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Photosynthesis, the incorporation of atmospheric CO2 into organic compounds, is 

essential for most life on Earth. Rubisco catalyzes a rate limiting step in this reaction 

and has long been a key target for improvement, but there has been little success due 

to the lack of understanding of its complex biogenesis pathway. In maize (Zea mays), 

three assembly chaperones are known to be required for Rubisco assembly: Bundle 

Sheath Defective 2 (BSD2), Rubisco Assembly Factor 1 (RAF1) and Rubisco Assembly 

Factor 2 (RAF2). The purpose of the work described in this thesis was to use the 

knowledge of these assembly factors to explore whether their overexpression, alone or 

in combination with Rubisco subunits, would have consequences for plant growth and 

stress tolerance. 

BSD2 is required for Rubisco assembly and correct bundle sheath (BS) cell 

differentiation. To test if BSD2 has additional roles in cell development, the bsd2 mutant 

was complemented with over/underexpression of BSD2 in the BS. BSD2 expression 

levels correlated with increased/decreased chloroplast coverage (chloroplast area per 

cell) in the BS, due to increases in individual chloroplast areas rather than number of 



 

chloroplasts per cell. This suggests BSD2 has an ancillary role in regulating and 

maintaining chloroplast size.  

Next, I aimed to increase Rubisco abundance as a strategy to increase enzyme activity 

and carbon assimilation. Since overexpression of Rubisco large (LS) and small (SS) 

subunits does not result in increased Rubisco content in maize, I overexpressed the 

Rubisco subunits with the assembly chaperone RAF1. This resulted in a >30% increase 

in Rubisco content that correlated with increases in CO2 assimilation and above ground 

fresh weight. Rubisco activation state was negatively correlated with Rubisco content, 

suggesting Rubisco activase may be limiting the full photosynthetic potential of 

increased Rubisco content. 

The final goal of this study was to investigate whether increasing Rubisco content in 

maize could improve performance during chilling stress, where Rubisco abundance is 

thought to be limiting. I demonstrate that plants with transgenically-increased Rubisco 

content had increased photoprotection and reduced damage to PSII after two weeks of 

chilling. CO2 assimilation rates were increased 17%, and increased leaf area, fresh and 

dry weight and plant height was also observed. These results demonstrate that 

increased Rubisco improves the ability of maize to cope with chilling stress.
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CHAPTER 1. INTRODUCTION 

1.1 Photosynthesis 

Most life on Earth centres around the ability of photosynthetic organisms to use light 

energy to convert atmospheric CO2 into organic compounds through photosynthesis. 

Photosynthesis occurs in plants, algae and several species of bacteria, and is divided in 

two major parts: light-dependent and light-independent reactions. In plants and algae, 

the light-dependent reactions occur on the thylakoid membranes of the chloroplast. 

These reactions convert energy from the sun into chemical energy in the form of ATP 

and NADPH. This energy is then used to power the light-independent reactions (Calvin-

Benson-Bassham cycle; CBB) in the chloroplast stroma. The Calvin cycle uses energy 

produced by the light reactions to generate carbon compounds such as sugars, used for 

plant growth (Yamori et al., 2014).  

A central enzyme in the process of converting atmospheric CO2 into organic carbon 

compounds is Ribulose-1,5-bisphosphate carboxylate/oxygenase (Rubisco), the Earth’s 

most abundant enzyme (Ellis, 1979). Rubisco catalyzes the primary rate limiting step in 

carbon fixation, the carboxylation of ribulose-1,5-bisphosphate (RuBP). Each reaction 

yields two molecules of 3-phosphoglycerate (3PGA) which are converted to 

glyceraldehyde-3-phosphate (G3P) through a series of steps. G3P can be used to 

regenerate Rubiscos substrate RuBP or used in carbohydrate synthesis. Rubisco has a 

very slow catalytic rate and can fix only ~2-5 CO2 molecules per second (Feller et al., 

2008; Whitney et al., 2011). 
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 In addition, at atmospheric levels of CO2 about 25% of the time this carboxylation 

reaction is inhibited by the oxygenation of RuBP, which yields one 3PGA molecule and 

one 2-phosphoglycolate (2PG) molecule (Kim and Portis, 2004).  2PG is toxic to 

chloroplasts and must be recycled into 3PGA for use in the Calvin cycle. This is done 

through photorespiration, an energy intensive enzymatic pathway involving the transport 

of metabolites between chloroplasts, peroxisomes and mitochondria (Walker et al., 

2016). The photosynthetic pathway described here is the ancestral pathway for carbon 

fixation and referred to as C3 photosynthesis because its first product 3PGA is a three 

carbon molecule, see figure 1.1 for a schematic representation.  

1.1.1 Carbon Concentrating Mechanisms  

The inefficiencies of Rubisco necessitates the production of large levels of the protein in 

plants. In fact, in C3 plants Rubisco can make up as much as 50% of the leaf soluble 

protein (Feller et al., 2008). In response to these inefficiencies such as the poor 

substrate specificity of Rubisco, many photosynthetic organisms have evolved a 

mechanism to saturate Rubisco with CO2 in order to increase its efficiency (Badger and 

Price, 2003; Badger et al., 1980; Furbank and Hatch, 1987). The ability of 

photosynthetic organisms to concentrate CO2 around Rubisco allows the enzyme to 

operate under high CO2 and low O2 concentrations relative to the atmosphere, similar to 

conditions under which Rubisco evolved (Nisbet et al., 2007). This greatly reduces the 

oxidation reaction resulting in photorespiration, thereby enhancing the efficiency of CO2 

assimilation. For aquatic organisms this also helps facilitate carbon uptake from carbon 
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limited aqueous environments, where CO2 diffusion rates are 10000 times slower than 

in air (Lapointe et al., 2008; Moroney and Ynalvez, 2007).  

 

 

Figure 1.1 Model of C3 photosynthesis described in the text. Published with 
permission from Bracher et al. (2017). 

 
 

Different types of photosynthetic organisms have different carbon concentrating 

mechanisms (CCM). Green algal cells use pyrenoids, a cellular microcompartment 

found in the chloroplast, to concentrate CO2 around Rubisco (Morita et al., 1999). 
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Cyanobacteria use a different microcompartment, referred to as carboxysomes 

(Coleman et al., 1982). Both carboxysomes and pyrenoids are biophysical mechanisms 

of concentrating carbon around Rubisco.  

Plants have two types of CCMs, C4 and CAM (Crassulacean Acid Metabolism). Both 

use biochemical mechanisms to concentrate CO2 around Rubisco to increase its 

efficiency. CAM uses a temporal separation of day and night. To minimize water loss 

from open stomata, CO2 is first fixed by phosphoenolpyruvate carboxylase (PEPC) at 

night when evapotranspiration rates are low and stored as malic acid. During the day 

while stomata are closed CO2 is regenerated through decarboxylation of malic acid and 

re-fixed by Rubisco (Dittrich, 1976; Dittrich et al., 1973). C4 plants use a spatial 

separation of different cell types to concentrate CO2 around Rubisco, over 10 fold 

compared to ambient air (Furbank and Hatch, 1987). The carbon concentrating 

mechanism in C4 plants utilizes two distinct cell layers within the photosynthetic tissues 

known as Kranz anatomy which is made up of bundle sheath cells (BS) surrounding the 

vein and mesophyll cells (M) surrounding the latter, see Figure 1.2 (Hatch and Kagawa, 

1973). C4 plants partition their photosynthetic activities between these two cell types. 

The details of this biochemical pathway are described in the following section. 
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Figure 1.2 Kranz anatomy in a maize leaf cross section imaged with confocal 
microscopy at 40X magnification. Fluorescent signal (red) corresponds to 
chlorophyll in bundle sheath and mesophyll chloroplasts. 

 

Engineering CCMs into C3 plants is a relatively new target to improve photosynthetic 

efficiency. Current efforts have focused on putting the C4 pathway into rice as well as 

assembling both carboxysomes and pyrenoids in tobacco and Arabidopsis chloroplasts 

respectively (von Caemmerer et al., 2012; Lin et al., 2014; Long et al., 2018; Sharwood, 

2017a) 

1.1.2 C4 Photosynthesis  

C4 photosynthesis is the result of a series of biochemical and anatomical changes from 

the ancestral C3 pathway (Hatch, 1987; Sage et al., 2012). The biochemical pathway 

was first elucidated in 1966 with the use of C14 labelling (Hatch and Slack, 1966). C4 

requires a spatial separation of the biochemical CO2 pump and Rubisco. This can occur 
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within a single cell (Voznesenskaya et al., 2001) but has most commonly evolved as 

Kranz (wreath-like) anatomy. The existence of Kranz anatomy was reported over 60 

years before its significance and adjoining biochemical pathway was discovered 

(Haberlandt, 1904). Kranz anatomy has two distinct layers of photosynthetic tissue 

arranged around leaf vascular bundles. Mesophyll (M) cells are in contact with the 

intercellular airspace and surround Bundle sheath (BS) cells which form a ring around 

the vascular bundles. BS cells are separated from the intercellular airspace by the M 

cells and make contact to the inner surface of M cells through plasmodesmata, to 

facilitate the exchange of metabolites (von Caemmerer and Furbank, 2003; Hatch, 

1987). 

These modifications concentrate CO2 around Rubisco to levels approximately 10-fold 

higher than atmosphere, increasing its efficiency by allowing operation near Vmax and 

reducing photorespiration (von Caemmerer and Furbank, 2003; Furbank and Hatch, 

1987). Increased Rubisco efficiency means C4 plants require significantly less Rubisco 

and consequently allocate significantly less nitrogen to the enzyme, than their C3 

counterparts (Feller et al., 2008). By avoiding photorespiration C4 plants have the 

potential for higher photosynthetic productivity, and greater water and nitrogen use 

efficiencies compared to C3 plants (Ghannoum and Way, 2011; Ghannoum et al., 2005; 

Wang et al., 2011; Zhu et al., 2008). However, the C4 pathway has an extra energetic 

cost from fixing CO2 twice (Ehleringer and Björkman, 1977). In C4 plants CO2 is first 

fixed by PEPC in the M cells, and again by Rubisco in the BS cells. PEPC has a much 

greater affinity for CO2 than Rubisco, increasing the efficiency of carbon fixation in C4 

plants. Table 1.1 shows a general comparison between C3 and C4 plants. 
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Table 1.1 Comparison of C3 and C4 photosynthesis 

 
C3 photosynthesis C4 photosynthesis 

Main crops Wheat, Soybeans, Rice Maize, Sugarcane, 
Sorghum 

Carbon fixation enzyme Rubisco First PEPC, second 
Rubisco 

First stable molecule 3PGA OAA 

Photorespiration rate High Negligible  

Transpiration rate High  Low 

Location of light-
independent reactions 

Mesophyll cells Mesophyll and bundle 
sheath cells 

Location of Rubisco Mesophyll cells Bundle sheath cells 

% total soluble protein 
Rubisco 

~50% 20-30% 

% Nitrogen invested in 
Rubisco 

20-30% 4-9% 

% known plant species ~85% ~5% 

Optimal growth conditions Temperate cool conditions Tropical/semi-tropical hot 
and dry conditions 

ATP to fix 1 molecule of 
CO2 

3 5 

 

C4 photosynthesis is a notable example of convergent evolution, having evolved 

independently across the plant Kingdom in over 60 lineages (Sage et al., 2011). This is 

striking for such a complex trait whose evolution requires changes to hundreds of genes 

(Hibberd and Covshoff, 2010). It is thought that C4 plants first evolved 30-35 million 

years ago, at a time when atmospheric CO2 levels decreased to near current levels 

(Edwards et al., 2010; Kellogg, 1999; Strömberg, 2011). This change resulted in 
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increased seasonality and aridification (Zhang et al., 2013). The decline in CO2 and 

water availability has been linked to enhanced photorespiration and selection pressure 

towards the evolution of the C4 pathway (Ehleringer et al., 1991; Sage et al., 2012). The 

distribution of C4 plants is predominantly in hot and dry climates where photorespiration 

is high as they are able to achieve increased photosynthetic and growth rates compared 

to C3 plants (Atkinson et al., 2016; Edwards et al., 2010; Osborne and Beerling, 2006). 

In land plants we currently know of over 8000 C4 species, all distributed between 19 

angiosperm families. Of these species 80% are monocots and more than half belong to 

the Poaceae (grass) family (Sage et al., 1999). No gymnosperms, bryophytes, 

lycophytes or monilophytes have been identified as C4 (Sage, 2016).  

C4 plants initiate the carbon concentrating process with the conversion of CO2 into 

bicarbonate by carbonic anhydrase (CA). Bicarbonate is fixed to phosphoenolpyruvate 

(PEP) by phosphoenolpyruvate carboxylase (PEPC) in the M cytoplasm to produce a 

four carbon acid oxaloacetate (OAA). OAA is then reduced to malate in M chloroplasts 

and diffuses into BS chloroplasts where it is decarboxylated by NADP-dependent malic 

enzyme (NADP-ME). The decarboxylation of malate releases CO2 around the active 

sites of Rubisco where it can be assimilated into the Calvin cycle. The product of this 

reaction is the 3 carbon metabolite pyruvate which is transported back to the M where it 

is phosphorylated by pyruvate inorganic phosphate dikinase (PPDK) to regenerate PEP 

and complete the C4 cycle (Furbank, 2011; Hatch and Kagawa, 1973). The regeneration 

of PEP requires two ATP per PEP molecule formed. 
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There are three subtypes of C4 photosynthesis defined by the enzyme that 

decarboxylates the four carbon metabolite in the BS cells to concentrate CO2 around 

Rubisco (Figure 1.3). They were discovered primarily using C14 labelling, organelle and 

cell separations and enzyme assays (Edwards et al., 1971; Hatch and Kagawa, 1973; 

Hatch et al., 1975). They include: NADP-ME type (described above), NAD-dependent 

malic enzyme type (NAD-ME) and phosphoenolpyruvate carboxykinase type (PCK). In 

NAD-ME type plants, OAA is aminated to aspartate in the M cytoplasm. Aspartate 

diffuses to the BS where it is converted back into OAA before being reduced to malate 

and decarboxylated by NAD-ME in BS mitochondria. The resulting pyruvate molecule is 

converted to alanine before diffusing back to the M where it is converted back to 

pyruvate. In PCK type plants, OAA is also aminated to aspartate in the M cytoplasm. 

Aspartate then diffuses to the BS where it is decarboxylated by PCK in the cytoplasm. 

This reaction yields a PEP molecule which is converted to pyruvate and then alanine 

before being returned to the M and converted back to pyruvate. PEP can also be 

transferred straight into the M cell (Wang et al., 2014).  

Species are generally described as belonging to one group, though this is commonly 

their primary decarboxylation pathway, as many species have been identified to have 

combinations of two or three of these pathways (Bräutigam et al., 2014; Furbank, 2011; 

Wang et al., 2014). For example, in several NADP-ME type plants, the PEP-CK 

pathway has been shown to be responsible for 10-15% of CO2 flux into the BS 

(Koteyeva et al., 2015). In addition, these pathways have different energy requirements 

in M and BS cells; however, it still unknown which subtype or which combinations are 
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the most efficient (von Caemmerer and Furbank, 2016). Modelling analysis has 

suggested the energy requirements for a pure PEP-CK C4 plant is not beneficial (Wang 

et al., 2014). 

The C4 biochemical pathway is very complicated and there are still many unresolved 

questions about the mechanism. Some goals for the future include obtaining more 

precise estimates of CO2 concentrations in the BS to help modeling efforts and gaining 

a better understanding of: 

 The gene regulation required for the C4 mechanism. 
 The developmental regulation of C4 anatomy. 
 The diffusion properties of the M-BS interface. 
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Figure 1.3 Model of the three C4 subtypes of photosynthesis described in the 
text. The numbers refer to the following enzymes: 1 PEPC, 2 NADP malate 
dehydrogenase, 3 NADP-ME, 4 PPDK, 5 Rubisco, 6 PCK, 7 Ala 
aminotransferase, 8 Asp aminotransferase, 9 NAD-malate dehydrogenase, 10 
NAD-ME. DHAP, dihydroxyacetonephosphate. Published with permission from 
Dal’Molin et al. (2010). 
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1.2 Rubisco and its Assembly 

As mentioned previously Rubisco plays a pivotal role in photosynthesis and plant 

growth, yet it is a very inefficient enzyme. Rubisco has a slow turnover rate (kcat) and an 

unfavorable reactivity with oxygen. Naturally, increasing Rubisco activity or efficiency 

has been a target goal for many decades but there has been little success due to the 

lack of a complete understanding of its biogenesis pathway. However, with the 

discovery of 2 new assembly chaperones (Feiz et al., 2012, 2014) and recent ability to 

functionally express plant Rubisco in a bacterial host (Aigner et al., 2017) prospects for 

engineering improved Rubisco for agricultural use truly seem within reach. Here I will 

briefly discuss relevant background on Rubisco subunit folding, assembly and 

activation, as well as some strategies being used to engineer a better Rubisco. 

1.2.1  Rubisco Structure and Subunit Function 

Three classes of Rubisco have been shown to exist through phylogenetic analyses and 

are referred to as form I, II and III (Tabita et al., 2008). Here I will focus on form I 

Rubisco, which is the most abundant form and found in plants, algae, cyanobacteria 

and some proteobacteria. Form I Rubisco is a hexadecamer composed of 8 large (LS, 

~55kDa) and 8 small (SS, ~15kDa) subunits. In plants and green algae, the 8 large 

subunits are encoded by the chloroplast gene RbcL and 8 small subunits encoded by 

the nuclear gene family RBCS. The large subunits form a tetramer of antiparallel dimers 

that are capped by 4 small subunits on both the top and bottom to make up the 550 kDa 

L8S8 holoenzyme (Andersson and Backlund, 2008). Two enzyme active sites are found 
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on each anti-parallel LS dimer and form I LS shows a strong structural similarity and 

sequence identity between species (Bracher et al., 2017; Parry et al., 2003). SS on the 

other hand has a greater sequence diversity between species and in plants and green 

algae contains gene families with differentially expressed RBCS isoforms (Morita et al., 

2014; Spreitzer, 2003). Though SS is not involved in active site formation, it has been 

shown to influence catalytic activity (Andrews, 1988; Spreitzer, 2003).  

Prior to holoenzyme assembly the large subunit must be folded with the assistance of 

ATP-regulated folding chaperonins. These chaperonins are responsible for protein 

folding in archaea, bacteria and eukaryotes (Bracher et al., 2017). In vitro reconstitution 

shows the folding of LS in cyanobacteria involves the chaperonin GroEL and its cofactor 

GroES (Goloubinoff et al., 1989). Together GroEL and GroES form the chaperonin 

cage. The chloroplast has been shown to have a homologous chaperonin cage made 

up of Cpn60 and Cpn10/20 which functions to fold LS. This was shown through the co-

purification of Cpn60 with Rubisco (Barraclough and Ellis, 1980) and the 

characterization of Rubisco-deficient mutants in rice and maize (Barkan, 1993; Feiz et 

al., 2012; Kim et al., 2013). More recently, the co-expression of Cpn60α and Cpn60β 

from Chlamydomonas was shown to functionally replace GroEL in E.coli (Bai et al., 

2015). 

In plants and green algae, SS must be translocated from the cytosol where it is 

synthesized into the chloroplast and the transit peptide cleaved before it can be 

assembled (Jarvis and Kessler, 2014). It remains unclear whether SS requires 
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chaperone assistance for folding once in the chloroplast (Sjuts et al., 2017), however 

the protein is able to fold spontaneously in vitro (Andrews and Ballment, 1983).  

1.2.2 Rubisco Assembly Chaperones  

Once the subunits are correctly folded, Form I Rubisco requires a suite of assembly 

chaperones to form its final L8S8 arrangement. Assembly of the holoenzyme is thought 

to involve the formation of an L8 core followed by docking of SS subunits. Currently four 

assembly factors are known to be involved in the assembly process: RBCX, bundle 

sheath defective 2 (BSD2), Rubisco accumulation factor 1 (RAF1) and Rubisco 

accumulation factor 2 (RAF2). A summary of Rubisco assembly in plants can be found 

in Figure 1.4. 

RBCX was the first protein shown to be involved in Rubisco assembly. It was first 

described in cyanobacteria, where the assembly of folded LS released from the GroEL-

GroES chaperonin cage is facilitated by the small 15 kDa protein, RBCX (Larimer and 

Soper, 1993). RBCX dimers function as a clamp to stabilize antiparallel LS dimers to 

form a L8-(RbcX2)8 intermediate complex. RBCX is then displaced by SS to form the 

holoenzyme (Liu et al., 2010). RBCX has been reported to be essential for Rubisco 

assembly in several but not all Synechococcus strains. Studies have suggested that the 

RbcX gene is located within the Rubisco operon when it is essential for assembly 

(Emlyn-Jones et al., 2006; Onizuka et al., 2004; Saschenbrecker et al., 2007). RBCX is 

also conserved in plants and green algae where it is a nuclear encoded protein that is 

targeted to the chloroplast. RBCX from the green algae Chlamydomonas was shown to 
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structurally and functionally substitute for the cyanobacterial homolog and support 

Rubisco assembly (Bracher et al., 2015). Plant nuclear genomes commonly encode two 

RBCX genes, one of which shares structural homology to the cyanobacterial protein 

(Kolesiński et al., 2011). Co-expression of RBCX genes from Arabidopsis was shown to 

enhance the assembly of cyanobacterial Rubisco in E.coli (Kolesiński et al., 2011). 

However, a requirement of RBCX in plant Rubisco assembly remains to be 

documented. Recently, the expression of Arabidopsis RBCX in E.coli with other 

chaperones known to be essential in plant Rubisco assembly, resulted in the formation 

of the Arabidopsis Rubisco holoenzyme in vitro.  Yet, it’s possible RBCX may only act 

as an enhancer to assembly rather than being an essential chaperone, since in its 

absence 50% of recombinant Rubisco could still be formed (Aigner et al., 2017). 

Characterization of RBCX mutants in plants could help reveal its role in plant Rubisco 

assembly.  

BSD2 was identified in a screen for maize mutants with abnormal Kranz anatomy. The 

bsd2 mutant is unable to develop normal bundle sheath chloroplasts or accumulate 

Rubisco and is seedling lethal (Roth et al., 1996). BSD2 was found to be a DnaJ-related 

protein with a Zn finger domain, and hypothesized to interact with the large subunit of 

Rubisco post translation to aid in Rubisco assembly (Brutnell et al., 1999). It is a ~10 

kDa protein encoded in the nucleus of plants and green algae and targeted to the 

chloroplast. BSD2 is not found in prokaryotes (Hauser et al., 2015a). In 

Chlamydomonas, BSD2 is hypothesized to be required for LS synthesis (Doron et al., 

2014). Pulse labelling experiments in the bsd2 mutant revealed that newly synthesized 
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LS associated with the folding chaperonin complex, suggesting BSD2 functions to 

assemble Rubisco post LS-folding (Feiz et al., 2014). The same study also showed 

interactions between BSD2 and SS, LS and RAF1 through co-immunoprecipitation 

studies. Recent work implicates BSD2 in stabilizing an end-state LS8BSD28 

intermediate before being displaced by SS to form the functional holoenzyme (Aigner et 

al., 2017). BSD2 displaces RAF1 and RBCX from LS dimers and higher oligomers to 

form an LS8 core surrounded by 8 BSD2 proteins. Surprisingly no overlap was shown 

between the BSD2 and SS binding sites on LS. Furthermore, overexpression of BSD2 

in maize resulted in increased chloroplast coverage (relative cellular volume occupied 

by chloroplasts), suggesting a secondary role in regulating chloroplast size (Chapter 2).  

