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I. Introduction  

1. Photosynthesis and photorespiration 

1.1 The two sites of 1,5-bisphosphate carboxylase/oxygenase  

Life on earth strongly depends on energy from the sun. Photoautotrophic organisms, including 

higher plants, algae, and some bacteria, are capable of converting this light energy into chemical 

energy that manifests in carbohydrates. This process is called photosynthesis and it takes place 

in special compartments of photosynthetically active cells—the chloroplasts. Photosynthesis can 

be divided into two sections: the light-dependent and the light-independent reactions. In the 

former case, light energy and photosynthetic cleavage of H2O is used to build up the energy-rich 

molecule ATP and the reducing equivalent NADPH. In the light-independent reactions of 

photosynthesis, both compounds are needed to assimilate CO2 into carbohydrates. This happens 

in a cycle of reactions known as the Calvin-Benson cycle, which is named after its discoverers 

(Bassham et al., 1950). Three different mechanisms of CO2 fixation exist in plants: C3, C4, and 

crassulaceaen acid metabolism (CAM). They differ in the time and spatial separation of the 

carboxylation reaction. The vast majority of land plants perform C3 photosynthesis (Ehleringer 

et al., 1991), the photosynthetic pathway in which ribulose 1,5-bisphosphate (RuBP) 

carboxylase/oxygenase (RubisCO) catalyzes the transfer of CO2 to RuBP to produce two 

molecules of the three-carbon compound 3-phosphoglycerate (3-PGA). 3-PGA is needed in the 

Calvin-Benson cycle to generate triosephosphates and to regenerate RuBP.  

     Besides the carboxylase activity, RubisCO also catalyzes the oxygenation of RuBP, especially 

under lower CO2 concentrations (Ogren and Bowes, 1971; Bowes et al., 1971; Lorimer, 1981). 

In this case, only one molecule of 3-PGA is generated, along with one molecule of 

2-phosphoglycolate (2-PG). Since 2-PG is useless and toxic to the plant, it has to be detoxified 

in a process called photorespiration (Bowes et al., 1971; Tolbert, 1971), which occurs in all plants, 

algae, and cyanobacteria. The extent of the oxygenase activity of RubisCO primarily depends on 

the CO2 and O2 concentrations in the atmosphere (Ehleringer et al., 1977). In general, a high 

[O2]/[CO2] ratio promotes the oxygenase reaction. Additionally, the temperature has an impact 

on the carboxylase/oxygenase activity of RubisCO. The solubility of CO2 decreases much faster 

at higher temperatures compared to O2. This impedes transport of CO2 within the cell and, 

consequently, lowers the CO2 concentration around RubisCO, which favors RubisCO’s 

oxygenase activity at leaf temperatures over 20–25 °C (Ehleringer et al., 1977; Jordan and Ogren, 

1984; Brooks and Farquhar, 1985). 
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     In general, RubisCO prefers CO2 over O2 (Jordan and Ogren, 1984), but today’s atmosphere 

contains 20.95% O2 and only 0.04% CO2. Accordingly, each CO2 molecule faces more than 500 

O2 molecules. Consequently, between 25% and 33% of RuBP is oxygenated and not carboxylated 

under the given conditions in C3 plants (Sharkey, 1988; Ehleringer et al., 1991; Tcherkez, 2013). 

This has not always been the case. RubisCO arose approximately three billion years ago (Wacey, 

2009) in a completely different environment and atmosphere. The CO2 concentration was at least 

100 times higher (Kasting and Howard, 2006) and there was nearly no O2 present (Buick, 2008). 

Hence, the oxygenase activity of RubisCO was almost completely suppressed and there was 

hardly any evolutionary pressure on it. Only over the last 30 million years did the atmospheric 

composition change in such a way that the oxygenase activity of RubisCO became a severe 

problem for plants (Sage, 2004). 

 

1.2 Photorespiration: An expensive but essential process in plants 

Photorespiration can solve the problem of RubisCO oxygenase activity and, since there is no 

other known metabolism in plants that can deal with 2-PG, it is an indispensable process 

(Peterhansel et al., 2010). The photorespiratory cycle, also known as the C2 cycle, takes place in 

three different organelles—the chloroplast, the peroxisome, and the mitochondrion (Figure 1). 

More than 20 different enzymes and transporters are needed in this pathway to recover one 

molecule of 3-PGA from two molecules of 2-PG (Hagemann and Bauwe, 2016). It begins with 

the dephosphorylation of 2-PG into glycolate by 2-PG phosphatase (PGLP) in the chloroplast. 

A glycolate/glyoxylate transporter exports glycolate from the chloroplast into the cytosol, where 

it subsequently diffuses into the peroxisome (Pick et al., 2013). In the peroxisome, glycolate is 

irreversibly oxidized by glycolate oxidase (GOX), which produces glyoxylate and H2O2. 

A catalase immediately detoxifies the H2O2 and glyoxylate is transaminated to glycine by the 

action of glutamate:glyoxylate aminotransferase (GGT) and serine:glyoxylate aminotransferase 

(SGT). Glycine is then transported into the mitochondrion, where the mitochondrial glycine 

decarboxylase multienzyme system (GDC) and serine hydroxymethyltransferase (SHMT) 

catalyze the decarboxylation and deamination of two molecules of glycine to one molecule of 

serine, CO2, and NH3. GDC consists of four proteins, the P-, T-, L-, and H-proteins, which are 

all needed for the catalytic activity of the whole complex (Engel et al., 2007). Serine is then 

transported from the mitochondrion back to the peroxisome, where it is transaminated by SGT to 

hydroxypyruvate. Hydroxypyruvate reductase (HPR) subsequently reduces the hydroxypyruvate 

to glycerate. To complete the photorespiratory cycle, glycerate leaves the peroxisome and enters 
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the chloroplast to eventually become phosphorylated by glycerate kinase (GLYK) to 3-PGA, 

which directly enters the Calvin-Benson cycle again. 

 

 
Figure 1. The reactions of the photorespiratory C2 cycle. 

Distribution of photorespiratory reactions between chloroplasts, peroxisomes, and mitochondria. Enzymes of the 
pathway are highlighted in red. 2-OG, 2-oxoglutarate; 3-PGA, 3-phosphoglycerate; DIT1+2, dicarboxylate 
transporter 1+2; GDC, glycine decarboxylase complex; GGT, glutamate glyoxylate aminotransferase; Gln, 
glutamine; GLS, glutamate synthase; Glu, glutamate; GLYK, glycerate kinase; GOX, glycolate oxidase; GS, 
glutamine synthetase; HPR, hydroxypyruvate reductase; PGLP, phosphoglycolate phosphatase; SGT, serine 
glyoxylate aminotransferase; SHMT, serine hydroxymethyltransferase; THF, tetrahydrofolate. 
 

     During photorespiration, not only CO2 but also ammonia is released in the mitochondria. 

Consequently, it makes sense that the core C2 cycle is tightly connected to the re-assimilation of 

ammonia (Keys, 2006). The recovery of ammonia requires a lot of energy and it is carried out by 

two enzymes in the chloroplast: glutamine synthetase (GS2) and ferredoxin-dependent glutamate 

synthase (GLS) (Figure 1). GS2 combines glutamate and ammonia to glutamine, which is used 

by GLS for the transamination of oxoglutarate. This results in two molecules of glutamate that 

are needed for a new cycle of ammonia refixation and for glycine synthesis in the peroxisomes 

during photorespiration. 
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     In conclusion, the photorespiratory pathway successfully eliminates the useless and toxic 

intermediate 2-PG and converts it back to 3-PGA. But there is also a flip side to photorespiration. 

The process is highly expensive in terms of energy as well as the efficiency of carbon fixation. 

ATP and NADPH are needed to operate photorespiration and CO2 is lost throughout the 

decarboxylation of glycine by GDC in the mitochondria (Figure 1). Only three of four carbon 

atoms that enter the photorespiratory cycle eventually become fixed. As much as 25% is lost as 

photorespiratory CO2. For each RuBP that gets oxygenated, it takes 3.25 ATP and 2 NADPH to 

recover it in the photorespiratory cycle (Wingler et al., 2000). Especially the re-assimilation of 

lost ammonia is a wasteful process.  

     All in all, it is assumed that there is an extra energy cost of approximately 50% for 

photosynthesis caused by the oxygenase activity of RubisCO (Peterhansel et al., 2010), and 

photorespiration can reduce the efficiency of C3 photosynthesis by up to 30% (Ogren, 1984; 

Bauwe et al., 2010; Fernie et al., 2013). The question then is why plants use such an expensive 

cycle in terms of energy and CO2 lost. The answer to this is simple: It is the only way to get rid 

of 2-PG and keep the Calvin-Benson cycle operating under the current atmospheric conditions. 

As long as O2 is present, it will always compete with CO2 for the active site of RubisCO and only 

photorespiration allows the Calvin-Benson cycle to work in the presence of O2.  

 

1.3 Photorespiration as a primary target for crop improvement 

Many studies provide clear evidence that the photorespiratory cycle is essential for plants by 

knocking out different genes of the pathway leading to so-called photorespiratory phenotypes. 

These are mutants that only grow under elevated CO2 concentrations where the rate of 

photorespiration is very low. Although they do not grow in ambient atmosphere and develop 

chlorosis, they mostly can be rescued by shifting them back to higher CO2 concentrations 

(Sharkey, 1988; Somerville, 2001; Bauwe et al., 2012). There are also photorespiratory mutants 

that cannot survive even in non-photorespiratory conditions, such as GDC mutants. This is 

because of the crucial role of GDC in one-carbon metabolism (Engel et al., 2007). 

     Photorespiration costs energy and freshly assimilated CO2. Hence, many groups worldwide 

are looking for ways to minimize photorespiration in plants, especially in crops to gain more yield 

and to cover the rising demands for food worldwide in the coming years (Kebeish et al., 2007; 

Peterhansel et al., 2008; Evans, 2013; Long et al., 2015; Walker et al., 2016). There are different 

ideas on how to achieve this goal. One strategy could be to make a better RubisCO with more 

affinity for CO2 (Marcus et al., 2011; Parry et al., 2013). Avoiding the high costs of ammonia 

refixation is also of interest (Carvalho et al., 2011). Besides these and other ideas, there is one 
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possibility that has not only been tried artificially, but which is already present and developed in 

nature: CO2-concentrating mechanisms (CCMs). The idea is as simple as it sounds. If the CO2 

concentration around RubisCO increases, less oxygenase activity occurs and CO2 becomes fixed 

more efficiently. Consequently, there would be less photorespiration in the leaves of the plant 

(Price et al., 2013). There is one very successful way of photosynthesis in which this mechanism 

is already optimized: C4 photosynthesis.  

 

 

2. The biochemistry and evolution of the C4 syndrome 

2.1 C4 photosynthesis: A solution to photorespiration 

The basic idea of C4 photosynthesis and CCMs in general is the concentration of CO2 around the 

carboxylating enzyme RubisCO. Consequently, the oxygenase reaction is suppressed and 

photorespiratory rates are reduced. This is achieved by anatomical and biochemical modifications 

to the original C3 pathway and mostly by the division of labor between two photosynthetic cell 

types: bundle sheath cells and mesophyll cells (Hatch, 1987). To this end, C4 plants have a very 

special leaf anatomy, which is referred to as the Kranz anatomy, first described by Haberlandt 

(1881). The vasculature of C4 plants is surrounded by a cell layer of big bundle sheath cells 

forming a wreath-like structure, which, in turn, is encircled by, typically, only one cell layer of 

mesophyll cells (Figure 2). 

 

 
Figure 2. The typical leaf architecture of a C3 and a C4 leaf. 

Leaves of C4 plants largely differ in their anatomy from leaves of their C3 relatives. They have a higher bundle 
sheath/mesophyll cell ratio with more contact between both cell types. Bundle sheath cells in general are larger in 
C4 plants and contain more organelles. Source: Adapted from Alberts B, Johnson A (2002). 
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     The interveinal distance and the leaf thickness is often reduced in C4 plants (Dengler and 

Nelson, 1999; Leegood, 2002). This guarantees optimal contact between both cell types, which 

are also connected through many plasmodesmata to facilitate the transport and exchange of 

metabolites (Laetsch, 1974; Botha, 1992). 

     The C4 cycle starts in the cytosol of the mesophyll, where CO2 is converted to bicarbonate 

(HCO3
-) by carbonic anhydrase (CA) and, subsequently, fixed into oxaloacetate (OAA) 

(Figure 3). Therefore, PEP carboxylase (PEPC) connects HCO3
- and the acceptor molecule 

phosphoenolpyruvate (PEP). Because the four-carbon acid oxaloacetate is the first stable product 

after the fixation of CO2, this type of photosynthesis is referred to as C4 photosynthesis. In the 

next step, OAA is either reduced to malate or transaminated to aspartate, depending on the type 

of C4 photosynthesis. The C4 acids will then diffuse into the bundle sheath cells and will become 

decarboxylated by NADP-malic enzyme (NADP-ME), NAD-malic enzyme (NAD-ME), or PEP 

carboxykinase. In some C4 plants, such as maize, a combination of these three enzymes is also 

possible (Furbank, 2011; Wang et al., 2014). The released CO2 is directly fixed by RubisCO and 

eventually enters the Calvin-Benson cycle. The remaining three-carbon compounds of the 

decarboxylation reaction move back to the mesophyll and—if NADP-ME or NAD-ME were used 

as decarboxylating enzymes—become converted to PEP again by pyruvate-orthophosphate 

dikinase (PPDK). 
 

 
Figure 3. The reactions of the C4 pathway using the NADP-ME. 

The core C4 cycle of the NADP-malic enzyme type and the distribution of labor between mesophyll and bundle 
sheath cells. CA, carbonic anhydrase; NADP-MDH, NADP-dependent malate dehydrogenase; NADP-ME, NADP-
malic enzyme; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PEPC, phosphoenolpyruvate carboxylase; PPDK, 
pyruvate-orthophosphate dikinase; RuBP, ribulose 1,5-bisphosphate; TP, triosephosphate.  
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The prefixation of CO2 by PEPC in the mesophyll and its release in the bundle sheath chloroplasts 

results in a biochemical CO2 pump that enables RubisCO to work under high CO2 concentrations. 

Since the oxygenase activity of RubisCO mainly depends on the [CO2]/[O2] ratio around it, this 

carbon-concentrating mechanism effectively represses photorespiration (Furbank, 2011). As a 

result, photorespiratory rates are significantly lower in C4 plants as compared to C3 plants. 

However, even C4 plants have to run the photorespiratory cycle to some extent (Yoshimura et 

al. 2004). Due to the fact that RubisCO can work much more efficiently in C4 plants, they 

require 50–80% less RubisCO for a given photosynthetic rate (Sage and Zhu, 2011). 

Consequently, C4 plants have a better nitrogen-use efficiency, because RubisCO is by far the 

most abundant enzyme in plants (Oaks, 1994). Besides this, C4 plants can keep their stomata 

closed for a longer time, which reduces water losses through transpiration, resulting in a better 

water-use efficiency (Sage, 2001a). For that reason, C4 plants often grow in hot and arid 

environments with high light intensities—conditions that are not favored by C3 plants (Ehleringer 

et al., 1997).  

     The presence of an organelle-rich bundle sheath is a feature that all C4 plants with Kranz 

anatomy share. They pile large number of chloroplasts, mitochondria, and peroxisomes in their 

bundle sheath (Brown and Hattersley, 1989). However, the chloroplasts can differ at the 

ultrastructural level among the subtypes of C4 photosynthesis (Woo et al., 1970). In the 

NADP-ME type of C4 photosynthesis, the chloroplasts contain few grana and, therefore, only low 

photosystem II (PSII) activity, while there is high PSII activity in the bundle sheath of NAD-ME 

plants. Consequently, only photosystem I-mediated cyclic electron flow is possible in NADP-ME 

plants to generate ATP.  

 

2.2 C4 photosynthesis evolved many times independently  

C4 photosynthesis only occurs in the angiospermes (Ehleringer et al., 1997). In evolutionary 

terms, C4 photosynthesis is a rather recent invention that evolved at least 66 times independently 

from the original C3 pathway over the last 35 million years (Sage et al., 2011a; Aliscioni et al., 

2012). Molecular phylogenies and genomic analysis of protein evolution allowed to estimate the 

number of distinct C4 lineages and, therefore, the de novo origins of C4 photosynthesis (Sage et 

al., 2012; Sage, 2016). It is assumed that there are 20–23 distinct lineages in the grasses (Poaceae) 

with 5,044 C4 species in total (Aliscioni et al., 2012; Christin et al., 2012; Besnard et al., 2014; 

Osborne et al., 2014), six lineages in the sedges (Cyperaceae) with 1,322 C4 species (Besnard et 

al., 2009; Roalson et al., 2010; Larridon et al., 2013; Sage, 2016), nine lineages in the 

Chenopodiaceae comprising 558 C4 species (Kadereit et al., 2012; Sage, 2016), and, finally, more 
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than 1,750 other C4 species in the eudicots with 34 de novo origins (Sage, 2016). In summary, 

the percentage of plants performing C4 photosynthesis is relatively low. Approximately 8,000 

species of more than 250,000 plant species worldwide perform this type of photosynthesis (Sage, 

2016). Nevertheless, C4 plants account for 23% of the terrestrial biomass production on earth 

(Still et al., 2003; Sage et al., 2012), which underlines their success and importance in agriculture. 

     With many independent origins of C4 photosynthesis, there is also a lot of variation between 

different lineages. Each line is unique in its way and there are only two steps that they all have in 

common: the conversion of CO2 to HCO3
- and the carboxylation of PEP by PEPC (Sage et al., 

1999). Thus, it may be more accurate to think of it as the “C4 syndrome” rather than a fixed and 

defined pathway (Sage et al., 2012).  

 

2.3 A conceptual model of the stepwise evolution of the C4 trait 

A low CO2 concentration in the atmosphere has always been supposed to be the “driving force of 

C4 evolution” (Ehleringer et al., 1991; Ehleringer et al., 1997), but these days it is assumed that 

low CO2 is only a precondition for C4 evolution that enables other factors to play a decisive role. 

Parameters such as heat, aridity, high light, salinity, and ecological disturbance can lower CO2 

concentrations in the leaves of C3 plants and, alone or in combination, promote photorespiration 

(Moore, 1983; Sage, 2004; Osborne and Freckleton, 2009; Sage et al., 2012). Under these 

conditions, photorespiration can become a severe problem in terms of photorespiratory CO2 loss. 

Thus, plants that can find a solution to relocate CO2 to the chloroplasts for refixation would 

strongly benefit in these environments and outcompete other C3 species. The restriction of GDC 

activity to an inner compartment, the bundle sheath, is the simple solution to this problem, 

invented and adopted by many plants (Sage et al., 2012). The spatial separation of RubisCO 

oxygenation and GDC activity resulting in a photorespiratory CO2 pump is a very important 

intermediate step toward C4 photosynthesis. This process is also referred to as C2 photosynthesis 

(Vogan et al., 2007), since CO2 is transported in the two-carbon compound glycine to the side of 

RubisCO (Sage et al., 2012; Bräutigam and Gowik, 2016). All current models of C4 evolution 

propose that C2 photosynthesis has to be established before a functional C4 metabolic cycle can 

operate and replace the C3 cycle in the mesophyll (Rawsthorne, 1992; Sage RF, Li M, 1999). One 

famous and well-known model of C4 evolution has been proposed by Sage et al. (2004; 2012) 

and describes the gradual evolution of the C4 trait, summarized in five major 

phases: (1) preconditioning, (2) evolution of proto-Kranz anatomy, (3) establishment of C2 

photosynthesis, (4) introduction of a C4 metabolic cycle in the bundle sheath and mesophyll, and 

(5) optimization processes of the C4 syndrome (Figure 4). Further models, like the biochemical 
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model from Heckmann et al. (2013), can give more evidence for a step-by-step evolution in one 

direction, a situation they refer to as the “Mount Fuji fitness landscape.” It relies on the 

assumption that each step a plant takes toward C4 has to increase fitness.  

 

 

Figure 4. Evolution of C4 photosynthesis. 

The gradual evolution of the C4 trait in five major phases. GDC, glycine decarboxylase complex; PEPC, 
phosphoenolpyruvate carboxylase. Source: Adapted from Gowik and Westhoff (2011), and Sage et al. (2012). 
 

     In their current model, Sage et al. (2012) assume that C4 evolution has to start with a kind of 

preconditioning that raises the potential for C3 plants to evolve C4 photosynthesis. Most C3 

families do not have C4 plants at all, while many C4 lineages cluster, which indicates that it was 

easier for some plants to evolve C4 than for others (Sage, 2004; Sage et al., 2011a). One of these 

preconditions is the appearance of gene duplications and a large genome size. More copies of a 

gene allow plants to experiment with one copy that could be neo-functionalized through 

mutations without disturbing the original function (Monson, 2003; Wang et al., 2009). Another 

trait facilitating the start of C4 evolution is high vein density. This can easily be observed in C3 

plants that are closely related to members of C4 clades, like in Cleome, Heliotropium, or Flaveria 

(McKown and Dengler, 2007; Marshall et al., 2007; Christin et al., 2009; Sage et al., 2011b; 

Muhaidat et al., 2011). It is assumed that closer veins are an adaptation to hot and dry conditions 

that lead to reduced evaporation within leaves (Scoffoni et al., 2011; Osborne and Sack, 2012; 
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Sage et al., 2012). Additionally, more veins increase the overall stability of plant leaves, 

especially in windy environments (Sage, 2004). 

     Once preconditions are met, it is more likely for a plant to continue with the next step in C4 

evolution—the establishment of proto-Kranz anatomy, including the enhancement and activation 

of the bundle sheath. This is a very important step since it only takes a few key changes to set the 

basis for all subsequent steps toward C4 (Westhoff and Gowik, 2010; Sage et al., 2012). In some 

C3 species that are closely related to the C2 species, bundle sheath cells are enlarged and contain 

more organelles than other C3 species (Sage et al., 2012). Most mitochondria in the bundle sheath 

cells are already positioned at the inner centripetal wall and some photosynthetically active 

chloroplasts are located right beside them. This specific positioning of organelles could establish 

a kind of single-cell glycine shuttle in the bundle sheath (Muhaidat et al., 2011). Consequently, 

photorespiratory glycine has to move to the mitochondria at the inner bundle sheath periphery to 

continue the photorespiratory pathway. Due to larger vacuoles in the bundle sheath, the released 

CO2 would be trapped and easily re-assimilated by adjacent chloroplasts (Sage et al., 2014). This 

arrangement can produce a glycine sink in which excessive glycine, produced in the mesophyll 

under high rates of photorespiration, moves to the bundle sheath to get decarboxylated. This 

would lead to higher CO2 concentrations around RubisCO and increase its efficiency. Under these 

conditions, plants are ready to enter the third phase of C4 evolution: the establishment of a 

photorespiratory CO2 pump.  

