the CO2 concentration 
mechanism in C4 plants, this mechanism is much less complex 
and hence could be  more suitable to C3-to-C4 engineering 
(McGrath and Long, 2014). This idea was tested by transgenic 
studies (Lin et al., 2014). Surprisingly, although the photosynthetic 
efficiency was improved, plant growth was severely affected 
(Lin et  al., 2014). These studies suggest that, to convert a C3 
plant into a C4 plant, not only a CO2 concentration mechanism 
but also other features that make photosynthesis more efficient 
must be  introduced into C3 plants. The two-cell approach has 
gained favor in current C3-to-C4 engineering efforts, as plants 
with two-cell C4 photosynthesis are generally more productive 
than plants with the CAM mechanism.

Engineering a Two-Cell C4 Photosynthesis
To engineer a two-cell C4 mechanism, the following modifications 
should be made in C3 plants: (1) Expression of genes involved 
in C4 photosynthesis in a cell-type-specific manner. (2) Increase 
in the number of vascular bundles. (3) Enlargement of BS 
cells. (4) Increase in the number of chloroplasts in each BS 
cell. (5) Enhancement in the metabolite shuttling system between 
mesophyll and BS cells. To modify these features, we  need to 
have a good understanding of the mechanisms that determine 
cell-type-specific gene expression, chloroplast development, and 
the Kranz anatomy.

Cell-Type-Specific Gene Expression
Cell-type-specific expression is critical to C4 photosynthesis, 
as it is part of the mechanism underlying the spatial separation 
of the photosynthetic process. First, mesophyll-cell-specific 
expression of PEPC, along with low RuBisCO expression in 
this cell type, ensures efficient CO2 fixation. Second, 
2-oxyglutarate/malte transporter (OMT), a plastid-membrane-
localized transporter in mesophyll cells, is needed to transport 
OAA, the primary C4 compound generated in the CO2 fixation 
reaction, from the cytoplasm into the chloroplast. NADP malate 
dehydrogenase (NADP-MDH) then converts OAA into malate, 
which is exported into the BS cells by dicarboxylate transporter 
(DIT1). In the BS, malate is decarboxylated by NADP-ME, 
releasing pyruvate and CO2. While CO2 is used in the Calvin 
cycle for carbohydrate biosynthesis, pyruvate is transported by 
proton/pyruvate symporters (MEP) back into the mesophyll 
cells where it is converted into phosphoenolpyruvate by pyruvate 
Pi dikinase (PPDK), thus regenerating the substrate for 
CO2 fixation.

In C4 plants, PEPC, OMT, NADP-MDH, PPDK, and carbonic 
anhydrase (CA) are expressed specifically in mesophyll cells, 
whereas RuBisCO, DIT1, and NADP-ME are expressed 
preferentially in the BS (Weber and von Caemmerer, 2010; 
Gowik et  al., 2011). Most of these genes are expressed in C3 
plants as well but in a non-cell-type-specific manner. To engineer 
a two-cell C4 mechanism in C3 plants, therefore, the expression 
pattern of these genes must be  modified. For this purpose, 
mesophyll- and bundle-sheath-cell-specific promoters are 
required. Such cell-type-specific promoters are also needed to 
express other genes essential to C4 photosynthesis. To identify 

promoter sequences that can be used for C3-to-C4 engineering, 
the expression patterns of some C4 cell-type-specific genes in 
C3 plants have been examined. Surprisingly, most cell-type-
specific promoter sequences examined so far are unable to 
maintain their cell-type expression pattern in C3 plants (Hibberd 
and Covshoff, 2010; Reeves et  al., 2017). The PEPC promoter 
from maize (Matsuoka et  al., 1994) and the GLDPA promoter 
from Flaveria trinervia (Engelmann et al., 2008; Wiludda et al., 
2012) are among the very few promoters that confer cell-type-
specific expression in C3 plants. A common problem is that 
BS-specific promoters expand their expression into the vascular 
tissue, whereas mesophyll-cell-specific promoters become 
expressed in both mesophyll and BS cells (Schaffner and Sheen, 
1991; Stockhaus et  al., 1994; Nomura et  al., 2005; Akyildiz 
et al., 2007). More robust mesophyll- or BS cell-specific regulatory 
sequences of different strength are needed.

The distinct expression patterns of the same regulatory 
sequences in C3 and C4 plants are believed to be  due partly 
to the difference in gene regulatory mechanisms between C3 
and C4 plants (Matsuoka et  al., 1994; Nomura et  al., 2000), 
and partly to the different cellular environmental conditions, 
such as sugar content, redox, and other metabolites, which 
appear to have a large effect on gene expression (Schaaf et  al., 
1995; Covshoff et  al., 2008; Brown et  al., 2011). There is also 
evidence for the involvement of posttranscriptional (Wiludda 
et  al., 2012) and epigenetic regulation (Ngernprasirtsiri et  al., 
1989; Tolley et  al., 2012). Another explanation is that not all 
the necessary regulatory elements in a particular promoter 
have been used for exogenous expression. It is a common 
practice to take the sequence upstream of the coding region 
as the promoter, but in many genes the 5'untranslated region, 
the first intron, or even the 3'-untranslated region have important 
regulatory roles (Chung et  al., 2006; Patel et  al., 2006; Schauer 
et  al., 2009; Kajala et  al., 2012). In Cleome gynandra, an 
emerging C4 model plant (Brown et  al., 2005), a 240-bp 
fragment in the translated region of both NAD1 and NAD2 
has also been shown to be  essential for BS-specific expression 
(Brown et  al., 2011). Subsequent studies showed that some 
mesophyll-specific genes are also regulated by exons (Williams 
et  al., 2016) and that exons with a dual role in protein coding 
and gene regulation are widespread among C4 plants (Reyna-
Llorens et  al., 2018).

More recently, a bipartite transcription factor module 
controlling expression in the BS of Arabidopsis thaliana was 
reported (Dickinson et  al., 2020). Based on this finding, a 
short and tunable promoter was synthesized, which is able to 
confer BS-specific expression (Dickinson et  al., 2020). Such 
synthetic promoters are desired in C3-to-C4 engineering as 
they can greatly reduce the size of transgenes and thereby 
increase the efficiency of transgene expression.

The Kranz Anatomy
Because of the crucial role of the Kranz anatomy in C4 
photosynthesis, extensive efforts have been exerted to elucidate 
the mechanisms that control this anatomical feature 
(Sedelnikova et al., 2018). To this end, a series of experiments 
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have been conducted with the grass Alloteropsis semialata, 
which has emerged as an excellent model plant to study C4 
evolution because it includes all photosynthetic types ranging 
from C3 to C3-C4 intermediates and C4 (Lundgren et  al., 
2015, 2016; Dunning et  al., 2017). Strikingly, vein density 
was found to be  the only feature that distinguish these 
photosynthetic types (Lundgren et  al., 2016). This result 
suggests that vein intensity is a major factor driving C3-to-C4 
transition (Lundgren et  al., 2016), which is conceivable as 
increase in vein density would reduce the ratio between 
mesophyll and BS cell layers. Using genetic screens, a number 
of mutants defective in vascular patterning have been identified 
in Arabidopsis thaliana (Petricka et  al., 2008; Huang et  al., 
2017) and sorghum (Rizal et  al., 2015). However, the vein 
patterning defects in these mutants are attributed to mutations 
in factors involved in hormone biosynthesis or signaling, 
which are difficult to control and thus have little value in 
C3-to-C4 engineering.

Transcription factors play critical roles in development. Thus, 
to modify leaf anatomy requires knowledge of transcription 
factors that control the Kranz anatomy. To identify such factors, 
a comparative transcriptome approach has been used in some 
studies. For example, two independent groups have examined 
the genes that are expressed in different parts of a young 
maize leaf, which represent different developmental stages (Li 
et  al., 2010; Wang et  al., 2013), or in different organs with 
(foliar leaf blade) or without (husk leaf sheath) the Kranz 
anatomy (Wang et  al., 2014). A number of genes associated 
with the Kranz anatomy were identified, although their function 
still remains largely uncharacterized. Transcriptome analysis 
has also been conducted with Alloteropsis semialata, which 
uncovered a small number of genes differentially expressed in 
C3, C3-C4 intermediates, and C4 plants (Lundgren et al., 2019). 
However, these genes all code for enzymes, which are of low 
value in C3-C4 engineering.

BS cells are critical to C4 photosynthesis but studies about 
their developmental pathways are scarce. To identify BS cell 
fate determinants, a genetic screen has been performed with 
fox millet (Luo et  al., 2018). A number of mutants with 
abnormal leaf anatomy were recovered in this screen (Luo 
et  al., 2018), but the genes with the causal mutations have 
yet to be  located. When misexpressed, the transcription factors 
NAC052 caused an increase in the number of BS cells (van 
Rooijen et  al., 2020), suggesting a role in Kranz anatomy. 
However, NAC052 is unlikely to be  a BS cell fate determinant 
factor because BS cells are still present in the NAC052-
misexpressing plants.