RAF1 is a 47 kDa nuclear encoded protein that is targeted to the chloroplast and was 

identified by screening a maize photosynthetic mutant library for Rubisco specific 

deficiencies (Feiz et al., 2012). Raf1 mutants are pale green, unable to accumulate 

Rubisco and seedling lethal. Characterization of the mutant showed that in the absence 

of RAF1, newly synthesized LS is trapped in the chaperonin cage and cannot assemble 

into the holoenzyme, indicating a post-chaperonin role in assembly (Feiz et al., 2012). 

RAF1 is conserved in the green lineage of photosynthetic organisms, and has been 

shown to play a similar role as RBCX in stabilizing LS dimers during Rubisco assembly 

of cyanobacteria (Hauser et al., 2015b; Kolesinski et al., 2014). Phylogenetic analysis 

indicates RAF1 has coevolved with LS in plants and cyanobacteria. This was further 

supported by a study demonstrating the importance of chaperonin compatibility in 

enhancing recombinant Rubisco assembly in tobacco chloroplasts (Whitney et al., 
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2015). In vitro reconstitution studies in cyanobacteria showed the formation of LS2-

RAF12  and LS8-RAF18 complexes in the presence of GroEL-GroES. Similar to RBCX,  

RAF1 was then displaced from the octameric complex by SS to complete holoenzyme 

assembly (Hauser et al., 2015b). Unlike RBCX, this study showed that RAF1 and SS 

share overlapping binding sites on LS. It’s likely that RAF1 and RBCX function could be 

partially redundant in cyanobacteria. However, this is not the case in plants where RAF1 

is vital for Rubisco assembly, while RBCX appears to be beneficial but not essential 

(Aigner et al., 2017).  

RAF2 was also identified in maize during a screen of Rubisco deficient photosynthetic 

mutants and has homologs in green algae and cyanobacteria with form IA Rubisco 

(Feiz et al., 2014; Hauser et al., 2015a; Wheatley et al., 2014). The raf2 mutant is pale 

green and seedling lethal but can accumulate very small levels of Rubisco in both maize 

and Arabidopsis (Feiz et al., 2014; Fristedt et al., 2018). Similar to raf1, newly-

synthesized LS in the raf2 mutant is trapped in the chaperonin complex, where it is then 

degraded (Feiz et al., 2014). This could indicate RAF2 plays a post-chaperonin role in 

assembly, as seen with RBCX, RAF1 and BSD2.  RAF2 is a chloroplast targeted protein 

that shares sequence homology to the pterin-4a-carbinolamine dehydratase (PCD) 

protein family but has lost its catalytic function (Naponelli et al., 2008). Co-

immunoprecipitation experiments showed that RAF2 interacts primarily with SS and to a 

minor degree with LS, suggesting a possible role chaperoning the assembly of SS into 

the holoenzyme (Feiz et al., 2014). Prokaryotic RAF2 is a 9 kDa dimer, while in 

eukaryotes the protein is ~18 kDa (Wheatley et al., 2014). Co-overexpression of 
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cyanobacterial RAF2 and GroEL-GroES genes with Rubisco subunits in E.coli was 

shown in enhance the amount of assembled Rubisco (Wheatley et al., 2014). RAF2 was 

also required for the assembly of Arabidopsis Rubisco in E.coli (Aigner et al., 2017). 

From this data RAF2 appears to be essential for Rubisco assembly, but its exact role 

remains unclear. 
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Figure 1.4 A proposed model on the current understanding of Rubisco 
biogenesis in land plants. (a) Factors involved in Rubisco assembly and 
activation. rbcL is a chloroplast gene that encodes for LS, while the rest of the 
factors are all nuclear encoded and subsequently imported into the chloroplast 
where Rubisco assembly occurs. (b) Model of chaperonin assisted folding, 
assembly and activation of plant Rubisco. Newly synthesized LS is folded in the 
chloroplast by the Cpn60/Cpn20 chaperonin complex while nucleus-encoded SS 
is refolded after translocation into the chloroplast from the cytosol. LS is 
assembled into dimers and higher oligomers through interactions with RAF1 and 
RBCX. It is not known whether these chaperones act together, sequentially, or in 
parallel. Binding of BSD2 to LS subsequently displaces these factors and 
stabilizes the LS8 core. SS then binds to LS, displacing BSD2, to form the 
functional holoenzyme. RAF2 may assist in refolding imported SS, the binding of 
SS to LS and/or act with LS at another point downstream of the folding 
chaperonin. BSD2, RAF1 and RAF2, are essential for Rubisco biogenesis and in 
their absence, LS is subject to aggregation and proteolysis. The precise role of 
RBCX in plant Rubisco assembly remains to be determined. Once assembled, 
the active site of Rubisco is carbamylated by binding of CO2 and Mg2+ making the 
enzyme catalytically active and able to perform its carbon fixation function. 
Adapted with permission from Aigner et al. (2017). 
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1.2.3 Rubisco Activation 

After assembly, in order to be catalytically active the Rubisco active site must be 

spontaneously carbamylated, by the binding of CO2 and Mg2+ (Portis, 2003). 

Decarbamylation can also occur spontaneously or due to elevated temperatures, 

resulting in the autoinhibitory binding of RuBP to the active site and obstructed catalysis 

(Portis et al., 2008). Sugar phosphates such as XuBP can similarly bind to the active 

site and impede catalysis, decreasing the pool of active Rubisco (Parry et al., 2008). In 

order to regain catalytic activity from these inhibitory states Rubisco activase (RCA) is 

required to generate a conformational change to Rubisco to catalyze the ATP-

dependent release of inhibitory sugar phosphates from the active site (Portis et al., 

2008). Rubisco activase is a ~42 kDa protein in plants and belongs to the AAA+ 

(ATPase Associated with various cellular Activities) protein family. Functional RCA 

equivalents have evolved independently in red and green lineages of Rubisco (Hauser 

et al., 2015a; Mueller-Cajar et al., 2014). In most plants and green algae there are two 

forms of RCA, an α and a β isoform, both capable of activating Rubisco (Portis, 2003). 

RCA activity is regulated by the ATP/ADP ratio and/or redox state of the chloroplast 

(Carmo-Silva and Salvucci, 2013; Zhang and Portis, 1999; Zhang et al., 2002). The 

enzyme is also very sensitive to high temperatures (Salvucci and Crafts-Brandner, 

2004). RCA plays a critical role in photosynthesis, as plants expressing reduced levels 

of RCA show decreased photosynthetic rates and growth (Portis, 2003). Deletion of 

RCA in Arabidopsis has been shown to result in severe growth defects, and plants that 
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cannot survive at atmospheric CO2 levels (Mueller-Cajar et al., 2014; Salvucci et al., 

1985).  

1.2.4 Engineering Improved Rubisco 

There have been several efforts in the past years to alter Rubisco properties and 

expression to improve photosynthesis. Altering the catalytic properties and CO2 

specificity of Rubisco has been targeted through selection, mutagenesis and subunit 

swapping experiments. Screening Rubiscos from different species successfully 

identified enzymes with higher catalytic rates and/or specificity to CO2; however, the 

incompatibility of host chaperones with heterologous Rubisco subunits resulted in the 

inability to assemble these Rubiscos in plants or E.coli (Parry et al., 2013). Subunit 

swapping has shown similar results, where tobacco with hybrid Rubisco shows slowed 

growth due to restrictions in translation and assembly of the protein (Sharwood et al., 

2008). However, Whitney et al. 2015 showed the co-evolution of RAF1 and LS is 

important in Rubisco biogenesis and could improve the performance of hybrid Rubisco. 

Directed evolution (Dalby, 2011) has also been used as a tool to identify mutant 

proteins with improved catalytic properties and photosynthetic rates (Durão et al., 2015; 

Mueller-Cajar and Whitney, 2008; Wilson et al., 2016). Research groups have also tried 

to increase Rubisco abundance through overexpression of a subset of Rubisco 

components in rice. Overexpression of RBCS increased Rubisco content but had no 

impact on photosynthetic rate or whole plant biomass (Suzuki et al., 2009). More 

recently it was found that increased Rubisco in rice leads to increased biomass in plants 

grown under low CO2 levels (Sudo et al., 2014). Alternative strategies to improving 
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Rubisco performance include engineering CO2 concentration mechanisms to reduce the 

energetic costs of photorespiration or improving Rubisco activase function, specifically 

under high heat where it’s been shown to limit photosynthesis (Evans, 2013; Ogbaga et 

al., 2018). To date none of these strategies has resulted in much impact on overall crop 

performance but the knowledge uncovered in recent years, including the reconstitution 

of Arabidopsis Rubisco in vitro, suggests a promising outlook for engineering improved 

Rubisco for agricultural use.  

1.3 The Chilling Response in C4 Plants 

C4 plants are more efficient than C3 plants under several environmental conditions due 

to their ability to eliminate photorespiration, however, below 20°C this efficiency over C3 

plants is lost (Long, 1983). One factor which may contribute to this is that 

photorespiration decreases with decreasing temperatures, reducing the energy C3 

plants need to expend on photorespiration under cooler conditions (Ehleringer and 

Björkman, 1977; Osborne et al., 2007). At 20°C the energy expended per CO2 molecule 

fixed is higher in C4 plants (Ehleringer and Björkman, 1977). In addition, the C4 pathway 

largely evolved from C3 plants from tropical and subtropical climates, which could also 

contribute to a lack of fitness for cooler climates (Sage et al., 2011). The response of 

photosynthetic performance under chilling conditions (10-15°C) can be divided into two 

categories (Sage and Kubien, 2007): chilling tolerant, where effects from chilling are 

fully reversible with no permanent injury or chilling sensitive, where chilling injury results 

in irreversible reductions in photosynthetic capacity. Most C4 plants fall into the latter 

and are considered chilling sensitive. 
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1.3.1 Chilling Sensitive and Chilling Tolerant C4 plants 

Chilling sensitive C4 species, such as maize, sugarcane and sorghum, are harmed by 

temperatures between 5-15°C, which can damage proteins, membranes, alter gene 

expression and disrupt normal cellular metabolism (Long and Spence, 2013). Numerous 

hypotheses have been suggested as to why C4 plants are largely chilling sensitive. It is 

now understood that several mechanisms contribute to the low photosynthetic rates 

observed in many C4 species under chilling conditions, including  decreased PSII 

efficiency, chilling induced photoinhibition, and decreased PPDK and Rubisco 

content/activity (Long and Spence, 2013).  

In maize, carbon assimilation can decrease over 60%, accompanied by decreases in 

photochemical quenching (qP) and maximum quantum yield of PSII (фPSII; (Long, 

1983; Long and Spence, 2013). When chilling stress is combined with high light, excess 

light energy can result in photoinhibition, further reducing photosynthetic capacity (Fryer 

et al., 1995; Wang et al., 2008a). During chilling, maize is unable to maintain synthesis 

of PSII and light harvesting complex proteins, which results in nonfunctional PSII 

reaction centers (Fryer et al., 1995; Nie and Baker, 1991). Maize has also lost the ability 

to degrade damaged D1 in the chloroplast and synthesize new protein to replace it in 

the PSII complex, which is critical in the maintenance of photosynthesis during chilling 

(Fryer et al., 1995; Ruelland et al., 2009). This is likely due to decreased expression of 

the chloroplast gene psbA which encodes the D1 protein (Allen and Ort, 2001; Spence 

et al., 2014). In fact, the expression of many photosynthetic transcripts are reduced in 

chilling sensitive maize relative to a chilling tolerant C4 grass (Spence et al., 2014). In 
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addition to reduced photosynthetic rates, reduced leaf growth under chilling 

temperatures limits the area of light interception, further contributing to decreases in 

plant productivity (Louarn et al., 2008). Low temperatures have also been shown to 

inhibit the flow of photoassimilates through plasmodesmata (Bilska and Sowiński, 2010; 

Bilska-Kos et al., 2016). 

Numerous enzyme activities are also reduced under chilling temperatures partly due to 

decreased protein stability and altered solubility (Ruelland et al., 2009). It remains 

unclear whether photosynthesis under chilling conditions is primarily controlled by the 

maintenance of PEPC, PPDK, Rubisco or some combination of the enzymes. All three 

enzymes have shown reduced activity and protein loss during chilling stress (Long and 

Spence, 2013; Naidu et al., 2003; Sage et al., 2011). Maize grown at 14°C showed 

decreases in PPDK content of ~50% and decreases in Rubisco content of 30-40% 

(Long and Spence, 2013; Naidu et al., 2003; Wang et al., 2008b).  

Several studies have pointed towards Rubisco as having control over photosynthetic 

rates during chilling. Transgenic reductions of Rubisco abundance in C4 Flaveria 

bidentis found that Rubisco accounts for up to 90% of the light-saturated photosynthesis 

(ASAT) limitation under chilling conditions of  10-14°C (Kubien et al., 2003). In addition, 

C4 plants have significantly lower amounts of Rubisco protein content than their C3 

counterparts, which may predispose them to Rubisco limitations under chilling 

conditions (Sage, 2002).  
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Increased accumulation of Rubisco breakdown products have been observed after cold 

stress, suggesting the enzyme becomes unstable in chilling sensitive plants (Kingston‐

Smith et al., 1999). The same study also showed significant decreases in Rubisco 

activity during chilling. Limitations in Rubisco can also alter the balance between the C3 

(Rubisco) and C4 (PEPC) cycles of photosynthesis, resulting in increased BS leakiness 

(Kubien et al., 2003). BS leakiness is the rate that CO2 not fixed by Rubisco leaks back 

into the M cells relative to the rate of PEP carboxylation (Farquhar, 1983). Increased 

leakiness is energetically wasteful due to the extra ATP required to re-fix any CO2 that 

diffuses back into the M (Furbank et al., 1990). Chilling sensitivity of C4 plants was also 

thought to be linked to leaf anatomy, where Rubisco is limited to the BS chloroplasts 

where the volume may not be able to accommodate increases in Rubisco that may be 

needed for acclimation to chilling (Pittermann and Sage, 2000). However, a recent study 

looking at BS chloroplast volume in C4 plants and the successful increase in maize 

Rubisco content presented in chapter 3, indicate that BS volume is unlikely to be limiting 

increases in Rubisco content (Pignon et al., 2018). 

PPDK is also hypothesized to have control over photosynthetic rates during chilling 

conditions (Kubien et al., 2003; Long and Spence, 2013). PPDK has been shown to be 

cold labile in vitro and its activity correlates with carbon assimilation rates of chilling 

sensitive plants exposed to low temperatures (Du et al., 1999; Long and Spence, 2013; 

Matsuba et al., 1997).  

Not all C4 plants are chilling sensitive, in fact tolerance to low temperatures has evolved 

in wild C4 grasses on more than one occasion allowing a shift in their growth 
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environment to cooler climates (Watcharamongkol et al., 2018). The best-studied 

example is Miscanthus x giganteus, an NADP-ME type C4 perennial energy crop. 

Miscanthus is considered chilling tolerant due to its ability to maintain electron transport 

through PSII and carbon assimilation at temperatures of 14°C (Beale et al., 1996; Naidu 

and Long, 2004). Miscanthus avoids chilling dependent photoinhibition by upregulating 

the photoprotective mechanism of nonphotochemical quenching (NPQ) to dissipate 

excess light energy as heat, reducing damage to PSII (Farage et al., 2005). This is 

accompanied by substantial increases in zeaxanthin content, a photoprotective 

molecule involved in NPQ (Farage et al., 2005). Miscanthus is able to maintain a linear 

relationship between PSII efficiency and CO2 assimilation during chilling, indicating a 

balance between the C3 and C4 cycle and little to no BS leakiness (Naidu and Long, 

2004).  

In addition, CO2 assimilation is maintained through the expression of key rate limiting 

enzymes under chilling conditions, such as increased PPDK protein accumulation and 

maintenance of Rubisco content (Long and Spence, 2013; Naidu et al., 2003; Wang et 

al., 2008b). Evidence suggests that cold tolerant species can maintain or enhance 

PPDK activity by producing in vivo stabilizers such as polyols and cations (Du et al., 

1999; Naidu et al., 2003; Wang et al., 2008b). Comparative transcriptomics of 

Miscanthus to maize also showed the up-regulation of several photosynthetic genes in 

response to chilling (Spence et al., 2014).  
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1.3.2 Engineering Chilling Tolerant C4 Crops 

As we begin to gain a better understanding of the molecular mechanisms behind the 

adaptation of some C4 plants to chilling environments, we can start to use this 

knowledge to make chilling sensitive crops like maize more tolerant. Transgenic 

upregulation of Rubisco and PPDK in chilling sensitive plants such as maize may be 

one strategy. The expression of a more cold tolerant form of the enzymes is also an 

option, for example expressing Miscanthus PPDK in sugarcane or maize. A study that 

overexpressed cold tolerant PPDK in maize resulted in increased photosynthetic rates 

under chilling conditions (Ohta et al., 2004, 2006). Overexpression of Rubisco subunits 

and the assembly chaperone RAF1 to increase Rubisco content and potentially improve 

chilling tolerance will be discussed in chapters 3 and 4. Another approach would be to 

manipulate the regulatory elements that control increases in Rubisco and PPDK during 

chilling acclimation of Miscanthus (Long and Spence, 2013). The use of RNA-seq 

analysis to gain a better understanding of the expression profiles that cause the 

differences in chilling acclimation between maize and Miscanthus would also be 

beneficial in revealing specific targets and next steps for improving tolerance and 

productivity in chilling environments. Lastly, interspecific breeding could be used to 

introgress the chilling tolerance of one species into another. Fertile crosses between 

Miscanthus and sugarcane (miscanes) have previously been obtained while breeding 

for disease resistance (Altpeter and Oraby, 2010), and miscanes with improved chilling 

tolerance have recently been identified (Głowacka et al., 2016). Nevertheless, it remains 
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uncertain whether backcrossing to sugarcane can be achieved without losing the 

acquired chilling tolerance.  

1.3.3 Agronomic Implications 

Maize is one of the world’s most important crops, with about one billion tons produced in 

2017, yielding more than any other crop (Oyekunle et al., 2018). Although maize is 

tropical in origin, over 60% of the worlds current production occurs in cool temperate 

climates which may limit the advantages of C4 photosynthesis (Ranum et al., 2014). 

Due to the seasonality and low temperatures of these climates the growing season is 

limited to approximately 4 months (Dohleman and Long, 2009). Remarkably, maize 

attains some of the highest yields of any seed or grain crop, even with its limited 

growing season.  Understanding of how some C4 plants have successfully adapted to 

cooler climates and transferring this ability to economically important C4 crops such as 

maize, sorghum and sugarcane, which are limited by chilling conditions, has the 

potential to lengthen their growing season, expand the latitudes at which they can be 

grown and increase their grain productivity (Dohleman and Long, 2009; Du et al., 1999; 

Ercoli et al., 2004; Nie et al., 1992). Cold-tolerant Miscanthus giganteus is able to reach 

59% higher biomass production than maize when grown in the U.S. corn belt. This high 

productivity is due to its ability to retain photosynthetically efficient leaves for a longer 

growing season, thereby using more available solar radiation for growth (Dohleman and 

Long, 2009). It is estimated the transfer of this ability to maize has the potential to 

increase biomass and possibly yield by 60-100% when grown in temperate climates 
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such as the Midwest where the majority of corn is grown in the United States (Beale et 

al., 1996).  

Tolerance of chilling temperatures would be most critical late spring and early fall, 

especially as climate change may cause more frequent and intense spring chilling 

events (Kim et al., 2017). In addition, climate change has encouraged earlier planting 

further increasing the risk of exposure to cool conditions. Early planting could help avoid 

water deficits in the summer and early harvesting may help prevent fungal growth in 

grain and reduce drying costs (Lorgeou et al., 2011). With worldwide demand for fuel 

and food continuously rising, improving the ability of productive C4 plants to grow under 

chilling conditions could be very beneficial for meeting these demands in global food 

and biofuels production. 

1.4 Thesis Objectives  

The studies presented in this dissertation use plant biotechnology to better understand 

the function of Rubisco assembly chaperones and how they can be used to improve 

Rubisco assembly/activity and photosynthesis. Plant biotechnology can be defined as 

the introduction of beneficial traits into plants through genetic modifications. This work 

uses stable transformation events to alter the gene expression of Rubisco subunits and 

assembly chaperones in Zea mays (maize). The first study, chapter 2, explores 

secondary roles of the Rubisco assembly chaperone BSD2, through cell-type specific 

complementation of the bsd2 mutant. The relationships between BSD2 expression, 

chloroplast development and photosynthesis are explored. The second study, chapter 
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3, describes how we increased Rubisco content in a C4 plant for the first time. I then 

analyzed the effect increased Rubisco abundance has on photosynthetic enzyme 

activities, photosynthetic rates and plant growth. The last study, chapter 4, examines 

whether transgenically-increased Rubisco content in maize can improve plant 

performance during chilling stress conditions where Rubisco is thought to be limiting. 

Here I monitor plant growth, photosynthetic parameters such as gas exchange and 

chlorophyll fluorescence, as well as enzyme activities to determine if maize plants are 

more chilling tolerant. 

1.4.1 Chapter publication and author contributions 

The contents of chapters 2 and 3 are published, and chapter 4 is in preparation for 

submission. Text and figures from these publications have been reformatted to create 

one continuous document. These studies are the product of collaborative research 

described below.  

Chapter 2 can be found as Salesse-Smith, C., Sharwood, R. E., Sakamoto, W. & Stern, 

D. B. (2017) The Rubisco chaperone BSD2 may regulate chloroplast coverage in maize 

bundle sheath cells. Plant Physiol. 175, 1624–1633. I participated in all experiments, 

wrote the text and designed the figures with close edits from D.B. Stern. R.E. Sharwood 

participated in experiments shown in Table II. W. Sakamoto supervised experiments 

shown in Figures 3,5 and 6 while D.B. Stern supervised all other experiments.   
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Chapter 3 can be found as Salesse-Smith, C.E., Sharwood, R.E., Busch, F.A., 

Kromdijk, J., Bardal, V., and Stern, D.B. (2018) Overexpression of Rubisco subunits 

with RAF1 increases Rubisco content in maize. Nature Plants, 4, 802. I participated in 

all experiments, drafted the manuscript and designed the figures with edits from D.B. 

Stern. R.E. Sharwood participated in experiments shown in Figures 1, 2, 3, 5 and Table 

I. F.A. Busch participated in experiments shown in Figure 3 and Table I.  J. Kromjijk 

participated in experiments shown in Figure 5 and Table I. V. Bardal completed 

experiments in Figures S3 and S4 under my supervision. D.B. Stern was responsible for 

project management, finalization of data analysis and manuscript preparation. 

Chapter 4 is in preparation as Salesse-Smith, C.E., Sharwood, R.E., Busch, F.A., and 

Stern, D.B. (2018) Transgenically-increased Rubisco content mitigates chilling stress in 

maize. I participated in all experiments, drafted the manuscript and designed the figures 

with edits from D.B. Stern. R.E. Sharwood participated in experiments shown in Figures 

3, 5, S2 and Table I. F.A. Busch participated in experiments shown in Figures 3 and S2. 