     The formation of the proto-Kranz anatomy can already improve RubisCO efficiency by 

reducing the CO2 compensation point (Sage et al., 2012). As more and more photorespiratory 

glycine gets decarboxylated in the bundle sheath, a loss of the mesophyll GDC function is not 

critical to the plant any longer, whereas in true C3 plants this would create strong photorespiratory 

phenotypes. Now that GDC activity is restricted to the bundle sheath, C2 photosynthesis is 

introduced with the necessity of a tight interplay between bundle sheath and mesophyll cells. In 

this way, CO2 lost through photorespiration becomes a new resource that can be efficiently 

refixated in the bundle sheath by RubisCO (Bauwe, 2010). Consequently, the negative effect of 

photorespiration is significantly lowered (Monson et al., 1984). Once the basic CO2 shuttle is 

established, further anatomical changes ensure the optimization of this process, which includes a 

reduction in mesophyll cell size and an increase in bundle sheath organelle number and size 

(Brown et al., 1983; Brown and Hattersley, 1989; Muhaidat et al., 2011; Sage et al., 2012). The 

outcome of this is a tight connection between mesophyll and bundle sheath cells, and, thus, a first 

version of the Kranz anatomy. The relocation of GDC expression from the mesophyll to the 

bundle sheath and the initiation of C2 photosynthesis is considered a key step in the evolution of 
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C4 photosynthesis and proceeded gradually (Monson and Rawsthorne, 2000; Schulze et al., 2013; 

Mallmann et al., 2014). The photorespiratory CO2 pump does not only accumulate CO2 in the 

bundle sheath, but it also creates a nitrogen imbalance between bundle sheath and mesophyll cells 

that needs to be fixed. Mallmann et al. (2014) hypothesize that the initial steps of C4 

photosynthesis evolved to recirculate photorespiratory ammonia from the bundle sheath to the 

mesophyll cells to prevent ammonia accumulation in the bundle sheath. As a side effect, 

important C4 components were established and could be used to evolve a functional C4 cycle, 

which is described in the fourth phase: the up-regulation of the C4 cycle. 

     This phase mainly includes the compartmentalization of most C4 cycle enzymes into either 

bundle sheath or mesophyll, which is mostly achieved by differential gene expression (Wyrich et 

al., 1998; Westhoff and Gowik, 2010). To establish an operating C4 photosynthesis, the spatial 

separation of the two carboxylating enzymes PEPC and RubisCO is of key importance (Gowik 

and Westhoff, 2011). PEPC has to be expressed in the mesophyll and RubisCO in the bundle 

sheath. The mechanism of differentially expressed genes can be explained by changes in their 

cis-regulatory elements or by alterations of trans-acting factors, such as transcription factors 

(Doebley and Lukens, 1998; Brown et al., 2011). It has been shown that even single changes 

within one small cis-regulatory element can lead to mesophyll-specific expression of PEPC 

(Akyildiz et al., 2007). The establishment of a glycine shuttle generates a gradient for CO2 efflux 

driven by high CO2 concentrations in the bundle sheath cell (Caemmerer, 2000). PEPC activity 

can now rise in the mesophyll to refix some of the CO2, which escapes the bundle sheath. With 

increasing PEPC activity, the expression of other C4 cycle enzymes needed for regeneration of 

PEP can also be elevated (Sage, 2004). 

     A loss of RubisCO in the mesophyll reduces the selection pressure for high expression of 

photorespiratory genes, because there is no longer oxygenase activity in the mesophyll, while in 

the bundle sheath it is largely suppressed due to a more efficient RubisCO (Bräutigam and Gowik, 

2016). Consequently, most photorespiratory genes become bundle sheath-specific in C4 plants as 

there is no need for photorespiration in the mesophyll. This could be shown in highly optimized 

C4 grasses like Zea mays, Sorghum bicolor, or Setaria italica, all of which contain a fully 

developed C4 cycle (Li et al., 2010; John et al., 2014; Döring et al., 2016). Once a fully functional 

C4 cycle is introduced, only optimization is needed in phase five to tap the full potential of C4 

photosynthesis. This includes fine tuning of kinetics and regulation of many enzymes to optimize 

photosynthetic efficiency (Sage, 2004). 
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2.4 The need for more C4 plants to feed the world  

Around 7.5 billion people live on earth in the year 2016. The number is constantly rising and it 

is estimated to reach the 10 billion mark around 2060 (United Nations, Department of Economic 

and Social Affairs, 2015). Already, poverty and malnutrition are big issues worldwide, and 

demands on food will increase further in the future. Consequently, agricultural yields have to be 

boosted and it is estimated that cereal production alone must increase by 50% by 2030 to meet 

projected demands on food (Covshoff and Hibberd, 2012). This can only be achieved if 

photosynthesis in plants is substantially improved to use solar energy more efficiently. As shown 

by nature, C4 plants can be the solution due to their high radiation-use efficiency (RUE). 

C4 photosynthesis outperforms C3 photosynthesis in environments where CO2 is a limiting factor, 

but it is only used by about 3% of all vascular plant species (Edwards et al., 2010). Thus, most 

crops are still using the C3 pathway and waste a lot of potential by doing so. Theoretical models 

predict that the RUE of C3 plants could be improved by up to 50% by using the C4 pathway 

(Mitchell and Sheehy, 2006; Zhu et al., 2010). Thus, converting C3 crops into C4 crops can be a 

solution and many groups worldwide focus their work on how to artificially speed up evolution 

of C4 photosynthesis in C3 plants (Reynolds et al., 2011). 

     The integration of a fully functional C4 cycle requires many small and large changes. 

Fortunately, all enzymes involved in C4 photosynthesis are already present in C3 plants, where 

they function in carbohydrate and nitrogen metabolism (Aubry et al., 2011; Brown et al., 2011).  

Conversion from C3 to C4, therefore, does not need the introduction of completely new players, 

but rather changes in regulation, kinetics, and tissue-specificity of existing enzymes and their 

corresponding genes (Doebley and Lukens, 1998; Sage, 2004; Schuler et al., 2016). Working 

groups all over the world try to contribute small parts of the big puzzle, thus creating a large 

toolbox that will eventually help to assemble all pieces to a functional C4 pathway. Activation of 

the bundle sheath, which mainly comprises larger bundle sheath cells and more organelles inside, 

is only one, but an extremely important, piece of this box.  

 

 

3. Forward genetic screens in the model plant Arabidopsis thaliana to identify bundle 

sheath mutants 

3.1 The rise of the model species A. thaliana  

Arabidopsis thaliana (A. thaliana) is a small dicotyledonous plant that belongs to the 

Brassicaceae and is known as the most important model system in plant biology. Arabidopsis is 
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not grown for food, feed, or fiber. Its flowers are small and inconspicuous, with little attraction. 

So how can it be that a weed with no commercial value is in the focus of so many studies 

worldwide? To answer this question, it helps to go back in time and study the situation of the 

emerging field of molecular biology in plants in the 1970s. At that time, many plants were 

considered as model genetic systems. These included maize, tomato, pew, rice, and barley 

(Meinke et al., 2002). For a long time, no plant was chosen for studying general processes that 

are relevant to all plants, thus leading to duplication of effort and a lack of shared resources 

(Meinke et al., 2002). In the late 1970s and early 1980s, the researchers David Meinke, Maarten 

Koorneef, and Chris Summerville, amongst others, essentially discovered the huge potential of 

the small angiosperm A. thaliana as a model species in plant biology (Figure 5). This species was 

first chosen as a genetic model organism by Laibach in the first half of the 20th century (Laibach, 

1943). The combination of many traits and features makes Arabidopsis the perfect organism for 

studying the general processes of plants in Arabidopsis first, before applying the knowledge to 

other species. 

 

 
Figure 5. The model plant A. thaliana. 
(A) A mature seven-week-old A. thaliana wild type (Ecotype Columbia) with developed siliques and flowers. 
(B) Cross section of an Arabidopsis leaf. Bundle sheath cells are indicated with an asterisk. MC, mesophyll cell. 
Scale bar = 50µm. 
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     Firstly, Arabidopsis has a small size and does not need much place to grow, which enables 

large-scale studies with thousands of plants. The generation time is remarkably short, with only 

five to six weeks needed under optimal conditions. Arabidopsis can easily grow on soil, on media 

in petri dishes, or in liquid media (Siedlecka and Krupa, 2002). In terms of reproduction, some 

features make Arabidopsis very popular among biologists, such as its high fecundity (up to 

10,000 seeds per plant) and the possibility of self-fertilization as well as creating outcrosses with 

other ecotypes. Arabidopsis is genetically simple and accessible. It has a small genome size of 

125 Mbp and only 27,500 genes, which is moderate compared to many crops. Maize, for example, 

has a genome size of approximately 240 Mbp, which is mostly due to whole genome duplication 

events that did not occur in Arabidopsis. One of the most outstanding qualities of Arabidopsis is 

the simplicity of generating transgenic plants via Agrobacterium-mediated gene transfer. By 

simply dipping floral parts into an Agrobacterium solution containing the transgene, genetic 

material can be reliably transferred. In the year 2000, the genome of Arabidopsis was completely 

sequenced and the list of available mutant lines for almost all genes is large and still being 

extended (The Arabidopsis Genome Initiative, 2000). To sum this up, the genetic resources 

available are huge and of great importance for nearly every process studied in Arabidopsis. 

Whenever something interesting is revealed in the model plant, the new insights can help to 

understand equivalent situations in other plants of interest, such as crops that are economically 

more important. 

 

3.2 A. thaliana contains rudimentary bundle sheath cells 

Large and pronounced bundle sheath cells are a key feature of C4 plants. They are tightly packed 

with chloroplasts and mitochondria, ensuring high photosynthetic rates. In short, the bundle 

sheath is of essential value for C4 plants. But what do they look like in C3 plants and what is their 

function in a non-C4 plant? For a long time, C3 bundle sheath cells received only a little attention, 

while their C4 counterparts have been well-characterized (Dengler et al., 1985; Langdale et al., 

1989). In the late 1990s, Kinsman and Pyke took a closer look at the bundle sheath of A. thaliana 

and revealed that bundle sheath cells contribute around 15% of the chloroplast-containing cells 

in the leaves. They are smaller than mesophyll cells and contain significantly fewer chloroplasts. 

While the average number of chloroplasts per cell is 76 in the mesophyll, it is only 22 in the 

bundle sheath (Kinsman and Pyke, 1998). This clearly shows the big difference in photosynthetic 

capacity in this cell type between C3 and C4. Despite its moderate contribution to leaf 

photosynthesis, the bundle sheath must have other functions in Arabidopsis. Since it directly links 

the vasculature and the mesophyll, it has an important role in transport of water and 
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photoassimilates, and it might also contribute to the mechanical strength within the leaf (Van Bel, 

1993; Kinsman and Pyke, 1998). Most bundle sheath cells in Arabidopsis have parallel and 

elongated sidewalls that are in close contact to the veins. Longitudinal sections of developing 

vascular strands can reveal that bundle sheath cells divide periclinally and anticlinally to the 

adjacent vein. Thus, it appears that cell differentiation is determined by position rather than by a 

distinct cell lineage (Kinsman and Pyke, 1998). 

     In a nutshell, the present bundle sheath of Arabidopsis is completely C3 and shows no 

characteristics of the C4 equivalent. Nevertheless, experiments using bundle sheath promoters 

from the Asteracean C4 species Flaveria trinervia showed that the expression specificities are 

maintained also in C3 Arabidopsis (Engelmann et al., 2008). This indicates that there are already 

trans-acting factors present in the C3 bundle sheath of Arabidopsis that are able to correctly 

recognize heterologous C4-characteristic cis-regulatory elements. This provides further evidence 

that evolution from C3 to C4 must have been relatively easy in genetic terms. Unfortunately, very 

little is known so far about the specific genes that control size and organelle number of the bundle 

sheath, genes that could be manipulated in order to get a more C4-like bundle sheath in C3 plants. 

This lack of information requires a simple method to identify new genes and to link them to the 

desired process. Forward genetic approaches with large-scale screens are powerful tools for 

gathering new information by using the model plant A. thaliana. 

 

3.3 EMS and activation tagging screens are powerful tools for identifying new genes in 

A. thaliana  

Since the genome of Arabidopsis is completely sequenced, genetic screens are of great 

importance to assign specific functions to the ~25,000 genes. Reverse genetic approaches are of 

great help to identify the function of particular candidate genes, but they are biased and do not 

take all genes into account, whereas forward genetics allows the directed and unbiased analysis 

of any given process of interest. The principle of a forward genetic screen is to randomly mutate 

genes in the whole genome of the plant, which often creates large numbers of mutations that may 

or may not lead to an aberrant phenotype. In most cases, thousands of mutants are analyzed for 

the phenotype of interest and, once an interesting mutant is found, the phenotype needs to be 

linked to a gene, which is called “mapping of the gene” (Page and Grossniklaus, 2002). 

     There are three ways to induce a large number of mutations in the plant genome: by 

(1) chemical agents such as ethyl methanesulfonate (EMS), (2) radiation-based methods like 

y-ray and fast neuron bombardment, or (3) biological agents such as transposons and T-DNA 

(Sikora et al., 2011; Serrat et al., 2014). Chemical agents are often used since they have a high 
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mutation frequency, are reliable, and are easy to use. EMS is by far the most popular among them. 

It alkylates guanine bases, forming O6-ethylguanine, which can pair with thymine residues but 

not with cytosine residues during DNA replication. Thus, a single-nucleotide polymorphism 

(SNP) is generated by the transition of a G/C base pair into an A/T base pair (Kim et al., 2006). 

Since EMS-induced SNPs are completely random among all G/C base pairs in the whole genome, 

the result of it can be manifold. If a substitution takes place in the coding region of a gene, it may 

lead to a non-synonymous mutation and change the amino acid at this position or even induce a 

premature stop codon. It may also result in a synonymous mutation with mostly no effect at all. 

In non-coding regions, mutations may still change regulatory sequences such as gene promoters, 

which can affect gene transcription in a positive or negative manner. It might also interfere with 

splice sites, resulting in aberrant splicing or altered mRNA stability (Sikora et al., 2011). To 

conclude, EMS mutagenesis is a powerful tool in forward genetics because of its diversity in 

changing the activity of a gene. While it is comparatively easy to generate numerous interesting 

mutant lines, the drawback of EMS is that genetic mapping of the responsible mutated gene can 

be quite tedious. In the 1990s, the total effort of map-based cloning was three to five years 

because there was no physical map available in Arabidopsis. The sequenced Arabidopsis genome 

in the early 2000s greatly reduced the time required, but it still took up to one year to isolate a 

gene until recently, when the combination of bulk segregant analysis and whole-genome 

resequencing has been shown to speed up this process to a large extent (Jander et al., 2002; 

Schneeberger et al., 2009). Decreasing costs of genome sequencing in general will favor this 

approach even more. 

     Besides the mutagenic compound EMS, small DNA fragments such as T-DNA or transposable 

elements can also serve as mutagens by simply being inserted at a random position in the genome 

with the chance to land within the coding region of a gene, which, in most cases, disrupts the 

gene function resulting in a complete knockout (Bhatt et al., 1996). However, loss-of-function 

screens often fail to identify redundant genes and those genes that are indispensable for the 

developing plant and whose knockout results in early embryonic or in gametophytic lethality 

(Weigel et al., 2000). An activation tagging screen, as a modified version of a classical T-DNA 

insertion mutant screen, can solve this problem by combining loss-of-function with gain-of-

function mutations. It is based on a strong promoter sequence on the T-DNA itself that can 

activate and overexpress nearby genes. By the use of cell-specific promoters, it can also be limited 

to separate compartments of interest.  

     While the mutation frequency is rather high in EMS-based genetic screens and the mapping 

of genes is still laborious, the reverse situation can be seen in insertional mutagenesis screens. 
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Depending on the EMS concentration, mutation frequencies ranging from 1/300 to 1/30,000 per 

locus have been reported (Page and Grossniklaus, 2002), whereas T-DNA insertion results in 

only one or a few insertions per plant (Does et al., 1991). With a median gene length of 2.1 kb in 

Arabidopsis, it requires ~180,000 T-DNA inserts to have a 95% chance of mutating a specific 

gene (Bhatt et al., 1996). On the other hand, the insertion point of the T-DNA can be easily 

mapped using PCR-based methods such as thermal asymmetric interlaced PCR (TAIL-PCR) or 

inverse PCR (iPCR) (Liu and Whittier, 1995; McKinney et al., 1995). Thus, a combination of 

EMS mutagenesis and activation tagging could combine the advantages of both screens to 

uncover more bundle sheath developmental genes in Arabidopsis. 
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II. Scientific aims 

C4 photosynthesis leads to a concentration of CO2 around the main carboxylating enzyme 

RubisCO, which results in an effective suppression of its oxygenase activity. Thus, 

photorespiration is largely reduced in C4 plants and most enzymes are shifted to the bundle sheath. 

Since the C4 pathway is more efficient than C3 photosynthesis under high light, high temperature, 

and the present CO2 concentration in the atmosphere, it is an ambitious goal to introduce this 

superior type of photosynthesis into existing C3 plants. One of the key points in the early steps of 

C4 evolution is the activation of the bundle sheath. So far, there is little information about 

enzymes and their genes that can be manipulated in order to design a more C4-like bundle sheath 

in C3 plants. Forward genetic screens might be the key to identify genes involved in the 

development and activation of the bundle sheath. 

 

(1) Kranz anatomy and the division of labor between two different cell types, the bundle sheath 

and the mesophyll, are the hallmarks of C4 photosynthesis. The enzymes of the core C4 pathway 

are strictly divided between both cell types. Although photorespiration is largely reduced in C4 

plants, even there it is still an essential process. However, the photorespiratory cycle is only 

needed in the bundle sheath since in C4 plants RubisCO is missing from the mesophyll cells. It is 

interesting to see to what extent C4 plants shifted the expression of genes related to 

photorespiration to the bundle sheath after the establishment of true C4 photosynthesis. In this 

study, the cell-specific expression of photosynthetic and photorespiratory genes was examined in 

Sorghum bicolor, a highly optimized plant species with regard to the C4 pathway. This was 

achieved by RNA in situ hybridization, quantitative real-time PCR, and transcriptome analysis 

of isolated mesophyll and bundle sheath cells (Manuscript 1: Döring et al., 2016). 

 

(2) Larger bundle sheath cells and more organelles inside are needed in most C3 plants before a 

C4 cycle can be established. In order to identify genes that are involved in these processes, two 

large-scale forward genetic screens were established in the model plant Arabidopsis thaliana. 

Since bundle sheath cells are rather small and inconspicuous in the C3 Brassicaceaen species, a 

reporter gene construct was introduced to specifically express luciferase (LUC) or the green 

fluorescent protein (GFP) in the bundle sheath of transgenic plants. This was accomplished by 

the use of the promoter of the GLDPA gene from the C4 Asteraceaen species Flaveria trinervia. 

This promoter is highly active in the bundle sheath and vascular tissue of A. thaliana leaves. With 

EMS mutagenesis and activation tagging, numerous mutants were generated and screened for 
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differences in reporter gene expression. After verification of the aberrant phenotype in subsequent 

plant generations, the most promising mutant lines were analyzed in more detail with high-

resolution microscopy (Manuscript 2+3: Döring et al., 2017, unpublished).  
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III.A Summary 

In the presence of high CO2 concentrations, the oxygenase activity of RubisCO is effectively 

suppressed, and hence, photorespiration is strongly reduced in C4 plants. Nevertheless, small 

amounts of 2-PG are produced in the bundle sheath of C4 plants that need to be detoxified by the 

photorespiratory pathway.  

     In this study, it was analyzed whether the expression of genes related to photorespiration 

becomes bundle sheath-specific in the fully optimized C4 species Sorghum bicolor. By the use of 

transcriptome analysis, qPCR, and in situ hybridization, it was shown that all genes of the core 

photorespiratory cycle are at least preferentially, if not specifically, expressed in the bundle 

sheath, except for GLYK, which is expressed to a much higher degree in the mesophyll than in 

the bundle sheath. These results support the assumption that the photorespiratory pathway is 

shifted almost completely to the bundle sheath in plants after they established true 

C4 photosynthesis. The reduction and exclusion of most photorespiratory genes from the 

mesophyll represents an optimization and enhances the nitrogen-use efficiency of the C4 grass 

Sorghum bicolor. 

     The evolution of C4 photosynthesis proceeds step by step and each small change contributes 

to the general fitness of the plant. Large and organelle-rich bundle sheath cells are a requirement 

before a CO2 shuttle toward the bundle sheath can develop. However, the genetic basis of these 

changes remains unknown so far. 

     In this study, two forward genetic screens (EMS and activation tagging) were established in 

Arabidopsis thaliana to identify genes involved in bundle sheath ontogeny and maintenance 

(BSOM genes). Two reporter gene lines that express either luciferase or chloroplast-targeted GFP 

in the bundle sheath and vasculature were created and used as a genetic background in both 

mutant screens. Differences in the reporter gene signal in Arabidopsis leaves were used as a proxy 

to isolate mutants with potentially altered bundle sheath anatomy. It was shown that both screens 

resulted in numerous primary mutants with increased or decreased reporter gene activity. High-

resolution light microscopy and transmission electron microscopy could reveal that the bundle 

sheath anatomy is affected in four EMS-generated mutant lines and activation tagging mutant 

line AT-2. Furthermore, BSOM2, a gene that encodes an ABA efflux transporter, was mapped 

from activation tagging line AT-2. It was shown that both the overexpression and knockout of 

BSOM2 results in more bundle sheath cells and an enlarged vasculature. 
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III.B Zusammenfassung 

Unter hohen CO2-Konzentrationen kann die Oxygenaseaktivität von RubisCO weitestgehend 

unterdrückt werden. Dies hat zur Folge, dass die Photorespiration in C4-Pflanzen stark reduziert 

wird. Dennoch entstehen auch in den Bündelscheidenzellen der C4-Pflanzen geringe Mengen an 

2-PG, welche daraufhin über den photorespiratorischen Kreislauf entgiftet werden müssen. 