A lack of understanding of the molecular mechanisms 
underlying BS development has been a rate limiting factor 
in C3-C4 engineering. Filling this critical gap of knowledge, 
we have demonstrated that three members in the GRAS family 
of transcription regulators constitute a developmental pathway 
regulating BS development in Arabidopsis thaliana (Cui et al., 
2014). Anatomically, the BS is analogous to the endodermis 
in root, as they both form a single cell layer around the 
central vascular tissue. Hence, it has been suggested that 
factors that determine endodermis cell fate specification may 

also regulate BS development (Slewinski, 2013; Wang et  al., 
2013). Two members of the GRAS family of transcription 
regulators, SHORT-ROOT (SHR) and SCARECROW (SCR), 
are known to control endodermis specification in the 
Arabidopsis root (Di Laurenzio et  al., 1996; Helariutta et  al., 
2000); we  have therefore examined the leaf anatomy in shr 
and scr mutants (Cui et  al., 2014). In the wild type, BS cells 
can be  easily discerned from the mesophyll cells by their 
small size and rectangular shape. In the shr mutant, cells 
surrounding the vascular tissue are enlarged and irregular 
in shape, which are characteristics of mesophyll cells. In the 
scr mutant, however, the BS cell layer is still present, although 
its cell size is somewhat larger. This observation suggests 
that SCR plays a role in BS development, but other factors 
are also involved. In further studies, we  found that SCL23, 
a close homolog of SCR (Bolle, 2004), is also required for 
BS development.

Consistent with their redundant roles in BS development, 
SCR and SCL23 are both expressed specifically in the BS cells 
(Cui et  al., 2014; Figures  2A,B). In contrast, SHR is expressed 
in the vascular tissue (Figure  2C). However, the SHR protein 
is also present in the adjacent cell layer due to intercellular 
trafficking (Gardiner et  al., 2011). SCR and SCL23 are under 
the control of SHR, and together, they define the BS cell fate 
and pattern. Notably, although SCR and SCL23 are expressed 
uniformly in the BS cells during early leaf development, their 
expression patterns become distinct at later stages of leaf 
development (Cui et  al., 2014; Figures  2D,E). While SCR 
becomes preferentially expressed in the BS cells associated with 
the phloem at the abaxial side of the leaf, SCL23 expression 
is restricted to those cells that are associated with the xylem 
at the abaxial side of the leaf (Cui et  al., 2014). The functions 
of the two genes also differ at later stages of leaf development, 
with SCR being primarily involved in sugar and amino acids 
transport and SCL23 playing a major role in water and mineral 
transport. The SHR-SCR-SCL23 developmental pathway is likely 
to be  evolutionarily conserved, as homologs to SHR, SCR, 

FIGURE 2 | Cross section of Arabidopsis leaves showing the expression 
pattern of SCR, SCL23, and SHR revealed by GUS staining. In young leaves, 
SCR and SCL23 are expressed in all bundle sheath (BS) cells but in mature 
leaves, they become restricted to the BS cells associated with the phloem 
(P) and xylem (X), respectively. (A-C). Young leaves; (D) and (E). Old leaves. 
(Adapted from Cui et al., 2014. Plant Journal. © 2014 John Wiley & Sons Ltd).
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and SCL23 are present in higher plants (Engstrom, 2011) and, 
in many plants examined so far, these genes have expression 
patterns similar to those of their Arabidopsis counterparts, at 
least in the roots (Lim et  al., 2000, 2005; Sassa et  al., 2001; 
Kamiya et  al., 2003; Cui et  al., 2007; Sbabou et  al., 2010).

Contrary to the widely accepted notion that the BS comprises 
a single cell type, our study also reveals the existence of two 
types of BS cells, one associated with the xylem and the other 
with the phloem (Cui et  al., 2014). This finding suggests that 
the two cell types must be  manipulated separately to avoid 
disturbance of the physiology in the leaf (Gao et  al., 2014). 
It also suggests that promoters that confer specific expression 
in these two types of BS cells should be  used for engineering. 
In this regard, the SCR and SCL23 promoter sequences would 
provide invaluable tools for these needs.

SHR and SCR appear to also play a pivotal role in the 
Kranz anatomy. In maize, a C4 plant, mutations in the SHR 
or SCR homolog cause defects in cell patterning in the leaves, 
characterized by a variable number of mesophyll cells surrounding 
the BS (Slewinski et  al., 2012, 2014). Surprisingly, however, 
these mutants still have normal BS cells, unlike the Arabidopsis 
shr and scr mutants. Further studies revealed that maize SCR 
and its homolog are not required for BS development but 
rather control mesophyll cell differentiation (Hughes et  al., 
2019). Intriguingly, the double mutant no longer has the 
endodermis (Hughes et al., 2019), suggesting that SCR homologs 
do not necessarily have the same function in different plant 
species. It is noteworthy, though, that three SCR homologs 
can be  identified in the maize genome (Guo et  al., 2017 and 
our unpublished data), thus the possibility that SCR and 
homologs do not affect BS development cannot be  excluded 
yet. Further studies are needed to distinguish between 
these possibilities.

Chloroplast Size and Number
Compared to C4 plants, C3 plants have only a few or even 
no chloroplasts in their BS cells, largely owing to their small 
cell size. Thus, to engineer a C4 mechanism in C3 plants, 
the BS cell size must be  increased. This could be  achieved 
by manipulation of the expression level or pattern of SCR, 
because mutation in SCR causes enlargement of BS cells in 
Arabidopsis thaliana (Cui et  al., 2014). There is also evidence 
that SCR is required to establish and/or maintain photosynthetic 
capacity in maize leaves (Hughes and Langdale, 2020). Another 
way to increase the number of chloroplasts in BS cells is by 
manipulating the activity of factors involved in chloroplast  
development.

Several maize genes are known for their role in chloroplast 
development specifically in BS cells (Kinsman and Pyke, 1998), 
such as GOLDEN2 and related transcription factors (Hall et  al., 
1998; Rossini et al., 2001), and BUNDLE SHEATH DEFECTIVE 2 
(BSD2), which encodes a DnaJ-like protein that regulates rbcL 
expression in the BS cells (Brutnell et  al., 1999). When a 
GOLDEN2-like gene from rice or the BSD2 gene from maize 
was overexpressed in rice or maize, chloroplast development 
was induced in the BS, indicating that these two genes are 

master regulators of chloroplast development (Wang et al., 2017). 
Interestingly, overexpression of the rice GOLDEN2-like gene also 
resulted in other modifications that would facilitate C4 
photosynthesis, such as enlargement of chloroplast and 
mitochondria, an elevated level of photosynthetic enzymes in 
the BS cells, and a higher density of plasmodesmata in the cell 
wall between the BS and mesophyll cells (Nakamura et al., 2009; 
Wang et al., 2017). Notably, however, the effect of the endogenous 
GOLDEN2-like gene on chloroplast development was observed 
only in callus and young seedlings, which was attributed to 
gene silencing at the level of posttranscriptional or translational 
regulation (Wang et  al., 2017). Regardless of the cause, this 
issue can be  overcome by overexpressing a maize GOLDEN2-
like gene in rice (Wang et  al., 2017). Overexpression of the 
maize GOLDEN2-like gene also improves photosynthetic efficiency 
and reduces photoinhibition, thereby enhancing biomass and 
grain yields in rice (Li et  al., 2020). These results demonstrate 
that GOLDEN2 is a powerful tool for C3-to-C4 engineering.

In addition to GLK and BSD2, a number of genes involved 
in chloroplast division have also been identified, including 
GNC and CGA1 (Chiang et al., 2012), GROWTH REGULATING 
FACTOR5 (GRF5; Vercruyssen et  al., 2015), two FtsZ-like 
factors (Osteryoung et al., 1998), two plastid chaperonin proteins 
(Cpn60 alpha and Cpn60 beta; Suzuki et al., 2009), a cytosolic 
dynamin-like protein (ARC5; Gao et al., 2003), CPD45 (Chang 
et  al., 2015), PARC6 (Glynn et  al., 2009), and MinD (Dinkins 
et  al., 2001), and alteration in the expression level or activity 
of some of these factors leads to changes in the number and 
size of chloroplasts. For instance, when expressed at a higher 
level or when the ATPase activity is reduced, the MinD gene 
from Arabidopsis thaliana causes an increase in the number 
of chloroplasts in tobacco (Dinkins et  al., 2001). However, 
another consequence of these transgenes is smaller chloroplasts. 
These unwanted effects may be  suppressed by co-expression 
of other genes, as the role of MinD in chloroplast development 
can be modified by other chloroplast division factors 
(Chikkala et  al., 2012).

Gene Regulatory Networks
Although many genes with an important role in C4 photosynthesis 
have been identified, they probably represent only a fraction 
of the repertoire of genes required for installing a C4 mechanism 
in C3 plants. Indeed, a comparative study of the transcriptome 
in the leaves of two closely related C3 and C4 species, Cleome 
spinosa and Cleome gynandra, shows that more than 600 genes 
are expressed at a higher level in the C4 species (Brautigam 
et  al., 2011). Although not all of these differentially expressed 
genes may be  associated with the C4 pathway, a considerable 
fraction of them are likely to be.