D.B. Stern was responsible for project management and manuscript preparation. 
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CHAPTER 2. THE RUBISCO CHAPERONE BSD2 MAY REGULATE CHLOROPLAST 

COVERAGE IN MAIZE BUNDLE SHEATH CELLS 

Salesse-Smith, C., Sharwood, R. E., Sakamoto, W. & Stern, D. B. (2017) Plant Physiol. 
175, 1624–1633 

2.1 Abstract 

In maize (Zea mays), Bundle Sheath Defective2 (BSD2) plays an essential role in 

Rubisco biogenesis and is required for correct bundle sheath (BS) cell differentiation. 

Yet, BSD2 RNA and protein levels are similar in mesophyll (M) and BS chloroplasts, 

although Rubisco accumulates only in BS chloroplasts. This raises the possibility of 

additional BSD2 roles in cell development. To test this hypothesis, transgenic lines were 

created that overexpress and underexpress BSD2 in both BS and M cells, driven by the 

cell type-specific Rubisco Small Subunit (RBCS) or Phosphoenolpyruvate Carboxylase 

(PEPC) promoters or the ubiquitin promoter. Genetic crosses showed that each of the 

transgenes could complement Rubisco deficiency and seedling lethality conferred by 

the bsd2mutation. This was unexpected, as RBCS-BSD2 lines lacked BSD2 in M 

chloroplasts and PEPC-BSD2 lines expressed half the wild-type BSD2 level in BS 

chloroplasts. We conclude that BSD2 does not play a vital role in M cells and that BS 

BSD2 is in excess of requirements for Rubisco accumulation. BSD2 levels did affect 

chloroplast coverage in BS cells. In PEPC-BSD2 lines, chloroplast coverage decreased 

30% to 50%, whereas lines with increased BSD2 content exhibited a 25% increase. This 

suggests that BSD2 has an ancillary role in BS cells related to chloroplast size. Gas 

exchange showed decreased photosynthetic rates in PEPC-BSD2 lines despite restored 
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Rubisco function, correlating with reduced chloroplast coverage and pointing to 

CO2 diffusion changes. Conversely, increased chloroplast coverage did not result in 

increased Rubisco abundance or photosynthetic rates. This suggests another limitation 

beyond chloroplast volume, most likely Rubisco biogenesis and/or turnover rates. 

2.2 Introduction 

Bundle Sheath Defective2 (BSD2) is a small, chloroplast-localized DnaJ-type zinc finger 

protein, originally identified during a screen for maize (Zea mays) mutants with 

abnormal Kranz anatomy (Roth et al., 1996) and further characterized upon isolation of 

the defective gene (Brutnell et al., 1999). The maize bsd2 mutant is unable to develop 

normal bundle sheath (BS) chloroplasts or accumulate Rubisco, resulting in seedling 

lethality. It is not yet clear whether the abnormal BS phenotype drives lower Rubisco 

accumulation, the BS phenotype is a pleiotropic effect of Rubisco loss, or if in fact BSD2 

confers two independent functions. 

BSD2 does not appear to impact transcription or translation of the Rubisco subunit 

genes, apart from an increased accumulation of rbcL transcripts in mesophyll (M) cells 

(Roth et al., 1996). Based on available evidence, BSD2 was proposed to interact with 

the large subunit (LS) of Rubisco to facilitate its translation and/or folding (Brutnell et al., 

1999). Subsequent work in maize showed that BSD2 likely interacts with nascent LS 

and/or newly imported small subunit as well as other assembly factors (RAF1 and 

RAF2) to assemble the Rubisco holoenzyme (Feiz et al., 2012, 2014). More limited data 
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are consistent with analogous roles in Nicotiana benthamiana (Wostrikoff and Stern, 

2007) and Chlamydomonas reinhardtii (Doron et al., 2014). 

A hint that BSD2 may have a role apart from Rubisco biogenesis came from quantitative 

proteomics showing that BSD2 accumulates at equivalent levels in maize BS and M 

chloroplasts (Friso et al., 2010). This finding challenges the presumption of a specific 

role of BSD2 in Rubisco regulation, since Rubisco does not accumulate in M 

chloroplasts. One possibility is that BSD2 is involved in repressing LS translation in M 

chloroplasts through a phenomenon known as control by epistasy of synthesis (Choquet 

and Wollman, 2009). In the case of Rubisco, unassembled LS undergoes translational 

repression through direct or indirect interaction with the rbcL transcript (Wostrikoff and 

Stern, 2007). Thus, a potential role of BSD2 in M chloroplasts could be to promote the 

folding of enough LS to exert a negative autoregulatory effect. Indeed, M rbcL 

transcripts are released from translational arrest in the bsd2 mutant (Brutnell et al., 

1999). 

To test this hypothesis, and to uncover any other additional functions of BSD2 in maize, 

we created transgenic lines designed to overexpress or underexpress BSD2 in either 

BS and M cells using different promoter-BSD2 fusions. While we could not substantiate 

a role of BSD2 in M translational regulation, we found that the level of BSD2 expression 

in BS, but not M, cells could be correlated with chloroplast coverage (i.e. the 

proportional cellular area occupied by chloroplasts). Furthermore, lines with smaller 

chloroplasts had lesser photosynthetic rates, possibly due to alterations in CO2 diffusion 

between the BS and M cells. However, lines with larger chloroplasts did not have 
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improved photosynthetic rates, indicating that Rubisco remains the rate-limiting step in 

CO2 assimilation. These results reveal that BSD2 may link Rubisco biogenesis to 

chloroplast coverage in BS cells. 

2.3 Results 

2.3.1 Creation of transgenic lines and complementation of the maize bsd2 mutant    

To differentiate the roles of BSD2 in M and BS chloroplasts, we created the three 

constructs shown in Figure 2.1A. Each construct contained the BSD2 coding sequence 

with a C-terminal FLAG tag preceded by a different promoter. The promoters were 

derived from the maize UBI, RbcS, and PEPC genes, and their expression domains 

were defined previously using promoter-YFP fusions (Sattarzadeh et al., 2010). The UBI 

promoter is highly expressed in both M and BS cells, whereas RbcS promoter activity is 

restricted to BS cells. When YFP was expressed from the PEPC promoter, most of the 

fluorescence was in the M; however, confocal microscopy and protoplast purification 

showed leaky expression in BS cells. Therefore, the PEPC-BSD2 fusion was expected 

to express in both cell types, albeit primarily in the M. To fine-tune the BS component of 

that expression, we studied both hemizygous and homozygous lines for this transgene. 

Each transgene was stably introduced into Hi-II maize, and single-insertion, 

nonsilencing events were propagated. To discover whether the transgenes could 

complement the bsd2 mutation, transgenic plants were crossed to bsd2 heterozygotes, 

as the homozygote mutant is seedling lethal. Transgene-expressing bsd2 heterozygotes 
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resulting from those crosses were selfed, and healthy green progeny were genotyped 

for the bsd2 mutation, which is caused by a Mu transposon insertion (Supplemental Fig. 

S2.1). In each case, plants were found that were homozygous for the bsd2 mutation yet 

able to grow normally (Fig. 2.1B) and produce seed. Thus, each of the transgenes could 

complement the seedling lethality of the bsd2 mutation. 

 

Figure 2.1 Constructs introduced into maize and growth phenotypes of 
complemented lines. (A) Schematics of transgene constructs. 
The BSD2 coding region is flanked by a FLAG epitope tag (gray box) and driven 
by the Ubiuitin (UBI), Rubisco Small Subunit (RbcS), or Phosphoenolpyruvate 
Carboxylase (PEPC) promoter. The BSD2 coding region includes an N-terminal 
chloroplast transit peptide. h indicates hemizygote and H indicates homozygote 
with respect to transgene copy number. (B) Transgenic lines were crossed to 
heterozygous bsd2 mutants and self-pollinated to yield 
homozygous bsd2 mutants complemented by the transgenes, as shown for 14-d-
old plants. m, Mutant; WT, wild type. 
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Complementation by UBI-BSD2 was expected, since that promoter expresses strongly 

in most cell types, whereas complementation by the BS-specific RBCS-BSD2 transgene 

suggested that BSD2 does not have an essential function in M chloroplasts. 

Complementation by PEPC-BSD2 was surprising, because PEPC-YFP fusions are 

poorly expressed in BS cells and BSD2 is essential for Rubisco assembly, which takes 

place in that cell type. Therefore, we obtained quantitative estimates for BSD2 

expression in each of the transgenic lines. 

2.3.2 PEPC-BSD2 complemented lines accumulate reduced BSD2 in the BS but 

retain wild-type levels of Rubisco 

To assess transgene expression, protein was extracted from total leaf tissue, BS, and M 

cells (Fig. 2.2). As shown in Figure 2.2A for total leaf protein, BSD2 accumulates at a 

higher than wild-type level in all the transgenic lines. This is because each of the 

transgene promoters is stronger than the native BSD2 promoter. When the hemizygous 

PEPC-BSD2 line was compared with the homozygous PEPC-BSD2 line, it accumulated 

approximately half as much BSD2 as might be expected. 

M and BS protein preparations were made to determine in which cell types BSD2 was 

accumulating. Antibodies against PEPC, an M-specific protein, and NADP-ME, a BS-

specific protein, were used to assess the purity of the BS and M cell preparations, which 

was equivalent for all lines tested (Fig. 2.2, B and C). BSD2 protein was estimated both 

with an antibody raised against recombinant BSD2 (α-BSD2) for the native and tagged 

proteins together and with anti-FLAG for transgene-encoded BSD2. As expected, the 
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UBI-BSD2 line accumulated a high level of BSD2 in both cell types, whereas the RBCS-

BSD2 line displayed highly elevated BSD2 in BS, while none was detectable in the M. 

Both hemizygotic and homozygotic PEPC-BSD2 transgenes confer higher than wild-

type BSD2 accumulation in M, with the homozygous line accumulating twice as much 

BSD2 in the M. Low levels of BSD2 accumulate in BS cells of the PEPC-BSD2 lines at 

comparable levels due to the leaky expression of the promoter. This leaky expression of 

the PEPC promoter in BS cells explains why the PEPC-BSD2 transgene can 

complement the bsd2 null mutation in terms of restoring seedling viability. 

We analyzed the accumulation of Rubisco using an anti-LS antibody. As expected, LS 

was abundant in all total and BS protein samples and undetectable in all M and bsd2 

mutant samples. There was no correlation between the amount of BSD2 and the 

amount of Rubisco LS, the latter of which was similar in all lines other than bsd2 (Fig. 

2.2D, Total LS column). This suggests that overexpression of BSD2 by itself does not 

confer increased Rubisco content. We can additionally conclude that the C-terminal 

FLAG tag does not prevent BSD2 from fulfilling its role in Rubisco assembly, although 

we cannot rule out smaller effects on its activity. We also assessed Rubisco content 

using [14C]CABP binding, which confirmed that wild-type Rubisco levels had been 

restored in all the complemented lines (see Table 2.2 below).  
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Figure 2.2 Protein accumulation and cell type specificity in transgenic 
lines. (A-C) Soluble protein was isolated from total leaf (A), BS (B), and M (C) 
preparations and analyzed by immunoblotting using the antibodies indicated at 
left. α-FLAG recognizes BSD2 expressed from transgenes; α-BSD2 recognizes 
both endogenous and transgene-encoded BSD2. PEPC and NADP-Malic 
Enzyme (ME) were used as controls for M and BS cell purity, respectively. 
Images of the stained gels were vertically compressed and used to reflect 
loading. Representative blots are shown. CB, Coomassie Blue. (D) Quantification 
of LS and BSD2 protein was achieved using the Odyssey infrared imaging 
system. The wild-type (WT) level was set to 1 as a baseline. The derived values 
were based on three biological replicates for LS and two biological replicates for 
BSD2 ± SE. A second replicate for BSD2 is provided in Supplemental Figure 
S2.2. 
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BSD2 accumulation was quantified from PEPC-BSD2 lines using an infrared scanner 

(Fig. 2.2D). Because of the low level in both the wild-type and BS preparations from 

PEPC-BSD2 lines, we used multiple gels and protein preparations (Supplemental Fig. 

S2.2) to arrive at the most accurate possible estimate relative to the wild type. We also 

looked at total BSD2 protein expression in two transgenic events to control for 

differences that could have been caused by the transgene insertion site (Supplemental 

Fig. S2.3). This led to the conclusion that both homozygous and hemizygous PEPC-

BSD2 lines contain approximately 50% less BSD2 protein in their BS than do wild-type 

plants. These same lines, however, accumulate wild-type levels of Rubisco, suggesting 

that, in wild-type plants, the amount of BSD2 is in excess of what is required for Rubisco 

accumulation. 

2.3.3 Enhanced rbcL transcript accumulation does not occur in M cells of 

complemented plants that lack mesophyll BSD2 

The transgenic lines allowed us to test the hypothesis that BSD2 is involved in 

regulating the rbcL mRNA level in M cells. This hypothesis arose from the observation 

that rbcL transcripts overaccumulate in M cells of the bsd2 mutant (Roth et al., 1996). 

To test whether hemicomplementation by RBCS-BSD2, which lacks BSD2 in the M, 

would exhibit the same phenotype, RNA gel-blot analysis was performed on total, M, 

and BS RNA from 2-week-old leaves (Supplemental Fig. S2.4). On a total RNA basis, 

no change in rbcL transcript accumulation was observed between the transgenic lines 

and the wild type. Consistent with previous reports, rbcL mRNA increased in the M of 

the bsd2 mutant (Supplemental Fig. S2.4, right lanes) as well as in total RNA. However, 
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the results showed that rbcL transcripts were not increased relative to the wild type in M 

cell RNA prepared from RBCS-BSD2, signifying that the increased rbcL transcript 

phenotype of bsd2 is likely a pleiotropic effect of the lack of Rubisco and not the effect 

of missing BSD2 in the M. The same phenomenon is seen in the maize raf1 mutant, 

which is blocked at a similar step in Rubisco assembly to bsd2 (Feiz et al., 2012). The 

function of BSD2 in the M remains unclear. Identifying its binding partners through use 

of the FLAG tag, combined with cell type-specific expression, could shed light on both M 

function and Rubisco assembly. 

2.3.4 Chloroplast coverage is reduced in BS cells of the PEPC-BSD2 

complemented plants 

To reveal any changes in cell and chloroplast morphology, transverse leaf sections of 

11-d-old seedlings were examined by confocal microscopy (Supplemental Fig. S2.5) 

and electron microscopy (Fig. 2.3). No differences were observed between the M cell 

chloroplasts of the wild-type and transgenic lines, while bsd2 mutant chloroplasts 

appeared smaller, albeit with normal internal structure (Fig. 2.3C). Normal M chloroplast 

structure was reported previously in bsd2 at various developmental stages (Roth et al., 

1996). 

In BS cells, the bsd2 mutant exhibited the previously reported breakdown of the 

thylakoid membranes and swelling in the outer chloroplast membrane (Fig. 2.3, A and 

B). BS chloroplast ultrastructure was restored to the wild-type level in the RBCS-BSD2 

and homozygous PEPC-BSD2 complemented lines. Differences were observed, 
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however, in chloroplast coverage, defined as the total chloroplast area per cell area. 

Based on visual inspection, chloroplast coverage appeared to be greater in the RBCS-

BSD2 complemented line and reduced in the homozygous PEPC-BSD2 complemented 

line. 

 

Figure 2.3 Transmission electron microscopy (TEM) images from leaf tip 
tissue of 11-d-old seedlings. Samples were prepared as described in 
“Materials and Methods.” (A) The top row shows images of BS cells, (B) the 
middle row shows closeups of BS cells, and (C) the bottom row shows closeups 
of M cells. G, Grana; T, thylakoid membranes; WT, wild type. 

 



43 

To quantify this parameter, we used digital analysis of multiple TEM and confocal 

images for each genotype to calculate chloroplast size, BS cell size, and chloroplast 

number and to derive chloroplast coverage (see “Materials and Methods”). Figure 2.4A 

shows that the average chloroplast area (total area of all chloroplasts in a given cell) 

was significantly greater in the RBCS line and significantly reduced in the PEPC-BSD2 

line, relative to the wild type. The number of chloroplasts per BS cell area remained 

constant between the genotypes, however, indicating that the increase in chloroplast 

area was not due to an increased chloroplast count (Fig. 2.4B). We then derived 

chloroplast coverage, which closely tracked the results for chloroplast area, revealing 

that the differences in chloroplast area appear to represent a change in chloroplast size 

(Fig. 2.4C). Chloroplast coverage of each genotype also remained consistent between 

multiple transgenic events (Supplemental Fig. S2.6). These trends correlate with the 

relative amount of BSD2 protein found in BS cells, indicating that BSD2 may play a role 

in determining BS chloroplast area. We cannot rule out an effect of BSD2 

overexpression in M cells of the PEPC-BSD2 complemented lines that is manifested in 

BS cells; however, this is rather unlikely to be the case, as the UBI line, which also 

overexpressed BSD2 in M cells, does not exhibit the same phenotype. 
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Figure 2.4 Quantification of chloroplast area and coverage in BS cells. (A) 
Comparison of average chloroplast area in the transgenic lines relative to the wild 
type (WT). Data represent averages of at least 10 leaf sections ± SE. Statistical 
significance tests were conducted using a one-way ANOVA (*, P > 0.05). (B) 
Average number of chloroplasts per BS cell normalized to cell area. Data 
replicates and analysis were as for A. (C) Percentage chloroplast coverage 
calculated from total chloroplast area divided by BS cell area. White bars 
represent areas quantified from confocal images, and black bars represent areas 
quantified from TEM images. Data replicates and analysis were as for A for TEM, 
while the confocal data represent averages of at least 20 leaf sections ± SE. 



45 

2.3.5 PEPC-BSD2 complemented lines have reduced CO2 fixation 

The variation observed in chloroplast coverage prompted us to ask whether chloroplast 

coverage could be correlated with photosynthetic rate. To do so, carbon fixation 

measurements were made on the youngest fully expanded leaves of 2-week-old plants. 

As shown in Figure 2.5, light-response curves showed no significant difference in light-

saturated photosynthesis rates between the wild-type, UBI-BSD2, and RBCS-BSD2 

lines, while, as expected, the bsd2 mutant was unable to successfully incorporate CO2 

(Fig. 2.5A). Thus, increased chloroplast coverage in the RBCS-BSD2 line did not confer 

additional CO2 assimilation under these conditions. On the other hand, reduced 

chloroplast coverage in the homozygous PEPC-BSD2 line did correlate with a nearly 

50% reduction in photosynthetic rate, even at medium light intensity (greater than 500 

µmol photons m−2 s−1). Decreased photosynthetic efficiency also was seen at lower light 

intensities, indicating a limitation in the conversion of light energy into ATP and NADPH. 

A similar trend, but with reduced magnitude, was seen with CO2-response curves, while 

the wild-type, UBI-BSD2, and RBCS-BSD2 lines were indistinguishable (Fig. 2.5B). 

Specifically, the homozygous and hemizygous PEPC-BSD2 lines displayed 

photosynthetic rates 20% to 25% less than the wild type at a saturating CO2 

concentration (greater than 200 µmol mol−1). Similar results were obtained with the 

analysis of a second transgenic event (Supplemental Fig. S2.6). The failure of the 

PEPC-BSD2 lines to incorporate CO2 normally, even while they accumulate wild-type 

levels of Rubisco, raised the possibility that reduced chloroplast coverage impacts 

photosynthetic capacity. 
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Figure 2.5 CO2 assimilation measurements with varying light intensity and 
intercellular CO2 partial pressure (Ci). (A) Responses in the rate of carbon 
fixation relative to light intensity measured at 400 µL L−1 CO2 and a temperature 
of 25°C. Data points are averages of at least three replicates ± SE. Statistical 
significance tests were conducted on data measured at PAR of 1,500 μmol 
photons m−2 s−1 using a one-way ANOVA (P > 0.05). Note that both PEPC-BSD2 
(H) and (h) are significantly different from the wild type. (B) Responses in the rate 
of carbon fixation relative to intercellular CO2 concentration measured at a light 
intensity of 1,800 µmol m−2 s−1 and a temperature of 25°C. Data points are 
averages of at least three replicates ± SE. WT, Wild type. 
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Due to the tight link between the light and light-independent reactions of photosynthesis, 

decreased carbon fixation might, in turn, decrease the rate of consumption of light 

reaction products (ATP and NADPH), lowering PSII efficiency (Kramer and Evans, 

2011). To assess the light reactions, pulse amplitude fluorometry was used to measure 

the light intensity dependence of PSII operating efficiency (ФPSII) and 

nonphotochemical quenching (NPQ), as shown in Figure 6. ФPSII is the efficiency at 

which light absorbed by the PSII complex is used for photosynthesis, essentially a 

measure of linear electron transport. Figure 2.6A shows that ФPSII decreased 

significantly in the bsd2 mutant, consistent with the PSII complex being severely 

damaged. The other lines did not differ from the wild type, except that the homozygous 

PEPC-BSD2 line had a 32% decrease in PSII efficiency at high light (PAR of 1,500 

μmol photons m−2 s−1), consistent with its lower photosynthetic efficiency (Fig. 2.5A) and 

carbon assimilation rate (Fig. 2.5B). 

NPQ represents photoprotective dissipation of excess absorbed light energy as heat. In 

lines where PSII efficiency is lowered, NPQ should increase to lower the excitation of 

PSII and avoid oxidative damage. As shown in Figure 2.6B, NPQ decreases in the bsd2 

mutant, indicating deficiency of the protective function. The homozygous PEPC-BSD2 

line had a slight increase in NPQ, in keeping with lower PSII efficiency. Finally, we 

determined Fv/Fm ratios, which represent the maximum efficiency at which light 

absorbed by PSII is used for photosynthesis (Table 2.1). Stressed plants have lower 

Fv/Fm ratios, as seen in the bsd2 mutant. All other lines had Fv/Fm ratios of ∼0.7 to 0.8, 

in the normal range (Maxwell and Johnson, 2000). Together, these results suggest that 
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plants with decreased chloroplast coverage in their BS cells have impaired CO2 

assimilation rates and PSII efficiency. 

 

Figure 2.6 Determination of photosynthetic capacity using fluorescence 
imaging.  (A) Light intensity dependence of ФPSII. Measurements were made on 
attached leaves after they were dark adapted for at least 15 min at room 
temperature. Values represent averages of at least three replicates ± SE. 
Statistical significance tests were conducted on data measured at PAR of 1,500 
μmol photons m−2 s−1 using a one-way ANOVA (P > 0.05). (B) Light intensity 
dependence of NPQ. Measurements were made as described for A. WT, Wild 
type. 
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Table 2.1 Maximum photochemical efficiency of PSII. Data represent 
average Fv/Fm ratio values of at least three complemented bsd2 plants at PAR of 
zero ± SE. Statistical significance tests were conducted using a one-way ANOVA 
(*P > 0.05). NM, Not measured. 