     In dieser Arbeit wurde untersucht, ob die Gene, die in Verbindung mit der Photorespiration 

stehen, in der voll-optimierten C4-Pflanze Sorghum bicolor ein bündelscheidenspezifisches 

Expressionsmuster aufweisen. Mit Hilfe von Transkriptomanalysen, qPCR und in situ-

Hybridisierung konnte gezeigt werden, dass alle Gene des eigentlichen Photorespirationszyklus 

zumindest präferentiell, wenn nicht sogar spezifisch in den Bündelscheidenzellen exprimiert 

werden, mit Ausnahme von GLYK, welches wesentlich stärker im Mesophyll als in der 

Bündelscheide exprimiert wird. Diese Ergebnisse bekräftigen die Annahme, dass der Prozess der 

Photorespiration in Pflanzen, die bereits ausschließlich C4-Photosynthese betreiben, fast 

vollständig in die Bündelscheidenzellen verlagert wird. Die Drosselung oder Deaktivierung vieler 

photorespiratorischer Gene im Mesophyll ist Teil der Optimierung der C4-Photosynthese in 

Sorghum bicolor und verbessert unter anderem die Stickstoffnutzungseffizienz. 

     Die Evolution der C4-Photosynthese verläuft schrittweise, wobei jede kleine Veränderung der 

Pflanze einen Vorteil bringt. Große und organellenreiche Bündelscheidenzellen sind eine 

Grundvoraussetzung für die Etablierung eines CO2-Konzentrierungsmechanismus in Richtung 

Bündelscheidenzelle. Allerdings ist die genetische Grundlage hierfür noch weitestgehend 

unbekannt. 

     Im Rahmen dieser Arbeit wurden zwei vorwärts gerichtete genetische Verfahren 

(EMS-Mutagenese und „activation tagging“) in der C3-Pflanze Arabidopsis thaliana etabliert, 

um Gene für die Ontogenie und Erhaltung der Bündelscheide (BSOM: „bundle sheath ontogony 

and maintenance“) zu identifizieren. Es wurden zwei Reportergenlinien etabliert, welche 

entweder Luciferase oder Chloroplasten-lokalisiertes GFP in den Bündelscheidenzellen und dem 

Leitgewebe der Blätter exprimieren. Diese Linien dienten als genetischer Hintergrund für beide 

Mutageneseansätze. Mutanten mit potentiell veränderter Anatomie der Bündelscheidenzellen 

wurden anhand von Unterschieden in der Signalstärke der Reportergene in den untersuchten 

Mutanten selektiert.  In beiden vorwärts gerichteten genetischen Verfahren konnten zahlreiche 

Mutanten mit verstärkter oder abgeschwächter Reportergenaktivität identifiziert werden. Durch 

hochauflösende Licht- und Transmissionselektronenmikroskopie konnte gezeigt werden, dass die 

Anatomie der Bündelscheide und des Leitgewebes in vier EMS-generierten Mutantenlinien und 
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in der „activation tagging“-Linie AT-2 verändert ist. Des Weiteren wurde BSOM2, ein Gen, 

welches für einen ABA-Effluxtransporter kodiert, aus der Mutante AT-2 als verantwortliches 

Gen identifiziert. Es konnte experimentell nachgewiesen werden, dass sowohl die 

Überexpression als auch der komplette Verlust von BSOM2 jeweils zu mehr 

Bündelscheidenzellen und mehr Leitgewebe in den Blättern der Pflanzen führt. 
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Abstract

One of the hallmarks of C4 plants is the division of labor between two different photosynthetic cell types, the mesophyll 

and the bundle sheath cells. C4 plants are of polyphyletic origin and, during the evolution of C4 photosynthesis, the 

expression of thousands of genes was altered and many genes acquired a cell type-specific or preferential expression 

pattern. Several lines of evidence, including computational modeling and physiological and phylogenetic analyses, 

indicate that alterations in the expression of a key photorespiration-related gene, encoding the glycine decarboxylase 

P subunit, was an early and important step during C4 evolution. Restricting the expression of this gene to the bundle 

sheath led to the establishment of a photorespiratory CO2 pump. We were interested in whether the expression of 

genes related to photorespiration remains bundle sheath specific in a fully optimized C4 species. Therefore we ana-

lyzed the expression of photorespiratory and C4 cycle genes using RNA in situ hybridization and transcriptome analy-

sis of isolated mesophyll and bundle sheath cells in the C4 grass Sorghum bicolor. It turns out that the C4 metabolism 

of Sorghum is based solely on the NADP-dependent malic enzyme pathway. The majority of photorespiratory gene 

expression, with some important exceptions, is restricted to the bundle sheath.

Key words:  C4 photosynthesis, CO2 fixation, differential gene expression, evolution, photorespiration, Sorghum bicolor.

Introduction

C4 plants evolved multiple times from C3 ancestors. The 
C4 photosynthetic pathway leads to concentration of CO2 
around the main carboxylating enzyme ribulose-1,5-bispho-
sphate carboxylase/oxygenase (RubisCO). This is achieved 
by a set of anatomical and biochemical modifications to the 
original C3 pathway (Hatch, 1987). In the presence of high 
CO2 concentrations, the oxygenase activity of RubisCO, 
which always competes with the carboxylation reaction, is 

effectively suppressed and hence photorespiration is strongly 
reduced in C4 plants (Hatch, 1987). Photorespiration occurs 
when O2 is used by RubisCO, which leads to the production 
of 2-phosphoglycolate (2-PG), a compound which is toxic for 
the plant cell and which needs to be detoxified (Anderson, 
1971). Photorespiration takes place in chloroplasts, peroxi-
somes, and mitochondria. Throughout the regeneration of 
phosphoglycerate from phosphoglycolate, previously fixed 
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CO2 is lost and additional energy and reduction equivalents 
are needed. Hence photorespiration can reduce the effi-
ciency of photosynthesis in C3 species by up to 30% (Ogren, 
1984; Bauwe et al., 2010; Raines, 2011; Fernie et al., 2013). 
Therefore, C4 photosynthesis can be of great advantage in 
conditions that promote photorespiration, such as hot, arid, 
and saline environments, in which plants have to close their 
stomata in order to avoid water loss through transpiration 
but which in consequence hinders the uptake of CO2 (Sage, 
2004). C4 plants can keep their stomata closed for a longer 
time, because the CO2 pump facilitates high rates of photo-
synthesis even under low CO2 concentrations in the intercel-
lular air space of the leaf and therefore minimizes water loss.

Leaves of C4 plants show anatomical differences compared 
with those of C3 plants. The vascular bundles are surrounded 
by organelle-rich bundle sheath cells, which, in turn, are sur-
rounded by mostly one layer of mesophyll cells. This leads 
to a wreath-like appearance, which is termed Kranz anat-
omy (Haberlandt, 1904; Laetsch, 1974). In C4 leaves, bun-
dle sheath cells are enlarged and the interveinal distance is 
reduced (Dengler and Nelson, 1999). To allow the efficient 
interchange of metabolites between mesophyll and bundle 
sheath cells, both cell types are connected through numerous 
plasmodesmata (Botha, 1992).

In most species, C4 photosynthesis largely depends on the 
division of labor between mesophyll and bundle sheath cells, 
in which the CO2 assimilatory enzymes are compartmental-
ized. The C4 pathway begins with the conversion of CO2 to 
bicarbonate by carbonic anhydrase (CA) in the cytosol of 
mesophyll cells and the subsequent fixation into the C4 acid 
oxaloacetate by phosphoenolpyruvate carboxylase (PEPC) 
with the 3-carbon compound phosphoenolpyruvate (PEP) as 
CO2 acceptor. Afterwards, oxaloacetate is either reduced to 
malate or transaminated to aspartate, which is transported to 
the bundle sheath cells. There, CO2 is released by decarboxyla-
tion of the C4 compounds through a decarboxylating enzyme, 
either an NADP-dependent malic enzyme (NADP-ME), 
an NAD-dependent malic enzyme (NAD-ME), a PEP-
carboxykinase (PEP-CK), or, as shown recently, a combi-
nation of these (Furbank, 2011; Y. Wang et al., 2014). The 
released CO2 is immediately refixed by RubisCO and enters 
the Calvin–Benson cycle. Less RubisCO is needed compared 
with C3 plants as it works more efficiently under these condi-
tions (Long, 1999). This results in a better nitrogen use effi-
ciency of C4 plants, since RubisCO is by far the most abundant 
protein in the leaves of higher plants (Long, 1999). Pyruvate, 
the other product of the decarboxylation, is transferred to the 
mesophyll cells where PEP is regenerated by pyruvate phos-
phate dikinase (PPDK).

C4 photosynthesis has evolved at least 66 times indepen-
dently from the original C3 pathway (Sage et al., 2011, 2012). 
To better understand the changes underlying the evolution of 
C4 on the gene level, in recent years several studies aimed at 
creating transcriptome atlases of total leaf RNA of various 
pairs of closely related C4 and C3 species (Bräutigam et al., 
2011, 2014; Gowik et al., 2011; Mallmann et al., 2014). The 
development of C3 and C4 leaves was studied by analyzing 
the gene expression in different developmental stages of dicot 

leaves and the developmental gradients found in the leaves of 
C3 and C4 grasses (Li et al., 2010; Pick et al., 2011; Kulahoglu 
et al., 2014; L. Wang et al., 2014; Ding et al., 2015). The co-
ordination of the two different cell types was analyzed using 
mesophyll and bundle sheath transcriptomes of the C4 grasses 
maize and Setaria viridis (Li et al., 2010; Chang et al., 2012; 
John et al., 2014; Tausta et al., 2014). It turned out that C4 
photosynthesis is a complex trait and its evolution involved 
changes in the expression of thousands of genes. Genes 
encoding the enzymes and transporters of the C4 pathway had 
to be up-regulated and acquired tissue-specific expression. In 
addition, several other metabolic pathways must also have 
been regulated differentially in mesophyll and bundle sheath 
cells to enable this efficient type of photosynthesis including 
high nitrogen and water use efficiency attributed to C4 plants.

It is widely accepted that the development of a photores-
piratory CO2 pump, often termed C2 photosynthesis, was an 
important intermediate step during the evolution of the C4 
pathway (Bauwe, 2011; Sage et  al., 2012; Heckmann et  al., 
2013; Williams et  al., 2013). The photorespiratory pump 
is based on the restriction of one of the key photorespira-
tory enzyme complexes, the glycine decarboxylase complex 
(GDC), to the bundle sheath cells (Rawsthorne et al., 1988a). 
Photorespiratory glycine has to move to the bundle sheath for 
decarboxylation, and CO2 is released mainly in this compart-
ment, leading to increased CO2 concentrations and allowing 
RubisCO to work more efficiently (Bauwe, 2011; Heckmann 
et al., 2013). The photorespiratory pump can lead to a 3-fold 
enrichment of CO2 in the bundle sheath cells (Keerberg et al., 
2014). The analysis of C3–C4 intermediate Flaveria species 
implied that the effect of the photorespiratory pump on C4 
evolution might be quite direct and provided a mechanis-
tic explanation for how the photorespiratory pump and C4 
photosynthesis interact (Mallmann et al., 2014). The glycine 
shuttle induces a nitrogen imbalance between mesophyll and 
bundle sheath cells, and the introduction of important com-
ponents of the C4 pathway, as well as the C4 pathway itself, are 
highly efficient ways to correct this imbalance. This implies 
that C4 evolution is a metabolic exaptation as the C4 path-
way developed in the first place to transport nitrogen and was 
not directly related to improving photosynthetic efficiency 
(Mallmann et  al., 2014). Hence, photorespiration and the 
cell-specific expression of photorespiratory genes in the mes-
ophyll and bundle sheath cells of C3–C4 intermediates were of 
key importance for the evolution of C4 photosynthesis.

In the present study, we examined how the expression of 
photorespiratory genes changed after the transition to true 
C4 photosynthesis. Therefore we analyzed the expression of 
photosynthetic and photorespiratory genes in the C4 grass 
Sorghum bicolor by RNA in situ hybridization and transcrip-
tome analysis of isolated mesophyll and bundle sheath frac-
tions. Sorghum bicolor is a highly optimized plant species 
with regard to the C4 pathway. Methods for the isolation of 
mesophyll and bundle sheath cells are available (Wyrich et al., 
1998) and its genome is fully sequenced (Paterson et al., 2009), 
allowing transcriptome analysis with plain high-throughput 
sequencing as well as with a serial analysis of gene expression 
(SAGE) approach since the short sequence reads could be 
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directly mapped to the genome or the derived transcriptome 
sequence (Bräutigam and Gowik, 2010). We determined tran-
script abundances within our mesophyll and bundle sheath 
RNA preparations by Illumina sequencing and additionally 
by SuperSage (Matsumura et  al., 2003), a combination of 
SAGE with next-generation sequencing methods.

We hypothesized that the distribution of photorespiratory 
gene expression is similar to the enzyme distributions deter-
mined previously (Ohnishi and Kanai, 1983; Gardeström 
et al., 1985; Ohnishi et al., 1985) and that it is comparable 
in specificity with the distribution of genes related to the C4 
pathway.

Materials and methods

Plant material, RNA isolation, and cDNA synthesis

Sorghum bicolor L.  Tx430 (Pioneer Hi-Bred, Plainview, TX, USA) 
was grown on soil (Floraton 1, Floragard, Oldenburg, Germany) 
in the greenhouse of the Heinrich-Heine University (Düsseldorf, 
Germany) with supplementary light for 14 h per day (~300 μmol m−2 
s−1). For the in situ analysis, we harvested the middle thirds of the 
second leaf from 3-week-old plants and took 2 × 5 mm sections from 
it. For isolation of mesophyll and bundle sheath RNA, we harvested 
the upper two-thirds of the second leaf from 10-day-old seedlings. 
For generation of the cell-specific mRNAs, we separated the bundle 
sheath and vascular bundles enzymatically from the mesophyll and 
epidermal cells as described in Wyrich et al. (1998). We isolated 15 
independent mesophyll and 19 independent bundle sheath samples. 
Cross-contaminations of the RNA preparations were controlled 
by dot blot analysis following standard procedures. Five independ-
ent mesophyll and bundle sheath preparations were pooled for the 
SuperSage analysis. For cDNA synthesis and Illumina sequencing, 
we pooled five other preparations for each tissue. Total RNA from 
intact Sorghum leaves was isolated according to Westhoff et al. (1991). 
Poly(A)+ RNA was enriched by two consecutive rounds of oligo(dT) 
purification with the Oligotex mRNA Midi Kit (Qiagen, Hilden, 
Germany). cDNA libraries for Illumina sequencing were prepared 
with the SMARTer PCR cDNA Synthesis Kit (Clontech-Takara 
Bio Company, Otsu, Japan), with 300 ng of poly(A)+ RNA as start-
ing material. The purity and integrity of total RNA, poly(A)+ 
RNA, and cDNA were verified spectroscopically with a NanoDrop 
ND-1000, with the Agilent 2100 Bioanalyzer and by agarose gel 
electrophoresis.

SuperSage/Illumina sequencing

The SuperSage analysis was performed by GenXPro Inc. (Frankfurt, 
Germany) (Matsumura et al., 2003). The mesophyll, bundle sheath, 
and total cDNA libraries were sequenced each in one lane of an 
Illumina flow cell with an Illumina Genome Analyser II by GATC 
Biotech AG (Konstanz, Germany) following standard protocols. 
The read length was 40 bp. The cDNAs were prepared from pooled 
total RNAs.

Mapping/statistics

The SuperSage tags as well as the Illumina reads were mapped on 
the S.  bicolor transcriptome [version 1.4 (Sbicolor_79_transcript_
primaryTranscriptOnly.fa) in the case of the SuperSage tags, and 
version 3.1 (Sbicolor_313_v3.1.transcript_primaryTranscriptOnly.
fa) in the case of the Illumina reads (http://phytozome.jgi.doe.gov)]. 
The SuperSage tags were mapped with BLAST (Altschul et  al., 
1990) by GenXPro Inc. Two mismatches were allowed and only tags 
that were found at least twice were counted. Tag counts were trans-
formed to tags per million (tpm). For the mapping of the Illumina 

reads, we used BOWTIE (Langmead et al., 2009). The best hit for 
each Illumina read was retained, and hit counts were then trans-
formed to reads per kilobase and million (RPKM) to normalize for 
the number of reads available for each cDNA library.

Log2 ratios were calculated and differentially expressed tran-
scripts were called using the R package DEGseq (Wang et al., 2010) 
on the non-normalized read counts followed by a Bonferroni cor-
rection to account for the accumulation of alpha-type errors when 
conducting multiple pairwise comparisons.

qRT-PCR

Quantitative real-time PCR (qRT-PCR) followed standard proce-
dures and was performed with an ABI7500 fast Real Time PCR 
system. The primers were designed to target photorespiratory genes 
of S. bicolor and to generate amplicons of 170 bp. The specificity of 
PCRs was verified by melting curve analysis and agarose gel electro-
phoresis. To estimate the efficiency of the PCRs, four consecutive 
5-fold dilutions of the cDNAs were tested with each primer pair. 
Only reactions with efficiencies >90% were considered for further 
analysis. As template we used total RNAs pooled from five inde-
pendent mesophyll and bundle sheath preparations each, not used 
for SuperSAGE or Illumina sequencing.

RNA in situ hybridization

The tissue was fixed for 16 h in a mixture of 3.7% formaldehyde, 
50% ethanol, and 5% acetic acid at 4 °C. Dehydration and embed-
ding was done in the Tissue Processor Leica ASP300S using the fol-
lowing program: 1 h in 50% ethanol, 1 h in 70% ethanol, 1 h in 95% 
ethanol, 3 × 1 h in 100% ethanol, 2 × 1 h in 100% xylene, 1 h in 100% 
xylene (37 °C), 2 × 10 min in histowax (62 °C), and 20 min in histo-
wax (62 °C). Subsequently the samples were embedded in paraffin 
and cut into 12 μm sections with a microtome.

Probe labeling: for the generation of hybridization probes, the 
respective cDNAs were amplified by PCR and cloned into pJET1.2/
blunt plasmid (Thermo Scientific, St. Leon-Rot, Germany). After 
linearization of the vector with appropriate restriction enzymes, T7 
RNA polymerase was used to generate both sense and antisense 
probes, which were labeled with digoxigenin (DIG)-labeled UTP 
using the DIG RNA Labeling kit (Roche, Mannheim, Germany). 
Subsequently the probes were hydrolyzed to a size of ~150–200 bases.

Pre-hybridization, hybridization, and post-hybridization steps 
were based on the protocol described by Simon (2002). Only 
deviations from this protocol are mentioned below. First the sec-
tions were dewaxed in Roti®-Histol for 10 min and rehydrated in a 
decreasing ethanol concentration series: 2 × 1 min in 100% ethanol, 
1 min in 95% ethanol, 1 min in 85% ethanol, 1 min in 50% ethanol, 
1 min in 30% ethanol, and 1 min in ddH2O. Afterwards the sec-
tions were treated with 10 μg ml–1 proteinase K for 30 min at 37 °C, 
post-fixed and acetylated as described by Simon (2002), and finally 
dehydrated in a reverse order of  the ethanol concentration series 
used before. For the hybridization, 150 ng of  probe was used for 
each slide. The sections were incubated for 16 h at 50 °C in a humid 
chamber.

After hybridization, the sections were washed three times in wash-
ing buffer (2× SSC, 50% formamide) for 30 min at 50 °C and twice in 
NTE buffer (500 mM NaCl, 10 mM Tris, 1 mM EDTA, pH 8.0) for 
5 min at 37 °C. After RNase A treatment, the sections were washed 
again twice in NTE at room temperature for 5 min and in washing 
buffer for 1 h at 50 °C.

For immunological detection, all steps were performed on 
a shaking platform. First the sections were washed in buffer 1 
(100 mM Tris-HCl pH 7.5, 150 mM NaCl) for 5 min, before they 
were incubated in buffer 2 (buffer 1 containing 0.5% blocking 
reagent; Roche) for 40 min. Subsequently they were incubated 
in buffer 3 (buffer 1 containing 0.3% Triton X-100, 1% normal 
sheep serum, and sheep anti-DIG–alkaline phosphatase at a dilu-
tion of  1:2000) for 2 h, after which they were washed four times 
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in buffer 1 containing 0.3% Triton X-100 for 15 min. Then the 
sections were washed in buffer 1 for 5 min, incubated in buffer 
4 (0.1 M Tris-HCl pH 9.5, 0.1 M NaCl, and 50 mM MgCl2) for 
5 min, and finally stained in buffer 5 [buffer 4 containing 10% 
polyvinyl alcohol, 0.16 mM nitroblue tetrazolium (NBT), and 
0.15 mM BZIP] in a humid chamber for 12–16 h. The reaction 
was stopped by washing the sections twice in distilled water, 
after which they were mounted with Entellan® (Merck Millipore, 
Darmstadt, Germany).

Results

Mesophyll and bundle sheath RNAs

Mesophyll and bundle sheath cells of  S. bicolor for RNA 
preparations were separated by enzymatic digestion of 
leaf  cell walls as described in Wyrich et al. (1998). It has 
to be considered that the mesophyll fraction also con-
tains epidermis cells whereas the bundle sheath fraction 
contains all vascular tissues. The cross-contamination of 
mesophyll and bundle sheath preparations was analyzed 
by dot blot analysis using a PEPC and an NADP-ME 
cDNA as hybridization probes (Fig. 1). PEPC is thought 
to be mesophyll specific in Sorghum whereas NADP-ME 
was shown to be exclusively expressed in bundle sheath 
cells (Wyrich et  al., 1998). Since no signals indicating 
cross-contamination were visible, it can be assumed that 
the RNA preparations are pure and that the cross-con-
tamination of  mesophyll and bundle sheath RNAs is <5% 
(Fig. 1).

Transcriptome analysis via SuperSage and RNA-Seq

To create transcriptome atlases of Sorghum bundle sheath and 
mesophyll tissue, we performed plain Illumina sequencing and 
a SuperSage analysis. With the SuperSage method, we obtained 
>6.8 × 106 tags (total leaf, 1 098 800; mesophyll, 3 349 814; 
bundle sheath, 2 421 27) that could be assigned to >12 000 (12 
937) of the 34 211 predicted Sorghum genes, whereas 2327 genes 
exhibited a significantly different expression between mesophyll 
and bundle sheath cells (P<0.01) (Table 1). With plain Illumina 
sequencing we produced >36 × 106 reads (total leaf, 17 704 772; 
mesophyll, 10 420 446; bundle sheath, 8 695 328) which could be 
mapped to 23 244 Sorghum genes. With this method, we iden-
tified 1705 genes as being expressed significantly differentially 
between mesophyll and bundle sheath cells (P<0.01) (Table 1; 
Supplementary Table S1 at JXB online). With the SuperSage 
approach, we detected far fewer transcripts compared with the 
plain Illumina sequencing. This is most probably due to limita-
tions of the SuperSage method. A  transcript will not be rec-
ognized if the cleavage site of the anchoring enzyme, which is 
needed to produce the DNA fragments used as tags, is not pre-
sent in the transcript (Matsumura et al., 2003).