From an engineering perspective, it is clearly not feasible 
to modify the expression level of all these genes individually. 
Increase in the number of transgenes not only increases the 
time and cost, but also increases the risk of gene silencing 
and genome disruption. It is therefore crucial to minimize 
the number of transgenes. By comparing the gene regulatory 
networks underlying C3 and C4 photosynthesis would help 
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us to minimize the number of genes that need to be manipulated 
because, according to the prevailing view, C4 mechanisms 
have been built on existing C3 gene networks (Brown et  al., 
2011; Reyna-Llorens and Hibberd, 2017). and this comparative 
approach would enable us to identify master regulators of 
C4 mechanisms. Supporting this view, there is ample evidence 
that C4 photosynthesis is derived from C3 plants (Christin 
et al., 2013) and that many genes share the same cis-regulatory 
elements in C3 and C4 plants (Kajala et  al., 2012; John 
et  al., 2014). C4 photosynthesis is a complex process and 
therefore, for optimal performance, all of its components 
should act coordinately. Knowledge about the C4 gene 
regulatory network will also enable us to integrate these 
individual components.

As a first step toward deciphering the C4 gene regulatory 
network, genome-wide studies have been conducted to define 
the lists of genes with a role in various features of C4 
photosynthesis. For example, in order to identify genes required 
for the formation of the Kranz anatomy, comparative 
transcriptomic analyses have been performed with different 
regions of a young maize leaf (corresponding to different 
developmental stages; Wang et  al., 2013) or with different 
organs with or without the Kranz anatomy (Wang et  al., 
2014). This approach not only identifies SHR and SCR as 
potential regulators of Kranz anatomy but also suggests that 
other pathways may play a role as well in the development 
of the Kranz anatomy, a finding that deserves further 
investigation. Similar studies have been performed with 
Alloteropsis semialata (Dunning et  al., 2017) and Cleome 
gynandra (Aubry et  al., 2014), which also has become an 
excellent model plant for C4 research owing to its small 
genome size, short stature, and fast life cycle (Newell et  al., 
2010). Because all Alloteropsis semialata plants with different 
photosynthetic types belong to the same species (Lundgren 
et al., 2015, 2016), theoretically, they should allow us to 
pinpoint the most critical regulators of C4 photosynthesis. 
Surprisingly, however, none of the Kranz anatomy regulators 
identified in other studies, including SHR, SCR, and SCL23, 
was uncovered in the study with this plant. One explanation 
for this observation is that Kranz anatomy regulators are 
already installed in C3 plants, as suggested by others (Reyna-
Llorens and Hibberd, 2017), and that changes in their spatial 
expression patterns through rewiring the gene regulatory 
network, rather than changes in gene expression levels, underpin 
the quantum jump from C3 or C3-C4 intermediates to C4 
photosynthesis. Thus, to decipher the core C4 gene regulatory 
network, the information from various studies should 
be  combined and meta-analyzed.

To understand the gene regulatory network in the BS cells, 
whole-genome transcriptome and proteomics experiments have 
also been conducted with mesophyll and BS cells isolated from 
maize and rice leaves (Sawers et al., 2007; Nelson, 2011; Chang 
et  al., 2012; Aubry et  al., 2014; Hua et  al., 2021). A large 
number of genes that appear to be  expressed preferentially in 
mesophyll or BS cells have been identified. This information 
should not only facilitate the identification of cell-type-specific 
promoters but also provide important insights into the molecular 

basis of C4 photosynthesis. In maize, for example, genes that 
are involved in cell wall modification for intercellular transport 
appear to be  expressed specifically in the BS cells (Chang 
et  al., 2012). This finding suggests that the BS cells play a 
critical role in defining the cell wall features that facilitate 
intercellular transport. It further suggests that expressing cell 
wall modification genes solely in the BS cells might be sufficient 
to confer C4 properties.

Determination of the direct relationship between genes is 
key to defining the C4 gene regulatory network, but research 
in this direction is still very rudimentary. To our knowledge, 
to date our recent work on genome-wide determination of 
direct targets of SHR, SCR, and SCL23  in Arabidopsis leaves 
represents the only work in this direction (Cui et  al., 2014). 
Cleary, future efforts should be  directed to address this need.

Molecular Tools for C3-to-C4 Engineering
To construct a two-cell C4 mechanism presents at least two 
critical technical challenges. The first concerns the number of 
genes whose expression patterns and levels need to be modified. 
Although this number can be  dramatically reduced through 
manipulation of master regulators of pathways or processes, 
it is unlikely that all genes can be  regulated by this strategy. 
The many features of C4 photosynthesis that need to 
be  introduced into C3 plants mean a considerable number of 
transgenes must be  constructed separately. Because reduction 
in the number of transgenes not only reduces the amount of 
time and cost but also reduces the problems associated with 
transgene silencing and genome disruption, it is of great 
importance to further reduce the number of transgenes. The 
second technical challenge is that novel tools are needed to 
reduce gene expression in a cell-type-specific manner. Although 
RNA interference has proven a powerful tool for gene knockdown, 
it is not suitable for this purpose because miRNA is mobile 
and the same target gene will be  affected in the neighboring 
cells, in which a higher level of gene expression may be necessary.

Our ability to deal with these technical challenges has been 
significantly enhanced by a burst of novel gene cloning and 
genome editing technologies in recent years. The Golden Gate 
cloning method is of particular interest because it allows the 
stacking of multiple genes in a straightforward manner (Lee 
et  al., 2020). Using this method, Ermakova et  al. recently 
demonstrated that a C4 photosynthetic pathway can be installed 
in rice by simultaneously expressing five maize photosynthetic 
enzymes using a single construct (Ermakova et  al., 2021). 
Another powerful tool is the CRISPR-Cas method, which is 
not only highly efficient and precise but also very versatile in 
gene editing (Cermak et  al., 2017; Zhang et  al., 2019; Zhu 
et  al., 2020). There are two components in the CRISPR-Cas 
system: a guide RNA, which directs the Cas9 protein to target 
genes through sequence complementarity and the CRISPR-
associated protein 9 (Cas 9), which is a nuclease (Horvath 
and Barrangou, 2010). In its initial form, the CRISPR-Cas 
method is used to create lesions in target genes, but it can 
also insert a DNA fragment into the target sequence if a DNA 
fragment flanked by sequences homologous to the target sites 
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is provided. The sequence replacement function of the 
CRISPR-Cas method is particularly useful for C3-to-C4 
engineering because once the target sequence has been modified, 
the transgene can be  eliminated, thus avoiding some of the 
issues associated with transgenes, such as disruption of the 
genome or transgene silencing (Cong et  al., 2013; Feng et  al., 
2014). It has been shown that some C4 genes have acquired 
cis-regulatory elements in their promoter sequences (Hibberd 
and Covshoff, 2010); these genes would be  perfect targets for 
modification using the sequence replacement function of the 
CRISPR-Cas method.

The CRISPR-Cas system can also be  used to increase or 
decrease gene expression by replacing the nuclease domain in 
Cas9 with transcription activation domain or repressor domain 
(Sander and Joung, 2014; Zhang et  al., 2019). Due to its large 
size (160 kDa), Cas9 cannot move between cells and thus allows 
for cell-type-specific regulation of gene expression when expressed 
under a cell-type-specific promoter. Another advantage of the 
CRISPR-Cas system is that it allows multi-targeting (Ma et  al., 
2015). It has also been demonstrated that at least four guide 
DNA sequences can be included in the same construct (Lowder 
et  al., 2015). Along with the gene stacking technologies, these 
new advances in genome editing capabilities will greatly reduce 
the number of transgenes and in the meantime allow for 
coordination of gene expression.

Conclusion and Perspectives
Since the discovery of the C4 photosynthesis, there has 
been a keen interest to introduce this more efficient mechanism 
into C3 crops for increased productivity. Progress in C3-to-C4 
engineering has been slow, however, due to a lack of 
understanding of the mechanisms underlying C4 
photosynthesis. This status has changed recently with a 
number of important findings in C4 research (Furbank, 2017;  

Sedelnikova et al., 2018) and technical breakthroughs (Zhang 
et  al., 2019; Lee et  al., 2020; Zhu et  al., 2020). Several new 
model plant species have also been introduced, such as 
Setaria viridis (a C4 monocot; Brutnell et  al., 2010), Cleome 
gynandra (a C4 dicot; Newell et  al., 2010), and the grass 
Alloteropsis semialata (Lundgren et  al., 2016). Along with 
other well-established model species, such as rice (a C3 
monocot) and Arabidopsis thaliana (a C3 dicot), these plants 
should allow us to define a core set of genes necessary for 
C4 photosynthesis as well as a C3 gene regulatory network 
on which C4 traits can be  built. C3-to-C4 engineering is 
a complex project requiring collaborative efforts from the 
community. The C4 rice project is a good example (von 
Caemmerer et  al., 2012). It can be  envisioned that C4 rice 
will be  made available in the near future, thus ushering in 
a new wave of Green Revolution.