Average Fv/Fm at PAR = 0 

Replicate WT UBI RBCS 
PEPC 

(H) 
PEPC (h) 

bsd2 
mutant 

1 
0.759 
±0.012 

0.709 
±0.037 

0.753 
±0.015 

0.695 
±0.039 

N/A 
0.25 

±0.030* 

2 
0.829 
±0.003 

0.822 
±0.001 

0.807 
±0.005 

0.811 
±0.002 

0.816 
±0.002 

0.29 
±0.021* 

 

2.3.6 Activities of photosynthetic enzymes are largely unchanged in complemented 

lines 

The decreased CO2 assimilation in PEPC-BSD2 lines led us to measure in vitro enzyme 

activities of the key maize photosynthetic carboxylases and decarboxylase, as shown in 

Table 2.2. No statistically significant differences were observed for Rubisco content 

(confirming the immunoblot analyses), Rubisco activity, or PEPC activity, except for the 

bsd2 mutant. An increase in NADP-ME activity was observed in the homozygous 

PEPC-BSD2 line. 

We also measured Rubisco activation status, and the ratio of Rubisco relative to key 

photosynthetic enzymes and stomatal conductance, to elucidate any other effect of 

altering BSD2 levels in the BS. Minor differences in Rubisco activation status were 

found; however, no differences were observed in the ratio of Rubisco relative to PEPC 
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or NADP-ME (Table 2.2). There also appeared to be a decrease in stomatal 

conductance in the hemizygous PEPC lines. 

Table 2.2 Summary of leaf gas exchange and photosynthetic enzyme 
activity. Data represent averages of at least three replicates ± SE. Statistical 
significance tests were conducted using a one-way ANOVA (*P > 0.05). NM, Not 
measured. 

Parameter WT UBI RBCS PEPC 
(H) 

PEPC 
(h) 

bsd2 
mutant 

Rubisco content  
(µmol catalytic 

sites m
-2

)  
9.6 ±1 9.3 ±0.9 8.1 ±1 9.2 ±0.7 N/A 0.47 ±0.2 

Rubisco activity 

(µmol CO
2
 m

-2
 s

-

1
) 

31.3 ±6 26.3 ±6 26.7 ±6 31.0 ±2 N/A 1.08 

PEPC activity 

(µmol CO
2
 m

-2
 s

-

1
) 

  
165.1 
±30 

151.5 
±17 

135.1 
±2 

150.7 
±9 

N/A 141.25 

NADP-ME 
activity (µmol 

CO
2
 m

-2
 s

-1
) 

74.4 ±5 85.8 ±8 71.8 ±9 108.6 
±6* 

N/A 54.86 

PEPC:Rubisco 
5.8 ±2 5.0 ±1 5.4 ±1 4.6 ±0.6 N/A 

130.6 

NADP-ME: 
Rubisco 2.8 ±0.7 2.7 ±0.3 2.8 ±0.3 

3.3 
±0.05 N/A 

50.7 

Rubisco 
activation status 75.5 ±4 

92.0 ±11 72.7 
±18 84.4 ±4 N/A 

N/A 

Stomatal 
Conductance 

0.319 
±0.003 

0.233 
±0.009 

0.366 
±0.02 

0.212 
±0.01 

0.167 
±0.007 

N/A 
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2.4 Discussion 

In this study, we provide evidence for a previously unidentified function for the 

chloroplast chaperone BSD2. It has been well established that BSD2 is required for 

assembly of the Rubisco holoenzyme. The realization that it is equally present in maize 

M and BS chloroplasts (Friso et al., 2010), along with our own finding that a 50% 

decrease in BS BSD2 protein has no effect on Rubisco abundance, raised the 

possibility that the protein had additional functions. Our data support the conclusion that 

BSD2 has an ancillary role in BS cells related to chloroplast size, which, in turn, affects 

photosynthetic rate. 

2.4.1 Regulation of chloroplast number and size 

Chloroplast number is regulated through chloroplast division, which occurs via binary 

fission. A number of genes have been identified that promote or restrain chloroplast 

division (Osteryoung and Pyke, 2014). One early discovery for the arc (accumulation 

and replication of chloroplast) mutants was that their chloroplast coverage did not 

diverge from the wild type, indicating that the mechanisms that regulate chloroplast size 

and division are independent (Pyke and Leech, 1994). One protein recently identified as 

a regulator of chloroplast coverage is REDUCED CHLOROPLAST COVERAGE1, which 

is extraplastidic in localization (Larkin et al., 2016). One possibility is that BSD2 acts as 

a plastid-localized partner for signaling by a system, still uncharacterized, that involves 

REC1. 
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Characterization of complemented bsd2 plants with constructs conferring high (UBI-

BSD2 or RBCS-BSD2) or reduced (PEPC-BSD2) BSD2 expression in the BS revealed 

that overexpression increases chloroplast area and reduced expression decreases 

area. We considered that TEM analysis may have underestimated the chloroplast area 

due to dehydration of the tissue during fixation and embedding. Since this could 

potentially unequally affect perceived chloroplast and BS cell size, we used confocal 

imaging of live tissue as the main method to quantify chloroplast coverage. It is unlikely 

that BSD2 is involved directly in chloroplast division, since the number of chloroplasts 

per BS cell area did not vary (Fig. 2.4B). 

In the transgenic lines, altered BSD2 content affected BS but not M chloroplasts, 

whether BSD2 was completely absent in the M (RBCS-BSD2) or overexpressed 

(PEPC-BSD2 and UBI-BSD2). A decoupling of chloroplast development between BS 

and M cells has been observed previously in C4 plants, while the opposite has been 

observed in C3 plants, best studied in reticulate mutants (Lundquist et al., 2014). These 

mutants typically have metabolic defects in BS chloroplasts that lead to a failure to 

signal M cells for normal chloroplast development. On the other hand, the 

bsd1/GOLDEN2 (Hall et al., 1998; Langdale and Kidner, 1994) and bsd2 maize mutants 

have BS but not M chloroplast defects. GOLDEN2 encodes a transcription factor that is 

a member of a family with a conserved role in chloroplast development (Chen et al., 

2016), and BSD2 is a zinc finger chaperone-type protein. It is possible that they 

represent elements of a poorly characterized network that is responsible for BS 

chloroplast development and, like reticulate mutants that affect both primary metabolism 
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and M chloroplast development, have multiple functions, at least in the case of BSD2. 

Thus, our results suggest the possibility of an additional link between primary 

metabolism (i.e. carbon fixation) and chloroplast development, in this case in BS cells. 

Dual functions of BSD2, which is an incomplete DnaJ protein, would be compatible with 

its chaperone motifs. True chloroplast DnaJ proteins have been characterized in C. 

reinhardtii (Willmund et al., 2008) and tomato (Wang et al., 2015), where it appears to 

have a role protecting Rubisco under heat stress. Chloroplast DnaJ proteins comprise a 

gene family (Chiu et al., 2013), and if BSD2 is indeed a cochaperone akin to DnaJ, it 

could readily be imagined to be involved in folding and assembling Rubisco LS as well 

as folding, stabilizing, or assembling some other factor(s) that is involved in chloroplast 

division or size control. Our results suggest that such functions are hierarchical, since 

Rubisco abundance is unaffected at BSD2 levels that fail to support normal chloroplast 

coverage. 

2.4.2 Relationship of chloroplast volume and photosynthesis 

The relationship of chloroplast coverage to photosynthetic capacity has been poorly 

explored. Black and Mollenhauer (Black and Mollenhauer, 1971) proposed that the 

photosynthetic capacity of a plant is related to the quantity and coverage of leaf cellular 

organelles rather than their size, since a feature of plants with high photosynthetic 

capacity is a dense concentration of chloroplasts in the BS. It is now known that the 

high-photosynthetic-capacity plants they were observing were C4 plants and their low-

photosynthetic-capacity controls were C3 species. Since the study compares C3 and C4 
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plants, the main cause of higher photosynthetic rates was most likely the high 

concentration of CO2 around Rubisco. However, it is still unknown how much of a role 

chloroplast density in the BS may have on photosynthetic rates. We showed through 

gas exchange that the PEPC-BSD2 lines had decreased photosynthetic rates, 

correlated with reduced chloroplast coverage (Fig. 2.5). The precise mechanism, 

however, is still uncertain. Evidence points toward another deficit in photosynthesis that 

needs to be further explored. We can interpret the decreased photosynthetic rates in the 

PEPC-BSD2 lines as resulting from limited space (volume) for some component(s) of 

the photosynthetic machinery, leading to a possible deficit in electron transport capacity. 

Additionally, reduced chloroplast coverage in the PEPC-BSD2 lines, which contain wild-

type amounts of Rubisco, would predict that their chloroplasts are more densely packed 

with Rubisco and perhaps other photosynthetic machinery. It is possible that this could 

create physical or metabolite diffusion limitations that could negatively affect 

photosynthesis. Here, the PEPC-BSD2 lines appear to have increased resistance to 

CO2 diffusion correlating with reduced photosynthetic rates, as indicated by maximum 

Ci values around 800 µmol mol−1 (300 µmol mol−1 less than the wild type). The PEPC-

BSD2 lines also have lower intercellular CO2-to-ambient CO2 ratio values than the wild 

type. Rubisco content, activity, and activation did not vary significantly between the 

complemented lines and wild-type plants. As a result, the functionality of Rubisco does 

not appear to contribute to the decreased photosynthetic rates observed. 

Increased chloroplast coverage did not increase photosynthesis, suggesting that 

Rubisco abundance or activity, rather than chloroplast coverage, is limiting gains in CO2 
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assimilation in excess of the wild type. Providing increased Rubisco in the context of 

greater chloroplast volume could test this hypothesis. In rice (Oryza sativa), contrasting 

results were found with regard to chloroplast size, where leaves with similar Rubisco 

content but different chloroplast size showed higher CO2 assimilation with smaller 

chloroplasts. The authors concluded that the smaller chloroplasts conferred better CO2 

diffusion properties (Li et al., 2013). Additionally, it was reported recently in another C3 

plant that the larger, fewer chloroplasts in Arabidopsis (Arabidopsis thaliana) arc 

mutants result in decreased photosynthetic rates due to changes in CO2 diffusion 

conductance in the M (Xiong et al., 2017). The types of correlations that can be made 

between chloroplast size, photosynthesis, and CO2 diffusion in C4 plants have yet to be 

determined. 

2.4.3 Conclusion 

Complementation of the bsd2 mutant has provided an opportunity to observe the effect 

of altered BSD2 expression in maize M and BS cells. The loss of BSD2 in the M has no 

observable effect on the plant; therefore, its role in the M remains unclear. Subjecting 

RBCS-BSD2 plants to heat stress, where chloroplast chaperones have important 

functions (Trösch et al., 2015), could uncover a role for BSD2 in this cell type. A 50% 

reduction of BSD2 in the BS, on the other hand, influenced chloroplast coverage and 

CO2 assimilation but not Rubisco assembly. This suggests that BSD2 is likely present in 

excess of what is required for Rubisco assembly. Thus, we conclude that BSD2’s 

primary function is Rubisco assembly in the BS and, secondarily, to regulate and 

maintain chloroplast size. Further studies of how BSD2 impacts chloroplast 
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development could help develop approaches to manipulate chloroplast size. This could 

be particularly useful in engineering C4 photosynthesis in C3 plants (Stata et al., 2014). 

Manipulating chloroplast size also could lead to capturing greater photosynthetic 

efficiency by combining increased chloroplast coverage with increased RuBP 

regeneration and more efficient Rubisco. 

2.5 Materials and Methods 

2.5.1 Construct Generation and Maize Transformation 

Three expression cassettes containing different cell type-specific maize (Zea mays) 

promoters, the maize BSD2 open reading frame, and the Nos terminator were 

assembled into pGEM T-Easy. Each construct was then stably transformed into Hi-II 

maize, a hybrid between inbreds A188 and B73. Maize transformation was carried out 

as described (Sattarzadeh et al., 2010). BSD2 was commercially synthesized to encode 

the FLAG epitope at the 3′ end and inserted into pMK-RQ (Geneart, Fisher Scientific). 

All constructs contain the 272-bp Nos terminator amplified from the plasmid pHCnos 

(Wostrikoff et al., 2012). The binary vector pPTN 1055, referred to as PEPC-BSD2, 

contains the 1.7-kb maize PEPC promoter from the binary vector pPTN 512 

(Sattarzadeh et al., 2010). UBI-BSD2 (binary vector pPTN 1052) contains the maize 

UBI promoter from pUbiHCnos (Wostrikoff et al., 2012), and RBCS-BSD2 or pPTN 1053 

contains the maize RBCS1 promoter from the binary vector pPTN 533 (Sattarzadeh et 

al., 2010). T1 transgenic progeny were identified, and expression was determined for 

two independent, single-insertion events, from each of the three vectors, received from 
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the University of Nebraska-Lincoln, using immunoblot analysis and the anti-FLAG 

antibody (Sigma-Aldrich). Details of the transgenic lines used are given in Supplemental 

Table S2.2. 

2.5.2 Plant Materials and Growth Conditions 

Plants were grown in a greenhouse under a long-day cycle, 16-h/28°C days and 8-

h/26°C nights. To eliminate endogenous BSD2 expression, a representative event for 

each construct was crossed to a BSD2/bsd2 heterozygote, since homozygous bsd2 is 

seedling lethal. F1 progeny were genotyped for the transgene and BSD2. BSD2/bsd2 

heterozygotes that possessed the transgene were selfed to determine whether the 

transgene would complement the bsd2 mutation. These F2 progeny segregated pale-

green/seedling-lethal and wild-type-appearing plants. The wild-type-like plants were 

genotyped for BSD2 using PCR (primers are given in Supplemental Table S2.1), and 

those determined to be bsd2 homozygous mutants were assumed to be complemented. 

This was verified by genotyping for the transgene. The complemented plants were then 

selfed to obtain seed stocks homozygous for both the transgene and the bsd2 mutation. 

Selected data for additional transgenic events obtained the same way are shown in 

Supplemental Figures S2.3, S2.6, and S2.7. 

2.5.3 RNA Characterization 

Total RNA was extracted using Tri reagent (Molecular Research Center), and 1 to 5 µg 

was analyzed by gel-blot hybridization at 65°C using the buffer of Church and Gilbert 
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(1984). BSD2, rbcL, and psbA probes were generated by PCR using the primers shown 

in Supplemental Table S2.1. 

2.5.4 Protein Characterization 

Total leaf protein was extracted on a leaf area basis (two- to four-hole punches of leaf 

tissue) from the tip of the third leaf as described (Barkan, 1998). Protein was separated 

through 13% SDS-polyacrylamide gels and blotted onto polyvinylidene difluoride 

membranes (Bio-Rad). Primary antibodies were incubated overnight at 4°C in TBS plus 

0.1% Tween 20. Antibodies used were anti-LS (Agrisera), anti-ME (a kind gift of Dr. 

Timothy Nelson), anti-PEPC (Agrisera), anti-FLAG (Sigma-Aldrich), and anti-BSD2 

(Feiz et al., 2014). Incubation with goat anti-rabbit IR dye 800 CW (LI-COR) secondary 

antibody was performed at room temperature for 2 h, and blots were imaged using the 

LI-COR Odyssey Infrared Imaging System. Gels that were not blotted were stained with 

0.01% Coomassie Blue R-250 and also imaged using the Odyssey system. 

2.5.5 M/BS Extraction 

BS and M extractions were performed using 1 to 2 g of leaves as described (Markelz et 

al., 2003), except that BS isolation was carried out entirely at 4°C to minimize 

degradation. RNA and protein were then isolated from the M and BS extracts as 

described above. 
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2.5.6 TEM 

Observation of chloroplast ultrastructure by TEM was performed as described 

previously (Zhang et al., 2012). Fully developed leaves (2-week-old third leaves) were 

used. Pieces of 1 × 1 mm were excised, fixed in 2% (w/v) paraformaldehyde and 2% 

(v/v) glutaraldehyde in 0.05 M cacodylic acid buffer, pH 7.4, and postfixed in 2% (v/v) 

osmium tetroxide in the same buffer at 4°C for 3 h. Samples were dehydrated 

subsequently with a graded series (50%, 70%, 90%, and 100%) of ethanol. The 

samples were infiltrated by propylene oxide twice for 30 min and placed into a 70:30 

mixture of propylene oxide and resin (Quetol-651; Nisshin EM) for 1 h. Ethanol was 

finally replaced with resin, and the samples were polymerized at 60°C for 48 h. The 

chloroplast structures were evaluated on ultrathin sections using an ultramicrotome 

(Ultracut UCT; Leica). Sections were stained with 2% uranyl acetate and were 

examined using a transmission electron microscope (JEM-1200EX; JEOL) at 80 kV. 

Microscopic observations were conducted at Tokai Electron Microscopy. 

2.5.7 Confocal Microscopy 

Leaf sections of 2-week-old plants were prepared manually with a razor blade. Images 

were collected at the BTI Plant Cell Imaging Center on a Leica TCS-SP5 confocal 

microscope (Leica Microsystems) using a 63× water-immersion objective with numerical 

aperture 1.2 and zoom 1.6. Chloroplasts were excited with the blue argon laser (488 

nm), and emitted light was collected from 500 to 550 nm. Differential interference 

contrast images were collected simultaneously with the fluorescence images using the 
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transmitted light detector. Images were processed using Leica LAS-AF software 

(version 2.6.0) and Adobe Photoshop CS2 version 9.0.2 (Adobe Systems). Chloroplast 

area was obtained by outlining only areas covered by chloroplasts in each BS cell, while 

BS cell area was obtained by outlining the outer edge of each BS cell. This was done 

for both confocal and TEM images, which were quantified using ImageJ. 

2.5.8 Leaf Gas-Exchange Measurements 

Gas-exchange measurements were carried out on the youngest fully expanded leaf of 

2- to 3-week-old plants using the LI-COR 6400 portable open photosynthesis system. 

Each leaf was given 2 to 3 min to reach the steady state of CO2 uptake in the chamber 

before measurements were taken. Relative humidity was kept near 60%. Photosynthetic 

responses were measured at 12 light intensities at 400 µL L−1 CO2 and 25°C. 

Photosynthetic responses to intercellular CO2 concentration (A/Ci curves) were 

measured at 16 CO2 steps at saturating light intensity of 1,800 µmol m−2 s−1 and 25°C. 

2.5.9 Chlorophyll Fluorescence Imaging 

Chlorophyll fluorescence was measured by Monitoring-PAM (Heinz Walz) at room 

temperature. Leaves attached to 2-week-old plants grown in the greenhouse (second 

from the top) were subjected to dark adaptation for at least 15 min prior to chlorophyll 

fluorescence measurement. Fv/Fm was calculated as (Fm – Fo)/Fm, where Fm is the 

maximum fluorescence level and Fo is the minimum fluorescence level under the 

measuring light. ΦPSII was calculated as (Fm′ – Fs)/Fm′, where Fm′ is the maximum 
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fluorescence level and Fs is the steady-state fluorescence level under the actinic light. 

NPQ was calculated as (Fm – Fm′)/Fm′. 

2.5.10 Leaf Protein Extraction and Rubisco Activation and Content Measurements 

Leaf samples (0.5 cm2) were frozen in liquid nitrogen and stored at −80°C. Soluble leaf 

protein was extracted into 1 mL of ice-cold, N2-sparged extraction buffer [50 mM EPPS-

NaOH, pH 8, 0.5 mM EDTA, 2 mM DTT, 1% (v/v) plant protease inhibitor cocktail 

(Sigma-Aldrich), and 1% (w/v) PVPP)] with 5 mM MgCl2 using 2-mL glass 

homogenizers (Sharwood et al., 2016a). The lysate was centrifuged for 30 s (16,000g, 

4°C), and 10 µL of the soluble protein was assayed for initial and total Rubisco activities 

using an NADH-coupled enzyme method at 25°C (Lilley et al., 1975; Sharwood et al., 

2016a). To measure initial Rubisco activity, RuBP (0.4 mM) was added to the buffer 

prior to the addition of extract (10 µL) to start the assay. Total Rubisco activity was 

determined after Rubisco in the leaf protein was activated for 10 min in assay buffer 

before initiating Rubisco activity measurements by adding RuBP to 0.4 mM. The RuBP 

used in the assays was synthesized and purified as described previously (Kane et al., 

1998). Rubisco content was determined in 100 µL of soluble extract by [14C]CABP 

binding (Sharwood et al., 2008). Soluble protein content was determined by the 

Coomassie dye-bind assay (Pierce) using BSA standards. 
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2.5.11 PEPC and NADP-ME Activities 

Total PEPC activities in leaf extracts were measured using an NADH-coupled assay as 

described previously (Ashton et al., 1990; Sharwood et al., 2014). Extraction was 

performed using the same buffer as described above. Total NADP-ME activity was 

determined in a coupled NADP assay as described previously (Ashton et al., 1990; 

Pengelly et al., 2012). 

2.5.12 Statistical Analysis 

Jmp pro 13 software was used to determine the statistical significance of the differences 

observed between the nontransgenic controls and transgenic plants. One way Tukey-

Kramer HSD ANOVA tests were performed (P < 0.05). 
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2.7 Supplemental data 

 

 

Supplemental Figure 2.1 Validation of complementation for lines used in 
experiments. (A) Allele-specific PCR to genotype green seedlings expected to 
be complemented by the PEPC hemizygous transgene. Top gel, PCR for WT 
allele; bottom gel, PCR for Mu insertion allele at BSD2. Inferred BSD2 genotypes 
are shown across the top. The parental lines of the resulting progeny were 
homozygous PEPC transgene in the bsd2 mutant background crossed to 
heterozygous BSD2/bsd2. Identification of bsd2 mutant plants was followed by 
using the FLAG antibody to detect the transgene-derived Bsd2 protein, as shown 
in Figure 2.2. (B) PCR validating that the WT BSD2 allele is not present in green 
seedlings complemented by the UBI, RBCS and PEPC homozygous transgenes. 
WT DNA served as a positive control for the PCR reaction. These plants were 
progeny derived from selfing plants already homozygous for the bsd2 mutation 
and the transgene. Immunoblot analysis was performed to confirm presence of 
the transgene using the FLAG antibody as seen in Figure 2.2. 
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Supplemental Figure 2.2 Replicate blots of BSD2 protein accumulation and 
cell specificity in transgenic lines.  Soluble protein was isolated from total, BS 
and M preparations and analyzed by immunoblotting using the BSD2 antibody 
which recognizes both endogenous and transgene-encoded BSD2.  