In total, we were able to detect 12 154 transcripts expressed 
within the Sorghum leaf with at least one read in both experi-
ments, which corresponds to 35% of the total number of 
transcripts predicted from the Sorghum genome sequence 
(Paterson et al., 2009). A total of 455 (3.7%) of them were 
more abundant in mesophyll cells and 401 (3.2%) in the bun-
dle sheath in both experiments.

Fig. 1. Dot-blot analysis of independent mesophyll and bundle sheath RNA preparations. Sorghum bicolor PEPC cDNA, NADP-ME cDNA, and 25S 

rRNA were used as probes.



Manuscript 1    35 

 
 

 

 
 

 

Expression of photorespiratory genes in Sorghum bicolor | 3057

The enzymatic separation of mesophyll and bundle 

sheath cells influences gene expression

During the separation of mesophyll and bundle sheath cells by 
enzymatic digest, the tissue is incubated for up to 2.5 h at 25 °C. 
It is known that this treatment stresses the plant cells and leads 
to the expression of stress-related genes (Sawers et  al., 2007). 
To account for this problem, we isolated RNA from complete, 
unstressed Sorghum leaves. We assumed that mesophyll and 
bundle sheath RNA accounts for a comparable fraction of 
the whole leaf RNA. Based on this premise, we identified 3697 
genes within the SuperSage experiment and 3724 genes within 
the RNA-Seq experiment that were up-regulated >3-fold appar-
ently due to the enzymatic treatment. To test this assumption, 
we analyzed the representation of Gene Ontology (GO) terms 
for the up-regulated genes. Indeed, we found an over-representa-
tion of GO terms related to stress response among these 3-fold 
up-regulated genes in the SuperSage as well as in the RNA-Seq 
experiment (Tables 2, 3). The genes found to be >3-fold up- or 
down-regulated after enzyme treatment were tagged.

The photorespiratory cycle mainly takes place in the 

bundle sheath in S. bicolor

It was assumed earlier that in C4 plants the photorespiratory path-
way is mainly located in the bundle sheath cells since in C4 plants, 
RubisCO, the entry enzyme of photorespiration, is restricted to 

this cell type (Bauwe, 2011). One exception is glycerate kinase 
(GLYK), which catalyzes the regeneration of 3-phosphoglycer-
ate (3-PG) and was found to be restricted to the mesophyll cells 
(Usuda and Edwards, 1980). The present transcriptome analy-
sis largely supports these expectations (Fig. 2; Supplementary 
Table S2), as do the in situ hybridizations (Fig. 2; Supplementary 
Fig. S1). We detected a strong signal in the bundle sheath for 
most transcripts of the core photorespiratory pathway with 
genes that show virtually no expression in the mesophyll and 
can be seen as bundle sheath specific, such as phosphoglycolate 
phosphatase (PGLP), glycolate oxidase (GOX), serine hydroxy-
methyl transferase (SHM), and the H, P, and T subunit of the 
GDC (Fig. 2; Supplementary Fig. S1). However, there are also 
genes such as glycine 2-oxoglutarate aminotransferase (GGT) 
and the GDC L subunit that, although preferentially expressed 
in the bundle sheath, still seem to be expressed to a certain 
extent in the mesophyll (Fig. 2; Supplementary Fig. S1). Taken 
together, this implies that all genes of the core photorespiratory 
pathway are at least preferentially if not specifically expressed 
in the bundle sheath, except for GLYK that is expressed to a 
much higher level in the mesophyll than in the bundle sheath 
(Fig. 2; Supplementary Table S2). We did not obtain any in situ 
hybridization signal for GLYK. This may be caused by the low 
absolute expression of the gene observed even in the mesophyll 
(Supplementary Table S2).

The transcriptome analysis reveals detailed insight into 

the C4 pathway of S. bicolor

Sorghum bicolor belongs to the NADP-ME type of C4 
plants. The genes encoding PEPC, malate dehydrogenase 
(MDH), or PPDK are expected to be expressed specifically 
or at least strongly preferentially in the mesophyll in these 
plants, whereas the genes encoding NADP-ME or RubisCO 
are bundle sheath specific. The results of our transcrip-
tome analyses are essentially in line with these expecta-
tions (Fig.  3; Supplementary Table S3). Although PEPC 

Table 1. Overview of the SuperSage and RNA-Seq results

SuperSage RNA-Seq

Total reads: 6 870 541 36 820 546

Genes detected (S. bicolor 34 211 genes): 12 937 23 244

Percentage: 37 67

Differentially expressed: 2327 1705

Percentage: 6.8 4.9

Table 2. GO term over-representation analysis of genes 

up-regulated >3-fold in mesophyll or bundle sheath RNAs 

compared with total leaf RNA within the Illumina RNA-Seq 

experiment

The 10 most strongly over-represented GO terms are shown. Analysis 
was performed using the Gene Ontology Consortium database (http://

geneontology.org). 

GO term GO name P-value

GO:0050896 Response to stimulus 9.40E-17

GO:1901701 Response to oxygen-containing compound 1.57E-13

GO:0042221 Response to chemical 5.65E-12

GO:0001101 Response to acid chemical 5.65E-12

GO:0006950 Response to stress 2.83E-11

GO:0044699 Single-organism process 4.35E-11

GO:0071704 Single-organism cellular process 5.77E-11

GO:0009719 Response to endogenous stimulus 1.20E-10

GO:0071229 Cellular response to acid chemical 2.57E-10

GO:0010033 Response to organic substance 2.79E-10

P-values are corrected by the Bonferroni method.

Table 3. GO term over-representation analysis of genes 

up-regulated >3-fold in mesophyll or bundle sheath RNAs 

compared with total leaf RNA within the SuperSage experiment

The 10 most strongly over-represented GO terms are shown. Analysis 
was performed using the Gene Ontology Consortium database (http://

geneontology.org). 

GO term GO name P-value

GO:0042221 Response to chemical 3.88E-17

GO:1901700 Response to oxygen-containing compound 1.24E-16

GO:0050896 Response to stimulus 2.02E-16

GO:0009987 Cellular process 8.90E-16

GO:0044237 Cellular metabolic process 1.98E-15

GO:0044699 Single-organism process 1.73E-14

GO:0009628 Response to abiotic stimulus 1.83E-14

GO:0044710 Single-organism metabolic process 1.92E-14

GO:0006950 Response to stress 4.25E-14

GO:0010033 Response to organic substance 4.74E-14

P-values are corrected by the Bonferroni method.
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was found to be expressed preferentially in the mesophyll, 
as expected, the absolute transcript levels as estimated by 
the Illumina sequencing appear to be quite low compared 
with NADP-ME or PPDK. In contrast, PEPC transcript 
levels turned out to be quite high when determined by the 
SuperSage method (Supplementary Table S3). If  and how 
we selected against detecting high levels of the PEPC dur-
ing the Illumina analysis is unclear. We detected virtually 
no expression of bundle sheath genes such as NADP-ME 

or RubisCO in the mesophyll, indicating that our mesophyll 
RNA preparations were not cross-contaminated with bundle 
sheath RNA (Supplementary Tables S2, S3). The fact that we 
detected some expression of typical mesophyll genes such as 
PEPC in the bundle sheath indicates some contamination of 
our bundle sheath RNA preparation with mesophyll RNA in 
the range of ~5% (Supplementary Table S3).

Recent results indicate that the classification of the differ-
ent types of the C4 pathway is not as clear-cut as previously 

Fig. 2. (A) Distribution of photorespiratory genes between mesophyll and bundle sheath cells. Preferential gene expression in the mesophyll and bundle 

sheath is indicated by blue or red color, respectively. AGT, serine glyoxylate aminotransferase; DIT1+2, dicarboxylate transporter 1+2; GDCP/GDCL/

GDCH/GDCT, glycine decarboxylase H, L, P, and T subunit; GGT, glutamate glyoxylate aminotransferase; GLS, glutamate synthase; GLYK, glycerate 

kinase; GOX2, glycolate oxidase 2; GS, glutamine synthetase; HPR, hydroxypyruvate reductases; PGLP, phosphoglycolate phosphatase; SHM, serine 

hydroxymethyltransferase; RBCS, ribulose bisphosphate carboxylase/oxygenase small subunit. (B) RNA in situ hybridization of Sorghum bicolor leaves 

with probes for transcripts related to photorespiration. Scale bars=50 μm.
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thought (Furbank, 2011; Pick et  al., 2011; Y.  Wang et  al., 
2014). Maize, which was assumed to be an archetypal NADP-
ME-type C4 plant, uses in parallel the PEP-CK type pathway 
to a considerable extent (Wingler et al., 1999; Pick et al., 2011). 
Interestingly this does not apply for Sorghum, although maize 
and Sorghum possess a common C4 origin. We did not find 
a highly expressed PEP-CK gene in bundle sheath cells and 
no abundantly expressed NAD-ME genes could be detected 
(Supplementary Table S3). It follows that Sorghum instead of 
maize should be considered as the NADP-ME C4 archetype. 
It was shown earlier that, in contrast to the common text-
book models of this pathway, some NADP-ME species use 
alanine and aspartate as transport metabolites in parallel to 
malate and pyruvate (Meister et al., 1996; Gowik et al., 2011). 

We were interested in whether the same is true for Sorghum, 
but the results are inconclusive. While we could identify a 
highly expressed aspartate aminotransferase (AspAT) gene 
in mesophyll as well as in bundle sheath cells, we have not 
found an alanine aminotransferase (AlaAT) that is highly 
expressed in both cell types. The most highly abundant 
AlaAT transcript, which belongs to the most abundant tran-
scripts identified in this study, is clearly mesophyll specific. 
The function of this highly abundant AlaAT in the mesophyll 
remains unknown. We found another AlaAT gene which 
was significantly more highly expressed in the bundle sheath 
compared with the mesophyll (Supplementary Table S3) but, 
since its overall abundance is much lower, it is unclear if  the 
overall AlaAT transcript abundance in the bundle sheath 

Fig. 3. (A) Distribution of C4 cycle genes between mesophyll and bundle sheath cells. Preferential gene expression in the mesophyll and bundle sheath 

is indicated by blue or red color, respectively. AMK, AMP kinase; CA, carbonic anhydrase; DIT1+2, dicarboxylate transporter 1+2; MDH, NADP-

dependent malate dehydrogenase; MEP, mesophyll envelope protein; NADP-ME, NADP-dependent malic enzyme; PEPC, phosphoenolpyruvate 

carboxylase; PEPC-PK, phosphoenolpyruvate carboxylase protein kinase; PPA3+4, pyrophosphorylase 3+4; PPDK, pyruvate phosphate dikinase; 

PPT, phosphoenolpyruvate phosphate translocator; PPDK-RP, PPDK regulatory protein; RubisCO, ribulose bisphosphate carboxylase/oxygenase; TPT, 

triosephosphate phosphate translocator. (B) RNA in situ hybridization of Sorghum bicolor leaves with probes for transcripts related to the C4 pathway. 

Scale bars=50 μm.
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allows the considerable usage of alanine and aspartate as 
transport metabolites. The up-regulated AspAT, on the other 
hand, is predicted to be localized in the chloroplast (TargetP 
score: 0.968). This in line with other NADP-ME species that 
synthesize and decarboxylate aspartate in the chloroplasts 
of mesophyll and bundle sheath cells (Meister et  al., 1996; 
Gowik et al., 2011).

Transcripts related to most of the known transporters thought 
to be directly involved in the NADP-ME C4 pathway, such as the 
triosephosphate phosphate translocator (TPT), the PEP phos-
phate translocator (PPT), the dicarboxylate transporter (DIT/
DCT/OMT), or the inner chloroplast envelope transporter MEP 
(Weber and von Caemmerer, 2010) could be identified, and most 
of them showed high abundance in agreement with their prob-
able role in the C4 pathway (Fig. 3; Supplementary Table S3). 
However, it has to be considered that they did not always show 
the expected distribution in the two cell types (e.g. the PPT 
was expected to be mesophyll specific but we also found high 
amounts of PPT transcripts in the bundle sheath). We could not 
detect high expression for the BASS2 and the NHD transporter 
that were shown to catalyze pyruvate transport across the chlo-
roplast membrane in the C4 Flaveria species (Furumoto et al., 
2011). This is in line with earlier results indicating that Sorghum 
uses a proton-dependent pyruvate transporter (Aoki et al., 1992) 
instead of BASS, which was shown to be a pyruvate–sodium 
symporter (Furumoto et al., 2011).

While most of the core C4 genes are expressed either meso-
phyll or bundle sheath specifically, as expected, we found that 
PPDK transcripts are not only highly abundant in the meso-
phyll, but were also present in respectable amounts in the bun-
dle sheath, with a mesophyll to bundle sheath ratio of only ~1 
to 2 (Fig. 3). Along with that, we also found that transcripts 
related to the PPDK reaction such as pyrophosphatases, 
AMP kinase, or the PPT exhibit high levels in the bundle 
sheath cells and are partly even preferentially expressed in the 
bundle sheath (Supplementary Table S3).

To verify the tissue distribution of selected transcripts, we 
performed in situ hybridizations for typical C4 genes such 
as PEPC, NADP-ME, PPDK, and RBCS (RubisCO small 
subunit). The obtained results largely support the outcome 
of the transcriptome analysis using SuperSage or RNA-Seq 
(compare Fig.  3A and B). In situ hybridization confirmed 
bundle sheath-specific expression for RBCS and NADP-ME, 
mesophyll-specific expression for the PEPC gene, and the 
preferential expression in the mesophyll cells of PPDK, with 
high PPDK transcript levels also in the bundle sheath.

Expression patterns of genes associated with 

photorespiration are variable

During photorespiration not only CO2, but also nitrogen 
is released in the mitochondria in the form of NH3 that 
becomes reassimilated in the chloroplasts. In contrast to the 
core photorespiratory pathway, the genes for nitrogen assimi-
lation and the dedicated transporters do not show a tissue-
specific expression pattern. Glutamine synthetase as well as 
glutamate synthase genes are expressed in mesophyll and 
bundle sheath cells, but glutamine synthetase is more highly 

expressed in the bundle sheath, and a ferredoxin-dependent 
glutamine oxoglutarate aminotransferase (Fd-GOGAT) 
shows higher transcript abundance in the mesophyll (Fig. 2; 
Supplementary Table D2).

Only a few transporters involved in the intracellular trans-
port of photorespiratory metabolites are known to date. We 
could identify two transcripts corresponding to the plastid 
glycolate glycerate transporter (Pick et al., 2013). Whereas one 
of the genes appears not to be expressed at all in the Sorghum 
leaf, the other one exhibits high amounts of transcripts in both 
cell types, but the expression in the bundle sheath is higher 
than in the mesophyll (Fig. 2; Supplementary Table S2). The 
mitochondrial transporter BOU, known to be needed for 
functional photorespiration in Arabidopsis thaliana (Eisenhut 
et al., 2013), appears to be expressed only at a low level in the 
leaves of the C4 plant Sorghum and does not show a strong 
tissue preference (Supplementary Table S2). Sorghum contains 
five genes encoding dicarboxylate transporters (DITs); four of 
these transporters are classified as DIT2 and one is classified 
as a DIT1 gene. The DIT1 gene is expressed to moderate levels 
and clearly is expressed preferentially in the mesophyll. One 
of the DIT2 genes is highly expressed in the bundle sheath 
(Fig.  2; Supplementary Table S2). The two transporters are 
thought to interact in the glutamate–oxoglutarate exchange 
across the chloroplast membrane during NH3 reassimilation 
(Renne et al., 2003; Bauwe et al., 2010). Additionally the DIT 
proteins might be involved in the C4 cycle of NADP-ME C4 
species and facilitate the exchange of malate and/or aspar-
tate across the chloroplast membrane (Gowik et  al., 2011; 
Kinoshita et al., 2011), which may explain the highly tissue-
preferential expression of these genes in Sorghum.

Discussion

C4 photosynthesis mainly evolved to enhance photosynthetic 
efficiency by avoiding photorespiration. It is widely accepted 
that an important initial step towards the evolution of C4 was the 
establishment of a photorespiratory CO2 pump (Bauwe, 2011; 
Sage et al., 2012). This was achieved by restricting the activity 
of a central photorespiratory protein complex, the GDC, to the 
bundle sheath cells, allowing the release of photorespiratory 
CO2 exclusively in this cell type (Hylton et al., 1988; Rawsthorne 
et al., 1988b). Finally that was realized by restricting the expres-
sion of either single GDC subunit genes or all GDC and SHM 
genes to the bundle sheath (Morgan et al., 1993). Nevertheless, 
photorespiration is still essential in C4 plants (Zelitch et al., 2008) 
and we were interested in the tissue-specific expression of pho-
torespiratory genes in the mesophyll and bundle sheath cells of a 
widely optimized C4 species. Therefore we analyzed gene expres-
sion in leaves of S. bicolor using RNA-Seq on isolated mesophyll 
and bundle sheath transcripts and RNA in situ hybridization.

Photorespiration is largely confined to the bundle 

sheath cells in Sorghum

In C4 plants, photorespiration is reduced to low levels com-
pared with C3 plants as a result of concentrating CO2 around 
RubisCO (Hatch, 1987). Using RNA-Seq and SuperSage, 
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we were able to detect the transcripts of all core photores-
piratory genes as well as of the genes encoding transporters 
known to be involved in photorespiration. The vast major-
ity of the core photorespiratory genes are expressed prefer-
entially in the bundle sheath. The only noticeable exceptions 
are GLYK, which is expressed preferentially in the mesophyll, 
and the two genes encoding the L subunit of the GDC com-
plex (GDCL), which are nearly equally expressed in both cell 
types. This largely reflects earlier results from the analysis of 
mesophyll and bundle sheath transcriptomes and proteomes 
of the C4 grass maize (Li et al., 2010; Majeran et al., 2010; 
Chang et  al., 2012) and studies on the enzyme activities in 
different C4 species (Usuda and Edwards, 1980; Ohnishi and 
Kanai, 1983; Ohnishi et al., 1985). Since in C4 plants RubisCO 
is missing from the mesophyll cells, no 2-PG can be produced 
there and 2-PG detoxification in this cell type is no longer 
necessary. Consequently, the expression of photorespiratory 
genes was switched off  in the mesophyll during C4 evolution. 
The photorespiratory enzymes belong to the most highly 
abundant proteins in the leaves of C3 species (Osborne and 
Freckleton, 2009; Bauwe, 2011). Accordingly, the decrease in 
these proteins adds to the reduction of RubisCO in C4 plants 
and contributes to the better nitrogen use efficiency found for 
C4 species (Oaks, 1994; Osborne and Freckleton, 2009).

 GDCL is not only part of the GDC but is also connected 
to other multienzyme complexes such as the pyruvate dehy-
drogenase complex, the 2-oxoglutarate dehydrogenase com-
plex, and the branched-chained 2-oxoacid dehydrogenase 
that are not involved in photorespiration and have impor-
tant functions in general cell metabolism (Millar et al., 1999; 
Marrott et al., 2014). This explains why the genes encoding 
GDCL have to stay active in the mesophyll of C4 plants. An 
explanation for the preferential expression of GLYK in the 
mesophyll is less obvious. In advanced C4 species using the 
NADP-ME pathway, such as maize or Sorghum, the activ-
ity of photosystem II is greatly reduced in the bundle sheath 
(Woo et  al., 1970; Oswald et  al., 1990). This requires the 
reductive phase of the Calvin–Benson cycle to take place in 
the mesophyll cells, due to a lack of reducing equivalents in 
the bundle sheath, and is achieved by a phosphoglycerate–tri-
ose phosphate shuttle (Weber and von Caemmerer, 2010). It 
appears to be more efficient to transfer the photorespiratory 
glycerate directly to the mesophyll chloroplasts to regenerate 
3-PG instead of importing it into the bundle sheath chloro-
plast for regeneration.

The genes involved in photorespiratory ammonia refixa-
tion, glutamine synthetase and glutamate synthase, show 
different expression patterns in mesophyll and bundle sheath 
cells. While two glutamine synthetase genes are expressed in 
both cell types with a bundle sheath preference, Fd-GOGAT 
is preferentially expressed in the mesophyll. This makes sense 
in the light of lacking reducing equivalents in the bundle 
sheath and one can assume that the released ammonia is fixed 
by glutamine synthetase and the resulting glutamine is par-
tially transferred to the mesophyll to generate glutamate.

The plastidic glycolate glycerate transporter PLGG1 (Pick 
et  al., 2013) is expressed in both cell types. This might be 
due to the fact that glycolate has to be exported from bundle 

sheath chloroplasts and glycerate must be imported into the 
chloroplasts in the mesophyll. It is known that the mito-
chondrial transporter BOU is essential for photorespiration 
in A.  thaliana (Eisenhut et  al., 2013). Like PLGG, BOU is 
expressed in both cell types, but the overall transcript abun-
dance is much lower. Since the specific substrate for the BOU 
transporter is not known (Eisenhut et al., 2013), one can only 
speculate about possible functions beside photorespiration.

Specificity of photorespiratory genes is as variable as 

that of C4 genes

With the transcriptome analysis, we confirmed that S. bicolor 
belongs to the NADP-ME type of C4 plants since all par-
ticipating C4 genes (Wang et  al., 2009) are expressed in a 
tissue-preferential manner as expected for the NADP-ME 
archetype. Recent studies in maize revealed that not only the 
NADP-ME pathway is operating, but a respectable level of 
PEP-CK activity, up to 25% of the NADP-ME activity, was 
also found (Pick et  al., 2011). In the leaf transcriptome of 
S. bicolor we could find neither any highly expressed PEP-CK 
gene nor any significantly expressed NAD-ME gene in the 
bundle sheath. Taken together, these results indicate that 
Sorghum relies solely on the NADP-ME pathway.