AUTHOR CONTRIBUTIONS

HC conceived the project and wrote the manuscript.

FUNDING

This work was supported by the Florida State University, 
Northwest Agriculture and Forest University and the National 
Science Foundation of China (grant no. 31871493).

ACKNOWLEDGMENTS

The author deeply appreciates Jen Kennedy’s (FSU) editorial 
help with this work.

 

REFERENCES

Akyildiz, M., Gowik, U., Engelmann, S., Koczor, M., Streubel, M., and Westhoff, P. 
(2007). Evolution and function of a cis-regulatory module for mesophyll-
specific gene expression in the C4 dicot Flaveria trinervia. Plant Cell 19, 
3391–3402. doi: 10.1105/tpc.107.053322

Aubry, S., Kelly, S., Kumpers, B. M., Smith-Unna, R. D., and Hibberd, J. M. 
(2014). Deep evolutionary comparison of gene expression identifies parallel 
recruitment of trans-factors in two independent origins of C4 photosynthesis. 
PLoS Genet. 10:e1004365. doi: 10.1371/journal.pgen.1004365

Bates, G. W. (1985). Electrical fusion for optimal formation of protoplast 
heterokaryons in Nicotiana. Planta 165, 217–224. doi: 10.1007/BF00395044

Black, C. C., and Osmond, C. B. (2003). Crassulacean acid metabolism 
photosynthesis: ‘working the night shift’. Photosynth. Res. 76, 329–341. doi: 
10.1023/A:1024978220193

Bolle, C. (2004). The role of GRAS proteins in plant signal transduction and 
development. Planta 218, 683–692. doi: 10.1007/s00425-004-1203-z

Brautigam, A., Kajala, K., Wullenweber, J., Sommer, M., Gagneul, D., Weber, K. L., 
et al. (2011). An mRNA blueprint for C4 photosynthesis derived from 
comparative transcriptomics of closely related C3 and C4 species. Plant 
Physiol. 155, 142–156. doi: 10.1104/pp.110.159442

Brown, R. H., and Bouton, J. H. (1993). Physiology and genetics of interspecific 
hybrids between photosynthetic types. Annu. Rev. Plant Physiol. Plant Mol. 
Biol. 44, 435–456. doi: 10.1146/annurev.pp.44.060193.002251

Brown, N. J., Newell, C. A., Stanley, S., Chen, J. E., Perrin, A. J., Kajala, K., et al. 
(2011). Independent and parallel recruitment of preexisting mechanisms underlying 
C(4) photosynthesis. Science 331, 1436–1439. doi: 10.1126/science.1201248

Brown, N. J., Parsley, K., and Hibberd, J. M. (2005). The future of C4 research-
-maize, Flaveria or Cleome? Trends Plant Sci. 10, 215–221. doi: 10.1016/j.
tplants.2005.03.003

Brutnell, T. P., Sawers, R. J., Mant, A., and Langdale, J. A. (1999). BUNDLE 
SHEATH DEFECTIVE2, a novel protein required for post-translational 
regulation of the rbcL gene of maize. Plant Cell 11, 849–864. doi: 10.1105/
tpc.11.5.849

Brutnell, T. P., Wang, L., Swartwood, K., Goldschmidt, A., Jackson, D., Zhu, X. G., 
et al. (2010). Setaria viridis: a model for C4 photosynthesis. Plant Cell 22, 
2537–2544. doi: 10.1105/tpc.110.075309

Cermak, T., Curtin, S. J., Gil-Humanes, J., Cegan, R., Kono, T. J. Y., Konecna, E., 
et al. (2017). A multipurpose toolkit to enable advanced genome engineering 
in plants. Plant Cell 29, 1196–1217. doi: 10.1105/tpc.16.00922

Chang, N., Gao, Y., Zhao, L., Liu, X., and Gao, H. (2015). Arabidopsis FHY3/
CPD45 regulates far-red light signaling and chloroplast division in parallel. 
Sci. Rep. 5:9612. doi: 10.1038/srep09612

Chang, Y. M., Liu, W. Y., Shih, A. C., Shen, M. N., Lu, C. H., Lu, M. Y., 
et al. (2012). Characterizing regulatory and functional differentiation between 
maize mesophyll and bundle sheath cells by transcriptomic analysis. Plant 
Physiol. 160, 165–177. doi: 10.1104/pp.112.203810

Chiang, Y. H., Zubo, Y. O., Tapken, W., Kim, H. J., Lavanway, A. M., Howard, L., 
et al. (2012). Functional characterization of the GATA transcription factors 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1105/tpc.107.053322
https://doi.org/10.1371/journal.pgen.1004365
https://doi.org/10.1007/BF00395044
https://doi.org/10.1023/A:1024978220193
https://doi.org/10.1007/s00425-004-1203-z
https://doi.org/10.1104/pp.110.159442
https://doi.org/10.1146/annurev.pp.44.060193.002251
https://doi.org/10.1126/science.1201248
https://doi.org/10.1016/j.tplants.2005.03.003
https://doi.org/10.1016/j.tplants.2005.03.003
https://doi.org/10.1105/tpc.11.5.849
https://doi.org/10.1105/tpc.11.5.849
https://doi.org/10.1105/tpc.110.075309
https://doi.org/10.1105/tpc.16.00922
https://doi.org/10.1038/srep09612
https://doi.org/10.1104/pp.112.203810


Cui C3-to-C4 Engineering

Frontiers in Plant Science | www.frontiersin.org 9 September 2021 | Volume 12 | Article 715391

GNC and CGA1 reveals their key role in chloroplast development, growth, 
and division in Arabidopsis. Plant Physiol. 160, 332–348. doi: 10.1104/
pp.112.198705

Chikkala, V. R., Nugent, G. D., Stalker, D. M., Mouradov, A., and Stevenson, T. W. 
(2012). Expression of Brassica oleracea FtsZ1-1 and MinD alters chloroplast 
division in Nicotiana tabacum generating macro- and mini-chloroplasts. 
Plant Cell Rep. 31, 917–928. doi: 10.1007/s00299-011-1212-x

Christin, P. A., Osborne, C. P., Chatelet, D. S., Columbus, J. T., Besnard, G., 
Hodkinson, T. R., et al. (2013). Anatomical enablers and the evolution of 
C4 photosynthesis in grasses. Proc. Natl. Acad. Sci. U. S. A. 110, 1381–1386. 
doi: 10.1073/pnas.1216777110

Chung, B. Y., Simons, C., Firth, A. E., Brown, C. M., and Hellens, R. P. (2006). 
Effect of 5'UTR introns on gene expression in Arabidopsis thaliana. BMC 
Genomics 7:120. doi: 10.1186/1471-2164-7-120

Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., et al. (2013). 
Multiplex genome engineering using CRISPR/Cas systems. Science 339, 
819–823. doi: 10.1126/science.1231143

Covshoff, S., Majeran, W., Liu, P., Kolkman, J. M., van Wijk, K. J., and 
Brutnell, T. P. (2008). Deregulation of maize C4 photosynthetic development 
in a mesophyll cell-defective mutant. Plant Physiol. 146, 1469–1481. doi: 
10.1104/pp.107.113423

Cui, H., Kong, D., Liu, X., and Hao, Y. (2014). SCARECROW, SCR-like 23 
and SHORT-ROOT control bundle sheath cell fate and function in Arabidopsis 
thaliana. Plant J. 78, 319–327. doi: 10.1111/tpj.12470

Cui, H., Levesque, M. P., Vernoux, T., Jung, J. W., Paquette, A. J., Gallagher, K. L., 
et al. (2007). An evolutionarily conserved mechanism delimiting SHR 
movement defines a single layer of endodermis in plants. Science 316, 
421–425. doi: 10.1126/science.1139531

Danila, F. R., Quick, W. P., White, R. G., Furbank, R. T., and von Caemmerer, S. 
(2016). The metabolite pathway between bundle sheath and mesophyll: 
quantification of plasmodesmata in leaves of C3 and C4 monocots. Plant 
Cell 28, 1461–1471. doi: 10.1105/tpc.16.00155

de Bossoreille de Ribou, S., Douam, F., Hamant, O., Frohlich, M. W., and 
Negrutiu, I. (2013). Plant science and agricultural productivity: why are 
we  hitting the yield ceiling? Plant Sci. 210, 159–176. doi: 10.1016/j.
plantsci.2013.05.010

DePaoli, H. C., Borland, A. M., Tuskan, G. A., Cushman, J. C., and Yang, X. 
(2014). Synthetic biology as it relates to CAM photosynthesis: challenges 
and opportunities. J. Exp. Bot. 65, 3381–3393. doi: 10.1093/jxb/ 
eru038

Di Laurenzio, L., Wysocka-Diller, J., Malamy, J. E., Pysh, L., Helariutta, Y., 
Freshour, G., et al. (1996). The SCARECROW gene regulates an asymmetric 
cell division that is essential for generating the radial organization of the 
Arabidopsis root. Cell 86, 423–433. doi: 10.1016/S0092-8674(00)80115-4