 

 

Supplemental Figure 2.3 Protein accumulation from 2 transgenic events. 
Soluble protein was isolated from total leaf tissue on a leaf area basis and 
analyzed by immunoblotting using the antibodies indicated on the left. α-LS 
recognizes the large subunit of Rubisco, α-FLAG recognizes BSD2 expressed 
from transgenes and α-BSD2 recognizes both endogenous and transgene-
encoded BSD2. Images of the Coomassie blue stained gels were vertically 
compressed and used to reflect loading. The numbers represent which 
transgenic event the protein was isolated from. 
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Supplemental Figure 2.4 rbcL transcript accumulation and cell specificity in 
bsd2 complemented plants. RNA was isolated from total leaf (A), bundle 
sheath (B), and mesophyll (C) cell preparations and analyzed by RNA blots 
hybridized with an rbcL probe. The ethidium bromide (EtBr) stained gels were 
used as loading controls.  
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Supplemental Figure 2.5 Confocal microscopy images from 2-week-old leaf 
tip tissue. Samples were prepared from WT and transgenic lines and images 
analyzed as described in Methods. Example of Image J hand outline method 
used to calculate BS area in each sample (left). Example of Image J hand outline 
method used to calculate chloroplast area in each sample (right). Total 
chloroplast area was then divided by its BS cell area to calculate percent 
chloroplast coverage shown in Figure 5C. 
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Supplemental Figure 2.6 Quantification of chloroplast coverage in bundle 
sheath cells. Percent chloroplast coverage was calculated from microscope 
images of WT and transgenic lines by dividing measurements of total chloroplast 
area by BS cell area. Grey bars represent areas quantified from TEM images 
event 1, while red and blue bars are from confocal images events 1 and 2 
respectively. WT is the B73 maize inbred that was grown along side each 
experiment and used as a no transgene control. Data represents averages of 
several sections from at least 3 plants ± the SE. Statistical significance tests were 
conducted using a one way ANOVA (P>0.05). All genotypes are statistically 
different than their respective WT control group except for UBI confocal event 1.  
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Supplemental Figure 2.7 CO2 assimilation measurements with varying 
intercellular CO2 partial pressure (Ci).  Response in the rate of carbon fixation 
relative in intercellular CO2 concentration measured at a light intensity of 1800 
µmol m-2 s-1 and chamber temperature of 25°C. Data points are the average of at 
least 3 replicates ± the SE. Blue symbols represent gas exchange data obtained 
from transgenic event 1, while red symbols were obtained from event 2. WT is 
the B73 maize inbred that was grown along side each experiment and used as a 
no transgene control.  
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Supplemental Table 2.1 Primers used in this work. 

Primer Name Sequence  

ZmrbcL-Cod1  TTGCCGCGACAACGGCCTAC 

ZmrbcL-Rev1 TCGCGCCCTTCGTTACGAGC 

ZmRBCS2-Cod1 GGCCTACGGCAACAAGAAGTT 

ZmRBCS2-Rev1 CAAGAATCGACAGTCGTTGC 

ZmPsbA-5’ CTTCTTCTTGCCCGAATCTG 

ZmPsbA-3’ TATCGCATTCATTGCTGCTC 

BSD2-rev3 TTGATGCACAGGTTCTTGCAGTGG 

BSD2-F11 ACCGGCCGTTGTTTCTCTT 

EoMu1 GCCTCCATTTCGTCGAATCCC 

EoMu2 GCCTCTATTTCGTCGAATCCG 
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Supplemental Table 2.2 Transgenic lines used in this work. 

Promoter Vector Event # 

Ubiquitin pPTN1052 SS641-4-3 

Ubiquitin pPTN1052 SS641-4-4 

RBCS pPTN1053 SS639-1-1 

RBCS pPTN1053 SS639-2-1 

PEPC pPTN1055 SS667-2-4 

PEPC pPTN1055 SS667-2-5 
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CHAPTER 3. OVEREXPRESSION OF RUBISCO SUBUNITS WITH RAF1 

INCREASES RUBISCO CONTENT IN MAIZE 

Salesse-Smith, C.E., Sharwood, R.E., Busch, F.A., Kromdijk, J., Bardal, V., and Stern, 
D.B. (2018) Nature Plants, 4, 802. 

3.1 Abstract 

Rubisco catalyses a rate-limiting step in photosynthesis and has long been a target 

for improvement due to its slow turnover rate. An alternative to modifying catalytic 

properties of Rubisco is to increase its abundance within C4 plant chloroplasts, which 

might increase activity and confer a higher carbon assimilation rate. Here, we 

overexpress the Rubisco large (LS) and small (SS) subunits with the Rubisco 

assembly chaperone RUBISCO ASSEMBLY FACTOR 1 (RAF1). While 

overexpression of LS and/or SS had no discernable impact on Rubisco content, 

addition of RAF1 overexpression resulted in a >30% increase in Rubisco content. 

Gas exchange showed a 15% increase in CO2 assimilation (ASAT) in UBI-LSSS-RAF1 

transgenic plants, which correlated with increased fresh weight and in vitro 

Vcmax calculations. The divergence of Rubisco content and assimilation could be 

accounted for by the Rubisco activation state, which decreased up to 23%, 

suggesting that Rubisco activase may be limiting Vcmax, and impinging on the 

realization of photosynthetic potential from increased Rubisco content. 
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3.2 Introduction 

Most life hinges on the ability of photosynthetic organisms to convert atmospheric 

CO2 into organic compounds. The enzyme that catalyses the rate-limiting step in this 

reaction is Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), a major 

target for improvement due to its slow turnover rate and poor substrate affinity 

(Sharwood, 2017b). Form I Rubisco is found in plants, algae and cyanobacteria, and 

is a 550 kD hexadecamer composed of eight small subunits (SS) encoded by the 

nuclear RBCSgene family, and eight large subunits (LS) encoded by the chloroplast 

gene rbcL. These subunits are assembled through a pathway best described in 

cyanobacteria (Hauser et al., 2015b), which is likely to be generally applicable to 

plants, as discussed below. 

Rubisco is catalytically slow and is subject to a competing oxygenation reaction that 

leads to photorespiration, which is energetically wasteful under most conditions 

through the loss of previously fixed CO2. C3 plants circumvent this problem by 

investing significant amounts of nitrogen into Rubisco synthesis to attain appreciable 

rates of CO2assimilation. However, in C4 plants, the allocation of nitrogen to Rubisco 

is much less due to the operation of a CO2 concentrating mechanism (CCM) that 

relies on biochemical and anatomical adaptations (Kranz anatomy) to differentially 

compartmentalize the two carboxylases: phosphoenolpyruvate carboxylase (PEPC) 

and Rubisco. In C4 plants, Rubisco is localized within the bundle sheath (BS) 

chloroplasts, where its efficiency is improved by this CCM, which instills a high 

CO2environment relative to mesophyll (M) chloroplasts and the atmosphere. This 
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CCM operates through initial fixation of HCO3− by PEPC in M chloroplasts to convert 

three carbon PEP to a four-carbon compound (C4 cycle), that diffuses into the BS and 

is decarboxylated to produce pyruvate and release high levels of CO2 around the 

active sites of Rubisco (C3 cycle). PEP is regenerated through pyruvate inorganic 

phosphate dikinase (PPDK), which catalyses the ATP/Pi-dependent conversion of 

pyruvate to PEP. PPDK, along with Rubisco, is believed to limit CO2 assimilation in 

C4 plants (Furbank et al., 1997). 

The CCM within BS cells has led Rubisco to evolve a higher catalytic rate (Ghannoum 

et al., 2005; Sharwood et al., 2016b) and conferred the ability to operate at its 

maximum speed. This improves the tolerance of C4 plants to heat and drought 

through better water use efficiency, while reducing the N budget to 4–9% of total leaf 

N, in contrast to the 20–30% of leaf N content allocated to Rubisco in C3 plants (Feller 

et al., 2008). To raise the CO2 concentration in the BS, the C4 cycle operates faster 

than the C3 cycle. The rate at which the fraction of concentrated CO2 not fixed by 

Rubisco leaks back into the M cells relative to the rate of PEP carboxylation, is 

termed leakiness (Farquhar, 1983). It is important for C4 plants to maintain a balance 

between the C3 and C4 cycles to minimize BS leakiness. Due to the energetic 

expense to concentrate CO2 via the C4 cycle, excessive Φ is considered a wasteful 

process as a result of the additional ATP required to re-fix CO2 that diffuses back to 

the M (Furbank et al., 1990). 
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There have been numerous efforts to alter Rubisco properties or expression to 

improve photosynthesis, including mutagenesis and subunit swapping to alter 

catalytic properties (Bracher et al., 2017). Another strategy, used in rice, was to 

increase Rubisco content through overexpression of RBCS. While this resulted in a 

maximal 30% increase in Rubisco content, no corresponding improvement to 

photosynthetic rate was observed either at high or low CO2 concentrations, for 

reasons that remain unclear (Suzuki et al., 2007). We previously attempted a similar 

approach in maize, but failed to observe increased Rubisco content in transgenic 

lines overexpressing SS or a combination of SS and LS, with the latter ectopically 

expressed from the nucleus with a chloroplast transit peptide (Wostrikoff et al., 2012). 

These results suggested that to increase Rubisco content, assembly and/or stability 

factors needed to be considered. In maize, mutant data have identified four 

chaperones that are required for Rubisco assembly and seedling survival. These are 

the Cpn60α1 (GroEL homologue) CPS2 (Barkan, 1993), BUNDLE SHEATH 

DEFECTIVE 2 (BSD2), a small Zn-finger containing protein (Brutnell et al., 1999) and 

the novel proteins RAF1 and RUBISCO ASSEMBLY FACTOR 2 (Feiz et al., 2012, 

2014). The roles of RAF1, CPS2 and BSD2 have been recently defined through 

bacterially mediated assembly of Arabidopsis Rubisco (Aigner et al., 2017), while the 

precise role of RAF2 remains enigmatic. RbcX, which has been structurally studied 

in Arabidopsis (Kolesinski et al., 2013), is also required for in vitro assembly. 

BSD2 participates in the final exchange of SS onto LS octamers in vitro (Aigner et al., 

2017). A cyanobacterial homologue of RAF1 has been shown to stabilize LS dimers 
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in cyanobacterial Rubisco assembly (Hauser et al., 2015b), and the co-expression 

of Arabidopsis RAF1 with Arabidopsis LS and native SS in tobacco chloroplasts, 

greatly improved assembly (Whitney et al., 2015). RAF2 function is less well 

understood, but it has been shown to promote Rubisco assembly in a heterologous 

bacterial system (Wheatley et al., 2014), as well as in the Arabidopsis in vitro system 

(Aigner et al., 2017). Rubisco performance also depends on the AAA + ATPase 

Rubisco activase (RCA). RCA generates a conformational change leading to removal 

of inhibitory sugar phosphates from the Rubisco catalytic site (Bhat et al., 2017), and 

is also a target for improvement due to its poor performance under certain abiotic 

stress conditions (Mueller-Cajar, 2017). 

We hypothesized that in maize, a C4 plant, nitrogen allocation to Rubisco is 

sufficiently low that a net gain in photosynthetic performance might be realized if 

Rubisco content could be increased. To test this hypothesis, we developed 

transgenic maize designed to overexpress Rubisco subunits in combination with 

RAF1. We report that both Rubisco protein content and activity could be improved 

and might be correlated with increased plant growth. 

3.3 Results 

3.3.1 Transgenic maize with increased Rubisco abundance 

The three transgenes shown in Figure 3.1a were used in the experiments reported 

here. Each contains the maize ubiquitin promoter (constitutively expressed in M and 

BS), the maize coding sequence of interest, and the Nos 3’ terminator. Each 
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transgene was stably introduced into Hi-II maize, and multiple single-insertion, non-

silencing events were propagated. Lines overexpressing the Rubisco subunits (UBI-

LSSS (both the LS and SS) and UBI-SS) were reported previously (Wostrikoff et al., 

2012), and it was found that LS expressed from the nucleus, with a FLAG epitope tag, 

accounted for 20–60% of the LS incorporated into Rubisco holoenzyme. No Rubisco, 

however, was found to accumulate in mesophyll cells, where the transgenes are also 

expressed. Protein expression, photosynthesis and plant growth of three independent 

transgenic events for the new UBI-RAF1 overexpression lines were initially 

characterized (Supplementary Figure 3.1). No significant differences were observed, 

and a representative event was chosen for genetic crosses and further analyses. 

Homozygous lines were crossed to Hi-II or each other (for example, UBI-RAF1 × Hi-

II, UBI-RAF1 × UBI-LSSS) to create hemizygotic F1 plants, which were used as 

experimental material. 

As experimental controls, we compared Hi-II plants—the transformation recipient—as 

well as WT siblings segregating in crosses involving UBI-RAF1 or UBI-LSSS-RAF1, 

and Hi-II. Because the photosynthesis, protein expression and plant growth data 

obtained from these two types of controls were statistically indistinguishable 

(Supplementary Figure 3.2), Hi-II was chosen as the non-transgenic control and is 

referred to as WT. 
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3.3.2 Co-overexpression of RAF1 and Rubisco subunits results in increased 

Rubisco holoenzyme in BS chloroplasts 

Analysis of Rubisco content in transgenic lines was performed using a 14C-CABP 

binding assay. Statistically significant increases of 36% and 33% were observed in 

the UBI-SS-RAF1 and UBI-LSSS-RAF1 lines, respectively (Figure 3.1b). We also 

confirmed that overexpression of LS and SS alone did not lead to increased Rubisco 

content. Finally, a small increase in Rubisco content was observed for UBI-RAF1. 

We investigated whether all Rubisco was accumulating in BS cells using cell type 

separation and immunoblotting with BS and M-specific markers (Figure 3.1c). As 

expected, no Rubisco was detected above contaminant levels in M preparations, as 

judged by marker proteins. Then, native protein preparations were analysed by 

immunoblotting to assess whether all accumulating Rubisco subunits were present in 

the L8S8 holoenzyme. When probed for LS using either anti-LS or anti-FLAG, only the 

550 kD holoenzyme was observed (Figure 3.1d). Specifically, other parts of the gels 

where either smaller LS-containing complexes or larger intermediates not yet 

containing SS would migrate showed no observable signal. This was expected 

because Rubisco assembly intermediates are thought to be highly unstable and/or of 

low abundance. The significant overexpression of RAF1 in UBI-RAF1 lines is also 

evident in Figure 3.1d. 
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Figure 3.1 Maize transformation constructs and analysis of Rubisco 
content, cell type expression and assembly status.  (a) Schematics of 
ubiquitin promoter-driven constructs introduced into maize. RBCLNdenotes 
nucleus-encoded LS, a codon optimized rbcL gene preceded by a chloroplast 
transit peptide. The grey box represents a FLAG epitope tag present in 
the RBCLN transgene. (b) Average Rubisco content in 2½-week-old 
leaves ± s.e.m. quantified by 14C-CABP binding (n = the number of individual 
plants used for measurements; wild-type (WT) = 11, RAF1 = 9, SS = 10, 
LSSS = 12, SS-RAF1 = 12, LSSS-RAF1 = 12). Lowercase letters indicate 
significant differences (P < 0.05); one-way analysis of variance (ANOVA) Tukey 
honest significance difference (HSD). Genotypes with the same letter are not 
significantly different from one another, while genotypes with different letters are 
significantly different from one another. (c) Soluble protein was isolated from M 
and BS cell preparations and analysed by immunoblotting using the antibodies 
indicated at left (n = 3 biologically independent experiments). Anti-PEPC and anti-
ME (malic enzyme) were used as controls for M and BS cell purity, 
respectively. (d) Protein was isolated under native conditions from total leaf 
tissue and analysed by immunoblotting using the antibodies indicated below 
(n = 3 biologically independent experiments). Anti-LS recognizes endogenous 
and transgene-encoded Rubisco, while anti-FLAG recognizes transgene-
encoded Rubisco large subunit. Anti-RAF1 recognizes the endogenous and 
transgene-encoded chaperone. Rb marks the position of the Rubisco 
holoenzyme. * marks a band that may contain the LS-chaperonin complex as 
seen in Feiz et al. (Feiz et al., 2012). 
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3.3.3 Increased Rubisco abundance is correlated with increased activity and 

decreased activation state 

Increased Rubisco content does not necessarily translate to increased activity, so we 

assessed activity present in leaf extracts and activation state. Total Rubisco activity 

(that is, fully activated enzyme) was increased in lines overexpressing RAF1 

(Figure 3.2a), with UBI-RAF1 and UBI-LSSS-RAF1 showing significant increases. 

Regression analysis showed a correlation between Rubisco content and activity 

(R2 = 0.81, Figure 3.2b). This suggests that there is not a substrate limitation in the 

higher abundance lines. When Rubisco activation state (that is, the fraction of 

catalytically competent Rubisco active sites) was measured, an 80% level was 

observed for the WT as well as lines expressing only subunits, consistent with the 

activation state typically observed for maize (Sharwood et al., 2016a). In the three 

transgenic lines accumulating more Rubisco enzyme, however, activation was 

reduced to 62–68%. A statistically significant reduction in activation compared to WT 

was only observed in the UBI-SS-RAF1 line. Regression analysis demonstrated a 

strong negative correlation between Rubisco content and activation state (R2 = 0.92, 

Figure 3.2d), indicating that not all of the additional Rubisco was being activated. Yet, 

immunoblot analyses showed no major differences in RCA protein abundance 

between the transgenic lines, or in comparison to WT (Supplementary Figure 3.3). To 

determine the amount of active Rubisco in each transgenic line we calculated in 

vitro Vcmax [% active Rubisco (activation) × number of Rubisco active sites (content) × 

5.5 (kcat; 5)]. These calculations revealed that UBI-SS-RAF1 and UBI-LSSS-RAF1 

may contain more active Rubisco than WT, UBI-RAF1, UBI-SS or UBI-LSSS (54–
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56 µmol m−2 s−1 versus 43–51 µmol m−2 s−1; Table 1), although this was not significant 

at P < 0.05. 
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Figure 3.2 Rubisco activity and activation state, and relationship to 
Rubisco content. Measurements were performed on soluble protein extracted 
from leaf tissue of 2½-week-old plants. (a) Rubisco activity was measured using 
NADH-linked spectrophotometric assays (n = the number of individual plants 
used for measurements; WT = 11, RAF1 = 9, SS = 9, LSSS = 11, SS-RAF1 = 11, 
LSSS-RAF1 = 12). (b) Correlation between Rubisco activity and Rubisco 
content. (c) Rubisco activation status was determined by dividing initial Rubisco 
activity by total Rubisco activity (n = the number of individual plants used for 
measurements; WT = 4, RAF1 = 4, SS = 3, LSSS = 3, SS-RAF1 = 4, LSSS-
RAF1 = 3). (d) Correlation between Rubisco activation and Rubisco content. The 
solid lines represent linear regressions from the data points calculated using 
Pearson’s coefficient of correlation. All values are shown as the mean ± s.e.m. 
Different lowercase letters indicate significant differences (P < 0.05); one-way 
ANOVA Tukey HSD; same letters indicate non-significant difference, different 
letters indicate significant difference. 
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3.3.4 Plant height and fresh weight are increased in lines overexpressing RAF1 

with Rubisco subunits 

To evaluate the physiological effect of increased Rubisco in maize, we conducted gas 

exchange analysis and used height and weight as proxies for any changes in plant 

growth rate. In keeping with the modestly higher amounts of active Rubisco in UBI-

SS-RAF1 and UBI-LSSS-RAF1, as represented by in vitro Vcmax, leaf 

CO2 assimilation rates trended higher at saturating light and various 

CO2 concentrations, especially for UBI-LSSS-RAF1 (Figure 3.3a,b). At light-saturated 

photosynthetic capacity (ASAT, 400 µl l−1 CO2), UBI-LSSS-RAF1 showed a significant 

increase of approximately 15% relative to WT (ASAT, Table 3.1). When in 

vitro Vcmaxwas compared with the maximum light-saturated rate of photosynthesis 

(ASAT, 400 µl l−1 CO2), a positive correlation was observed (R2 = 0.78, Figure 3.3c), 

while Rubisco content and ASAT did not show a significant correlation (R2 = 0.54, 

Figure 3.3d). This difference is probably due to a large portion of excess Rubisco not 

being active and therefore not contributing to increases in photosynthesis. 

Both UBI-SS-RAF1 and UBI-LSSS-RAF1 exhibited significantly increased height 

(Figure 3.4a,b) and fresh weight (Figure 3.4c), while UBI-SS-RAF1 also showed 

increased dry weight (Figure 3.4d). A comparison between ASAT and above-ground 

fresh weight also revealed a strong correlation (R2 = 0.85, Figure 3.4e), suggesting 

the additional CO2 being fixed is contributing to enhanced growth. 
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Figure 3.3 
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Figure 3.3 Photosynthetic performance of maize lines. CO2 and light 
response curves were measured on the youngest fully expanded leaves of 3½-
week-old plants at 25 °C, using leaf gas exchange. a, Photosynthetic light 
response (A−Q) curves at 400 µl l−1CO2, (n = the number of individual plants used 
for measurements; WT = 4, RAF1 = 5, SS = 4, LSSS = 4, SS-RAF1 = 3, LSSS-
RAF1 = 4). PPFD, photosynthetic photon flux density. b, CO2 response (A−Ci) 
curves at 1,800 µmol m-2 s-1 (n = the number of individual plants used for 
measurements; WT = 5, RAF1 = 6, SS = 5, LSSS = 6, SS-RAF1 = 6, LSSS-
RAF1 = 6). Values are shown as the mean ± s.e.m. c, Correlation between in 
vitro Vcmax and the maximum light-saturated rate of photosynthesis (ASAT). d, 
Correlation between Rubisco content and ASAT. The solid lines represent linear 
regressions from the data points calculated using Pearson’s coefficient of 
correlation. Values are shown as the mean ± s.e.m. Plants were grown and 
analysed as described in Methods. 
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Table 3.1 Summary of leaf gas exchange, plant growth and photosynthetic 
enzyme activity. Data represents averages of at least three replicates ± SE. 
Statistical significance tests and mean ranking were conducted using one way 
Tukey-Kramer HSD ANOVA tests. Values followed by the same letter are not 
significantly different at the 5% level (P<0.05). Values significantly different from 
WT at the 5% level are in bold.  
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Table 3.1 

Parameter WT RAF1 SS LSSS SS-RAF1 LSSS-
RAF1 

  
Leaf gas exchange 
ASAT 

(µmol m-2 s-1) 

30.7 
±0.74ab 

32.0 
±0.54abc 

28.8 
±1.63a 

33.8 
±0.71bc 

33.8 
±0.92bc 

35.5±0.52c 

BS Leakiness, 
Ф 

0.21 
±0.01a  

0.19 
±0.01a 

0.21 
±0.02a 

0.20 
±0.01a 

0.22 
±0.01a 

0.20 ±0.01a 

  
Plant growth traits 
Height (cm) 73.2  

±1.8a 
80.7  

±1.5abc 
74.4  

±4.0ab 
83.2  

±0.68abc 
84.5  

±2.9bc 
86.2  ±2.5c 

Fresh Weight 
(g) 

230.5  
±12.3ab 

281.2  
±18.7bc 

209.3  
±10.9a 

291.7  
±6.7bc 

300.0  
±18.7c 

293.6  
±15.8c 

Dry Weight (g) 28.8  
±0.75a 

32.3  
±1.3ab 

27.6  
±0.84a 

33.5  
±1.2ab 

37.5  
±2.6b 

32.9  
±1.1ab 

Leaf Mass per 
Area (g m-2) 

128.6 
±4.6a 

143.4 
±11.3a 

121.0 
±4.9a 

137.4 
±3.0a 

144.0 
±5.2a 

129.0 ±4.7a 

  
Photosynthetic enzymes 
Rubisco 
Content (µmol 
sites m-2) 

11.7 
±0.4a 

13.8 
±0.7ab 

11.3 
±0.6a 

11.8 
±0.8a 

15.9 
±0.4b 

15.5 ±0.6b 

% Rubisco 
Activation 

81.8 
±2.7a 

68.9 
±3.0ab 

79.7 
±4.5a 

76.3 
±5.3ab 

61.5 
±2.5b 

66.9 ±2.7ab 

in vitro Vcmax  

(µmol m-2 s-1) 

48.1 
±3.4a 

49.8 
±3.4a 

43.3 
±4.3a 

50.8 
±9.2a 

56.4 
±2.4a 

53.6 ±2.8a 

Rubisco Activity 
(µmol m-2 s-1) 

35.6 
±2.7a 

51.2 
±2.9b 

36.5 
±3.1a 

35.6 
±4.3a 

48.6 
±3.9ab 

52.3 ±2.5b 

PEPC Activity 
(µmol m-2 s-1) 

241.3 
±17.1a 

227.7 
±38.7a 

247.4 
±14.1a 

199.3 
±19.3a 

244.4 
±26.4a 

221.4 
±21.4a 

NADP-ME 
Activity 
(µmol m-2 s-1) 

74.3 
±3.1ab 

82.2 
±5.9ab 

76.8 
±7.4ab 

68.9 
±3.1b 

83.8 
±3.4ab 

89.6 ±4.2a 

PEPC/Rubisco 7.8 
±01.0a 

4.6 
±0.6bc 

7.6 
±0.8ab 

6.4 
±0.4abc 

6.1 
±0.6abc 

4.5 ±0.4c 

NADP-
ME/Rubisco 

2.4 ±0.2a 1.7 ±0.1a 2.2 ±0.1a 2.3 ±0.2a 2.1 ±0.1a 1.8 ±0.1a 
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Figure 3.4 
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Figure 3.4 Growth analysis. (a) A representative plant for each genotype is 
pictured before harvest, 40 days after planting. The red dot indicates the top of 
the whorl, with the horizontal white line as a reference. Note that the order of SS 
and RAF1 in panel a is different than the order in panels b–d. b−d, Plant height 
(b), above-ground fresh weight (c) and dry weight (d) were measured for each 
genotype. Values are shown as the mean ± s.e.m. (n = the number of individual 
plants used for measurements; WT = 7, RAF1 = 6, SS = 7, LSSS = 6, SS-
RAF1 = 7, LSSS-RAF1 = 7). Different lowercase letters indicate significant 
differences (P < 0.05); one-way ANOVA Tukey HSD; the same letters indicate no 
significant difference, while genotypes with different letters are significantly 
different from one another. (e) Correlation between fresh weight and ASAT. The 
solid lines represent linear regressions from the data points calculated using 
Pearson’s coefficient of correlation. Plants were grown and analyzed as 
described in Methods. 
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Plants grown under greenhouse conditions showed the same trends as seen in the 

growth chamber experiments (Supplementary Figure 3.4). Both UBI-LSSS and UBI-

LSSS-RAF1 showed significant increases in CO2assimilation rates pre- and post-

pollination (Supplementary Figure 3.4a). Both genotypes also showed significant 

increases in mature plant height (Supplementary Figure 3.4b) and above-ground dry 

weight at maturity (Supplementary Figure 3.4c). In addition, time to pollen production 

and silk production was significantly reduced by 2 and 3–4 days respectively in the 

UBI-LSSS and UBI-LSSS-RAF1 genotypes relative to WT (Supplementary 

Figure 3.4d,e). 