As expected, we found PPDK to be one of the most highly 
expressed genes in the Sorghum leaf. Surprisingly, the tran-
scriptome analysis indicated that PPDK transcripts are not 
restricted to the mesophyll but are also found in high amounts 
in the bundle sheath, with a mesophyll to bundle sheath 
ratio of only ~1 to 2 (Fig. 3). We confirmed that the analy-
sis detects only the gene encoding the chloroplast-targeted 
PPDK isoform and indeed the gene encoding the cytosolic 
isoform showed quite low expression in Sorghum leaves. Also 
the RNA in situ analysis indicates high amounts of PPDK 
transcripts in the bundle sheath cells (Fig.  3B). Since this 
analysis is strictly independent of the transcriptome analy-
sis, it must be considered that Sorghum contains considerable 
amounts of PPDK in its bundle sheath cells. This is in con-
trast to the analysis of mesophyll and bundle sheath cells of 
maize or S. viridis where PPDK transcripts were found to be 
five and 20 times more abundant in the mesophyll than in the 
bundle sheath, respectively (Chang et al., 2012; John et al., 
2014). Very similar patterns were also found for the tran-
scripts of genes that functionally interact with PPDK such 
as the PPDK regulatory proteins, plastid-localized pyroph-
osphatases, an AMP kinase, and the plastid PEP translocator 
PPT (Fig.  3; Supplementary Table S3). For all these genes, 
we found considerable amounts of transcripts in the bun-
dle sheath preparations that were often even higher than in 
the mesophyll. The most parsimonious explanation is that 
Sorghum is capable of regenerating substantial amounts of 
PEP in the bundle sheath cells. The existence of plants using 
extensively the PEP-CK type of the C4 pathway shows that 
PEP can serve as a transport metabolite in the C4 cycle. Due 
to up-regulation of photosystem I and cyclic electron trans-
port in the bundle sheath chloroplasts (Supplementary Table 
S1; Kubicki et al., 1994, 1996), Sorghum potentially produces 
high amounts of ATP in this compartment that can be used 
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for PEP regeneration. By regenerating PEP in the bundle 
sheath chloroplasts, the number of transport processes would 
be reduced since PEP can be exported by PPT and diffuse 
into the mesophyll where it could be carboxylated by PEPC 
in the cytosol.

All in all, it appears that the degree of cell specificity is 
quite comparable for photorespiratory and C4 cycle genes. 
While most of the genes encoding core pathway enzymes are 
expressed in a highly cell type-specific manner, exceptions are 
the PPDK in the case of the C4 cycle and GDCL in the case 
of photorespiration. This is notable since tissue specificity 
for C4 enzymes such as PEPC or NADP-ME is necessary to 
avoid futile cycles and ensure the efficiency of the pathway, 
whereas tissue-specific expression of most photorespiratory 
genes has to be seen as optimization that saves nitrogen. The 
expression of auxiliary genes of both pathways was found to 
be not very tissue specific. This might be due to additional 
roles of the encoded protein in other important pathways as 
can be envisaged for the genes involved in primary nitrogen 
and amino acid metabolism.

Evolutionary aspects of restricting photorespiration to 

the bundle sheath

As discussed above, photorespiration was important for 
the evolution of  C4 photosynthesis in different ways. The 
avoidance of  photorespiration was one of  the driving forces 
towards C4 photosynthesis, and the establishment of  a pho-
torespiratory pump was an important intermediate step 
during C4 evolution (Bauwe, 2011; Sage et  al., 2012). The 
reduction and exclusion of  the majority of  photorespiratory 
reactions from the mesophyll represents an optimization 
and enhances the nitrogen use efficiency. This optimiza-
tion could only happen after the implementation of  a fully 
functional C4 pathway and the complete down-regulation of 
RubisCO in the mesophyll since the oxygenase reaction of 
RubisCO would be fatal without PGLP and GOX activity 
present in the same compartment. This has a further impli-
cation for C4 evolution: once PGLP and GOX are switched 
off  in the mesophyll, the reintroduction of  RubisCO into 
this compartment would be detrimental. Once these pho-
torespiratory reactions are gone from the mesophyll due 
to optimization, a reversal from C4 to C3 photosynthesis 
becomes impossible.

Supplementary data

Supplementary data are available at JXB online.
Table S1. Excel worksheet providing quantitative informa-

tion for all reads and all SuperSage tags mapped onto the 
reference transcriptome from Sorghum bicolor.

Table S2. Transcript abundance of genes related to 
photorespiration

Table S3. Transcript abundance of C4 cycle genes and C4-
related transporters.

Table S4. Gene-specific primers used for qPCR and RNA 
in situ analysis. 

Figure S1, RNA in situ hybridization of Sorghum bicolor 
leaves with probes for transcripts related to photorespiration
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Supplementary Table 1. Excel worksheet providing quantitative information for all reads and 

all SuperSage tags mapped onto the reference transcriptome from Sorghum bicolor. (not 

included) Available online:  
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Supplementary Table 4. Gene-specific primers used for qPCR and RNA in situ analysis.  

 

Supplementary Figure 1. RNA in situ hybridization of Sorghum bicolor leaves with probes for 

transcripts related to photorespiration. 
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Supplementary Table 4. Gene-specific primers used for qPCR and RNA in situ analysis.  

F: forward primer; R: reverse primer. 
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Supplementary Figure 1. RNA in situ hybridization of Sorghum bicolor leaves with probes for transcripts 
related to photorespiration. 

GDCL/GDCP/GDCT, glycine decarboxylase L, P, and T subunit; GOX2, glycolate oxidase; HPR1, 
hydroxypyruvate reductase; PGLP, phosphoglycolate phosphatase; SHM1, serine glyoxylate aminotransferase. 
Scale bars = 50µm. 
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Abstract 

The evolution of C4 photosynthesis is a stepwise sequence of small changes leading from C3 to 

C4 plants in which each step on its own increases the fitness of the plant. One important 

precondition for the introduction of a functional C4 cycle is the activation of the bundle sheath. 

This includes the enlargement of bundle sheath cells and an increase in organelle number inside 

of them. However, most C3 plants possess only small bundle sheath cells that are sparsely 

populated with organelles. To engineer C4 photosynthesis into existing C3 crops, information 

about genes controlling bundle sheath cell size and organelle content is needed. Since very little 

is known so far about the specific genes that could be manipulated in order to create a more 

C4-like bundle sheath, we established an EMS-based genetic screen in the Brassicaceaen 

C3 species Arabidopsis thaliana. To this end, we created two reporter gene lines in which the 

bundle sheath cells of A. thaliana were labeled with easily detectable reporter genes. The activity 

of the reporter genes in the leaves was used as a proxy to identify mutants with altered bundle 

sheath anatomy. The mutant screen resulted in dozens of interesting mutants with alterations in 

the anatomy of bundle sheath cells and vascular tissue.  

 

Introduction 

C4 plants are superior to C3 plants with regard to their photosynthetic performance under many 

conditions, such as high light intensity, high temperature, and drought (Ehleringer et al., 1991). 

Since many years, researchers all over the world have been focusing on this special type of 

photosynthesis and try to understand the complex details of its biochemistry and evolution. It is 

still a major goal to introduce the C4 type of photosynthesis into existing C3 crops in the future to 

increase yield and meet increased food demands—in the face of a growing world population 

(Sheehy et al., 2007). 

     C4 photosynthesis is characterized by the spatial separation of CO2 uptake and fixation by 

ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO). This is guaranteed by the division 

of labor and the interaction between two different cell types, the bundle sheath and the mesophyll, 

in order to concentrate CO2 in the bundle sheath around the RubisCO enzyme. In a typical C4 

plant, one layer of bundle sheath cells surrounds the vasculature in a wreath-like arrangement 

followed by one layer of mesophyll cells. This special order of cells in the leaves is termed Kranz 

anatomy (Haberlandt, 1904). C4 photosynthesis occurs only in the angiosperms (Ehleringer et al., 

1997) and evolved at least 66 times independently (Sage et al., 2011; Sage et al., 2012) indicating 
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that it is probably easy to evolve from C3 to C4 from a genetic point of view. The evolution of the 

C4 trait proceeded step by step and each small change contributes to the general fitness of the 

plant (Gowik and Westhoff, 2011; Heckmann et al., 2013). The establishment of a functional 

photorespiratory CO2 shuttle that shifts the photorespiratory CO2 release to the bundle sheath 

cells is a key step during C4 evolution and is also referred to as C2 photosynthesis (Sage et al., 

2014). C2 photosynthesis serves as the basis upon which C4 photosynthesis can develop and is 

therefore considered to be the evolutionary bridge between C3 and C4 photosynthesis (Sage et al., 

2012; Mallmann et al., 2014; Bräutigam and Gowik, 2016). However, before a photorespiratory 

CO2 pump can evolve, some essential morphological requirements at the level of the bundle 

sheath have to be met. This includes an increase in vein density, which is probably an adaption 

to hot and dry climates. Additionally, more veins raise photosynthetic activity in the bundle 

sheath due to a higher bundle sheath/mesophyll ratio in the leaf (Roth-Nebelsick et al., 2001; 

Lundgren et al., 2014). The combination of larger bundle sheath cells, enhanced organelle 

number, and the relocation of organelles within the bundle sheath cells may already create 

conditions in which photorespiratory CO2, produced in the bundle sheath, is partly captured. This 

situation is termed proto-Kranz anatomy and, consequently, it could allow plants to survive a loss 

of glycine decarboxylase (GDC) expression in the mesophyll to establish C2 photosynthesis (Sage 

et al., 2012; Sage et al., 2013).  

     Parenchymatous bundle sheath tissue also occurs in C3 species; however, it is often not very 

well defined and contains only few chloroplasts, indicating that this tissue does not play a major 

role in leaf photosynthesis of C3 plants (Kinsman and Pyke, 1998; Leegood, 2008). The exact 

physiological role of bundle sheath cells in C3 plants is currently not understood. It is assumed 

that they function in phloem loading and unloading and may provide mechanical strength within 

the leaf (Van Bel, 1993; Kinsman and Pyke, 1998; Griffiths et al., 2013). However, studies with 

bundle sheath gene promoters (glycine decarboxylase P protein) from the Asteracean C4 species 

Flaveria trinervia (Engelmann et al., 2008) showed that the expression specificities were 

maintained in the Brassicacean C3 species Arabidopsis thaliana. This indicates that cryptic Kranz 

anatomy is present in C3 species, and that the bundle sheath is an evolutionarily ancient invention 

in angiosperms (Westhoff and Gowik, 2010). The introduction of C4 photosynthesis into C3 

species requires knowledge about the genes that are needed for the formation of a pronounced 

and photosynthetically active bundle sheath. Currently, very little is known of specific genes that 

control these processes and that might help for the construction of a large and organelle-rich 

bundle sheath in C3. This knowledge is essential for the long-term goal of introducing C4 

photosynthesis into C3 crops. Since the gene regulatory system operating in bundle sheath cells 
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of C4 and C3 monocots and dicots are at least partly conserved, we hypothesize that the C3 model 

species A. thaliana can be used for the discovery of conserved genes that are required for the 

activation of the bundle sheath in angiosperms (Engelmann et al., 2008). When information on 

genes of a particular process is limited, the use of forward genetics is a powerful tool to identify 

genes related to the process of interest. In contrast to reverse genetics, it is completely unbiased 

and takes the whole genome into account to uncover players of specific biological phenomena. 

A successful forward genetic screen is defined by a high throughput and a reliable and robust 

screen for mutants in which thousands of plants have to be analyzed (Page and Grossniklaus, 

2002). For this reason, Arabidopsis is best suited since it is small and simple to grow, it has a 

fully sequenced genome, short generation times, and it can be transformed by Agrobacteria 

tumefaciens with ease (Somerville and Koornneef, 2002). 

     Our main interest is the morphology and organelle content of the bundle sheath, which 

naturally is not very pronounced in Arabidopsis but rather small and not easily detectable. To this 

end, we modified the genetic background of Arabidopsis to facilitate the identification of the 

bundle sheath with reporter genes that were expressed under the control of the promoter of the 

glycine decarboxylase P gene of Flaveria trinervia (Engelmann et al., 2008). This promoter is 

highly active in the bundle sheath and vasculature in A. thaliana. In this study, we describe a 

forward genetic screen based on the chemical mutagen ethyl methanesulfonate (EMS) with 

bundle sheath-labeled reporter lines in A. thaliana. The level of reporter gene expression served 

as a proxy to collect mutants with altered bundle sheath anatomy. Microscopic analysis of 

selected mutants revealed anatomical changes in bundle sheath and vascular tissue.  

 

Material and Methods 

Plant material 

A. thaliana (Ecotype Columbia) plants were used as genetic background for both reporter gene 

lines. The plants were grown under greenhouse conditions with supplementary light for 14 h per 

day at a photon flux density (PFD) of ~300 μmol m−2 s−1 or in climate chambers operating at 

16 h light/8 h of darkness periods (~60 µmol m-2 s-1) and a constant temperature of 21–22 °C. 

The seeds were surface-sterilized with a chloric solution containing 20% Dan Klorix (Colgate-

Palmolive, Hamburg, Germany) and 0.02% Triton X-100 for 5 min and washed four times with 

sterile water. After sterilization, the seeds were incubated at 4 °C in the dark for at least 48 h 

before they were sown on either soil (Floraton 1, Floragard, Oldenburg, Germany) or petri dishes 

with ½ Murashige and Skoog (MS)-medium containing 0.6% agar and 1% sucrose.  
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Construction of reporter gene lines 

The pGreen Gateway vector pGreen-LUC68 containing the firefly luciferase 68 gene served as a 

backbone for the luciferase (LUC) reporter construct and was kindly provided by Franziska Turck 

(Adrian et al., 2010). The promoter region of the GLDPA gene from Flaveria trinervia was 

amplified by PCR by using the pGLDPAFt construct (Engelmann et al., 2008) as a template and 

specific oligonucleotides that added attB1 and attB2 sites to the PCR product (Supplementary 

Table 1). The BP Clonase reaction (Gateway® BP Clonase® enzyme mix, ThermoFisher 

Scientific) between the PCR product and the Gateway entry vector pDONR221 was performed 

according to the Gateway manual and resulted in pENTRY221-pGLDPAFt, which was 

subsequently used for the LR Clonase reaction (Gateway® LR Clonase® enzyme mix, 

ThermoFisher Scientific) to introduce pGLDPAFt into pGreen-LUC68 

(pGreen-pGLDPAFt::LUC68). We used the binary plant transformation vector pBI121 (Clonetech 

laboratories; Jefferson et al., 1987) to assemble the GFP reporter gene construct. The pGLDPAFt 

promoter region (Engelmann et al., 2008), the RbcS transit peptide RbcS.TP from A. thaliana 

(Kim et al., 2010)  and the sGFP gene were amplified by PCR by using the pGLDPAFt construct 

(Engelmann et al., 2008), cDNA of Arabidopsis (Ecotype Columbia) and pGWB5 (Nakagawa et 

al., 2007) as templates, respectively. Appropriate restriction sites were added to all 

oligonucleotides (Supplementary Table 1). pGLDPAFt was cloned as a HindIII-BamHI fragment 

into a HIndIII-BamHI-digested pBI121 (pBI121- pGLDPAFt), followed by the ligation of 

RbcS-TP as a BamHI-EcoRI fragment into BamHI-EcoRI-digested pBI121-pGLDPAFt 

(pBI121-pGLDPAFt::RbcS.TP). Subsequently, the sGFP gene with EcoRI and SacI restriction 

sites was introduced into EcoRI-SacI-digested pBI121-pGLDPAFt::RbcS.TP resulting in the final 

reporter gene construct pBI121-pGLDPAFt::RbcS.TP-sGFP. 

 

Transformation of A. thaliana 

Both reporter gene constructs were transformed by electroporation into the Agrobacterium 

tumefaciens strain AGL1 (Lazo et al., 1991), and subsequently transformed into A. thaliana 

(Ecotype Columbia) by using the floral dip method (Zhang et al., 2006). T1 plants were analyzed 

by PCR to check for the presence of the reporter gene construct. Positive lines were carried to the 

T3 generation, and homozygous plants were selected for the mutant screens. 
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EMS mutagenesis 

Approximately 40,000 seeds (~1.6 g) of the LUC reporter gene line and 120,000 (~4.8 g) seeds 

of the GFP reporter gene line were used for EMS mutagenesis. The seeds were initially washed 

with 0.1% TWEEN® 20 for 15 min, after which EMS (Sigma-Aldrich, St. Louis) was added to 

a final concentration of 0.25%. The mixture incubated for 16 h on a rotating platform. 

Subsequently, the seeds were washed four times with sterile water, incubated again for 1 h on a 

rotating platform, and washed one last time in sterile water. After three days at 4 °C, the seeds 

were sown evenly on soil, and M2 seeds were harvested in pools of about 30–50 plants. Each 

pool of M2 seeds was sown individually, and 14–17-day-old plants were used for the genetic 

screen. 

 

Mutant screen 

The first leaf pair of M2 plants was analyzed for aberrant reporter gene expression. In principle, 

plants with more, less, or diffused reporter gene signal were selected at this point. The screen for 

LUC activity was performed with the imaging system Night Owl LB983-NC100U (Berthold 

Technologies, Bad Wildbad, Germany) by using the in vivo imaging software indiGO (Berthold 

Technologies, Bad Wildbad, Germany). For this purpose, the leaves were incubated in a 1 mM 

luciferin solution for 5 min after which LUC activity was detected (exposure time: 120 s). The 

resulting signal in the bundle sheath of the EMS-mutagenized M2 populations was compared to 

the non-mutagenized reporter line. M2 plants with the GFP reporter gene were screened for 

aberrant GFP expression with the aid of a fluorescence binocular microscope (Nikon SMZ25, 

Düsseldorf, Germany). In the M3 generation all primary mutants were analyzed again to confirm 

the individual aberrant phenotype. Additionally, the signal intensity was measured for whole 

leaves and normalized to the leaf area with the software ImageJ (Schneider et al., 2012). Only 

mutant lines with at least 30% stronger or weaker signal intensities in the whole leaf were selected 

for further studies. The DNA was isolated from the mutant lines to check for point mutations in 

the reporter gene construct. The complete region (pBI121-pGLDPAFt::RbcS.TP or 

pGLDPAFt::LUC68) was amplified by PCR using the Phusion High-Fidelity DNA Polymerase 

(New England Biolabs), cloned into pJet1.2/blunt vector (ThermoFisher Scientific), and 

subsequently sequenced. Any mutant lines with point mutations within the reporter gene 

constructs were not used for further analysis. 
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Microscopic imaging 

Sampling and preparation for light microscopy (LM) and transmission electron microscopy 

(TEM) was operated as described in Akhani and Khoshravesh (2013). This included (1) tissue 

fixation and dehydration, (2) resin infiltration and embedding, and (3) sectioning and staining. 

We took the fully expanded 2nd leaf pair of four-week-old Arabidopsis plants, removed the edges 

and the midvein of the leaf, and cut the remaining area into 1–2 mm2 small sections that were 

immediately fixed with a fixative (1% glutaraldehyde, 1% paraformaldehyde, 0.1 M sodium 

cacodylate). These samples were post-fixed with OsO4, followed by a series of ethanol 

dehydrations and Araldite resin infiltration and embedding. The resin-embedded tissue blocks 

were cut with a microtome (Microm HM 330 Microtome) to obtain sections of 1.5–2 micron 

thickness, which were subsequently stained with toluidine blue for LM. The same blocks were 

also used to create 50–70 nm thin sections for TEM by using a RMC MT-7 ultra-microtome 

(Boeckeler Instruments). Subsequently, the sections were stained with uranyl acetate and lead 

citrate.  

   

Mapping by sequencing 

Stable M4 mutant lines with intact reporter gene sequences were backcrossed with the 

corresponding non-mutagenized reporter gene line. F2 plants were scored for the individual 

aberrant phenotype, and genomic DNA was isolated from bulked leaf samples of 50–60 plants 

with the DNeasy Plant Maxi Kit (Qiagen, Hilden, Germany). DNA was eluted with 750 µl sterile 

water in two steps and concentrated to at least 50 ng/µl by vacuum infiltration. Sequencing 

libraries of the bulked mutant DNA as well as of the two original reporter gene lines were 

prepared as follows: 1 µg of each DNA sample was sheared with a Covaris S2x system (Covaris, 

Woburn, MA, USA) to a size of approximately 350 bp. The DNA library preparation was done 

with the TruSeq DNA PCR-Free LT Library Preparation Kit (Illumina) according to the manual. 

The library concentration was determined with the KAPA Library Quantification Kit Illumina® 

platforms (Kapabiosystems). The paired end sequencing (2 x 150 bp) was performed using an 

Illumina HiSeq3000 system by the “Genomics and Transcriptomics laboratory“ of the 

Biologisch-Medizinisches Forschungszentrum at Düsseldorf University with 80 to 500 fold 

coverage. EMS induced mutations potentially responsible for the mutant phenotypes were 

identified by using SHOREmap v3.0 following the backcross procedure as described 

(http://bioinfo.mpipz.mpg.de/shoremap/guide.html; Sun and Schneeberger, 2015). The read 

mapping and SNP calling were performed by using SHORE v0.9.3 and Genomemapper v0.4.4. 
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Results 

Construction of bundle sheath-labeled reporter gene lines 

Since bundle sheath cells of C3 plants are only detectable under microscopic examination, 

changes in their properties cannot be easily visualized non-destructively. We have therefore 

labeled the bundle sheath cells of A. thaliana by expressing firefly luciferase (LUC) or a 

chloroplast-located GFP (Sattarzadeh et al., 2010) under the control of the promoter of the glycine 

decarboxylase P protein gene (GLDPA) of the C4 Asteraceaen species F. trinervia (Engelmann 

et al., 2008). The pGLDPAFt promoter is active in bundle sheath cells and vascular tissue. Both 

reporter gene constructs were transformed into A. thaliana (Ecotype Columbia). Transgenic lines 

with high reporter gene activity were identified, and homozygous lines were obtained by selfing. 

Figure 1 shows the expression patterns of both reporter gene constructs in Arabidopsis leaves. In 

addition, leaf cross sections of the GFP reporter gene line allowed to identify single chloroplasts 

due to the RbcS transit peptide (Figure 1 B2,B3). 