Dickinson, P. J., Knerova, J., Szecowka, M., Stevenson, S. R., Burgess, S. J., 
Mulvey, H., et al. (2020). A bipartite transcription factor module controlling 
expression in the bundle sheath of Arabidopsis thaliana. Nat. Plants 6, 
1468–1479. doi: 10.1038/s41477-020-00805-w

Dinkins, R., Reddy, M. S., Leng, M., and Collins, G. B. (2001). Overexpression 
of the Arabidopsis thaliana MinD1 gene alters chloroplast size and number 
in transgenic tobacco plants. Planta 214, 180–188. doi: 10.1007/s004250100605

Dunning, L. T., Lundgren, M. R., Moreno-Villena, J. J., Namaganda, M., 
Edwards, E. J., Nosil, P., et al. (2017). Introgression and repeated co-option 
facilitated the recurrent emergence of C4 photosynthesis among close relatives. 
Evolution 71, 1541–1555. doi: 10.1111/evo.13250

Engelmann, S., Wiludda, C., Burscheidt, J., Gowik, U., Schlue, U., Koczor, M., 
et al. (2008). The gene for the P-subunit of glycine decarboxylase from the 
C4 species Flaveria trinervia: analysis of transcriptional control in transgenic 
Flaveria bidentis (C4) and Arabidopsis (C3). Plant Physiol. 146, 1773–1785. 
doi: 10.1104/pp.107.114462

Engstrom, E. M. (2011). Phylogenetic analysis of GRAS proteins from moss, 
lycophyte and vascular plant lineages reveals that GRAS genes arose and 
underwent substantial diversification in the ancestral lineage common to 
bryophytes and vascular plants. Plant Signal. Behavr. 6, 850–854. doi: 10.4161/
psb.6.6.15203

Ermakova, M., Arrivault, S., Giuliani, R., Danila, F., Alonso-Cantabrana, H., 
Vlad, D., et al. (2021). Installation of C4 photosynthetic pathway enzymes 
in rice using a single construct. Plant Biotechnol. J. 19, 575–588. doi: 10.1111/
pbi.13487

Feng, Z., Mao, Y., Xu, N., Zhang, B., Wei, P., Yang, D. L., et al. (2014). 
Multigeneration analysis reveals the inheritance, specificity, and patterns of 
CRISPR/Cas-induced gene modifications in Arabidopsis. Proc. Natl. Acad. 
Sci. U. S. A. 111, 4632–4637. doi: 10.1073/pnas.1400822111

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., 
Johnston, M., et al. (2011). Solutions for a cultivated planet. Nature 478, 
337–342. doi: 10.1038/nature10452

Furbank, R. T. (2017). Walking the C4 pathway: past, present, and future. J. 
Exp. Bot. 68, 4057–4066. doi: 10.1093/jxb/erx006

Gao, H., Kadirjan-Kalbach, D., Froehlich, J. E., and Osteryoung, K. W. (2003). 
ARC5, a cytosolic dynamin-like protein from plants, is part of the chloroplast 
division machinery. Proc. Natl. Acad. Sci. U. S. A. 100, 4328–4333. doi: 
10.1073/pnas.0530206100

Gao, X., Wang, C., and Cui, H. (2014). Identification of bundle sheath cell 
fate factors provides new tools for C3-to-C4 engineering. Plant Signal. Behavr. 
9:e29162. doi: 10.4161/psb.29162

Gardiner, J., Donner, T. J., and Scarpella, E. (2011). Simultaneous activation 
of SHR and ATHB8 expression defines switch to preprocambial cell state 
in Arabidopsis leaf development. Dev. Dyn. 240, 261–270. doi: 10.1002/
dvdy.22516

Glynn, J. M., Yang, Y., Vitha, S., Schmitz, A. J., Hemmes, M., Miyagishima, S. Y., 
et al. (2009). PARC6, a novel chloroplast division factor, influences FtsZ 
assembly and is required for recruitment of PDV1 during chloroplast division 
in Arabidopsis. Plant J. 59, 700–711. doi: 10.1111/j.1365-313X.2009.03905.x

Gowik, U., Brautigam, A., Weber, K. L., Weber, A. P., and Westhoff, P. (2011). 
Evolution of C4 photosynthesis in the genus flaveria: how many and which 
genes does it take to make C4? Plant Cell 23, 2087–2105. doi: 10.1105/
tpc.111.086264

Guo, Y., Wu, H., Li, X., Li, Q., Zhao, X., Duan, X., et al. (2017). Identification 
and expression of GRAS family genes in maize (Zea mays L.). PLoS One 
12:e0185418. doi: 10.1371/journal.pone.0185418

Hall, L. N., Rossini, L., Cribb, L., and Langdale, J. A. (1998). GOLDEN 2: a 
novel transcriptional regulator of cellular differentiation in the maize leaf. 
Plant Cell 10, 925–936. doi: 10.1105/tpc.10.6.925

Hatch, M., and Osmond, C. (1976). “Compartmentation and transport in C4 
photosynthesis,” in Transport in Plants. eds. U. Huber and U. Stockings 
(Berlin/Heidelberg: Springer-Verlag), 145–184.

Helariutta, Y., Fukaki, H., Wysocka-Diller, J., Nakajima, K., Jung, J., Sena, G., 
et al. (2000). The SHORT-ROOT gene controls radial patterning of the 
Arabidopsis root through radial signaling. Cell 101, 555–567. doi: 10.1016/
S0092-8674(00)80865-X

Hibberd, J. M., and Covshoff, S. (2010). The regulation of gene expression 
required for C4 photosynthesis. Annu. Rev. Plant Biol. 61, 181–207. doi: 
10.1146/annurev-arplant-042809-112238

Hibberd, J. M., Sheehy, J. E., and Langdale, J. A. (2008). Using C4 photosynthesis 
to increase the yield of rice-rationale and feasibility. Curr. Opin. Plant Biol. 
11, 228–231. doi: 10.1016/j.pbi.2007.11.002

Horvath, P., and Barrangou, R. (2010). CRISPR/Cas, the immune system of 
bacteria and archaea. Science 327, 167–170. doi: 10.1126/science.1179555

Hua, L., Stevenson, S. R., Reyna-Llorens, I., Xiong, H., Kopriva, S., and 
Hibberd, J. M. (2021). The bundle sheath of rice is conditioned to play an 
active role in water transport as well as sulfur assimilation and jasmonic 
acid synthesis. Plant J. 107, 268–286. doi: 10.1111/tpj.15292

Huang, C. F., Yu, C. P., Wu, Y. H., Lu, M. J., Tu, S. L., Wu, S. H., et al. 
(2017). Elevated auxin biosynthesis and transport underlie high vein density 
in C4 leaves. Proc. Natl. Acad. Sci. U. S. A. 114, E6884–E6891. doi: 10.1073/
pnas.1709171114

Hughes, T. E., and Langdale, J. A. (2020). SCARECROW gene function is 
required for photosynthetic development in maize. Plant Direct 4:e00264. 
doi: 10.1002/pld3.264

Hughes, T. E., Sedelnikova, O. V., Wu, H., Becraft, P. W., and Langdale, J. A. 
(2019). Redundant SCARECROW genes pattern distinct cell layers in roots 
and leaves of maize. Development 146:dev177543. doi: 10.1242/dev.177543

John, C. R., Smith-Unna, R. D., Woodfield, H., Covshoff, S., and Hibberd, J. M. 
(2014). Evolutionary convergence of cell-specific gene expression in independent 
lineages of C4 grasses. Plant Physiol. 165, 62–75. doi: 10.1104/pp.114.238667

Kajala, K., Brown, N. J., Williams, B. P., Borrill, P., Taylor, L. E., and Hibberd, J. M. 
(2012). Multiple Arabidopsis genes primed for recruitment into C(4) 
photosynthesis. Plant J. 69, 47–56. doi: 10.1111/j.1365-313X.2011.04769.x