3.3.5 Increased Rubisco activity does not shift the balance between C3 and 

C4 cycles 

To assess whether increased Rubisco activity would disturb the balance between the 

C3 and C4 cycles, through the C3 cycle’s failure to compensate for increased flux 

through Rubisco, we measured in vitro enzyme activities and in vivo BS leakiness. To 

test this, we first measured PEPC and NADP-ME enzyme activities in vitro 

(Table 3.1). No significant differences were observed in PEPC or NADP-ME activity, 

although NADP-ME activity correlated positively with Rubisco activity (R2 = 0.82, 

Figure 3.5a), unlike PEPC activity (Figure 3.5b). Next, we calculated the 

PEPC/Rubisco and NADP-ME/Rubisco activity ratios (Table 3.1). No change was 

observed for the NADP-ME/Rubisco activity ratio, whereas the PEPC/Rubisco activity 

ratio decreased significantly in transgenic lines with the highest Rubisco activity, UBI-

RAF1 and UBI-LSSS-RAF1. To examine the C3 versus C4 cycle balance in vivo we 
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estimated Ф from carbon isotope discrimination, defined as the relative difference 

between 13C/12C in the photosynthetic product relative to the ratio in CO2 surrounding 

the leaf (von Caemmerer et al., 2014). No significant differences in Ф were observed, 

suggesting the balance between the C3 and C4 cycles was not significantly perturbed 

(Figure 3.5c). 
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Figure 3.5 
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Figure 3.5 Relationships between in vitro and in vivo C4 and C3 cycle 
photosynthetic parameters. Enzyme activity measurements were performed on 
soluble protein extracted from leaf tissue of 2½-week-old plants. (a-b) 
Correlations between NADP-ME activity (a) and PEPC activity (b) with Rubisco 
activity. The solid lines represent linear regressions from the data points 
calculated using Pearson’s coefficient of correlation. (c) BS leakiness 
measurements on 4-week-old plants. Values are shown as the mean ± s.e.m. 
(n = the number of individual plants used for measurements; WT = 6, RAF1 = 5, 
SS = 5, LSSS = 5, SS-RAF1 = 6, LSSS-RAF1 = 5). No significant differences were 
observed (P < 0.05); one-way ANOVA Tukey HSD. 
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3.4 Discussion 

This study demonstrates the ability to increase Rubisco content and activity in a 

C4 plant through altering the expression of a Rubisco assembly factor alone or along 

with Rubisco subunits. The overexpression of RAF1 appears to be the most important 

contributor to increasing Rubisco content in our plants. Rubisco content has 

previously been increased in rice, a C3 plant, through the overexpression of RBCS, 

suggesting that SS availability limits Rubisco assembly (Suzuki et al., 2007). 

Increased Rubisco content, however, was not correlated with increased 

CO2 assimilation under a variety of test conditions. This could be ascribed in part to 

reduced activation, as well as other unidentified factors. In maize, overexpression 

of RBCS (or RBCS and rbcL) did not lead to increased Rubisco content (Wostrikoff et 

al., 2012), a result that was overcome here by simultaneously overexpressing the 

assembly chaperone RAF1, yielding up to 36% more Rubisco content (Figure 3.1b). 

This observation, along with the fact that overexpressing RAF1 alone positively 

impacted Rubisco activity (Figure 3.2a), reinforces the key role of RAF1 in Rubisco 

biogenesis, and suggests that Raf1, and probably BSD2, act as chaperone partners 

that protect the LS, possibly also the SS, from rapid proteolysis, which has been 

previously observed in mutants unable to express one or the other subunit (for 

example, refs (Johnson et al., 2010; Kanevski and Maliga, 1994; Rodermel et al., 

1996). 

Although overexpression of LS and SS alone does not increase Rubisco content, 

there does appear to be a benefit with regards to plant growth and photosynthesis, 
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which is most prominent under greenhouse conditions (Supplementary Figure 3.4). 

One possibility is that overexpressing the subunits is increasing the rate of Rubisco 

synthesis and driving more rapid assembly of the enzyme. A second possibility is that 

there is less failure to complete assembly, resulting in a slower turnover rate. In either 

case, this could reduce the metabolic load on the plant, which could lead to increased 

vigor. 

Structural analysis using cyanobacterial components revealed a Rubisco assembly 

intermediate consisting of eight large subunits and four RAF1 dimers, which were 

then displaced by SS (Hauser et al., 2015b). The additional RAF1 in our transgenic 

lines is therefore likely to stabilize the holoenzyme and/or recruit and stabilize 

subunits earlier in the assembly process. It has been argued that C4 plants cannot 

accommodate more Rubisco due to the constraints imposed by its 

compartmentalization in BS cells (Kubien et al., 2003). Our data, however, show that 

at least in maize, significant Rubisco increases are possible (Figure 3.1b). We have 

additionally shown in maize that BS chloroplast coverage (that is, the relative cellular 

area occupied by chloroplasts) can be increased through overexpression of another 

Rubisco assembly chaperone, BSD2, without obvious deleterious consequences 

(Salesse-Smith et al., 2017). Whether either of these traits, conferred by transgene 

expression, would offer advantages under field conditions, remains to be determined. 

Our transgenes were driven by the non-cell type-specific ubiquitin promoter, which in 

principle could have led to ectopic accumulation of Rubisco in M cells, which is not a 
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physiologically desirable outcome. However, all detectable Rubisco was in BS cells 

(Figure 3.1c), suggesting that M-localized Rubisco subunits are actively degraded, 

and (Aigner et al., 2017)assembly , M expression may still be lacking for RbcX, 

CPS2/CPN60α, and/or RAF2, the latter two of which accumulates predominantly in 

BS cells (Friso et al., 2010). 

Antisense RNA-mediated reduction of Rubisco content in the C4 plant Flaveria 

bidentis indicated that Rubisco accounts for up to 70% of the light-saturated 

photosynthesis limitation at optimal growth temperatures (von Caemmerer and 

Furbank, 2016; Kubien et al., 2003). The >30% increase of Rubisco in BS cells 

allowed us to test whether this trait would be beneficial in terms of CO2assimilation 

and plant growth. Gas exchange showed 15% higher light-saturated CO2 assimilation 

in UBI-LSSS-RAF1 plants, correlating with an increase in active Rubisco, and 

significant increases in fresh weight and plant height (Table 3.1, 

Figures 3.3c and 3.4e). Increases in photosynthesis were of lower magnitude than 

the increase in protein content, due to an apparent limitation of RCA, as the activation 

state decreased up to 23% (Figure 3.2c). This was further confirmed through linear 

regression analysis that showed Rubisco content did not correlate with ASAT, while 

active Rubisco content does (Figure 3.3c,d). 

Studies have been performed in both C3 and C4 species in which the activase level 

was reduced. These have shown a decrease in photosynthesis only after at least a 

60% reduction in RCA amount (Carmo-Silva et al., 2015). Consequently, RCA 
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abundance has not been thought to limit Rubisco activity under normal growth 

conditions. On the other hand, all studies where increased Rubisco was reported also 

reported decreased Rubisco activation, consistent with an RCA limitation when 

Rubisco content is increased (Ishikawa et al., 2011; Morita et al., 2014; Suzuki et al., 

2007, 2009). However, RCA abundance did not appear to change in the increased 

Rubisco lines, suggesting more RCA protein may be needed to activate the extra 

Rubisco (Supplememtary Figure 3.3). If RCA protein abundance is limiting, combining 

overexpression of RCA with increased Rubisco could increase the photosynthetic 

potential of these plants. However, if the RCA limitation results from a feedback 

response as downstream reactions become overloaded, addition of RCA 

overexpression to high Rubisco lines might not further enhance CO2 assimilation and 

plant growth, and other steps in carbon assimilation would also need to be targeted. 

For example, coupling upregulation of PPDK to existing and RCA traits might further 

increase net photosynthesis, as PPDK has been shown to have the most control on 

photosynthetic flux after Rubisco under light-saturated conditions (Furbank et al., 

1997). Activase itself is also prone to activity modulation in maize depending on 

environmental conditions (Crafts-Brandner and Salvucci, 2002) and we cannot rule out 

the relevance of these mechanisms. 

Increasing Rubisco content is a substantial nitrogen investment which could compete 

with other nitrogen sinks, particularly in C3 plants, and perhaps as a consequence did 

not generate a photosynthetic advantage in rice. This may be less of a problem in 

C4 plants such as maize, where the proportional nitrogen investment in Rubisco is 
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significantly lower. Additionally, the C4 CCM provides a high CO2 environment, which 

competitively inhibits oxygenase activity and allows Rubisco in C4plants to operate 

close to maximal efficiency. We therefore speculate that the significantly lower N 

investment in C4 Rubisco, combined with the presence of a CCM, led to the observed 

results in maize. While additional Rubisco may not provide an advantage under some 

growth conditions, the Rubisco pool may also be thought of as N storage (Millard, 

1988; Millard and Grelet, 2010) that can be remobilized under stress conditions and/or 

during leaf senescence (Feller et al., 2008). 

While we did not observe any growth penalty under optimal conditions, highly 

expressing transgenes may negatively affect yield due to the increased metabolic 

load (Sweetlove et al., 2017). On the other hand, increased Rubisco content might be 

beneficial under stress conditions where low Rubisco content in C4 plants has been 

hypothesized to negatively affect plant performance. For example, carbon 

assimilation in C4 species typically responds very negatively to chilling conditions 

(Farooq et al., 2009), which may be related to the reduced activity and abundance of 

Rubisco. In maize, carbon assimilation decreases >60% at 14 °C, while Rubisco 

abundance decreases ≥40% (Long, 1983; Naidu et al., 2003; Wang et al., 2008b), 

indicating that Rubisco content may limit photosynthetic capacity at low temperatures. 

If so, the chilling sensitivity of C4 species such as maize could be overcome by 

increasing Rubisco expression. Indeed, chilling-tolerant C4 species such 

as Miscanthus x giganteus maintain Rubisco content under chilling conditions (Naidu 

et al., 2003), which helps to sustain carbon assimilation. However, any improvement 
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in Rubisco activity needs to be matched by C4 cycle activity to improve overall carbon 

assimilation. 

In this study, carbon isotope discrimination was measured in parallel with 

photosynthetic gas exchange to assess the balance between these cycles in vivo 

(Figure 3.5c). As bundle sheath leakiness (Ф) was found to be similar in the 

transgenic lines with increased net assimilation, compared with the non-transgenic 

control, the rates of both cycles appear to have increased in concert, suggesting that 

upregulation of Rubisco in the C3 cycle may have a feedback control on the rate of 

the C4 cycle. Alternatively, the small increases in assimilation observed may not be 

sufficient to measure an observable change in leakiness. Enzyme activity analysis 

showed no correlation between Rubisco (C3) and PEPC (C4) activities, and the 

PEPC/Rubisco activity ratio decreased in transgenic lines with increased Rubisco 

activity (Table 3.1). These results are consistent with previous work suggesting that 

PEPC activity does not affect leakiness (Cousins et al., 2007). Interestingly, we 

observed a positive correlation between Rubisco and NADP-ME activities 

(Figure 3.5a), which is consistent with unchanged bundle sheath leakiness and 

suggests that NADP-ME activity was able to adjust to the increased Rubisco activity. 

Increased NADP-ME activity as a result of increasing Rubisco content may also be 

part of the feedback control mechanism on the C4 cycle, as antisense reduction of 

NADP-ME in Flaveria bidentis directly affected the flux through the C4 cycle (Brown, 

1999). Together, these results show that the ability of the M to supply CO2 to the BS 
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did not prevent an increase in net photosynthesis, suggesting a coordination between 

mesophyll capacity and Rubisco activity. 

3.4.1 Conclusions  

We have demonstrated that increasing Rubisco content in maize can help improve 

CO2 assimilation and plant growth under laboratory conditions. Our approach could 

potentially be improved by tweaking Rubisco assembly or activity, but photosynthesis 

is a systems-level process, meaning that the ultimate agronomic aim of optimizing 

photosynthesis in the context of resilient and high-yielding crops, will also rely on 

modifications to light harvesting, plant architecture and other aspects of 

photosynthetic metabolism (von Caemmerer and Furbank, 2016; Niyogi, 2017; Ort et 

al., 2015; Sarlikioti et al., 2011). Combining this work with the knowledge gained from 

other studies altering native protein expression that resulted in similar improvements 

in plant performance could help accomplish these goals (Feng et al., 2007; Głowacka 

et al., 2018). 

3.5 Methods 

3.5.1 Construct generation and maize transformation 

Each maize transgenic cassette was driven by the maize ubiquitin1 promoter and 

includes the Nos terminator. These were assembled along with the ORF of interest 

into pGEM T-easy and introduced into Hi-II maize using Agrobacterium-mediated 

transformation (Sattarzadeh et al., 2010). Details of UBI-SS and UBI-LSSS constructs 
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and characterization of transgenic lines are described in Wostrikoff et al. (Wostrikoff et 

al., 2012). The binary vector pPTN1063, referred to as UBI-RAF1, incorporates the 

ubiquitin1 promoter from pUbiHCnos (Wostrikoff et al., 2012), the maize RAF1 open 

reading frame and the Nos terminator from pHCnos (Wostrikoff et al., 2012). 

The RAF1 gene was PCR amplified from leaf genomic DNA with primers SpeI-c235f 

(5′-TTACTAGTATGCTCTCCCTCTCCCAC-3′) and ClaIc235r (5′-

CAATCGATTCAGTCCCACTCCTCGTC-3′). The UBI-RAF1 plasmid contained 

the aadA streptomycin resistance gene for bacterial selection and the nptII kanamycin 

resistance gene for plant selection. Expression was determined for three independent 

RAF1 T1 single-insertion events received from the Plant Transformation Core 

Research Facility at the University of Nebraska–Lincoln, using immunoblot analysis 

with the RAF1 antibody (Feiz et al., 2012). No evidence for gene silencing was 

observed in subsequent generations or after genetic crosses. Primers used to 

genotype for the UBI-SS transgene are ZmUbiSSF4 (5′-

GCCCTGCCTTCATACGCTAT-3′) and ZmUbiSSR4 (5′-

TGGGAATTGGGATGGGATGG-3′). 

3.5.2 Plant growth 

Seed was germinated in 6 l pots of 1/3 metro mix and 2/3 turface calcined clay soil 

mix, and fertilized three times per week until harvest. For growth chamber 

experiments, plants were grown in control environment chambers (Conviron, BDW40) 

under 25 °C/16 h days and 20 °C/8 h nights at a light intensity of 500–600 µmol 

m−2 s−1 and relative humidity of 70%; 40 days after planting, plant height 
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measurements were taken at the top of the whorl (red dots, Fig. 4a). Above-ground 

fresh and dry weights were measured after cutting the plant just above the soil. 

Leaves and stems were dried at 40 °C for 2 weeks. For greenhouse experiments, 

plants were grown under natural illumination at 28 °C/25 °C day/night. Plant height 

was measured at the leaf collar of the youngest fully expanded leaf. This was 

repeated weekly from week 3 to week 10 after germination. 

3.5.3 Mesophyll and bundle sheath isolation and protein analysis 

M and BS isolations were performed on 1–2 g of leaf tissue isolated from at least 

three plants, as previously described (Markelz et al., 2003). The BS extraction was 

carried out entirely at 4 °C to minimize degradation. Protein was then isolated from 

the M and BS extracts as described below. Total protein was extracted on an equal 

leaf area basis since there were no differences in leaf mass per area between the 

lines (Table 1). Two to four hole punches of tissue were taken from the tip of the third 

leaf as described (Barkan, 1998). Protein was separated using 13% SDS-

polyacrylamide gels and transferred onto polyvinylidene difluoride membranes (Bio-

Rad). Primary antibodies were incubated overnight at 4 °C in Tris-buffered saline plus 

0.1% Tween-20. Antibodies used were anti-LS (Agrisera), anti-ME (a kind gift of T. 

Nelson, formerly of Yale University), anti-PEPC (Agrisera), anti-Cpn60 (a gift from 

Spencer Whitney, ANU) and anti-RAF1 (Feiz et al., 2012). Incubation with goat anti-

rabbit IR dye 800 CW (LI-COR) secondary antibody was performed at room 

temperature for 2 h and blots were imaged using the LI-COR Odyssey Infrared 

Imaging System. Gels that were not blotted were stained with 0.01% Coomassie Blue 
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R-250 and also imaged using the Odyssey. For Blue Native gel electrophoresis, total 

soluble proteins were extracted as described below for Rubisco activation and 

content measurements. 80 µl of plant extract and 20 µl of native loading dye (80% 

glycerol, 0.01% Bromophenol Blue) were combined. 15 µl of protein were loaded on 

4–16% bis-Tris 1-mm gels (Invitrogen), run in a cold room at low voltage overnight 

and transferred onto polyvinylidene difluoride membranes using the XCell IITM Blot 

Module (Invitrogen). Primary antibodies were incubated overnight and detected via 

chemiluminescence. Native gels that were not blotted were fixed with 50% methanol, 

5% acetic acid and 40% water for 45 min and stained with GelCode Blue (Fisher). 

3.5.4 Leaf gas exchange analysis 

All gas exchange measurements were performed with a LI-6400XT gas exchange 

system (LI-COR Biosciences) on the youngest fully expanded leaves of 3½-week-old 

plants. Responses of the net CO2 assimilation rate (A) to intercellular 

CO2 concentration (Ci) were measured at a leaf temperature of 25 °C and a light 

intensity of 1,800 μmol m−2 s−1. After the plant was acclimated to these conditions 

inside the LI-6400XT leaf chamber for at least 10 min and steady-state gas exchange 

reached, the A/Ci curves were measured with a sequence of reference 

CO2concentrations of 400, 1,000, 750, 550, 400, 350, 300, 250, 200, 150, 100, 75, 50 

and 400 μmol mol−1. Responses of the net CO2 assimilation rate (A) to PPFD were 

also measured using the Li-6400XT gas exchange system. Plants were acclimated to 

a leaf temperature of 25 °C, a CO2concentration of 400 µl l−1 and a light intensity of 

1,800 μmol m−2 s−1until a steady state was reached. Subsequently, PPFD was varied 
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from 1,800 to 1,400, 1,000, 800, 600, 400, 200, 150, 125, 100, 75, 50 and 25 μmol 

m−2 s−1. Data points were taken in sequential order, with an equilibration time of 

between 180 and 300 s at each CO2 concentration or light intensity. In the 

greenhouse experiment, net CO2 assimilation rate was measured at a 

CO2 concentration of 400 μmol mol−1, a leaf temperature of 25 °C and a light intensity 

of 1,800 μmol m−2 s−1. 

3.5.5 Enzyme activation and content measurements 

Following gas exchange measurements, replicate leaf samples (0.5 cm2) were frozen 

in liquid nitrogen and stored at −80 °C. Soluble protein from each leaf disc was 

extracted in 1 ml of ice-cold, N2-sparged extraction buffer [50 mM EPPS-NaOH, pH 

8.0, 0.5 mM EDTA, 2 mM DTT, 1% (v/v) plant protease inhibitor cocktail (Sigma-

Aldrich) and 1% (w/v) PVPP] with 5 mM MgCl2 using 2 ml Wheaton glass 

homogenizers kept on ice (Sharwood et al., 2016a). The lysate was centrifuged for 

30 s (16,000g, 4 °C) and 10 µl of the soluble protein was assayed for initial and total 

Rubisco activities using an NADH-coupled spectrophotometric enzyme assay at 

25 °C (Lilley et al., 1975). Rubisco content was determined using 100 µl of soluble 

extract by 14C-CABP binding, as previously described (Sharwood et al., 2008). Soluble 

protein content was measured using a Coomassie dye assay (Pierce) with BSA 

standards. Total NADP-ME activity was determined in a spectrophotometric coupled 

NADP assay as described previously (Ashton et al., 1990). Total PEPC activity was 

determined in a NADH-coupled spectrophotometric assay as described previously 
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(Ashton et al., 1990; Sharwood et al., 2014). Protein extraction was performed using 

the buffer described above for Rubisco activation and content measurements. 