 

 

Figure 1. Labeling the bundle sheath in Arabidopsis leaves with reporter genes. 
Construction of the LUC- (A) and GFP (B) reporter gene lines. Both reporter genes are under the control of the 
pGLDPAFt promoter region of the C4 dicot Flaveria trinervia. A chloroplast transit peptide of the small subunit of 
RubisCO was fused to the GFP gene. Luminescence (A1) and fluorescence imaging (B1) show the reporter gene 
expression patterns in young Arabidopsis leaves. Additionally, the GFP signal is restricted to chloroplasts in the 
bundle sheath and vasculature as can be seen in leaf cross sections (B2 + B3, arrowheads).  
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EMS-based genetic screen with bundle sheath-labeled reporter gene lines 

160,000 seeds were mutagenized with EMS (40,000 seeds of the LUC reporter gene line, and 

120,000 seeds of the GFP reporter gene line) and sowed on soil in large flats under greenhouse 

conditions. We observed a survival rate of 50% in the M1 generation and harvested seeds from 

the remaining 80,000 M1 plants in pools of 30–50 plants. Approximately 45,000 M1 plants were 

needed under the given EMS concentration to have a 95% chance of exploring a mutation in any 

given G:C base pair (Jander et al., 2003). Therefore, we have reached a saturating EMS screen 

by mutagenizing most G:C base pairs in the genome of A. thaliana. We expected the number of 

mutations per genome to be randomly distributed, thus following a Poisson distribution and 

calculated approximately one embryonic-lethal mutation per mutagenized genome (Pollock and 

Larkin, 2004). In addition, 2.2% of the plants in the M2 generation displayed a pale chlorophyll 

phenotype; therefore, the EMS treatment could be considered as a success (Kim et al., 2006). 

Each M2 pool was sown individually on large flats in the greenhouse, and single leaves or whole 

seedlings were screened for aberrant reporter gene expression (e.g. stronger or weaker reporter 

gene signal in the bundle sheath). 755 primary mutants were identified: 258 mutants with the 

LUC background and 497 mutants with the GFP background (Figure 2).  

 

 
Figure 2. Workflow of the EMS-based genetic screens. 

Workflow of both EMS screens (LUC and GFP reporter gene line). Altogether, seeds of about 80,000 M1 plants 
were harvested in pools of 30–50 plants. 650,000 M2 plants were screened for aberrant reporter gene activity, which 
resulted in more than 750 primary mutants. 56 mutant lines possessed stable aberrant phenotypes and intact reporter 
gene sequences. 
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     We checked the phenotype of each mutant line in the M3 generation for its stability and 

quantified the reporter gene signal of each mutant line in single leaves using ImageJ software. A 

threshold of at least 30% difference in signal intensity between each mutant line and the reference 

line was chosen to exclude minor changes and to focus only on strong differences. Thereafter, 

230 mutants remained (85 mutant lines with the LUC background and 145 mutant lines with the 

GFP background) (Figure 2). To exclude aberrant phenotypes that are based on point mutations 

in the appropriate reporter gene, we amplified and sequenced the whole reporter gene construct. 

Almost 75% of our mutant lines had to be discarded at that point due to mutations in this region. 

Nevertheless, 12 mutant lines with the LUC reporter gene and 44 mutant lines with the GFP 

reporter gene were both stable and contained intact reporter genes.  

 

Analysis of EMS-generated mutant lines 

Our primary screening criterium was based on the reporter gene signal intensity (Supplementary 

Figure 1). Additionally, we obtained several mutants in which the reporter gene signal was clearly 

detectable in the mesophyll. We considered some of these mutants for our further analysis as the 

loss in tissue-specificity of our reporter gene might be linked to altered bundle sheath or 

mesophyll development or to mutations in genes affecting the transcription and/or post-

transcriptional regulation of the pGLDPAFt promoter. 

 
Figure 3. Categorization of 56 stable EMS mutant lines. 

The selected mutant lines showed either more signal in the bundles (+), less signal in the bundles (-), or a diffuse 
signal that was also present in the mesophyll cells (diffuse). Numbers in brackets indicate the total quantity of mutant 
lines of each category. No mutants with a diffuse signal were obtained with the LUC reporter gene line. 
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     In summary, the EMS-based mutant screen resulted in 21 and 6 mutant lines with increased 

reporter gene activity in the GFP and LUC background, respectively. Additionally, we obtained 

19 and 6 mutants with less reporter gene activity in the GFP and LUC reporter lines, respectively 

(Figure 3). Four mutant lines possessed a diffuse GFP signal. Intriguingly, seven mutants with 

increased GFP signal intensity also contained larger bundle sheath strands (vasculature and 

bundle sheath) (Figure 4A). We assumed that this might be caused by either an increase in 

vasculature or bundle sheath, or a combination of both (Figure 4B).  

 

Figure 4. Larger bundle sheath strands in mutant lines with increased GFP signal.  

(A) A close-up view of 3rd order veins of the reference line and mutant line G-18 as an example. In addition to an 
increased GFP signal intensity, we also observed larger bundle sheath strands in mutant line G-18 and six other 
mutant lines with the GFP background. (B) Possible explanations for larger bundle sheath strands: (1) Larger bundle 
sheath cells or (2) larger vasculature. B, bundle sheath cell; V, vasculature. 
 

     However, we could not clearly assign the change in reporter intensity to anatomical alterations 

in our mutants. To address this issue, we performed high-resolution microscopy and prepared 

samples for LM as well as TEM of a subset of 25 mutant lines (G01–G25). In general, we tried 

to select the strongest phenotypes in terms of signal intensity and width of the bundle sheath 

strands. Twenty mutant lines possessed an increased reporter gene signal whereas three mutant 

lines were chosen with less signal. Additionally, we included two mutant lines with a diffused 

reporter signal. We harvested three biological replicates for each mutant line and prepared leaf 

cross sections for LM of all samples. Subsequently, sections from each replicate were compared 

to sections of the reference line, and only higher-order veins were analyzed with respect to the 
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anatomy of the bundle sheath and vasculature. We took only those samples into account in which 

we could verify a phenotype in comparable veins in all three replicates. As a consequence, we 

could not draw a conclusion in eight mutant lines due to an insufficient sample size. In eleven 

mutant lines we could not find any differences in the anatomy of the bundle sheath cells and/or 

vascular tissue (Supplementary Table 2). However, we identified six mutants with clear 

differences in either bundle sheath cell number and/or vascular tissue size. Four mutants were 

defined by both an enlarged vasculature and more bundle sheath cells (mutant category 1), while 

two mutant lines possessed an enlarged vasculature but no obvious change to the bundle sheath 

cells while (mutant category 2). Mutant line G-19 and G-20 are shown in Figure 5 as an example 

for mutant category 1 and 2, respectively.   

 
Figure 5. Light microscopic images of leaf cross sections from selected EMS mutant lines 

(A) Categorization of the EMS mutant lines after LM. (B, C, and D) Leaf cross sections with representative 3° veins 
of (B) the reference line, (C) mutant line G-19 as an example for mutant category 2, and (D) mutant line G-20 as an 
example of mutant category 1. The vascular tissue in all sections is framed by a red line. Bundle sheath cells are 
indicated with an asterisk. +, increased number/size; 0, no change in number/size; ?, insufficient sample size to draw 
a conclusion; BS, bundle sheath V, vasculature. Scale bars = 25 µm. 
 



Manuscript 2    65 

 
     Although bundle sheath cell number was increased in the mutants of category 2, bundle sheath 

cell size seemed to be decreased to some extent. The low sample size of independent bundles of 

the same vein order did not allow statistically relevant measurements with respect to bundle 

sheath cell size in leaf cross sections. However, it is clear that there was more variation in the 

size of the bundle sheath cells in mutant category 2, and many bundle sheath cells seemed to be 

smaller as compared to the bundle sheath cells of the reference line (Figure 5). 

 

Ultrastructural analysis of EMS mutant line G-19 

The LM analysis of the 25 mutant lines primarily revealed changes in the bundle sheath cell 

number and the size of the vascular tissue. However, it failed to deliver insights with regard to 

cell ultrastructure such as the structure of the chloroplasts. In the reference line with the GFP 

reporter gene, the GFP is transported to the chloroplasts due to the A. thaliana RbcS transit 

peptide that was fused to the GFP gene. Consequently, changes in GFP signal in our mutant lines 

might be associated with chloroplast number, chloroplast size, or chloroplast anatomy. To this 

end, we viewed cross sections of leaves with TEM of ten mutant lines plus the reference line 

(G-10, G-13, G-14, G-16, G-18, G-19, G-20, G-22, G-23, and G-25). We only found comparable 

veins in all replicates in mutant line G-14, G-19, and G-25. A low vein density in most of our 

samples did not allow to analyze the remaining seven mutant lines, which will be sampled again 

in future work. While there were no obvious changes detectable in mutant lines G-14 and G-25 

with respect to the ultrastructure of the cells, we observed differences in mutant line G-19. This 

mutant line was selected in the primary screen because of increased reporter gene signal in the 

leaf (+84%), and the LM analysis of G-19 showed that it also possessed a larger vasculature. By 

observation with TEM, we identified more sieve tube elements, phloem parenchyma cells, and 

companion cells in mutant line G-19 as compared to equivalent vein orders in the reference line 

(Figure 6). Additionally, we detected differences in chloroplast anatomy in all chloroplast-

containing cells of the leaf. The plastids had varying degrees of thylakoid development, 

which is summarized in Figure 6. We observed many chloroplasts that were rather small and thin, 

and rarely contained any grana. However, there were also well-developed chloroplasts with many 

grana present in mutant line G-19. This variance in plastid anatomy was not only restricted to the 

cells of the bundle sheath and vasculature, but it could also be detected in the mesophyll. 

     With LM and TEM we could show that we got mutants from our EMS screen with altered 

anatomy of the bundle sheath and vasculature. Furthermore, we obtained one mutant line with 
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altered chloroplast anatomy. However, this is just a first insight and many more mutant lines still 

have to be investigated both at the level of LM and TEM.  

 
Figure 6. TEM images of mutant line G-19. 

(A) Mutant line G-19 compared to the reference line (insets). The images show the GFP signal in the whole leaf 
(A1), a whole bundle (A2), and TEM images of mostly phloem and xylem tissue (A3). (B) TEM images of six 
different and representative chloroplasts of mutant line G-19. *, sieve tube element; BS, bundle sheath; C, companion 
cell; P, phloem parenchyma; inset: reference line. Scale bars in (A) = 5 µm, in (B) = 500 nm. 
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Mapping of the EMS induced mutations 

As a proof of concept, we tried to map the genes for the first nine homozygous EMS-generated 

mutant lines that we obtained (two with the LUC and seven with the GFP reporter gene). The 

mutant lines were crossed with the appropriate non-mutagenized reference line. Since our genetic 

screen depends on a functional and reliable reporter gene expression in the bundle sheath, we 

could not perform outcrosses with a different ecotype. Nevertheless, it has been shown before 

that the use of backcross populations results in enough genetic diversity to identify the causative 

point mutation (Abe et al., 2012; James et al., 2013). Selfing of the F1 population resulted in an 

F2 generation in which the recessive mutant phenotype segregated according to Mendelian 

inheritance. We isolated, pooled, and sheared genomic DNA of about 50–60 F2 plants with the 

individual mutant phenotype. In this bulked segregate analysis, other EMS-induced point 

mutations that are close to the causable SNP as well as the causative mutation itself should be in 

linkage disequilibrium, and therefore, should not recombine. After library preparation, the 

samples were loaded and sequenced on four flow cell lanes by using the Illumina HighSeq3000 

platform along with samples from the original reporter gene lines that served as a background in 

the further analyses. 

     A SHOREmap backcross analysis revealed a clear candidate region (Allele frequency > 0.9) 

in six out of the nine mutants (Supplementary Figures 3A, 3B, and 3C). For each of these six 

lines between two and ten mutations altering the coding region or splicing sites of protein 

encoding genes could be identified. The candidate genes will be analyzed further in the future. In 

one mutant (G-43), the analysis indicated two candidate regions on different chromosomes 

containing, in total, five candidates for the causative mutation. In one mutant (L-04), no clear 

candidate region based on the allele frequencies could be identified, and in one mutant (G-42), 

no candidate for a causative mutation could be identified although a region with high allele 

frequencies was present. These unexpected results are most likely due to problems in the selection 

of mutant F2 plants.       

 

Discussion 

C4 plants exhibit a high photosynthetic capacity and an efficient use of nitrogen and water 

resources, and hence, they outcompete C3 plants especially in hot and dry environments 

(Ehleringer et al., 1997). It is of major interest to implement this superior way of photosynthesis 

into existing C3 crops, and there are already attempts under the way to integrate the C4 pathway 

into rice (http://c4rice.irri.org). To achieve this ambitious goal, several biochemical as well as 
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anatomical modifications have to be introduced into C3 plants that allow these plants to 

concentrate CO2 around RubisCO. It is assumed that anatomical preconditions such as an 

enlarged and organelle-rich bundle sheath have to be established before a CO2-concentrating 

mechanism can evolve (Sage et al., 2012). However, the genetic basis for these evolutionary 

changes remains mostly unknown.  

 

EMS mutagenesis as a tool to identify novel genes involved in bundle sheath anatomy 

In this study, we described a forward genetic mutant screen in the model plant A. thaliana based 

on the chemical mutagen EMS to identify genes that are involved in the development of bundle 

sheath cells with respect to bundle sheath cell size, bundle sheath cell number, and chloroplast 

development within the bundle sheath cells. EMS is one of the most commonly used mutagens 

for forward genetic screens because of its high efficiency to introduce mutations in the genome. 

Furthermore, it is reliable and easy to apply in Arabidopsis. Since EMS-induced SNPs are 

randomly distributed all over the plant genome, the results can be manifold. Compared to T-DNA 

insertional mutagenesis, which mostly results in complete gene knockouts, EMS mutagenesis can 

also lead to minor changes in protein activity (Kim et al., 2006; Sikora et al., 2011). Since we do 

not know whether or not the genes involved in bundle sheath anatomy are indispensable for plant 

viability, we decided to use an EMS-based genetic screen to also take non-lethal mutations of 

genes into account. 

 

A reporter gene-labeled bundle sheath—the genetic background of our EMS screen 

Since bundle sheath cells are rather small and inconspicuous in Arabidopsis, we designed a 

reporter gene line that labeled the bundle sheath in the leaf of A. thaliana. For this purpose, we 

used the promoter of the GLDPA gene of the C4 Asteracean species F. trinervia. The pGLDPAFt 

promoter is highly active in the bundle sheath and vasculature in the C3 plant Arabidopsis. We 

used LUC and sGFP reporter genes to assemble two independent reporter gene lines for the EMS-

based genetic screen (Figure 1). Both reporter genes were used in numerous forward genetic 

screens in A. thaliana before in order to label certain tissues, cells, or proteins (Chiu et al., 1996; 

Chinnusamy et al., 2002; Won et al., 2012; Zwiewka and Friml, 2012). In this study, we could 

show that the expression of both reporters clearly labeled the bundle sheath and vasculature in 

the leaves of transgenic plants (Figure 1). Thus, both lines could be used as a genetic background 

in the EMS-based mutant screens in which we used the reporter gene signal intensity as a proxy 

for alterations in bundle sheath or chloroplast anatomy. We started with both lines in parallel; 

however, we early shifted focus to the EMS screen using the GFP reporter gene, since it allowed 
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more spatial resolution and a higher throughput of the primary screen. Consequently, we obtained 

almost four times more homozygous and stable mutants with the GFP background (44) than 

mutants with the LUC background (12) (Figure 2). 

 

Most mutant lines with altered reporter gene expression also showed alterations in the 

anatomy of the bundle sheath and the vasculature 

In the primary screen we first selected for obvious changes in the reporter gene signal and 

collected plants with either increased, decreased, or diffused reporter gene activity in the leaves 

(Figure 3; Supplementary Figure 1). However, an effect on the bundle sheath anatomy remained 

unclear at this point since whole leaves and even hand-cut sections of leaves do not allow to 

reliably detect single bundle sheath cells. Nevertheless, in seven mutant lines we observed larger 

bundle sheath strands according to the reporter gene signal. We hypothesized that larger bundle 

sheath strands might be caused by either larger bundle sheath cells, increased vascular tissue with 

more surrounding bundle sheath cells, or a combination of both effects (Figure 4). In order to 

resolve this issue, it was mandatory to analyze the mutant lines in more detail with high-resolution 

LM. Since sampling and preparation for LM is quite cumbersome, we selected 25 mutant lines 

(out of 56) that covered the full scope of phenotypes that we obtained in the primary screen but 

focused on those with larger bundle sheath strands and more reporter gene activity 

(Supplementary Table 2). We sampled three biological replicates for each line and compared 

3° veins among each other with respect to changes in bundle sheath and vascular tissue. We 

identified six mutants with alterations in the anatomy of the bundle sheath and/or the vasculature 

that could be classified into two categories: (1) Enlarged vasculature and (2) enlarged vasculature 

plus more bundle sheath cells (Figure 5). Eight mutant lines did not contain enough 

comparable veins in all replicates to draw a conclusion; hence, new samples need to be analyzed 

in future work. The remaining 11 mutant lines did not show any alterations in the anatomy of the 

bundle sheath or the vasculature (Supplementary Table 2).  

     Our selection of 25 mutant lines contained seven mutants (G14–20) that were primarily 

selected because of more GFP signal and enlarged bundle sheath strands in the leaves. It is not 

surprising that these mutants contained all four mutant lines of category 2 (enlarged vasculature 

plus more bundle sheath cells) as well as both mutant lines of category 1 (enlarged vasculature). 

In general, mutants of category 2 possessed the largest bundles among all analyzed mutant lines. 

Due to the low sample size of independent and comparable veins in the replicates of each mutant 

line, we could not perform statistically relevant measurements of bundle sheath and vasculature 

area (and number) but only got a qualitative impression of obvious changes. Nevertheless, we 
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obtained four mutant lines that seemed to have more bundle sheath cells. It is unclear whether the 

increase in bundle sheath cell number is a direct effect of the mutation or rather a secondary effect 

in response to increased vascular tissue. Additionally, bundle sheath cell size seemed to be 

reduced in these plants. In this respect, it would be worthwhile to analyze single-cell isolates in 

order to get quantitative data. Furthermore, this would allow quantification of plastid number and 

provide information on the photosynthetic capacity of the bundle sheath. However, many mutants 

(including G-19 and G-20 that are shown in Figure 5) showed a strong growth reduction 

(Supplementary Figure 2). We also observed slightly pale leaves in some mutant lines (G-10, 

G-16, and G-19), which certainly should negatively affect photosynthetic capacity. To get a 

closer look at chloroplast morphology, we prepared samples of ten mutant lines for TEM, of 

which we could analyze three lines so far (G-14, G-19, and G-25). It turned out that mutant line 

G-19 indeed contained alterations in chloroplast anatomy. We observed varying degrees of 

thylakoid development in all chloroplast-containing cells. This is in opposition to the cell 

patterning effect that only applied to the cells of the vasculature in this mutant. Chloroplasts were 

of varying sizes and shapes in G-19 and a considerable proportion was rather small and nearly 

grana-less, which should affect photosynthesis in the leaves. It would also be consistent with the 

slightly pale leaf structure and growth retardation of the mutant (Supplementary Figure 2). 

However, it remains puzzling how both individual phenotypes can be explained by a mutation of 

one single gene.  

 

Mapping of EMS-induced mutations in our mutant lines resulted in a manageable number 

of candidate genes  

Forward genetic screens result in many interesting mutant lines; however, it is tedious to map the 

mutated genes. As a proof of concept, we tried to isolate the genes for the first nine homozygous 

mutant lines that we obtained in the EMS screens. To map the EMS-induced causable SNPs, we 

had to create mapping populations. Since the detection of our mutant lines mainly depended on 

the activity of the reporter gene signal, we could not perform outcrosses with other Arabidopsis 

ecotypes as it is typically performed (Mokry et al., 2011; Hartwig et al., 2012). Nevertheless, 

there are reports of using backcross populations and thereby using EMS-induced SNPs as genetic 

markers to map the genes (Abe et al., 2012; James et al., 2013). We could show that in six out of 

nine mutant lines in which we have sequenced BCF2 backcross populations, a candidate region 

could be identified with 2–15 candidate genes each (Supplementary Figures 3A, 3B, and 3C). 

One mutant line resulted in two candidate regions, and in two lines we did not obtain any 

candidate genes. However, we demonstrated that using backcross populations to map 
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EMS-induced SNPs resulted in candidate regions in seven out of nine samples. Obviously, the 

specific mutated gene with the causative mutation still needs to be identified in each mutant line. 

To address this issue, one first could try to narrow down the list of candidate genes by predicted 

gene functions and use T-DNA knockout lines or CRISPR/Cas9 approaches to analyze the 

candidates. We recently started with the analysis of the genes for the seven mutant lines with 

clear candidate regions. 

     To conclude, we could show that our forward genetic EMS screen using Arabidopsis bundle 

sheath-labeled reporter gene lines allowed the identification of mutants with more bundle sheath 

cells and mutants with more vascular tissue. Additionally, we identified one mutant line with 

altered chloroplast anatomy. In how far the information on the genes that still have to be mapped 

can be used in the context of C4 engineering remains unclear. Nevertheless, we established a 

forward genetic screen in Arabidopsis thaliana, which successfully identifies mutants with 

altered bundle sheath cells and chloroplasts. 
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Supplementary Table 1. Oligonucleotides used in this study.  

F, forward primer; R, reverse primer 

Primer    Sequence (5’  3’)     Orientation 

pGLDPA-Ft-F   TACTCCTCTCAACTTTCAA    F 

pGLDPA-Ft-R   AGTGTAAGATGGGGTCTAA    R 

pGLDPA-Ft+AttB1  GGGGACAAGTTTGTACAAAAAAGCAGGCT  F 

TACTCCTCTCAACTTTCAA             

pGLDPA-Ft+AttB2  GGGGACCACTTTGTACAAGAAAGCTGGGT  R 

AGTGTAAGATGGGGTCTAA 

pGLDPA-Ft+HindIII  ATAAGCTTTACTCCTCTCAACTTTCAA  F 

pGLDPA-Ft+BamHI  ATGGATCCGTGTAAGATGGGGTCTAA  R 

RbcS.TP+BamHI   AAGGATCCATGGCTTCCTCTATGCTC   F 

RbcS.TP+EcoRI   AAGAATTCTTCGGAATCGGTAAGGTC  R 

sGFP+EcoRI   ATGAATTCATGGTGAGCAAGGGCGAG  F 

sGFP+SacI   ATGAGCTCTTACTTGTACAGCTCGTC   R 

pGLDT-Ft+PvuI   CGATCGTCGACCCGTAAATAGGTCAA  F 

pGLDT-Ft+AscI   GGCGCGCCGTGTGCTTTATTCTTTAGAAAC  R 
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Supplementary Table 2. Characterization of the 25 selected mutant lines after LM. 

Overview of all the 25 mutant lines that were analyzed with high-resolution LM and compared to the non-
mutagenized reference line. Each mutant line was checked for GFP signal in the leaves, the number of bundle sheath 
cells, and the overall size of the vascular tissue. +, more signal/number/size; ++, more signal and enlarged bundles; 
0, no change in signal/number/size; -, less signal/number/size; ?, insufficient sample size to draw a conclusion; 
diffuse, reporter gene signal also detectable in the mesophyll; BSC, bundle sheath cell; V, vascular tissue. 
 