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1104/pp.112.198705
https://doi.org/10.1104/pp.112.198705
https://doi.org/10.1007/s00299-011-1212-x
https://doi.org/10.1073/pnas.1216777110
https://doi.org/10.1186/1471-2164-7-120
https://doi.org/10.1126/science.1231143
https://doi.org/10.1104/pp.107.113423
https://doi.org/10.1111/tpj.12470
https://doi.org/10.1126/science.1139531
https://doi.org/10.1105/tpc.16.00155
https://doi.org/10.1016/j.plantsci.2013.05.010
https://doi.org/10.1016/j.plantsci.2013.05.010
https://doi.org/10.1093/jxb/eru038
https://doi.org/10.1093/jxb/eru038
https://doi.org/10.1016/S0092-8674(00)80115-4
https://doi.org/10.1038/s41477-020-00805-w
https://doi.org/10.1007/s004250100605
https://doi.org/10.1111/evo.13250
https://doi.org/10.1104/pp.107.114462
https://doi.org/10.4161/psb.6.6.15203
https://doi.org/10.4161/psb.6.6.15203
https://doi.org/10.1111/pbi.13487
https://doi.org/10.1111/pbi.13487
https://doi.org/10.1073/pnas.1400822111
https://doi.org/10.1038/nature10452
https://doi.org/10.1093/jxb/erx006
https://doi.org/10.1073/pnas.0530206100
https://doi.org/10.4161/psb.29162
https://doi.org/10.1002/dvdy.22516
https://doi.org/10.1002/dvdy.22516
https://doi.org/10.1111/j.1365-313X.2009.03905.x
https://doi.org/10.1105/tpc.111.086264
https://doi.org/10.1105/tpc.111.086264
https://doi.org/10.1371/journal.pone.0185418
https://doi.org/10.1105/tpc.10.6.925
https://doi.org/10.1016/S0092-8674(00)80865-X
https://doi.org/10.1016/S0092-8674(00)80865-X
https://doi.org/10.1146/annurev-arplant-042809-112238
https://doi.org/10.1016/j.pbi.2007.11.002
https://doi.org/10.1126/science.1179555
https://doi.org/10.1111/tpj.15292
https://doi.org/10.1073/pnas.1709171114
https://doi.org/10.1073/pnas.1709171114
https://doi.org/10.1002/pld3.264
https://doi.org/10.1242/dev.177543
https://doi.org/10.1104/pp.114.238667
https://doi.org/10.1111/j.1365-313X.2011.04769.x


Cui C3-to-C4 Engineering

Frontiers in Plant Science | www.frontiersin.org 10 September 2021 | Volume 12 | Article 715391

Kamiya, N., Itoh, J., Morikami, A., Nagato, Y., and Matsuoka, M. (2003). The 
SCARECROW gene’s role in asymmetric cell divisions in rice plants. Plant 
J. 36, 45–54. doi: 10.1046/j.1365-313X.2003.01856.x

Kangasjarvi, S., Nurmi, M., Tikkanen, M., and Aro, E. M. (2009). Cell-specific 
mechanisms and systemic signalling as emerging themes in light acclimation 
of C3 plants. Plant Cell Environ. 32, 1230–1240. doi: 10.1111/j.1365-3040. 
2009.01982.x

Kinsman, E. A., and Pyke, K. A. (1998). Bundle sheath cells and cell-specific 
plastid development in Arabidopsis leaves. Development 125, 1815–1822. 
doi: 10.1242/dev.125.10.1815

Langdale, J. A. (2011). C4 cycles: past, present, and future research on C4 
photosynthesis. Plant Cell 23, 3879–3892. doi: 10.1105/tpc.111.092098

Lee, J. H., Won, H. J., Oh, E. S., Oh, M. H., and Jung, J. H. (2020). Golden 
gate cloning-compatible DNA replicon/2A-mediated polycistronic vectors for 
plants. Front. Plant Sci. 11:559365. doi: 10.3389/fpls.2020.559365

Li, P., Ponnala, L., Gandotra, N., Wang, L., Si, Y., Tausta, S. L., et al. (2010). 
The developmental dynamics of the maize leaf transcriptome. Nat. Genet. 
42, 1060–1067. doi: 10.1038/ng.703

Li, X., Wang, P., Li, J., Wei, S., Yan, Y., Yang, J., et al. (2020). Maize GOLDEN2-
LIKE genes enhance biomass and grain yields in rice by improving 
photosynthesis and reducing photoinhibition. Commun. Biol. 3:151. doi: 
10.1038/s42003-020-0887-3

Lim, J., Helariutta, Y., Specht, C. D., Jung, J., Sims, L., Bruce, W. B., et al. 
(2000). Molecular analysis of the SCARECROW gene in maize reveals a 
common basis for radial patterning in diverse meristems. Plant Cell 12, 
1307–1318. doi: 10.1105/tpc.12.8.1307

Lim, J., Jung, J. W., Lim, C. E., Lee, M. H., Kim, B. J., Kim, M., et al. (2005). 
Conservation and diversification of SCARECROW in maize. Plant Mol. 
Biol. 59, 619–630. doi: 10.1007/s11103-005-0578-y

Lin, M. T., Occhialini, A., Andralojc, P. J., Parry, M. A., and Hanson, M. R. 
(2014). A faster Rubisco with potential to increase photosynthesis in crops. 
Nature 513, 547–550. doi: 10.1038/nature13776

Long, S. P., Marshall-Colon, A., and Zhu, X. G. (2015). Meeting the global 
food demand of the future by engineering crop photosynthesis and yield 
potential. Cell 161, 56–66. doi: 10.1016/j.cell.2015.03.019

Lowder, L. G., Zhang, D., Baltes, N. J.,  Paul, J. W. 3rd, Tang, X., Zheng, X., et al. 
(2015). A CRISPR/Cas9 toolbox for multiplexed plant genome editing and 
transcriptional regulation. Plant Physiol. 169, 971–985. doi: 10.1104/pp.15.00636

Lundgren, M. R., Besnard, G., Ripley, B. S., Lehmann, C. E., Chatelet, D. S., 
Kynast, R. G., et al. (2015). Photosynthetic innovation broadens the niche 
within a single species. Ecol. Lett. 18, 1021–1029. doi: 10.1111/ele.12484

Lundgren, M. R., Christin, P. A., Escobar, E. G., Ripley, B. S., Besnard, G., 
Long, C. M., et al. (2016). Evolutionary implications of C3 -C4 intermediates 
in the grass Alloteropsis semialata. Plant Cell Environ. 39, 1874–1885. doi: 
10.1111/pce.12665

Lundgren, M. R., Dunning, L. T., Olofsson, J. K., Moreno-Villena, J. J., 
Bouvier, J. W., Sage, T. L., et al. (2019). C4 anatomy can evolve via a single 
developmental change. Ecol. Lett. 22, 302–312. doi: 10.1111/ele.13191

Luo, M., Zhang, S., Tang, C., Jia, G., Tang, S., Zhi, H., et al. (2018). Screening 
of mutants related to the C4 photosynthetic Kranz structure in foxtail millet. 
Front. Plant Sci. 9:1650. doi: 10.3389/fpls.2018.01650

Ma, X., Zhang, Q., Zhu, Q., Liu, W., Chen, Y., Qiu, R., et al. (2015). A robust 
CRISPR/Cas9 system for convenient, high-efficiency multiplex genome editing 
in monocot and dicot plants. Mol. Plant 8, 1274–1284. doi: 10.1016/j.
molp.2015.04.007

Marshall, D. M., Muhaidat, R., Brown, N. J., Liu, Z., Stanley, S., Griffiths, H., 
et al. (2007). Cleome, a genus closely related to Arabidopsis, contains species 
spanning a developmental progression from C(3) to C(4) photosynthesis. 
Plant J. 51, 886–896. doi: 10.1111/j.1365-313X.2007.03188.x

Mastuti, R., Miyake, H., Taniguchi, T., and Takeota, Y. (1997). Production of 
intergeneric hybrid Calli from C3 and C4 species of Amaranthaceae through 
protoplast fusion. Jpn. J. Crop. Sci. 66, 456–465. doi: 10.1626/jcs.66.456

Matsuoka, M., Kyozuka, J., Shimamoto, K., and Kano-Murakami, Y. (1994). 
The promoters of two carboxylases in a C4 plant (maize) direct cell-specific, 
light-regulated expression in a C3 plant (rice). Plant J. 6, 311–319. doi: 
10.1046/j.1365-313X.1994.06030311.x

McGrath, J. M., and Long, S. P. (2014). Can the cyanobacterial carbon-concentrating 
mechanism increase photosynthesis in crop species? A theoretical analysis. 
Plant Physiol. 164, 2247–2261. doi: 10.1104/pp.113.232611

Miyao, M., Masumoto, C., Miyazawa, S., and Fukayama, H. (2011). Lessons 
from engineering a single-cell C(4) photosynthetic pathway into rice. J. Exp. 
Bot. 62, 3021–3029. doi: 10.1093/jxb/err023

Nakamura, H., Muramatsu, M., Hakata, M., Ueno, O., Nagamura, Y., Hirochika, H., 
et al. (2009). Ectopic overexpression of the transcription factor OsGLK1 
induces chloroplast development in non-green rice cells. Plant Cell Physiol. 
50, 1933–1949. doi: 10.1093/pcp/pcp138

Nelson, T. (2011). The grass leaf developmental gradient as a platform for a 
systems understanding of the anatomical specialization of C(4) leaves. J. Exp. 
Bot. 62, 3039–3048. doi: 10.1093/jxb/err072

Newell, C. A., Brown, N. J., Liu, Z., Pflug, A., Gowik, U., Westhoff, P., et al. 
(2010). Agrobacterium tumefaciens-mediated transformation of Cleome 
gynandra L., a C(4) dicotyledon that is closely related to Arabidopsis thaliana. 
J. Exp. Bot. 61, 1311–1319. doi: 10.1093/jxb/erq009

Ngernprasirtsiri, J., Chollet, R., Kobayashi, H., Sugiyama, T., and Akazawa, T. 
(1989). DNA methylation and the differential expression of C4 photosynthesis 
genes in mesophyll and bundle sheath cells of greening maize leaves. J. Biol. 
Chem. 264, 8241–8248. doi: 10.1016/S0021-9258(18)83175-1