3.5.6 Carbon isotope discrimination (Δ13C) and bundle sheath leakiness (φ) 

Carbon isotope discrimination (Δ13C) was measured simultaneously with gas 

exchange as described (Kromdijk et al., 2010). The youngest fully expanded leaf was 

clamped in the cuvette of an open gas exchange system (LI-6800 with 6 cm2 cuvette 

with integrated fluorometer), with light intensity set to 1,800 µmol m−2 s−1, leaf 

temperature controlled at 25 °C, cuvette CO2 at 400 µmol mol−1 and pre-mixed gas 

cylinder containing 2% O2 and 98% N2 connected to the air inlet, applying 

manufacturer corrections for O2sensitivity of the infrared gas analysers. The exhaust 

stream of the sample and reference IRGA were connected to two parallel cryogenic 

CO2 trapping and purification lines under partial vacuum. After steady-state gas 

exchange was reached, CO2 was collected for 5 min while gas exchange parameters 

were recorded. Carbon isotope composition of collected CO2 was analysed on an 

isotope ratio mass spectrometer (SIRA series II, VG Isotech, modified by Provac Ltd) 

and observed Δ13C was derived according to Evans et al. (Evans et al., 1986). Bundle 

sheath leakiness was subsequently calculated from gas exchange parameters and 

Δ13C according to equations in Von Caemmerer et al., (von Caemmerer et al., 2014) 

using a mesophyll conductance value of 1.78 mol m−2 s−1 bar−1 (Barbour et al., 2016) 

and assuming ternary corrections apply, bicarbonate and CO2 in the mesophyll 

cytoplasm are in isotopic equilibrium and bundle sheath [CO2] » mesophyll [CO2]. For 
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a more detailed description of these assumptions see Kromdijk et al. (Kromdijk et al., 

2014). 

3.5.7 Statistical analysis 

Jmp pro version 13.1.0 software was used to determine the statistical significance of 

the differences observed between the WT and transgenic lines. One-way ANOVA 

with post-hoc Tukey HSD tests were performed, where different lowercase letters 

indicate significant differences (P < 0.05). Correlations between data sets were 

evaluated using Pearson’s correlation coefficient, n = number of individual biological 

replicates. 
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3.7 Supplemental figures 

 

Supplemental Figure 3.1 Comparison of different RAF1 transgenic events. 
(a) Soluble protein was isolated on a leaf area basis from total leaf tissue of three 
transgenic events and analyzed by immunoblot (n=3 biologically independent 
experiments). (b) Light-saturated photosynthetic rate, (c) plant height and (d) dry 
weight were measured for two RAF1 transgenic events. Values are shown as the 
mean ± SE (n=5 biologically independent samples). No significant differences 
were observed (P<0.05); one-way ANOVA Tukey HSD. 
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Supplemental Figure 3.2 Comparison of Hi-II WT controls and WT non-
transgenic siblings used in this study.  (a) Soluble protein was isolated on a 
leaf area basis from total leaf tissue of Hi-II and WT siblings and analyzed by 
immunoblot (n=3 biologically independent experiments). (b) Light-saturated 
photosynthetic rate, (c) plant height and (d) dry weight were compared. Values 
are shown as the mean ±SE (n=5 biologically independent samples). No 
significant differences were observed (P<0.05); one-way ANOVA Tukey HSD. 
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Supplemental Figure 3.3 Comparison of Rubisco activase expression 
between WT and transgenic lines. Soluble protein was extracted from leaf 
tissue of 2½ week-old plants on an equal leaf area basis and analyzed by 
immunoblotting using the Rubisco activase antibody, indicated at left (n=3 
biologically independent experiments). 
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Supplemental Figure 3.4 Growth analysis under greenhouse conditions. (a) 
CO2 assimilation rate pre-pollination (the day silks emerge, n= the number of 
individual plants used for measurements; WT=23, RAF1=28, LSSS=30, LSSS-
RAF1=29) and post-pollination (2 weeks after silk emergence, n= the number of 
individual plants used for measurements; WT=20, RAF1=28, LSSS=30, LSSS-
RAF1=29), (b) plant height over time (n= the number of individual plants used for 
measurements; WT=29, RAF1=29, LSSS=30 , LSSS-RAF1=30), (c) dry weight at 
maturity (n= the number of individual plants used for measurements; WT=28, 
RAF1=28, LSSS=30, LSSS-RAF1=29), (d) time to pollen production (n= the 
number of individual plants used for measurements; WT=29, RAF1=28, 
LSSS=30, LSSS-RAF1=30), and (e) time to silking (n= the number of individual 
plants used for measurements; WT=27, RAF1=29, LSSS=30, LSSS-RAF1=27) 
were measured for each genotype.  Values are shown as the mean ±SE. 
Different lowercase letters indicate significant differences (P<0.05); one-way 
ANOVA Tukey HSD. The significance of the height measurement at 10 weeks is 
noted alongside the genotype legend. 
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CHAPTER 4. TRANSGENICALLY-INCREASED RUBISCO CONTENT MITIGATES 

CHILLING STRESS IN MAIZE 

Salesse-Smith, C.E., Sharwood, R.E., Busch, F.A., and Stern, D.B. (2018) In 
preparation. 

4.1 Abstract 

Many C4 plants, including maize, perform poorly under chilling conditions. This 

phenomenon has been linked in part to decreased Rubisco abundance at lower 

temperatures. An exception to this is chilling-tolerant Miscanthus, which is able to 

maintain Rubisco protein content under such conditions. The goal of this study was to 

investigate whether increasing Rubisco content in maize could improve performance 

during chilling stress. Here we demonstrate that transgenic lines overexpressing 

Rubisco large and small subunits and the Rubisco assembly chaperone Rubisco 

assembly factor 1, which have increased Rubisco content and growth under optimal 

conditions, maintain increased Rubisco content during chilling stress. The plants 

exhibited a 12% increase in CO2 assimilation relative to non-transgenic controls under 

control growth conditions, and a 17% increase after two weeks of chilling stress. This 

was accompanied by a significant increase in phosphoenolpyruvate carboxylase 

efficiency during chilling. Increased photoprotection through non-photochemical 

quenching and reduced damage to PSII was also observed in the transgenic lines. 

Improved chilling tolerance was borne out by increased leaf area, dry weight and plant 

height. Together these results demonstrate that an increase in Rubisco content allows 

maize plants to better cope with chilling stress, and also improves their subsequent 
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recovery. While increasing Rubisco can mitigate stress effects, additional modifications 

will be required to engineer chilling tolerance in maize and similarly affected species. 

4.2 Introduction 

Zea mays (maize) is one of the world’s most important food crops, with 14.6 billion 

bushels produced in the US in 2017 (USDA). Although maize is tropical in origin, today 

more than 60% of its production occurs in countries with temperate climates (Ranum et 

al., 2014). The United States is the world’s largest producer and exporter of maize and 

the majority of its grain is produced in the Midwest where the growing season averages 

approximately 4 months due to temperature limitations. The sensitivity of maize to 

chilling conditions has long been a subject of concern for maize cultivation, especially 

as climate change has encouraged earlier planting, thereby increasing the risk of 

exposure to chilling conditions. Improving the ability of maize to tolerate cooler 

conditions could increase the latitudes at which maize can be grown, expand its 

potential growing season, as well as its grain productivity (Dohleman and Long, 2009). 

C4 plants, such as maize, are commonly more efficient than C3 plants in  their use of 

light, nitrogen and water (Long, 1983). This is in part due to their ability to concentrate 

CO2 in bundle sheath (BS) cells and avoid the energetic cost of photorespiration, even 

with the additional energy required to fix CO2 twice in the C4 dicarboxylate cycle. 

However, under chilling conditions C4 plants generally perform poorly relative to their C3 

counterparts. One hypothesis for this is that photorespiration in C3 plants decreases 

with decreasing temperature, thereby reducing the net energy expended per fixed CO2 
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molecule under cooler conditions (Ehleringer and Björkman, 1977; Osborne et al., 

2007), whereas at 25ºC, the energy expended per CO2 molecule fixed is approximately 

equal in C3 and C4 plants (Ehleringer and Björkman, 1977). This observation, combined 

with the geographical distribution of C4 plants, led to the suggestion that C4 plants may 

be competitively excluded from colder climates. Additionally, evidence suggests that the 

C4 pathway arose multiple times from different C3 plants in tropical and subtropical 

regions, in response to low CO2 atmosphere and/or stress conditions such as heat, 

drought and high light (Sage et al., 2012).  This selective history may explain why C4 

plants such as maize perform poorly under cooler conditions.  

Another factor that has been hypothesized to contribute to the poor performance of C4 

plants under chilling conditions is that they possess 60-80% less Rubisco than C3 

plants. This predisposes them to Rubisco limitations in cool conditions where turnover 

rates are slowed, and Rubisco catalysis cannot keep pace with RuBP regeneration and 

CO2 levels (Sage, 2002). A study that used antisense transgenic technology to reduce 

Rubisco abundance in C4 Flaveria bidentis, found that Rubisco accounts for up to 70% 

of the light-saturated photosynthesis (ASAT) limitation at optimal temperatures, and is 

likely to become more limiting (~99%) at suboptimal temperatures (Kubien et al., 2003). 

Not all C4 plants are chilling sensitive, however. The best-studied example is 

Miscanthus x giganteus, a perennial C4 energy crop. Miscanthus is considered chilling 

tolerant due to its ability to maintain photosynthetically active leaves at temperatures of 

14°C (Beale et al., 1996; Naidu and Long, 2004). More specifically, these plants can 

maintain photochemical quenching (qP), maximum quantum yield of photosystem II 
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(фPSII), CO2 assimilation and the expression of key rate limiting enzymes under chilling 

conditions (Farage et al., 2005; Long and Spence, 2013; Wang et al., 2008b). In 

addition, comparative transcriptomics showed up-regulated expression of several 

photosynthetic genes in response to chilling (Spence et al., 2014).  

In contrast to Miscanthus, chilling sensitive plants such as maize are unable to maintain 

photosynthetically efficient leaves under chilling temperatures. In maize the capacity for 

carbon assimilation can decrease over 60% (Long and Spence, 2013). This is 

accompanied by decreases in qP, фPSII and in total leaf Rubisco and PPDK protein 

content (Long, 1983; Wang et al., 2008a). This is due to a combination of chilling-

dependent photoinhibition and impaired synthesis of PSII and light harvesting complex 

proteins, which results in nonfunctional PSII reaction centers (Fryer et al., 1995; Long et 

al., 1994). Additionally, numerous enzyme activities are reduced under chilling 

temperatures, photosynthetic gene expression is down-regulated and protein stability 

and solubility is altered (Ruelland et al., 2009; Spence et al., 2014). Increased 

accumulation of Rubisco breakdown products after cold stress suggests the enzyme 

becomes unstable (Kingston‐Smith et al., 1999). The same study also showed 

significant decreases in Rubisco activity during chilling, even though the enzyme was 

fully activated. In maize, Rubisco content decreases by ~40%, while it is maintained in 

chilling-tolerant C4 species, implying the maintenance of Rubisco may be important for 

maintaining photosynthetic capacity at low temperatures (Long and Spence, 2013; 

Naidu et al., 2003; Wang et al., 2008a). 
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Here we hypothesize that otherwise chilling-sensitive plants could compensate for 

cooler temperatures by producing excess Rubisco as compared to other leaf 

photosynthetic enzymes during acclimation to chilling, or by having adequate Rubisco 

pre-stress to avoid limitation at low temperatures. Thus, increasing Rubisco content in 

maize could theoretically provide a means to develop more chilling tolerant maize or 

lessen the effects of chilling stress. Our previous work documented a >30% increase in 

maize Rubisco content conditioned by transgenic overexpression of the Rubisco large 

(LS) and small subunits (SS) with Rubisco assembly factor 1 (RAF1; (Salesse-Smith et 

al., 2018). The current study examines the properties of these transgenic lines under 

chilling temperatures in order to better understand Rubisco’s limitation on C4 

photosynthesis during chilling stress, and to ascertain whether increased Rubisco 

content confers a metabolic advantage under such conditions. 

4.3 Results 

4.3.1 Transgenic lines with increased Rubisco content maintain their growth 

advantage under chilling conditions 

Three previously reported transgenic lines were used in the experiments here: UBI-

RAF1, UBI-LSSS and UBI-RAF1-LSSS (Salesse-Smith et al., 2018; Wostrikoff et al., 

2012). The original lines express RAF1 or the Rubisco large and small subunits (LSSS), 

respectively, driven by the highly expressed maize ubiquitin promoter. The LS gene is a 

nuclear codon-optimized copy flanked by a Flag epitope tag, whose product is efficiently 

assembled into Rubisco. The two original lines were crossed to generate UBI-RAF1-
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LSSS. Because transformation had been carried out in the Hi-II background, 

untransformed Hi-II plants were used at WT controls.  

To explore whether increased Rubisco content can help improve plant performance 

under chilling conditions, we first analyzed growth of three to five week old plants at 

14°C followed by a one week recovery at 25°C, in keeping with previously published 

protocols (Spence et al., 2014; Wang et al., 2008a). It was immediately, visually obvious 

that LSSS and RAF1-LSSS were larger after chilling than WT or RAF1 (Figure 4.1a). To 

quantify this observation we measured plant height, above ground fresh and dry weight 

and leaf area before, during and after chilling stress. These data revealed significant 

increases in RAF1-LSSS relative to WT for each growth parameter measured (Figures 

4.1b-d and S4.1a). LSSS exhibited increased height, fresh and dry weight but not leaf 

area under chilling stress conditions. Additionally, the rate of growth measured as height 

and leaf area were dramatically slowed in all genotypes in response to chilling stress, as 

expected, but resumed after temperatures were returned to 25ºC (Figures 4.1d and 

S4.1b). Surprisingly, plant growth in terms of stem diameter was not strongly affected by 

chilling stress (Figure S4.1b).  
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Figure 4.1 
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Figure 4.1 Growth analysis of three to five week old plants grown at 14°C 
followed by one week at 25°C.  (a) A representative plant for each genotype is 
pictured after two weeks of chilling (five weeks old). (b) Plant height and (c) 
above-ground dry weight measured after recovery (six weeks old). n = 12-14 
plants per genotype. (d) Area of the youngest fully expanded leaf measured at 
the end of the indicated conditions. n = 5-7 plants per genotype. Values are 
shown as the mean ± standard error. Different lowercase letters indicate 
significant differences (p<0.05), one-way ANOVA Tukey HSD. 
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4.3.2 CO2 assimilation rate is increased in RAF1-LSSS during chilling stress 

To investigate whether increased growth of LSSS and RAF1-LSSS during chilling is 

associated with increased photosynthesis, CO2 assimilation (A) was measured in 

response to intercellular CO2 concentration (Ci) at three time points: pre-stress (control), 

after two weeks at 14ºC (chilling stress) and after one week of recovery at 25ºC. CO2 

assimilation rates of RAF1-LSSS and LSSS plants trended higher at Ci >200 µl L-1 

under each condition measured (Figures 4.2a-c). At light-saturated photosynthetic 

capacity (ASAT), RAF1-LSSS exhibited a significant, 12% increase in CO2 assimilation 

under control conditions, and a 17% increase after two weeks at 14°, relative to WT 

plants (Figures 4.2d-e). This is in line with what was observed in our previous study, 

where CO2 assimilation increased in RAF1-LSSS by 15% under control conditions, 

relative to WT plants (Salesse-Smith et al., 2018).  Compared to control conditions, 

however, photosynthetic rates decreased by approximately 50% in response to chilling 

in all genotypes, as previously documented (Long and Spence, 2013). After one week 

of recovery photosynthetic rates increased substantially but remained short of pre-

stress levels (Figure 4.2f). Together, these results suggest that the additional CO2 being 

fixed in RAF-LSSS and LSSS is contributing to the increased growth seen during 

chilling stress. A/Ci curves measured during chilling stress under higher light (600 vs. 

400 µmol m-2s-1) exhibited even larger increases (~30%) in photosynthetic rates relative 

to WT (Figure S4.2). This further suggests that increased Rubisco content is 

contributing to increased photosynthetic rates under chilling stress, and that these 

differences are more prominent under light-saturated conditions.  
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Figure 4.2 
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Figure 4.2 CO2 assimilation.  Response of assimilation rates to intercellular 
CO2 concentration measured on the youngest fully expanded leaves of (a) 3-
week-old plants before chilling (control); (b) 5-week-old plants at the end of two 
weeks chilling; and (c) 6-week-old plants after one week recovery. Maximum light 
-saturated rate of photosynthesis (ASAT) measured (d) before, (e) during and (f) 
after chilling. Plants were grown at a light intensity of 350-400 µmol m-2 s-1. 
Values are shown as the mean ± standard error. Measurements were made on 
6-9 plants of each genotype at a photon flux density of 1800 µmol m-2 s-1. ASAT 

measurements were performed at a CO2 concentration of 400 µl L-1. Different 
lowercase letters indicate significant differences (p<0.05), one-way ANOVA 
Tukey HSD. 
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Next, we focused on the response of CO2 assimilation rates to low intercellular CO2 

concentrations (<50 µl L-1), to gain insight on PEPC carboxylation efficiency during 

chilling stress. The initial slope of the A/Ci curves reflects the carboxylation efficiency of 

assimilation, which in C4 plants represents the in vivo activity of PEPC (von Caemmerer, 

2000). Under control conditions, PEPC carboxylation efficiency was similar between all 

genotypes (Figure 4.3a), in keeping with our prior observation that all genotypes had 

similar PEPC activity (Salesse-Smith et al., 2018). During chilling stress, carboxylation 

efficiency decreased in all genotypes (Figure 3b). PEPC carboxylation was significantly 

higher in RAF1-LSSS relative to WT during the chilling stress, however (Figure 4.3c). 

These results suggest that PEPC activity is not limiting CO2 assimilation in RAF1-LSSS 

during chilling stress.  
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Figure 4.3 Response of CO2 assimilation rates to low intercellular CO2 
concentrations.  Gas exchange was performed on the youngest fully expanded 
leaves of (a) 3-week-old plants before chilling stress (control) and (b) 5-week-old 
plants at the end of two weeks chilling stress. Plants were grown at a light 
intensity of 600 µmol m-2 s-1. Values are shown as the mean ± standard error. 
Measurements were made on 5-8 plants of each genotype at a photon flux 
density of 1800 µmol m-2 s-1. (c) Linear regression analysis of the data points. 
Bold indicates significantly different slope than WT under the respective 
measurement condition (p<0.05).  
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4.3.3 RAF1-LSSS plants have increased photoprotection and reduced damage to 

PSII 

Chilling stress has been associated with PSII damage in maize as well as other chilling 

sensitive species and can be measured using chlorophyll fluorescence. We 

hypothesized that genotypes with increased photosynthetic rates would be able to 

better protect PSII from damage because a greater proportion of light energy would be 

allocated to productive photochemistry. To test this, we measured Fv/Fm, ΦPSII and 

nonphotochemical quenching (NPQ) using pulse amplitude fluorometry. The maximum 

quantum efficiency of PSII reaction centers (Fv/Fm) represents the fraction of absorbed 

photons used for photochemistry in a dark-adapted leaf and is a good indicator of PSII 

integrity. Figure 4.4a shows no significant differences in Fv/Fm prior to chilling stress, 

while Fv/Fm decreased significantly in all genotypes except for RAF1-LSSS in response 

to chilling, with LSSS being the most strongly affected. After one week growth at 25°C, 

Fv/Fm of all genotypes recovered to near pre-stress levels. The maximum quantum yield 

of PSII electron transfer in illuminated leaves (ΦPSII) decreased significantly in all 

genotypes under chilling stress, indicative of a substantial impact on their 

photosynthetic capacity (Figure 4.4b). After one week of recovery, ΦPSII was lower 

than the pre-stress value for all genotypes, indicating that one week was insufficient for 

full recovery. In fact, only RAF1-LSSS showed a statistically significant increase during 

this period. Lastly, we measured NPQ, a protective reaction that dissipates excess 

absorbed light energy that cannot be used for photochemistry. The inability to dissipate 

this excess energy results in light-induced damage to PSII (photoinhibition). Under 
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stress conditions where photosynthetic rates are reduced, such as the chilling stress 

tested here, NPQ is expected to increase in order to protect PSII from damage. We 

observed significantly increased NPQ only in RAF1-LSSS during chilling, however, with 

other genotypes exhibiting an increase during recovery (Figure 4.4c).  
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Figure 4.4 
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Figure 4.4 Effect of chilling stress on chlorophyll fluorescence parameters. 
(a) Maximum quantum efficiency of photosystem II reaction centers. Plants were 
dark adapted for at least 30 minutes before the measurement. (b) Maximum 
quantum yield of PSII electron transfer. (c) Non-photochemical quenching. 
Measurements were made on the youngest fully developed leaf of 6-9 plants at 
the following time points; 3-week-old plants pre-stress (control), 5-week-old 
plants after 2 weeks chilling stress, and 6-week old plants after one week of 
recovery. Values are shown as the mean ± standard error.  Different lowercase 
letters indicate significant differences (p<0.05), one-way ANOVA Tukey HSD. 
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4.3.4 RAF1-LSSS Rubisco content increases during chilling  

To evaluate whether increased photosynthetic rates during chilling were related to 

increased Rubisco content, we used 14C-CABP binding. LSSS and RAF1-LSSS 

possessed significantly more Rubisco than RAF1 (p<0.05; Figure 4.5a), and RAF1-

LSSS Rubisco content exceeded that of WT at p<0.1, suggesting a correlation between 

Rubisco content and photosynthetic rate during chilling. We then measured the Rubisco 

activation state, which is the proportion of Rubisco molecules that are catalytically 

active, and no significant changes were observed (Figure 4.5b). This agrees with 

previous work that suggests Rubisco activase is not limiting under chilling conditions in 

maize (Kingston‐Smith et al., 1999). We then used these measurements to calculate in 

vitro VCMAX (% active Rubisco x Rubisco content x kcat). A kcat of 5.5 was used based 

on experimental measurements for maize (Sharwood et al., 2016b). These values 

revealed increases in the amount of active Rubisco in transgenic lines overexpressing 

the Rubisco subunits, though not significant at p<0.05 (Table 4.1). In addition, we 

measured the carboxylation activity of Rubisco using an NADH-linked 

spectrophotometric assay, because increased Rubisco content does not always 

translate into increased activity. We also measured PEPC activity in vitro using the 

same method, to see how the results compared to the in vivo measurements. RAF1 

showed significant decreases in both Rubisco and PEPC activities, while no differences 

were seen in the other transgenic lines relative to WT (Figures 4.5c-d). These results 

indicate that overexpression of RAF1 alone is not beneficial, and may be detrimental to 

the plants under chilling stress conditions. Surprisingly, the in vitro PEPC activity 
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measurements did not agree with the in vivo measurements under chilling conditions, 

while they have been shown to agree under control growth conditions (Pinto et al., 

2014). The effect of chilling on soluble protein content was also examined by 

immunoblot (Figure S4.3). LS, PEPC and RAF1 protein levels were generally 

unchanged in all genotypes in response to chilling stress, while ME abundance was 

increased. Small increases in PPDK protein levels were also observed in response to 

chilling as well as several smaller bands below the 95 kDa protein, indicative of 

degradation. These results differ from previous reports where both LS and PPDK 

content decreased significantly in response to chilling (Long and Spence, 2013; Wang 

et al., 2008b). Perhaps these differences can be attributed to the chilling sensitivities of 

the maize inbred or hybrid lines used in each study as well as the severity of the stress. 