Mutant Nr. GFP signal
BSC  

Number
V          

Total size

1 ? ?

2 0 0

3 0 0

4 0 0

5 0 0

6 ? ?

7 0 0

8 ? ?

9 0 0

10 ? ?

11  0 0

12 ? ?

13 ? ?

14 + +

15 + 0

16 ?  ? 

17 + +

18

19 + 0

20 + +

21 0 0

22 0 0

23  0  0 
24 diffuse ? ?
25 diffuse 0 0
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Supplementary Figure 1. Relative reporter gene signal intensity of all 56 EMS mutant lines. 

The relative signal intensity of all 56 mutant lines (44 GFP, 12 LUC) was compared to the appropriate reference 
line. The reporter gene signal was measured in whole leaves of 14–17-day-old plants and normalized to the leaf area. 
At least 50 plants per mutant line were analyzed. 
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Supplementary Figure 2. Growth of the ten mutants that were analyzed by TEM. 

Overview of the ten mutant lines that were analyzed by TEM plus the reference line (Ref). All the plants were 28 
days old. 
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Supplementary Figure 3A. Allelic frequencies for mutant lines L-01, L-02, and L-03. 

Allelic frequencies (AF) for all SNPs resolved using the LUC or GFP reporter gene line parent and BCF2 mutant 
whole genome sequence data. Genes containing a non-synonymous SNP with AF>0.9 were considered as candidate 
genes, and genomic regions with AF>0.9 are highlighted in the diagrams.  
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Supplementary Figure 3B. Allelic frequencies for mutant lines L-04, G-21, and G-32. 

Allelic frequencies (AF) for all SNPs resolved using the LUC or GFP reporter gene line parent and BCF2 mutant 
whole genome sequence data. Genes containing a non-synonymous SNP with AF>0.9 were considered as candidate 
genes, and genomic regions with AF>0.9 are highlighted in the diagrams.  
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Supplementary Figure 3C. Allelic frequencies for mutant lines G-35, G-42, and G-43. 

Allelic frequencies (AF) for all SNPs resolved using the LUC or GFP reporter gene line parent and BCF2 mutant 
whole genome sequence data. Genes containing a non-synonymous SNP with AF>0.9 were considered as candidate 
genes, and genomic regions with AF>0.9 are highlighted in the diagrams.  
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Altered expression of BSOM2, a gene coding for an ABA efflux transporter, results in increased 

bundle sheath and vascular tissue in the leaf of Arabidopsis thaliana 
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Introduction 

Kranz anatomy is a key feature of most C4 plants. It describes the concentric formation of two 

different tissues: the bundle sheath and the mesophyll. One layer of compactly arranged bundle 

sheath cells surrounds the vasculature in a wreath-like mode and is itself enclosed by mesophyll 

cells that are located toward the outer face of the leaf. This special arrangement of both cell types 

is the basis for a functional CO2-concentrating mechanism (CCM) in C4 plants. CCMs lead to 

increased CO2 concentrations around the RubisCO enzyme, which is exclusively located in the 

bundle sheath of plants operating a dual-celled C4 photosynthesis. Since the primary fixation of 

atmospheric carbon is spatially separated from the secondary fixation of CO2 by RubisCO, 

photorespiration is efficiently repressed in C4 plants (Von Caemmerer and Furbank, 2003; 

Furbank, 2011). 

     Most reactions of C4 photosynthesis take place in the bundle sheath, while the mesophyll 

mostly functions in primary fixation of atmospheric CO2 by the action of phosphoenolpyruvate 

carboxylase (PEPC). Nevertheless, the cumulative volume of the bundle sheath relative to the 

mesophyll always seems to be within a certain range in C4 plants (Dengler et al., 1994; Muhaidat 

et al., 2007). In an optimal C4 plant, almost all the bundle sheath cells are in contact with a 

mesophyll cell and they are intimately connected to each other due to multiple plasmodesmata 

(Dengler and Nelson, 1999). This illustrates how closely these two cell types are interlinked and 

mutually dependent in C4 plants. 

     In C3 plants, both cell types are photosynthetically active; however, bundle sheath cells are 

small and contain only a few chloroplasts. Since CO2 refixation rates directly depend on the 

number of chloroplasts and hence the amount of RubisCO within the cell type designated for this 

function, bundle sheath cells tend to be large in C4, which allows for more accommodation of 

chloroplasts (Black and Mollenhauer, 1971; Muhaidat et al., 2011; Lundgren et al., 2014). 

Additionally, a larger bundle sheath might also provide better protection against cavitation in hot 

and arid environments (Sage, 2001b; Griffiths et al., 2013; Lundgren et al., 2014). It has been 

shown that the number of chloroplasts in the mesophyll is reduced during C4 evolution resulting 

in lower chloroplast coverage in mesophyll cells (Stata et al., 2014). With respect to C4 

engineering, it is therefore of great importance to have control over mesophyll and bundle sheath 

chloroplast characteristics in a cell-specific manner. However, the genetic situation has remained 

mainly unclear so far. Studies in maize showed that the GOLDEN2-LIKE (GLK) transcription 

factors GLK1 and GLK2 play an important role in bundle sheath chloroplast development. While 

in Arabidopsis thaliana, the GLK proteins mostly act redundantly and show no cell-specificity, 

it became apparent that in maize, GOLDEN2 specifically affects chloroplast development in the 
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bundle sheath. Accordingly, GOLDEN2 is only expressed in bundle sheath cells in maize, while 

its homologue ZmGLK1 is more abundant in mesophyll cells (Rossini et al., 2001; Waters et al., 

2008; Waters and Langdale, 2009). Therefore, one can conclude that the GLK proteins seem to 

have essential functions in the gene regulation of bundle sheath/mesophyll differentiation.  

     Nevertheless, more information is needed about genes that are associated with the 

development of bundle sheath cells and bundle sheath chloroplasts, genes that could be 

manipulated in order to introduce C4 anatomy into C3 plants. Many properties that define C4 

anatomy are already present in at least some C3 plants, but all the characteristics need to be 

assembled at one place to provide a framework for the introduction of the C4 cycle. In addition, 

no C3 plants have been known so far to supply a high concentration of chloroplasts in bundle 

sheath cells, something that seems to be specific to C4 plants and partly also to C2 plants with 

C3-C4 intermediate photosynthesis (Lundgren et al., 2014).  

     In this study, we used a forward genetic activation tagging approach to identify novel genes 

for bundle sheath ontogeny and maintenance (BSOM genes) in A. thaliana. Studies with the 

pGLDPAFt promoter (glycine decarboxylase P gene of Flaveria trinervia), a promoter that is 

highly active in the bundle sheath and vasculature in F. trinervia, revealed that the expression 

specificity was maintained in the Brassicacean C3 species A. thaliana (Engelmann et al., 2008). 

Assuming that gene-regulatory systems of the bundle sheath have been at least partly conserved 

during evolution, it indicates that some kind of cryptic Kranz anatomy is already present in C3 

species, and that the bundle sheath is an evolutionary ancient invention in angiosperms (Westhoff 

and Gowik, 2010). For this reason, we think that BSOM genes discovered in Arabidopsis by 

forward genetics might be useful to activate the bundle sheath in other C3 plants. Since bundle 

sheath cells are only detectable under microscopic examination, we used an Arabidopsis reporter 

line with labeled bundle sheath cells that was previously described by Döring et al. (2017, 

unpublished; Manuscript 2). 
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Material and Methods 

Plant material 

The activation tagging screen was performed with Arabidopsis thaliana (Ecotype Columbia). 

Since bundle sheath cells are small in Arabidopsis, and it is a tedious task to identify them 

microscopically in cross sections, we used a reporter gene line that expresses a chloroplast 

targeted variant of the green fluorescent protein (GFP) in the bundle sheath and vasculature of 

A. thaliana leaves. This reporter gene line—here referred to as reference line—has a stable 

T-DNA insertion of pGLDPAFt::RbcS.TP-sGFP. It was previously described by Döring et al. 

(2017, unpublished; Manuscript 2) and is used here as a genetic background for the activation 

tagging screen. The seeds were surface-sterilized with a chloric solution (20% Dan Klorix 

[Colgate-Palmolive, Hamburg, Germany], 0.02% Triton X-100) and incubated at 4 °C for at least 

48 h. Subsequently, they were sown on soil in large flats (Floraton 1, Floragard, Oldenburg, 

Germany) or in petri dishes with ½ Murashige and Skoog (MS)-medium containing 0.6% agar 

and 1% sucrose. All plants were grown either in our greenhouse with supplementary light for 

14 h per day at a photon flux density (PFD) of ~300 μmol m−2 s−1 or in climate chambers with 

16 h light/8 h of darkness periods (~60 µmol m-2 s-1) and a constant temperature of 21–22 °C. 

Mutant seeds of SALK line SALK_144096 were obtained from the Arabidopsis Biological 

Resource Center (ABRC). 

 

Construction of the activation tagging construct 

The 3.2 kb long region upstream of the GLDT gene of Flaveria trinervia was amplified by PCR 

with primers that add SacI and PmeI restriction sites to the distal and the proximal parts of the 

promoter, respectively. This fragment was cut with both enzymes and cloned into the Gateway 

vector pMDC123 (Curtis and Grossniklaus, 2003), previously digested with SacI and PmeI. 

Consequently, the complete Gateway cassette of pMDC123 was removed and replaced by the 

promoter region with the proximal part of the promoter adjacent to the LB of the T-DNA. The 

resulting vector pMDC123-pGLDTFt(Ac.T.) was transformed into Agrobacterium tumefaciens 

strain AGL1 by electroporation (Lazo et al., 1991). Transgenic Arabidopsis plants were generated 

according to Zhang et al. (2006) by the floral dip method. M1 plants were directly sown on soil 

in large flats in the greenhouse. 
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Activation tagging screen and quantification of GFP signal 

Approximately 10,000–20,000 seeds of the M1 generation were sown on each flat 

(45 cm x 25 cm). At three different time points (1, 5, and 10 days after sowing), the flats were 

watered with a PPT solution containing 80 mg/l glufosinate-ammonium (Bayer Agrar, 

Germany) and 0.1% Tween 20. Only transformants with an intact BAR resistance gene that 

provides resistance to the herbicide PPT survived. Each transformant (M1 generation) was 

individually screened for increased or decreased GFP signal in the leaves. Therefore, the first leaf 

pair of 14–17-day-old plants was analyzed with a fluorescence microscope (Axio Imager M2m, 

Zeiss, Oberkochen, Germany). The total GFP signal per leaf was quantified and normalized to 

leaf area with ImageJ (Collins, 2007) and only mutant lines with at least 30% stronger or weaker 

signals compared to the non-mutagenized reference line were selected and further analyzed in the 

M2 generation. Here, we again checked for the aberrant phenotype and its segregation. Stable 

and non-segregating mutant lines were selected in M3 and M4. 

 

Localization of the T-DNA insertion 

The flanking regions of the T-DNA containing the activation tag in our BSOM2 mutant line were 

cloned with Thermal Asymmetric Interlaced PCR (TAIL-PCR). For this purpose, genomic DNA 

was extracted according to Edwards et al. (1991) and used as a template in the PCR reactions. 

The PCR reactions were performed as described by Liu and Whittier (1995). We used three 

different nested primers for both LB and RB and a set of nine independent arbitrary degenerated 

primers (AD1–9). The PCR products were sequenced and the results were blasted against the 

A. thaliana genome to identify the T-DNA insertion. The results were confirmed with appropriate 

primers matching to the T-DNA LB or RB and the adjacent genomic sequences.   

 

Reconstruction of the BSOM2 mutant phenotype by overexpression of BSOM2 with 

pGLDTFt and p(2x35S) 

The pAUL1 Gateway vector (Lyska et al., 2013) was used to create the pGLDTFt overexpression 

construct. The pGLDTFt sequence was amplified from genomic DNA of F. trinervia by PCR, and 

PvuI and AscI restriction sites were added to the distal and proximal parts of the promoter, 

respectively. The PCR product as well as pAUL1 were digested with PvuI + AscI, and 

subsequently ligated to result in pAUL1-pGLDTFt. The coding region of BSOM2 (AT5G52050) 

was amplified by PCR with specific primers that added Gateway compatible attB sites to the 

product. The attB-flanked PCR products were recombined into pDONRTM221 (Invitrogen) and 
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subsequently introduced into pAUL1-pGLDTFt, which resulted in pAUL1-pGLDTFt::BSOM2. As 

a feature of pAUL1, the coding region of BSOM2 was fused with its N-terminal side to a 3xHA 

tag. For the assembly of the p(2x35S)::BSOM2 construct, the attB-flanked PCR product of 

BSOM2 was used again, and recombined with the Gateway vector pMDC32 (Curtis and 

Grossniklaus, 2003), resulting in pMDC32-p(2x35S)::BSOM2. All the constructs were verified 

by DNA sequencing.  

 

Expression analysis of BSOM2 with quantitative real-time PCR (qPCR) 

The total RNA was isolated with the RNeasy Mini Kit (Qiagen, Hilden, Germany) from leaves 

of 21-day-old plants of the reference line and homozygote T3 lines containing either 

pGLDTFt::BSOM2 or p(2x35S)::BSOM2. The RNA was transcribed into cDNA with the 

QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). The purity and integrity of the 

total RNA and the cDNA were verified spectroscopically with a NanoDrop ND-1000 and by 

agarose gel electrophoresis. The quantitative real-time PCR (qRT-PCR) followed standard 

procedures and was performed with an ABI7500 fast Real Time PCR system. The primers were 

designed to target the CDS of the genes, and to create amplicons of 110–120 bp length. Agarose 

gel electrophoresis and melting curve analysis served to verify the specificity of the PCRs. 

 

Microscopic imaging 

All the steps for sampling and preparation for light microscopy (LM) were performed as 

described by Akhani and Khoshravesh (2013). We sampled the fully expanded 2nd leaf pair of 

four-week-old A. thaliana plants. For this purpose, we cut off the edges of the leaf and fragmented 

it into 1–2 mm2 small sections, which were immediately fixed with a fixative (1% glutaraldehyde, 

1% paraformaldehyde, 0.1 M sodium cacodylate). All the samples were post-fixed with OsO4 

followed by a series of ethanol dehydrations and Araldite resin infiltration and embedding. The 

embedded tissue blocks were trimmed with a trimming microtome, and sections with a thickness 

of 1.5–2 micron were obtained by the use of a microtome (Microm HM 330 Microtome). All the 

sections were subsequently stained with toluidine blue for light microscopy.  
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Results 

The activation tagging screen resulted in eight stable mutant lines with altered GFP signal 

in the bundles 

The reference line, which was previously described by Döring et al. (2017, unpublished; 

Manuscript 2), was used as a genetic background in the activation tagging screen and it allowed 

for an efficient identification of the bundle sheath in Arabidopsis leaves. A chloroplast transit 

peptide attached to the sGFP gene made it possible to detect chloroplasts within the cells of the 

bundle sheath and vasculature (Figure 1). 

 

 

Figure 1. The Arabidopsis reporter gene line with GFP-labeled bundle sheath cells. 

(A) The reporter gene construct in the reference line. A chloroplast-targeted sGFP is under the control of the 
pGLDPAFt promoter region of the C4 dicot F. trinervia. (B) Fluorescence imaging in leaves of the reference line, 
showing the whole leaf (a) and cross sections (b and c). Arrowheads indicate single chloroplasts. Source: Adapted 
from Döring et al. (2017, unpublished; Manuscript 2). 

 

     About 2500–3000 plants of the reference line were transformed with the activation tag. It 

contained the pGLDTFt promoter of the Asteraceaen C4 species F. trinervia, which, like the 

pGLDPAFt promoter, only shows expression in the bundle sheath and vasculature of the C3 

Brassicacean species A. thaliana. To easily screen for transformants, the T-DNA also contained 

a BAR gene that provides resistance to the herbicide Phosphinothricin (PPT) (Figure 2A). The 

complete activation tag was introduced into the plant genome of the reference line by 

Agrobacterium-mediated transformation. The M1 seeds of these plants were grown on soil in 

large flats, which were inoculated with PPT solution. Each transformant was screened 

individually for differences in reporter gene activity in the first leaf pair. The intensity of the GFP 

fluorescence signal was quantified with ImageJ and normalized to the total leaf area for the 



Manuscript 3    90 

 
mutants with an obvious disparity in reporter gene signal. The mutants with less than 30% 

difference in reporter gene activity relative to the reference line were discarded. This resulted in 

175 primary mutants that were analyzed once again in the following M2 and M3 generations to 

check the stability and segregation of the aberrant phenotypes. It turned out that the majority of 

the collected M1 mutant lines (167/173) did not show the specific change in reporter gene activity 

in the following generations. Nevertheless, the activation tagging screen resulted in eight mutant 

lines, in which the aberrant phenotypes could be confirmed in the M2 and M3 generations, and 

in which there was at least 30% difference in the reporter gene signal (Figure 2B + 3).  

 
Figure 2. Workflow of the activation tagging screen. 

(A) The activation tag containing the pGLDTFt promoter and a BAR resistance gene to the herbicide PPT. 
(B) Workflow of the activation tagging screen. 
 

We checked the segregation of the T-DNA in all the mutant lines. It is known that 

Agrobacterium-mediated transformation often leads to multiple insertions of the T-DNA  in the 

genome, which makes the mapping of the T-DNA with PCR-based methods more difficult 

(Castle et al., 1993). Ideally, if there is only one T-DNA insertion per M1 line that causes the 

phenotype, we should observe a Mendelian segregation ratio of 3:1 in the M2 generation resulting 

in ¼ plants without PPT resistance. We observed this in five mutant lines (AT-1, AT-3, AT-4, 

AT-7, and AT-8), whereas two M1 mutant lines (AT-5 and AT-6) segregated at least 9:1 in M2, 

thus possibly having multiple insertions of the T-DNA in the genome. Mutant line AT-2 did not 
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produce enough seeds to calculate the segregation of the T-DNA insertion. Seven mutant lines 

possessed a stronger GFP signal in the bundles (varying from +32% to +100%), while only one 

had less signal (-33%) in this compartment (Figure 3). Additionally, we also measured the width 

of whole bundle sheath strands. For this purpose, we used the first leaf pair of 17-day-old plants 

and analyzed the 3° veins at comparable positions. The distance from one end of the bundle sheath 

strand to the other end was measured with the software Zen 2012–blue edition (Zeiss, 

Oberkochen, Germany) in the leaves of 50 plants of each mutant line. 
 

 

Figure 3. Overview of the eight stable activation tagging mutant lines. 

(A) Fluorescence images of whole leaves of all activation tagging mutant lines (AT-1–8) and the reference line (Ref). 
(B) Relative changed of the GFP signal and width of bundle sheath strands in whole leaves of the activation tagging 
mutant lines compared to the reference line. BS, bundle sheath. 
 

     The only significant difference (p < 0.05) between mutant line and reference line was detected 

for the mutant line AT-2 in which the width of bundle sheath strands was enlarged by 34%. 

Interestingly, AT-2 also had the highest reporter gene expression among all the activation tagging 

mutants. Our forward genetic screen aimed to find the genes that activate the bundle sheath, and 
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hence, we chose to focus on the AT-2 mutant, which, in this regard, indicated the highest potential 

for an interesting candidate gene. 

 

Mutant line AT-2 (BSOM2) possessed more bundle sheath cells and enlarged vascular tissue 

The difference between the mutant line AT-2 and the reference line was not only restricted to the 

reporter gene signal and the width of bundle sheath strands, but also included the general growth 

of the plant. Firstly, the rosette leaves of the mutant were considerably smaller at every stage of 

plant growth (Figure 4A). Secondly, the mutant started flowering approximately eight days 

before the reference line under the given growth conditions, and thirdly, the siliques remained 

almost exclusively empty. Nevertheless, we were able to identify the T-DNA insertion containing 

the activation tag by Thermal Asymmetric Interlaced PCR (TAIL-PCR). TAIL-PCR helps to 

analyze unknown DNA fragments that are adjacent to known sequences. We used a mix of 

specific primers to the right border of the T-DNA and arbitrary degenerated primers that bind to 

the genomic DNA at many positions. After two following nested PCR reactions, we could 

amplify specific PCR products that were sequenced and mapped to the Arabidopsis genome. We 

found the T-DNA insertion on the long arm of chromosome five, 800 bp in front of the gene 

AT5G52050 (Figure 4D; results for AT-1 and AT-3 are shown in Supplementary Figure 1). The 

pGLDTFt promoter, as part of the T-DNA sequence, was inserted in 5’ 3’-orientation according 

to the gene AT5G52050. There were no other genes within 5.4 kb upstream of the T-DNA 

insertion, and the first annotated sequence downstream was the retrotransposon AT5G52055 

(distance of 7.3 kb). The insertion site was validated on both sides of the T-DNA by PCR with 

primer pairs binding in the flanking genomic region and in the distal or proximal ends of the 

T-DNA. The candidate gene AT5G52050 is termed BSOM2 as it emanates from the activation 

tagging mutant line AT-2 and follows the designated nomenclature of BSOM genes (bundle 

sheath ontogeny and maintenance) genes. BSOM2 has already been described by a Chinese group 

(Zhang et al., 2014). They found out that it is a member of the DTX/Multidrug and Toxic 

Compound Extrusion (MATE) family and functions as an abscisic acid (ABA) efflux transporter. 

Promoter-GUS (β-glucuronidase) fusions indicated expression of the gene mainly in the vascular 

tissue. They could also show that the complete knockout of BSOM2 by T-DNA resulted in growth 

retardation and ABA hypersensitivity (Zhang et al., 2014). Surprisingly, the growth of the bsom2 

mutant strongly resembled the growth of our original BSOM2 mutant line (AT-2), in which we 

assumed an overexpression of BSOM2 in the bundle sheath and vasculature. To verify this, we 

overexpressed BSOM2 with the pGLDTFt promoter in the reference line and compared it to the 

original mutant. 
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Figure 4. Characteristics of the BSOM2 mutant line (AT-2).  