Nomura, M., Higuchi, T., Ishida, Y., Ohta, S., Komari, T., Imaizumi, N., et al. 
(2005). Differential expression pattern of C4 bundle sheath expression genes 
in rice, a C3 plant. Plant Cell Physiol. 46, 754–761. doi: 10.1093/pcp/pci078, 
PMID: 15753103

Nomura, M., Katayama, K., Nishimura, A., Ishida, Y., Ohta, S., Komari, T., 
et al. (2000). The promoter of rbcS in a C3 plant (rice) directs organ-
specific, light-dependent expression in a C4 plant (maize), but does not 
confer bundle sheath cell-specific expression. Plant Mol. Biol. 44, 99–106. 
doi: 10.1023/A:1006461812053

Osteryoung, K. W., Stokes, K. D., Rutherford, S. M., Percival, A. L., and 
Lee, W. Y. (1998). Chloroplast division in higher plants requires members 
of two functionally divergent gene families with homology to bacterial ftsZ. 
Plant Cell 10, 1991–2004. doi: 10.1105/tpc.10.12.1991

Patel, M., Siegel, A. J., and Berry, J. O. (2006). Untranslated regions of 
FbRbcS1 mRNA mediate bundle sheath cell-specific gene expression in 
leaves of a C4 plant. J. Biol. Chem. 281, 25485–25491. doi: 10.1074/jbc.
M604162200

Petricka, J. J., Clay, N. K., and Nelson, T. M. (2008). Vein patterning screens 
and the defectively organized tributaries mutants in Arabidopsis thaliana. 
Plant J. 56, 251–263. doi: 10.1111/j.1365-313X.2008.03595.x

Rae, B. D., Long, B. M., Badger, M. R., and Price, G. D. (2013). Functions, 
compositions, and evolution of the two types of carboxysomes: polyhedral 
microcompartments that facilitate CO2 fixation in cyanobacteria and some 
proteobacteria. Microbiol. Mol. Biol. Rev. 77, 357–379. doi: 10.1128/
MMBR.00061-12

Reeves, G., Grange-Guermente, M. J., and Hibberd, J. M. (2017). Regulatory 
gateways for cell-specific gene expression in C4 leaves with Kranz anatomy. 
J. Exp. Bot. 68, 107–116. doi: 10.1093/jxb/erw438

Reyna-Llorens, I., Burgess, S. J., Reeves, G., Singh, P., Stevenson, S. R., 
Williams, B. P., et al. (2018). Ancient duons may underpin spatial patterning 
of gene expression in C4 leaves. Proc. Natl. Acad. Sci. U. S. A. 115, 1931–1936. 
doi: 10.1073/pnas.1720576115

Reyna-Llorens, I., and Hibberd, J. M. (2017). Recruitment of pre-existing 
networks during the evolution of C4 photosynthesis. Philos. Trans. R. Soc. 
Lond. Ser. B Biol. Sci. 372:20160386. doi: 10.1098/rstb.2016.0386

Rizal, G., Thakur, V., Dionora, J., Karki, S., Wanchana, S., Acebron, K., et al. 
(2015). Two forward genetic screens for vein density mutants in sorghum 
converge on a cytochrome P450 gene in the brassinosteroid pathway. Plant 
J. 84, 257–266. doi: 10.1111/tpj.13007

Rossini, L., Cribb, L., Martin, D. J., and Langdale, J. A. (2001). The maize 
golden2 gene defines a novel class of transcriptional regulators in plants. 
Plant Cell 13, 1231–1244. doi: 10.1105/tpc.13.5.1231

Ruan, C. J., Shao, H. B., and Teixeira da Silva, J. A. (2012). A critical review 
on the improvement of photosynthetic carbon assimilation in C3 plants 
using genetic engineering. Crit. Rev. Biotechnol. 32, 1–21. doi: 
10.3109/07388551.2010.533119

Sage, R. F., Sage, T. L., and Kocacinar, F. (2012). Photorespiration and the 
evolution of C4 photosynthesis. Annu. Rev. Plant Biol. 63, 19–47. doi: 10.1146/
annurev-arplant-042811-105511

Sander, J. D., and Joung, J. K. (2014). CRISPR-Cas systems for editing, regulating 
and targeting genomes. Nat. Biotechnol. 32, 347–355. doi: 10.1038/nbt.2842

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1046/j.1365-313X.2003.01856.x
https://doi.org/10.1111/j.1365-3040.2009.01982.x
https://doi.org/10.1111/j.1365-3040.2009.01982.x
https://doi.org/10.1242/dev.125.10.1815
https://doi.org/10.1105/tpc.111.092098
https://doi.org/10.3389/fpls.2020.559365
https://doi.org/10.1038/ng.703
https://doi.org/10.1038/s42003-020-0887-3
https://doi.org/10.1105/tpc.12.8.1307
https://doi.org/10.1007/s11103-005-0578-y
https://doi.org/10.1038/nature13776
https://doi.org/10.1016/j.cell.2015.03.019
https://doi.org/10.1104/pp.15.00636
https://doi.org/10.1111/ele.12484
https://doi.org/10.1111/pce.12665
https://doi.org/10.1111/ele.13191
https://doi.org/10.3389/fpls.2018.01650
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1111/j.1365-313X.2007.03188.x
https://doi.org/10.1626/jcs.66.456
https://doi.org/10.1046/j.1365-313X.1994.06030311.x
https://doi.org/10.1104/pp.113.232611
https://doi.org/10.1093/jxb/err023
https://doi.org/10.1093/pcp/pcp138
https://doi.org/10.1093/jxb/err072
https://doi.org/10.1093/jxb/erq009
https://doi.org/10.1016/S0021-9258(18)83175-1
https://doi.org/10.1093/pcp/pci078
https://doi.org/10.1023/A:1006461812053
https://doi.org/10.1105/tpc.10.12.1991
https://doi.org/10.1074/jbc.M604162200
https://doi.org/10.1074/jbc.M604162200
https://doi.org/10.1111/j.1365-313X.2008.03595.x
https://doi.org/10.1128/MMBR.00061-12
https://doi.org/10.1128/MMBR.00061-12
https://doi.org/10.1093/jxb/erw438
https://doi.org/10.1073/pnas.1720576115
https://doi.org/10.1098/rstb.2016.0386
https://doi.org/10.1111/tpj.13007
https://doi.org/10.1105/tpc.13.5.1231
https://doi.org/10.3109/07388551.2010.533119
https://doi.org/10.1146/annurev-arplant-042811-105511
https://doi.org/10.1146/annurev-arplant-042811-105511
https://doi.org/10.1038/nbt.2842


Cui C3-to-C4 Engineering

Frontiers in Plant Science | www.frontiersin.org 11 September 2021 | Volume 12 | Article 715391

Sassa, N., Matsushita, Y., Nakamura, T., and Nyunoya, H. (2001). The molecular 
characterization and in situ expression pattern of pea SCARECROW gene. 
Plant Cell Physiol. 42, 385–394. doi: 10.1093/pcp/pce048

Sawers, R. J., Liu, P., Anufrikova, K., Hwang, J. T., and Brutnell, T. P. (2007). A 
multi-treatment experimental system to examine photosynthetic differentiation 
in the maize leaf. BMC Genomics 8:12. doi: 10.1186/1471-2164-8-12

Sbabou, L., Bucciarelli, B., Miller, S., Liu, J., Berhada, F., Filali-Maltouf, A., 
et al. (2010). Molecular analysis of SCARECROW genes expressed in 
white lupin cluster roots. J. Exp. Bot. 61, 1351–1363. doi: 10.1093/jxb/ 
erp400

Schaaf, J., Walter, M. H., and Hess, D. (1995). Primary metabolism in plant 
defense (regulation of a bean malic enzyme gene promoter in transgenic 
tobacco by developmental and environmental cues). Plant Physiol. 108, 
949–960. doi: 10.1104/pp.108.3.949

Schaffner, A. R., and Sheen, J. (1991). Maize rbcS promoter activity depends 
on sequence elements not found in dicot rbcS promoters. Plant Cell 3, 
997–1012. doi: 10.1105/tpc.3.9.997

Schauer, S. E., Schluter, P. M., Baskar, R., Gheyselinck, J., Bolanos, A., Curtis, M. D., 
et al. (2009). Intronic regulatory elements determine the divergent expression 
patterns of AGAMOUS-LIKE6 subfamily members in Arabidopsis. Plant J. 
59, 987–1000. doi: 10.1111/j.1365-313X.2009.03928.x

Sedelnikova, O. V., Hughes, T. E., and Langdale, J. A. (2018). Understanding 
the genetic basis of C4 Kranz anatomy with a view to engineering C3 
crops. Ann. Rev Genet. 52, 249–270. doi: 10.1146/annurev-genet-120417-031217