(A) Plant growth and GFP signal in the BSOM2 mutant line compared to the reference line. The mutant is smaller 
and flowers earlier than the reference line (a and b). Fluorescence images of whole leaves show a strongly increased 
GFP signal in the mutant leaf (c and d). Additionally, the width of bundle sheath strands is enlarged in the mutant 
line (e and f). (B) The full-grown BSOM2 mutant line. (C) Relative signal intensity and width of bundle sheath 
strands in single leaves of the mutant line compared to the reference line. (D) Localization of the T-DNA insertion 
in the BSOM2 mutant line. The activation tag is inserted on the long arm of chromosome five in front of the gene 
AT5G52050. AT5G52055 represents a retrotransposon. A close-up view of the T-DNA insertion shows that 
pGLDTFt is inserted in the same orientation as the following gene AT5G52050. The distance between the proximal 
part of the promoter and the ATG of the gene is 800 bp. 
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The BSOM2 mutant phenotype can be reconstructed   

To confirm that the insertion of the pGLDTFt promoter in front of AT5G52050 (BSOM2) was the 

causative event for the aberrant phenotype in the AT-2 mutant line, we tried to reconstruct the 

event by fusing the pGLDTFt promoter to the coding region of the BSOM2 gene. Additionally, 

we made one construct using the p(2x35S) promoter with no tissue-specificity. Both the 

constructs were stably transformed into the reference line and the transformants were checked 

via PCR for T-DNA insertion. Positive lines were screened for the BSOM2 phenotype, in 

particular for more GFP signal and enlarged bundle sheath strands. More than 75% of the 

analyzed transformants possessed the characteristics of the BSOM2 mutant (Figure 5). 

Homozygous lines with only one T-DNA copy were isolated in the T2 generation. The qPCR 

analysis of these lines showed that BSOM2 mRNA levels indeed increased in the leaves of both 

the p(2x35S) and the pGLDTFt overexpression lines by 80% and 240%, respectively (Figure 5C). 
 

 

Figure 5. Reconstruction of the BSOM2 mutant phenotype.  

(A) The design of the constructs to overexpress the BSOM2 gene with pGLDTFt or p(2x35S) (B) Images of whole 
leaves and 28-day-old plants of the reference line (a and d), the pGLDTFt::BSOM2 overexpression line (b and e), and 
the p(2x35S)::BSOM2 overexpression line (c and f). The overexpression of the BSOM2 gene with both pGLDTFt and 
p(2x35S) resulted in retarded growth of the plant (e and f) as well as steeply increased GFP signal in the bundle 
sheath strands of the leaves (b and c). (C) The relative mRNA expression levels of the BSOM2 gene in the pGLDTFt 
and the p(2x35S) overexpression line. (D) Western blot analysis of the BSOM2 protein in membrane fractions 
isolated of leaves from the reference line and the pGLDTFt::BSOM2 line. 
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Western blot analysis was carried out using antibodies against the HA-epitope with protein 

extracts of the pGLDTFt::BSOM2 overexpression line and the reference line. While there was no 

recombinant protein detectable in the reference line, we observed accumulation of the protein in 

the overexpression line underlying the results of the qPCR at the protein level. From these 

experiments, we can conclude that it is possible to reconstruct the aberrant phenotype of 

activation tagging line AT-2 by overexpressing BSOM2 either in the bundle sheath and 

vasculature or in all cell types. Hence, we could confirm that we had identified the right candidate 

gene. 

 

Microscopic characterization of BSOM2 overexpression and knockout lines revealed 

alterations in bundle sheath and vascular tissue anatomy 

We could reconstruct all properties of the original BSOM2 mutant by overexpressing the BSOM2 

gene with the pGLDTFt promoter that we had used for the activation tagging screen. These 

characteristics included more GFP signal in the bundle sheath strands, larger bundles, impaired 

plant growth, early flowering, and steeply reduced seed production. However, the specific effect 

on bundle sheath cell anatomy has remained unclear so far. To address this question, we prepared 

sections for high-resolution light microscopy (LM) of the reference line, the homozygous T3 

plants of the pGLDTFt::BSOM2 overexpression line, and the available homozygous T-DNA 

knockout line (SALK_144096), hereinafter referred to as bsom2. The T-DNA insertion in the 

only exon of BSOM2 in bsom2 was confirmed beforehand by PCR, and a homozygous line was 

used to prepare samples for LM of the knockout mutant bsom2. While sampling three biological 

replicates of each line, it turned out that the replicates hardly contained any comparable veins of 

the same vein order. Nonetheless, we found well developed 3° veins in at least one replicate of 

each sample (reference line, pGLDTFt::BSOM2, and bsom2) that we could compare against one 

another (Figure 6). It could be shown that the anatomy of the bundle sheath strands was 

tremendously affected in both the BSOM2 overexpression line and the knockout line bsom2. The 

overexpression of the BSOM2 gene led to a massive increase in vascular tissue, whereby the cells 

of both phloem and xylem increased in number as compared to the reference line (Figure 6). 

Additionally, we observed more bundle sheath cells surrounding the vasculature, which might be 

a logical consequence, since there were no gaps detectable in the rows of bundle sheath cells 

around the vasculature. Furthermore, the bundle sheath cells in the overexpression line appeared 

to be slightly smaller compared to the reference line. Although the sample size of the independent 

bundles of the same vein order was too low to perform statistically relevant measurements, it 

seemed obvious that the overall area of bundle sheath tissue largely increased in the BSOM2 
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overexpression line. Surprisingly, a very similar phenotype could be observed in the knockout 

line bsom2 in which both the size of the vasculature and the total bundle sheath tissue increased 

as well; however, not to the same extent as in the overexpression line (Figure 6). While it seemed 

that the bundle sheath cell number was comparable between pGLDTFt::BSOM2 and bsom2, the 

bundle sheath cell size tended to be smaller in the knockout line. The cross sections of bsom2 

indicated large gaps in the mesophyll, both in palisade and spongy parenchyma. However, this 

phenomenon is most likely due to issues during the embedding process of the leaf samples as it 

could be also observed in some samples of the reference line. To conclude, it seems that both the 

overexpression and the knockout of the BSOM2 gene result in a similar phenotype in which the 

bundle sheath cell number is increased and the vasculature is enlarged.  

 

Figure 6. Analysis of bundle sheath strands in BSOM2 overexpression/knockout lines. 

(A) The vein order of a young Arabidopsis leaf showing 1°, 2°, and 3° veins. Leaf cross sections of (B) the reference 
line, (C) the BSOM2 overexpression line, and (D) the T-DNA knockout line bsom2. Each sample shows a 
representative 3° vein. Bundle sheath cells are indicated with an asterisk. The complete vascular tissue is framed by 
a red line. MC, mesophyll cell. Scale bars = 25 µm. 
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Discussion 

We wanted to find genes involved in the activation of the bundle sheath by using an activation 

tagging approach. Döring et al. (2017, unpublished; Manuscript 2) described a similar approach 

in which they used the chemical mutagen ethyl methanesulfonate (EMS) to introduce single-

nucleotide polymorphisms (SNPs) randomly in the genome of A. thaliana. EMS-based genetic 

screens benefit from high mutation frequencies, often resulting in large number of mutant lines, 

but they might not cover all genes in the process of interest. Redundant genes, for example, will 

probably not show any phenotype when knocked out or knocked down. Additionally, it is still 

tedious to reliably link the phenotype to a genotype in EMS mutant lines. In this study, we 

described a forward genetic screen based on the random insertion of the pGLDTFt promoter into 

the genome of an Arabidopsis reporter line with labeled bundle sheath cells that was previously 

described by Döring et al. (2017, unpublished; Manuscript 2).  

 

Activation tagging with the pGLDTFt promoter discovered a mutant with more bundle 

sheath cells 

The random insertion of enhancers or promoters via T-DNA was first described by Hayashi et al. 

(1992), and became known as activation tagging. Activation tagging screens are a powerful tool 

in forward genetics since they also reveal genes that cannot be found by the classical knockout 

and knockdown approaches. Depending on the insertion of the T-DNA in the genome, the result 

can be manifold. Beside up-regulation or ectopic activation of neighbored genes, T-DNA 

insertion might also lead to classical gene knockouts. One of the most used sequences for the 

activation tag is the enhancer element from the constitutively active promoter of the cauliflower 

mosaic virus (CaMV) 35S gene that has been used in numerous studies in A. thaliana (Hayashi 

et al., 1992; Weigel et al., 2000; Tani et al., 2004; Pogorelko et al., 2008). Enhancers can facilitate 

the transcriptional activation of nearby genes. However, it has also been shown that insulator 

sequences in the genome can negatively affect adjacent enhancers or silencers (Chung et al., 

1993; Weigel et al., 2000). Additionally, promoter selectivity of endogenous promoters can 

hinder CaMV 35S enhancers to activate genes (Ohtsuki et al., 1998).  

     In the context of a genetic screen that aims to find mutants with alterations in bundle sheath 

anatomy, we decided to use a promoter that is highly active in the bundle sheath cells of 

A. thaliana. The genomic region of 3.2 kb upstream of the GLDT gene in F. trinervia was shown 

to be sufficient for a strong gene expression in the bundle sheath and vasculature in both 

F. trinervia and A. thaliana (Emmerling, 2017; unpublished). We transformed the pGLDTFt 
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promoter via T-DNA into the reference line and screened M1 plants for aberrant reporter gene 

signal. 175 plants with at least 30% increased or decreased GFP signals in the leaves were isolated 

and tested in following generations for stability of the phenotype, which eventually resulted in 

eight homozygous mutant lines with stable aberrant reporter gene activity in the leaves. We 

localized the T-DNA insertion in three mutants (Figure 4; Supplementary Figure 1). By analyzing 

one mutant line (AT-2) in more detail with high-resolution light microscopy, we could 

show that it is possible to obtain mutants from this screen with altered bundle sheath anatomy. 

Thus, the activation tagging approach of using the full-length pGLDTFt promoter can be 

considered as a success.  

 

BSOM2—an ABA efflux transporter  

Our BSOM2 mutant line was characterized by increased reporter gene activity and larger bundle 

sheath strands, which were the two main criteria we used as a proxy in the primary screen. By 

the selective overexpression of the BSOM2 gene in the bundle sheath and vasculature of the 

reference line, we were able to reconstruct the aberrant phenotype. This made us to conclude that 

it was solely the overexpression of the BSOM2 gene that caused larger bundle sheath strands and 

stronger GFP signal in our mutant (Figure 5). The BSOM2 protein has been already described as 

an ABA efflux transporter in A. thaliana that is localized to the plasma membrane and functions 

in the export of ABA from the cytosol to the outside of a cell (Zhang et al., 2014). Zhang et al. 

(2014) could show that transcription of the BSOM2 gene took place mainly in the vasculature and 

to some extent in the guard cells, which was in accordance with the fact that most ABA 

biosynthesis enzymes are localized in vascular parenchyma cells (Koiwai et al., 2004; Endo et 

al., 2008). In this context, these studies might explain the obvious impact on the vasculature in 

both the BSOM2 overexpression line and the bsom2 knockout mutant (Figure 6). We observed a 

massive increase in leaf vascular tissue in the pGLDTFt::BSOM2 overexpression line. This, as can 

be seen from Figure 6, is mostly due to more cells in both the phloem and the xylem. An enlarged 

vasculature might be the primary effect of BSOM2 overexpression or BSOM2 knockout; however, 

there is also an obvious impact on the bundle sheath cells. In both cases, bundle sheath cell 

number almost doubled as compared to the reference line, which is very exciting in terms of our 

initial aim to find mutants with, inter alia, more bundle sheath tissue (Figure 6). However, it 

remains highly questionable whether BSOM2 in particular can be helpful to increase bundle 

sheath tissue size in C3 crops due the severe growth reduction caused by the overexpression of 

this gene. Furthermore, plant fecundity was dramatically lowered in these plants. In this regard, 

a precise and careful regulation of the BSOM2 gene might be more successful rather than a plain 
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overexpression or knockout. However, further experiments have been initiated to reveal how 

overexpression as well as knockdown of BSOM2 orthologous genes in rice affects the bundle 

sheath vasculature in the C3 monocot.  

     The vein density in our samples for high-resolution microscopy was relatively low. It will be 

mandatory to again analyze more samples in order to validate our results and to allow statistically 

evaluable data analysis such as the measurement of vascular area, bundle sheath total cell area, 

and number of bundle sheath cells. The samples obtained in this study do not allow quantifying 

these parameters; nevertheless, they give a qualitative impression of the changes in bundle sheath 

cells and vascular tissue caused by the altered expression of BSOM2.  

 

The plant hormone ABA and its relationship to the vascular tissue 

ABA is a phytohormone that plays a key role in regulating plant development and adaptation to 

biotic and abiotic stresses (Zeevaart and Creelman, 1988; Cutler et al., 2010). Although ABA is 

produced in the vasculature, a correlation between the plant hormone and vascular differentiation 

in general is not known. It is most famous for its function in drought adaptive responses such as 

stomata closure (Finkelstein et al., 2002). ABA is synthesized from carotenoids and needs to be 

transported from the site of synthesis to the site where it is needed, for instance in the guard cells. 

Notwithstanding the fact that ABA can pass biological membranes by diffusion, there is evidence 

that it mostly moves in and out of cells by transport proteins (Wilkinson and Davies, 2010; Ng et 

al., 2014). In Arabidopsis, members of an ATP-binding cassette (ABC)-containing transporter 

protein family were described to actively shuttle ABA. In addition to the ABC family, Zhang et 

al. (2014) identified that BSOM2 as part of the DTX/Multidrug and Toxic Compound Extrusion 

(MATE) family was an essential player in ABA transport out of a cell. A complete knockout of 

the gene resulted in accumulation of ABA in the leaf, thereby increasing ABA responses such as 

more severe growth inhibition by ABA, which explained the retarded growth of the mutant plant 

(Zhang et al., 2014). Assuming that the veins are a major place for ABA synthesis, a knockout of 

an important ABA efflux transporter could lead to accumulation of ABA in the vasculature. In 

general, plant responses to ABA are triggered by binding to soluble Pyrabactin 

resistance/Pyrabactin-like/regulatory components of the ABA receptor (PYR/PYL/RCAR) 

receptors (Fujii et al., 2009; Ma et al., 2009; Park et al., 2009). However, a connection between 

high ABA levels in the vasculature and ABA-induced alterations in the size of this compartment 

remains highly speculative. In addition, even if it might explain the phenotype of the knockout 

mutant bsom2, the very similar effect on the vascular tissue observed in the BSOM2 

overexpression line would still remain unexplained.  
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Overexpression and knockout of the BSOM2 gene have similar effects on the anatomy of 

bundle sheath cells and vascular tissue 

Regardless of direct ABA involvement or not, it is quite puzzling that the overexpression of a 

gene results in more or less the same phenotype as the knockout mutant. The evidence available 

indicates that this is truly the case for the BSOM2 overexpression and knockout line. It can be 

excluded that the T-DNA insertion in bsom2 does not lead to a complete knockout of the gene 

since it was validated by RT-PCR, and, additionally, it was shown that the knockout mutant could 

be complemented (Zhang et al., 2014). Sometimes the introduction and overexpression of 

transgenes result in gene silencing, which could explain the similar phenotype of bsom2 and 

pGLDTFt::BSOM2 (Stam et al., 1997). However, we could show that the recombinant BSOM2 

protein was expressed in the BSOM2 overexpression line, which was validated at the mRNA and 

protein levels (Figure 5). In summary, the previous results of Zhang et al. (2014) together with 

the experiments described in this study, strongly suggest that both the overexpression and the 

knockout of BSOM2 result in an enlargement of vascular tissue in the leaves of A. thaliana. 

     Notwithstanding the results of this work, there is still no satisfactory answer to the question 

of whether or not increased ABA levels in the vasculature have a direct or indirect effect on the 

enlargement of vascular tissue observed in the BSOM2 overexpression line as well as in the 

bsom2 knockout mutant. Moreover, the similar phenotypes in both lines with respect to the cells 

of the bundle sheath and vasculature and also to the general plant growth remain unexplained. In 

order to address these questions, further experiments need to be planned. Firstly, the expression 

pattern of BSOM2 should be re-examined. While the results of Zhang et al. (2014) indicated 

promoter activity predominantly in vascular tissue and in guard cells, they still saw reporter gene 

activity in the bundle sheath and also slightly in mesophyll cells. The promoter activity should 

be analyzed once again by using a different reporter gene such as H2B-YFP since GUS-staining 

often results in the diffusion of the reporter signal into the surrounding cells and strongly depends 

on the incubation time of the samples. Nevertheless, RNA in situ hybridization might be a better 

solution to reliably pinpoint the tissue in which the BSOM2 promoter is active. 

Immunolocalization of the BSOM2 protein in high-quality cross sections is needed to see where 

the protein is distributed within the leaf. This information would be crucial to understand the role 

of BSOM2 with respect to our bundle sheath and vascular tissue mutant.    

     ABA levels are significantly increased in the leaves of bsom2 and, in addition to this, several 

ABA marker genes are more active in the knockout mutant (Zhang et al., 2014). This needs to be 

analyzed in the BSOM2 overexpression line as well. If we could also measure more ABA in this 

line, it would support the theory that increased ABA levels are a key factor for an enlarged 
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vascular tissue and, in addition, more surrounding bundle sheath cells. Furthermore, ABA levels 

increase when plants are subjected to biotic stresses such as drought (Zeevaart and Creelman, 

1988; Zhu, 2002). All the plants that were used in the experiments described in this study were 

well watered and grew up in the absence of any stress. It would be interesting to compare this 

data to plants that were confronted with increased ABA levels during plant growth to analyze 

whether or not there is an effect on the differentiation of the bundle sheath and vasculature. 
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Supplementary Data 

Supplementary Table 1. Oligonucleotides used in this study.  

F, forward primer; R, reverse primer. 

Primer   Sequence (5’  3’)      Orientation 

pGLDT-Ft+SacI  GAGCTCTCGACCCGTAAATAGGTCAA   F 

pGLDT-Ft+PmeI  GTTTAAACGTGTGCTTTATTCTTTAGAAAC   R 

pGLDT-Ft+PvuI  GAGCTCTCGACCCGTAAATAGGTCAA   F 

pGLDT-Ft+AscI  GTTTAAACGTGTGCTTTATTCTTTAGAAAC   R 

TAIL-LB-nested-1 CTGCTGAAGTCCCTGGAGG     R 

TAIL-LB-nested-2 GGCATGACGTGGGTTTCTG     R 

TAIL-LB-nested-3 AGGGTTTCGCTCATGTGTTG     R 

TAIL-RB-nested-1 TGGGTTGATCATGTCGTAAAG    F 

TAIL-RB-nested-2 CTTGAAGTTGGTGCGTTTGA     F 

TAIL-RB-nested-3 TCCAAATTTGCTTCTTTGTGATT    F 

TAIL-AD-1  NGTCGASWGANAWGAA    

TAIL-AD-2  TGWGNAGSANCASAGA  

TAIL-AD-3  AGWGNAGWANCAWAGG  

TAIL-AD-4  STTGNTASTNCTNTGC  

TAIL-AD-5  NTCGASTWTSGWGTT  

TAIL-AD-6  WGTGNAGWANCANAGA 

TAIL-AD-7  NGTCGASWGANAWGAA 

TAIL-AD-8  GTNCGASWCANAWGTT 

TAIL-AD-9  WGTGNAGWANCANAGA 

BSOM2-check-R  AATCCCCAAACCGAGGTAAC 

BSOM2-CDS+attB1   

 GGGGACAAGTTTGTACAAAAAAGCAGGCTATATGAGTCAATCAAATCGTGTCAC  F 

BSOM2-CDS+attB2   

GGGGACCACTTTGTACAAGAAAGCTGGGTTCTTATCAACCATCCCAGCCTC   R 

qPCR-BSOM2-F  GTTGGAGCAGTTTTGGCGTT     F 

qPCR-BSOM2-R  CCCAATCGGTCCTACACGTC     R 

qPCR-Actin-F  CTCTCCTTGTACGCCAGTGG     F 

qPCR-Actin-R  CAAGACGGAGGATGGCATGA     R 
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Supplementary Figure 1. T-DNA insertion in the activation tagging mutant lines AT-1 and AT-3. 

In the mutant line AT-1, the T-DNA inserted within the gene AT1G49900 (BSOM1), which is composed of two 
exons and one intron. Two copies of the T-DNA inserted as an inverted repeat within the intron and caused the 
promoters to point to both exon 1 and exon 2. BSOM1 is a C2H2-type zinc finger transcription factor. In the mutant 
line AT-3, pGLDTFt is inserted 30 bp in front of gene AT3G50430 (BSOM3). BSOM3 is an unknown protein. 

 

 

 

 

 

 

 

 

 



Manuscript 3    106 

 
 
The authors’ contributions  

 

FD wrote this manuscript and performed all the experiments except those listed below.  

 

KB prepared the embedded samples for light microscopy and performed the high-resolution light 

microscopic analysis. 

 

TS helped with the operation of the microscopes and the analysis of the sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgements    107 

 
VI. Acknowledgements / Danksagungen 

Ich danke… 

...Prof. Dr. Peter Westhoff für die Möglichkeit, meine Doktorarbeit an seinem Institut 

durchführen zu können und für die hilfreiche Betreuung während dieser Zeit. 

...Prof. Dr. Maria von Korff Schmising für die Übernahme des Koreferates.  

...Udo für viele hilfreiche Ratschläge und die große Unterstützung bei meiner ersten Publikation. 

...Susanne für die Beantwortung von 3923749872332 Fragen und die Lösung ebenso vieler 

Probleme. 

...Kumari,  ,  :   +    

...Sandra für viele tolle Spieleabende, all die Postkarten und neuen Teesorten.  

...allen ehemaligen und aktuellen Mitgliedern des „KITA-Labors“ für eine tolle Zeit und die 

Akzeptanz meines unberechenbaren Musikgeschmacks. 

...dem restlichen BotanikIV Institut für viele nette Gespräche, Ratschläge, viel Spaß und nicht 

zuletzt für viele leckere Kuchen (eine extra Erwähnung verdient der Stachelbeer-Baiser Kuchen 

von Maria). 

...den Gärtnern für die Pflege meiner Pflanzen und die Aufnahme meiner Fische, die sich 

augenscheinlich sehr wohl fühlen (Rückgabe ausgeschlossen). 

...dem 3to4 Projekt für die tollen Meetings an wunderschönen Orten weltweit.  

…meiner Familie dafür, dass sie mich stets bei allem unterstützt hat und immer an mich geglaubt 

hat (Danke Mama auch für die große Hilfe bei meinen Steuererklärungen). 

…Loni für ihre beruhigende und liebevolle Art, mit der sie mich in jeder Phase stets 

aufzumuntern wusste. 

…Nina zunächst einmal dafür, dass sie bei uns ihre Bachelorarbeit angefangen hat und wir uns 

dadurch kennen lernen konnten; außerdem für die Kreuzworträtselpausen, die Besuche im 

botanischen Garten, endlose Gespräche und viele Gemeinsamkeiten. Ich hab dich lieb! 