Slewinski, T. L. (2013). Using evolution as a guide to engineer kranz-type c4 
photosynthesis. Front. Plant Sci. 4:212. doi: 10.3389/fpls.2013.00212

Slewinski, T. L., Anderson, A. A., Price, S., Withee, J. R., Gallagher, K., and 
Turgeon, R. (2014). Short-root1 plays a role in the development of vascular 
tissue and Kranz anatomy in maize leaves. Mol. Plant 7, 1388–1392. doi: 
10.1093/mp/ssu036

Slewinski, T. L., Anderson, A. A., Zhang, C., and Turgeon, R. (2012). Scarecrow 
plays a role in establishing Kranz anatomy in maize leaves. Plant Cell Physiol. 
53, 2030–2037. doi: 10.1093/pcp/pcs147

Stockhaus, J., Poetsch, W., Steinmuller, K., and Westhoff, P. (1994). Evolution 
of the C4 phosphoenolpyruvate carboxylase promoter of the C4 dicot Flaveria 
trinervia: an expression analysis in the C3 plant tobacco. Mol. Gen. Genet. 
245, 286–293. doi: 10.1007/BF00290108

Suzuki, K., Nakanishi, H., Bower, J., Yoder, D. W., Osteryoung, K. W., and 
Miyagishima, S. Y. (2009). Plastid chaperonin proteins Cpn60 alpha and 
Cpn60 beta are required for plastid division in Arabidopsis thaliana. BMC 
Plant Biol. 9:38. doi: 10.1186/1471-2229-9-38

Taniguchi, Y., Ohkawa, H., Masumoto, C., Fukuda, T., Tamai, T., Lee, K., et al. 
(2008). Overproduction of C4 photosynthetic enzymes in transgenic rice 
plants: an approach to introduce the C4-like photosynthetic pathway into 
rice. J. Exp. Bot. 59, 1799–1809. doi: 10.1093/jxb/ern016

Tolley, B. J., Woodfield, H., Wanchana, S., Bruskiewich, R., and Hibberd, J. M. 
(2012). Light-regulated and cell-specific methylation of the maize PEPC 
promoter. J. Exp. Bot. 63, 1381–1390. doi: 10.1093/jxb/err367

van Rooijen, R., Schulze, S., Petzsch, P., and Westhoff, P. (2020). Targeted 
misexpression of NAC052, acting in H3K4 demethylation, alters leaf 
morphological and anatomical traits in Arabidopsis thaliana. J. Exp. Bot. 
71, 1434–1448. doi: 10.1093/jxb/erz509

Vercruyssen, L., Tognetti, V. B., Gonzalez, N., Van Dingenen, J., De Milde, L., 
Bielach, A., et al. (2015). GROWTH REGULATING FACTOR5 stimulates 
Arabidopsis chloroplast division, photosynthesis, and leaf longevity. Plant 
Physiol. 167, 817–832. doi: 10.1104/pp.114.256180

von Caemmerer, S., Quick, W. P., and Furbank, R. T. (2012). The development 
of C(4)rice: current progress and future challenges. Science 336, 1671–1672. 
doi: 10.1126/science.1220177

Voznesenskaya, E. V., Franceschi, V. R., Kiirats, O., Freitag, H., and Edwards, G. E. 
(2001). Kranz anatomy is not essential for terrestrial C4 plant photosynthesis. 
Nature 414, 543–546. doi: 10.1038/35107073

Wang, L., Czedik-Eysenberg, A., Mertz, R. A., Si, Y., Tohge, T., Nunes-Nesi, A., 
et al. (2014). Comparative analyses of C(4) and C(3) photosynthesis in 
developing leaves of maize and rice. Nat. Biotechnol. 32, 1158–1165. doi: 
10.1038/nbt.3019

Wang, P., Kelly, S., Fouracre, J. P., and Langdale, J. A. (2013). Genome-wide 
transcript analysis of early maize leaf development reveals gene cohorts 
associated with the differentiation of C Kranz anatomy. Plant J. 75, 656–670. 
doi: 10.1111/tpj.12229

Wang, P., Khoshravesh, R., Karki, S., Tapia, R., Balahadia, C. P., Bandyopadhyay, A., 
et al. (2017). Re-creation of a key step in the evolutionary switch from C3 
to C4 leaf anatomy. Curr. Biol. 27, 3278.e6–3287.e6. doi: 10.1016/j.
cub.2017.09.040

Wang, L., Peterson, R. B., and Brutnell, T. P. (2011). Regulatory mechanisms 
underlying C4 photosynthesis. New Phytol. 190, 9–20. doi: 10.1111/j.1469- 
8137.2011.03649.x

Weber, A. P., and von Caemmerer, S. (2010). Plastid transport and metabolism 
of C3 and C4 plants--comparative analysis and possible biotechnological 
exploitation. Curr. Opin. Plant Biol. 13, 257–265. doi: 10.1016/j.pbi.2010. 
01.007

Williams, B. P., Burgess, S. J., Reyna-Llorens, I., Knerova, J., Aubry, S., Stanley, S., 
et al. (2016). An untranslated cis-element regulates the accumulation of 
multiple C4 enzymes in Gynandropsis gynandra mesophyll cells. Plant Cell 
28, 454–465. doi: 10.1105/tpc.15.00570

Wiludda, C., Schulze, S., Gowik, U., Engelmann, S., Koczor, M., Streubel, M., 
et al. (2012). Regulation of the photorespiratory GLDPA gene in C(4) flaveria: 
an intricate interplay of transcriptional and posttranscriptional processes. 
Plant Cell 24, 137–151. doi: 10.1105/tpc.111.093872

Wollenweber, B., Porter, J. R., and Lubberstedt, T. (2005). Need for multidisciplinary 
research towards a second green revolution. Curr. Opin. Plant Biol. 8, 
337–341. doi: 10.1016/j.pbi.2005.03.001

Zhang, Y., Malzahn, A. A., Sretenovic, S., and Qi, Y. (2019). The emerging 
and uncultivated potential of CRISPR technology in plant science. Nat. 
Plants 5, 778–794. doi: 10.1038/s41477-019-0461-5

Zhu, H., Li, C., and Gao, C. (2020). Applications of CRISPR-Cas in agriculture 
and plant biotechnology. Nat. Rev. Mol. Cell Biol. 21, 661–677. doi: 10.1038/
s41580-020-00288-9

Zhu, X. G., Long, S. P., and Ort, D. R. (2008). What is the maximum efficiency 
with which photosynthesis can convert solar energy into biomass? Curr. 
Opin. Biotechnol. 19, 153–159. doi: 10.1016/j.copbio.2008.02.004

Conflict of Interest: The author declares that the research was conducted in 
the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Cui. This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) and the 
copyright owner(s) are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/pcp/pce048
https://doi.org/10.1186/1471-2164-8-12
https://doi.org/10.1093/jxb/erp400
https://doi.org/10.1093/jxb/erp400
https://doi.org/10.1104/pp.108.3.949
https://doi.org/10.1105/tpc.3.9.997
https://doi.org/10.1111/j.1365-313X.2009.03928.x
https://doi.org/10.1146/annurev-genet-120417-031217
https://doi.org/10.3389/fpls.2013.00212
https://doi.org/10.1093/mp/ssu036
https://doi.org/10.1093/pcp/pcs147
https://doi.org/10.1007/BF00290108
https://doi.org/10.1186/1471-2229-9-38
https://doi.org/10.1093/jxb/ern016
https://doi.org/10.1093/jxb/err367
https://doi.org/10.1093/jxb/erz509
https://doi.org/10.1104/pp.114.256180
https://doi.org/10.1126/science.1220177
https://doi.org/10.1038/35107073
https://doi.org/10.1038/nbt.3019
https://doi.org/10.1111/tpj.12229
https://doi.org/10.1016/j.cub.2017.09.040
https://doi.org/10.1016/j.cub.2017.09.040
https://doi.org/10.1111/j.1469-8137.2011.03649.x
https://doi.org/10.1111/j.1469-8137.2011.03649.x
https://doi.org/10.1016/j.pbi.2010.01.007
https://doi.org/10.1016/j.pbi.2010.01.007
https://doi.org/10.1105/tpc.15.00570
https://doi.org/10.1105/tpc.111.093872
https://doi.org/10.1016/j.pbi.2005.03.001
https://doi.org/10.1038/s41477-019-0461-5
https://doi.org/10.1038/s41580-020-00288-9
https://doi.org/10.1038/s41580-020-00288-9
https://doi.org/10.1016/j.copbio.2008.02.004
http://creativecommons.org/licenses/by/4.0/

	Challenges and Approaches to Crop Improvement Through C3-to-C4 Engineering
	Introduction
	Text
	C4 Photosynthesis Is a Syndrome
	C3-to-C4 Engineering: One Cell or Two Cell?
	Engineering a Two-Cell C4 Photosynthesis
	Cell-Type-Specific Gene Expression
	The Kranz Anatomy
	Chloroplast Size and Number
	Gene Regulatory Networks
	Molecular Tools for C3-to-C4 Engineering
	Conclusion and Perspectives

	Author Contributions
	Acknowledgments

	References