For example, in this study plants were grown at a light intensity of 350-400 µmol m-2 s-1, 

while the previous studies were able to grow plants at 500 µmol m-2 s-1, conditions 

where photoinhibition is more likely to occur and lead to increased protein degradation.  
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Figure 4.5 Analysis of Rubisco protein content, activation and enzyme 
carboxylation activities of 5-week old plants after two weeks of chilling 
stress. (a) Rubisco content measured by 14C-CABP binding, (b) Rubisco 
activation status (initial Rubisco activity/total Rubisco activity*100), (c) and (d) 
Rubisco and PEPC activities measured using NADH-linked spectrophotometer 
assays. Values are shown as the mean ± standard error. Measurements were 
made on 3-12 plants per genotype. Different lowercase letters indicate significant 
differences (p<0.05), one-way ANOVA Tukey HSD. 
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Table 4.1 Summary of leaf gas exchange, chlorophyll fluorescence, plant 
growth and photosynthetic enzyme activity. Pre-stress measurements were 
taken on 3-weeks-old plants and 2 weeks chilling measurements were taken on 
5-week-old plants. Data represents averages of at least three replicates ± SE. 
Statistical significance tests were conducted using one way Tukey-Kramer HSD 
ANOVA. Values followed by the same letter are not significantly different at 
P<0.05. Values significantly different from WT at P<0.05 are in bold.  

Parameter  WT RAF1 LSSS RAF1-LSSS 
  
Leaf gas exchange and chlorophyll fluorescence 
ASAT 

(µmol m-2 s-1)  

Pre-stress 31.4 ± 0.9 a 32.1 ± 1.0 
ab 

33.3 ± 
0.9 ab 

35.2 ± 0.6 b 

2 weeks 
chilling 

14.9 ± 0.4 a 15.1 ± 0.3 
a 

16.8 ± 
0.7 ab 

17.4 ± 0.6 b 

Fv/Fm Pre-stress 0.785 ± 0.0022 
b 

0.788 ± 
0.0011 ab 

0.790 ± 
0.0020 
ab 

0.797 ± 0.0043 
a 

2 weeks 
chilling 

0.716 ± 0.0072 
ab 

0.713 ± 
0.017 ab 

0.632 ± 
0.037 b 

0.746 ± 0.0075 
a 

ΦPSII Pre-stress 0.405 ± 0.0057 
c 

0.445 ± 
0.030 bc 

0.497 ± 
0.014 
ab 

0.516 ± 0.012 
a 

2 weeks 
chilling 

0.206 ± 0.027 a 0.205 ± 
0.024 a 

0.159 ± 
0.021 a 

0.184 ± 0.037 
a 

NPQ Pre-stress 0.941 ± 0.030 c 0.824 ± 
0.11 bc 

0.631 ± 
0.060 
ab 

0.564 ± 0.035 
a 

2 weeks 
chilling 

0.819 ± 0.083 b 0.798 ± 
0.076 b 

0.888 ± 
0.13 b 

1.25 ± 0.065 a 

  
Growth traits 
Height (cm) 2 weeks 

chilling 
21.3 ± 0.77 b 21.3 ± 

0.43 b 
28.2 ± 
0.91 a 

26.6 ± 0.68 a 

Fresh Weight (g) 2 weeks 
chilling 

123.4 ± 9.4 b 136.8 ± 
5.2 b 

177.7 ± 
4.6 a 

168.1 ± 7.0 a 

Dry Weight (g) 2 weeks 
chilling 

31.4 ± 2.1 c 32.5 ± 1.6 
bc 

42.7 ± 
3.0 a 

41.7 ± 3.2 ab 

Leaf Area of 
youngest fully 
developed leaf 
(cm2) 

2 weeks 
chilling 

93.9 ± 7.7 c 118.8 ± 
4.7 b 

130.4 ± 
7.5 b 

164.9 ± 3.4 a 



131 

  
Photosynthetic enzymes 
Rubisco Content 
(µmol sites m-2) 

2 weeks 
chilling 

14.4 ± 0.7 ab 10.7 ± 0.5 
a 

15.9 ± 
0.9 b 

17.6 ± 1.1 b 

% Rubisco 
Activation 

2 weeks 
chilling 

69.3 ± 2.3 a 60.8 ± 0.8 
a 

77.1 ± 
8.8 a 

67.2 ± 3.2 a 

in vitro Vcmax  

(µmol m-2 s-1) 

2 weeks 
chilling 

54.9 ± 1.8 a 35.8 ± 0.5 
b 

67.4 ± 
7.7 a 

65.0 ± 3.1 a 

Rubisco Activity 
(µmol m-2 s-1) 

2 weeks 
chilling 

73.3 ± 2.4 a 43.6 ± 3.0 
b 

73.3 ± 
6.9 ab 

65.7 ± 4.3 a 

PEPC Activity 
(µmol m-2 s-1) 

2 weeks 
chilling 

222.4 ± 9.1 a 102.7 ± 
14.0 b 

221.1 ± 
18.2 a 

228.7 ± 14.3 a 

 

4.3.5 Negative effects of chilling stress early in development on growth and 

flowering time are not observed in plants with increased Rubisco  

In the field, chilling stress is most often encountered early in development. To probe 

possible effects of early chilling stress on fully-grown plants, we followed growth 

chamber chilling and recovery with transfer to the greenhouse and growth to maturity. A 

set of control plants which did not undergo chilling stress were grown in parallel. Ear 

leaf area decreased slightly in all genotypes exposed to early chilling stress, although 

ear leaf areas for LSSS and RAF1-LSSS that experienced stress nonetheless remained 

larger than those of WT plants grown without chilling (Figure 4.6a). Maximum light-

saturated photosynthetic rates (ASAT) of the ear leaf at silking remained higher in RAF1-

LSSS relative to WT, as previously observed (Salesse-Smith et al., 2018). A general 

decrease in ASAT was observed between control plants and those that had experienced 

chilling, which we hypothesized might be due to the age difference of the plants during 

flowering (see below).  
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To quantify the effect of early chilling on growth, we measured plant height weekly 

(Figure S4.4). Even at week seven, two weeks after chilling has ceased, significant 

delays in growth relative to the control can be observed. WT exhibited a significant 

decrease in final plant height when exposed to early chilling, while the other genotypes 

were not significantly affected (Figure 4.6c). Finally, flowering time was measured as 

days to anthesis, days to silking, and the anthesis-silking interval (ASI). Days to 

anthesis and silking were reduced in RAF1-LSSS (Table 4.2). However, all genotypes 

experienced an approximately ten day delay in anthesis and silking when exposed to 

two weeks’ chilling early in development. In addition, both WT and RAF1 showed 

significant increases in ASI after chilling stress compared to their respective ASI’s under 

control conditions, indicative of stress and reduction in photosynthate production during 

flowering (Figure 4.6d). In general, chilling stress early in development appeared to 

have the most negative effect on fully-grown (reproductive developmental stage) WT 

plants and the smallest effect on fully-grown RAF1-LSSS plants. 
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Figure 4.6 Growth analysis of full-grown plants (reproductive 
developmental stage) exposed to chilling stress early in development. (a) 
Ear leaf area, (b) Maximum light saturated rate of photosynthesis, (c) Height and 
(d) Anthesis-silking interval (ASI) measured on 19-22 plants of each genotype. 
Chilling stress plants were placed at 14ºC from 3 to 5 weeks of age. Values are 
shown as the mean ± standard error.  Different lowercase letters indicate 
significant differences (p<0.05), one-way ANOVA Tukey HSD. 

 

 



134 

 
 

Table 4.2 Summary of leaf gas exchange and growth of full-grown maize 
plants (reproductive developmental stage) exposed to chilling stress early 
in development. Data represents averages of at least three replicates ± SE. 
Statistical significance tests were conducted using one way Tukey-Kramer HSD 
ANOVA. Values followed by the same letter are not significantly different at 
P<0.05. Values significantly different from WT at P<0.05 are in bold.  

Parameter  WT RAF1 LSSS RAF1-
LSSS 

  
Leaf gas exchange  
ASAT 

(µmol m-2 s-1)  

Control 32.5 ± 1.1 
b  

33.1 ± 1.1 b 33.4 ± 
0.66 ab 

36.6 ± 0.79 
a 

2 weeks 
chilling 

27.9 ± 0.72 
b 

28.3 ± 0.92 
ab 

29.5 ± 
0.89 ab 

31.1 ± 0.53 
a 

  
Growth traits 
Height (cm) Control 147.8 ± 3.5 

a 
134.7 ± 4.2 
b 

152.7 ± 
3.1 a 

155.6 ± 2.7 
a 

2 weeks 
chilling 

132.1 ± 3.5 
b 

125.1 ± 2.0 
b 

156.5 ± 
3.2 a 

160.7 ± 3.0 
a 

Ear Leaf Area 
(cm2) 

Control 491.3 ± 7.2 
b 

419.1 ± 
10.0 c 

548.5 ± 
11.7 a 

560.2 ± 
16.4 a 

2 weeks 
chilling 

469.8 ± 
11.2 b 

400.1 ± 7.1 
c 

502.0 ± 
11.3 ab 

523.6 ± 
18.2 a 

Days to anthesis Control 51.1 ± 0.34 
a 

51.2 ± 0.46 
a 

49.9 ± 
0.40 ab 

48.7 ± 0.34 
b 

2 weeks 
chilling 

59.6 ± 0.34 
a 

59.4 ± 0.34 
a 

58.9 ± 
0.28 ab 

57.7 ± 0.34 
b 

Days to silking Control 54.4 ± 0.58 
a 

52.7 ± 0.36 
ab 

53.0 ± 
0.46 ab 

51.4 ± 0.34 
b 

2 weeks 
chilling 

64.8 ± 0.48 
a 

62.9 ± 0.48 
b 

63.1 ± 
0.41 b 

61.1 ± 0.35 
c 

Anthesis-silking 
interval (days) 

Control 3.3 ± 0.43 
a 

1.3 ± 0.41 b 3.1 ± 0.48 
a 

2.7 ± 0.30 
ab 

2 weeks 
chilling 

5.2 ± 0.44 
a 

3.6 ± 0.28 b 4.2 ± 0.25 
ab 

3.4 ± 0.27 a 
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4.3.6 Short-term heat stress has similar effects on WT and transgenic plants  

We wished to compare effects of chilling to those of another abiotic stress condition, 

namely heat stress where Rubisco content is not thought to be a limiting factor, and 

where the transgenes could even represent a detrimental genetic load. To do so, 2-

week-old plants were grown in 40ºC days and 34 ºC nights for 48 hours, before 

measuring photosynthetic rates and collecting leaf tissue. Light-saturated 

photosynthetic rates decreased significantly in response to heat stress; however, no 

differences were observed between WT and transgenic plants (Figure S4.5a). In 

addition, no obvious phenotypic changes were observed in any genotype in response to 

heat stress (Figure S4.5b). Protein content of photosynthetic enzymes appeared to be 

little affected, with the exception of small decreases in Rubisco activase (RCA) in all the 

lines except RAF1-LSSS (Figure S4.5c), which could be quantitatively validated for WT 

(Figure S4.5d). Overall the transgenic lines did not appear to have an advantage or 

disadvantage compared to WT plants under heat stress, though differences in RCA 

abundance could impinge on Rubisco activation, because RCA activity is highly 

sensitive to thermal denaturation which leads to the deactivation of Rubisco (Salvucci et 

al 2001).  

4.4 Discussion 

In this study, we examined whether increased Rubisco content can help mitigate effects 

of chilling stress on photosynthesis in maize, using a range of transgenic lines already 

shown to vary in photosynthesis, growth and Rubisco content under control conditions 
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(Salesse-Smith et al., 2018). Here, we observed the same respective phenotypes prior 

to exposure to chilling (Figures 4.1 and 4.2). The line with increased Rubisco content 

(RAF1-LSSS), however, maintained higher photosynthetic rates during chilling stress, 

with increased photoprotection and reduced damage to PSII when compared to the 

other genotypes (Figure 4.4), while exhibiting increased leaf area, height and dry weight 

(Figure 4.1). Thus, increased Rubisco appears to buffer this line against chilling. During 

the two-week chilling period, photosynthetic rates were strongly reduced in all 

genotypes, leading to slowed growth (Figures 4.1 and 4.2). This effect is well-

documented in maize and is due to a variety of factors  (Long and Spence, 2013).  

Another question we aimed to address was whether the inability of maize to maintain 

photosynthetically functional leaves under chilling conditions is due to an indirect effect 

of photoinhibition or a direct effect of temperature. Fluorescence measurements provide 

insight on a plants ability to tolerate stress conditions as well as the extent to which the 

stress has damaged the photosynthetic apparatus (Maxwell and Johnson, 2000). 

Decreases in photosynthetic carbon assimilation in chilling-sensitive plants such as 

maize decreases the capacity for the photochemical utilization of absorbed light energy, 

which can lead to photoinhibition (Long et al., 1994). To assess photoinhibition, we 

measured Fv/Fm as an indicator of PSII integrity and found that it decreased significantly 

in all genotypes except RAF1-LSSS in response to chilling (Figure 4.4a). This result 

suggests that RAF1-LSSS is able to use more of the absorbed light energy for 

photochemistry (ΦPSII) or is better at dissipating the excess energy that cannot be used 

for photochemistry as heat (NPQ). The induction of photoprotection to protect from 
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photoinhibition is observed as an increase in NPQ (Maxwell and Johnson, 2000). During 

chilling stress no difference in ΦPSII was observed between the genotypes, while 

significant increases in NPQ were observed only in RAF1-LSSS (Figures 4.4b-c). Taken 

together, these results suggest that RAF1-LSSS is mitigating chilling-induced 

photoinhibition through improved photoprotection. Delays in the induction of NPQ, as 

seen in WT, RAF1 and LSSS may result in the overexcitation of PSII and may have 

photoinhibitory consequences (Ruban and Horton, 1995). Taken together these results 

suggest that the genotypes without increased Rubisco are more susceptible to chilling 

stress and are experiencing more photoinhibition. 

After stress conditions have ceased, a gradual decline in NPQ is expected, which is 

hypothesized to be related to an increase in CO2 fixation and deactivation of thermal 

energy dissipation (Munekage et al., 2002; Murchie and Lawson, 2013). Accelerated 

recovery from photoprotection or NPQ relaxation has been shown to increase 

photosynthetic efficiency (Kromdijk et al., 2016). In this study we observed the 

maintenance of NPQ in RAF1-LSSS plants during recovery from chilling, indicating 

NPQ relaxation had not yet begun (Figure 4.4c). Conversely, the other genotypes 

displayed increases in NPQ during the recovery phase, indicating NPQ induction had 

only just begun. Monitoring NPQ later into the recovery stage might reveal whether 

RAF1-LSSS plants, where NPQ is induced more rapidly, also have faster relaxation and 

thus potential for increased photosynthetic efficiency post-chilling.  

Our experiments have directly tested the hypothesis that photosynthetic assimilation 

could be improved during chilling by increasing Rubisco content (Friesen and Sage, 
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2016; Long and Spence, 2013), relative to the broad negative effects that chilling 

invariably imposes on warm-climate plants (Allen and Ort, 2001). Relative to the WT, 

RAF1-LSSS increases CO2 assimilation by 17% during chilling as compared to 12% in 

control conditions, in support of this hypothesis. Superimposing high light where the 

importance of Rubisco is further augmented, an additional relative increase in CO2 

assimilation of ~30% was observed (Figure S4.2). An alternative transgenic strategy to 

improve the photosynthetic rate in maize during chilling might be introduction of 

Miscanthus x giganteus Rubisco subunits (and potentially RAF1), since Rubisco 

abundance in Miscanthus is stable during chilling (Naidu et al., 2003; Wang et al., 

2008b). Pyruvate inorganic phosphate dikinase (PPDK) is another enzyme believed to 

limit CO2 assimilation in C4 plants, particularly under chilling conditions where it is prone 

to degradation (Du et al., 1999; Furbank et al., 1997). In this study we observed 

degradation of PPDK protein in response to chilling (Figure S4.3). Transgenic 

expression of Miscanthus PPDK, whose abundance is stable during chilling, could be a 

companion strategy to increase CO2 assimilation during chilling stress in maize. 

While results for RAF1-LSSS can be rationalized by increased Rubisco accumulation, 

LSSS presents more of an enigma, as positive results for that genotype argue that 

overexpression of the Rubisco subunits can also be beneficial during chilling, even 

unaccompanied by additional holoenzyme accumulation. Chilling stress has been 

shown to decrease rbcL transcript levels in cucumber and RBCS transcript levels in 

both cucumber and maize (Riva-Roveda et al., 2016; Zhou et al., 2006), which the UBI-

promoter-driven transgenes would mitigate in maize. Chilling can also enhance 
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holoenzyme degradation, which is thought to be due to reactive oxygen species that 

accumulate due to chilling stress-induced photoinhibition (Ishida et al., 1999; Nakano et 

al., 2006). For example, maize plants grown at 14°C were shown to accumulate 

Rubisco breakdown products due to oxidative damage and proteolysis (Kingston‐Smith 

and Foyer, 2000; Kingston‐Smith et al., 1999). Overexpression of LSSS was previously 

shown to be beneficial under warm conditions, where it may be increasing the rate or 

efficiency of Rubisco assembly (Salesse-Smith et al., 2018). It’s likely that increases in 

subunit synthesis may be particularly beneficial during chilling, when Rubisco is 

susceptible to degradation.  

Chilling early in development also proved to have lasting impacts as observed in fully-

grown plants (Figure 4.6). Flowering time (days to anthesis and silking) increased by 

~10 days when plants were exposed to two weeks of chilling, likely due to reduced 

growth observed by decreased height and ear leaf area during the stress period (Table 

4.1). This results in older plants with lower levels of photosynthesis during pollination, 

kernel development and grain filling, due to leaf aging and senescence (Crafts-Brandner 

and Poneleit, 1987). This could have negative effects on yield in maize, which mainly 

depends on post-silking photosynthetic rates (Chen et al., 2015; Zhu et al., 2010). 

Delayed sowing has been shown to limit the supply of assimilates during grain fill, 

leading to reduced yields (Bonelli et al., 2016). RAF1-LSSS plants maintained 

significantly higher post-silking photosynthetic rates and a shorter flowering time 

compared to WT plants under control and stressed conditions (Figure 4.6b, Table 4.1). 

This could augur improved yield relative to WT plants under both growth conditions. 
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Final height was significantly decreased in WT plants that had undergone chilling stress, 

but not in any of the transgenic lines. This demonstrates that not only does chilling 

stress delay growth during stress, but it can also reduce overall growth in more sensitive 

genotypes.  In addition, the ASI of WT and RAF1 plants was significantly increased 

when exposed to chilling stress early in development, indicating asynchrony in flowering 

time. Increases in ASI occur in response to stress when ear growth slows in relation to 

tassel growth, which is hypothesized to be a response to the production of reduced 

levels of photosynthate. ASI has also been shown to be a good predictor of grain yield 

under stress, where increases in ASI are correlated with decreases in yield (Edmeades 

et al., 2000). These results are another indication of a potential yield advantage for 

RAF1-LSSS, particularly in situations where chilling stress had been encountered. 

In this study we have demonstrated that increased Rubisco content appears to reduce 

the severity of chilling stress and allow for a quicker recovery; however, the 

photosynthetic rates of these plants were still significantly reduced when compared to 

control conditions indicating the plants are not chilling tolerant. RAF1-LSSS plants show 

increased photosynthetic rates and growth before, during and after chilling stress when 

compared to WT. In addition, they showed no disadvantage when grown under heat 

stress conditions. The finding that plants with increased Rubisco content are able to 

induce photoprotection to reduce photoinhibition, but still show significant decreases in 

photosynthesis relative to their control conditions indicates that chilling sensitivity in 

maize is due to a direct effect of temperature and not to an indirect effect of 

photoinhibition. These results provide new information on how Rubisco impacts chilling 
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stress in maize which will be important for the field of crop biotechnology and choosing 

alternative strategies and/or targets to manipulate and develop more chilling tolerant 

maize plants. 

4.5 Experimental Procedures 

4.5.1 Plant materials, growth conditions and measurements 

Transgenic lines used here were described in Salesse-Smith et al. (2018). Plants were 

grown in 6L pots filled with 1/3 metro mix and 2/3 turface calcined clay soil mix and 

fertilized three times per week until harvest. For growth chamber experiments (Figures 

1-5), plants were grown in controlled environment chambers (Conviron, BDW40) under 

25ºC/16-hour days and 20ºC/8-hour nights at a light intensity of 350-400 µmol m-2 s-1 

and relative humidity of 70%. Three weeks after planting, the plants underwent chilling 

for two weeks, 14ºC/16-hour days and 12ºC/8-hour nights. This was followed by one 

week of recovery under control conditions. For greenhouse experiments (Figure 6), 

plants were grown in chambers for six weeks, with or without chilling, transferred to the 

greenhouse, and grown under natural illumination at 28ºC/25ºC day/night until mature. 

Height was measured at the collar of the youngest fully-expanded leaf, at the frequency 

indicated in the figures and tables. Stalk diameter was measured at its widest point. 

Leaf area was measured on the youngest fully expanded leaf of under the condition 

specified or the ear leaf as length x maximum width x A, where A is 0.75 (Francis et al., 

1969). Above-ground fresh weight was measured after cutting the plant just above the 

soil. Dry weight was measured after leaves and stems were dried at 40ºC for two 
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weeks. Days to silking, anthesis, and the derivate ASI (time to silking minus time to 

anthesis), were measured from the sowing date. 

4.5.2 Leaf gas exchange measurements 

Gas exchange measurements were performed using the LI-6800-01A portable infrared 

gas analyzer (LI-COR biosciences, Nebraska). Measurements were made on the 

youngest fully expanded leaves of three-week-old (pre-stress), five-week-old (two 

weeks chilling stress) and six-week-old (one week recovery) plants. Responses of net 

CO2 assimilation rate (A) to intercellular CO2 concentration (Ci) were measured at a leaf 

temperature of 25ºC (pre-stress and recovery) or 14ºC (chilling stress), and a light 

intensity of 1800 µmol m-2s-1. Plants were acclimated to these conditions until steady-

state gas exchange was reached (20-30 minutes), and A/Ci curves measured with a 

sequence of reference CO2 concentrations of 400, 300, 250, 200, 150, 100, 75, 50, 400, 

400, 400, 400, 500, 600, 800, 1000, and 1200 µmol mol-1. The middle four 

measurements at 400 µmol mol-1 were disregarded, as their purpose was to allow the 

plant to re-acclimate to this condition after being exposed to low CO2 concentrations. 

Data points were taken in sequential order with an equilibration time of 180-300 

seconds at each CO2 concentration. In the greenhouse experiment, ASAT was measured 

on the ear leaf the day silks emerged, at a CO2 concentration of 400 µmol mol-1, a leaf 

temperature of 25ºC, and a light intensity of 1800 µmol m-2s-1. 
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4.5.3 Chlorophyll fluorescence measurements 

Chlorophyll fluorescence measurements were performed using the LI-6800-01A Pulse 

Amplitude Modulated (PAM) multiphase flash fluorometer (LI-COR biosciences, 

Nebraska), on the plant materials described above for A-Ci curves. Fv/Fm was 

calculated as (Fm-Fo)/Fm, where Fm is the maximum fluorescence level after a saturating 

pulse and Fo is the minimum fluorescence level of the dark-adapted plant. For Fv/Fm 

measurements plants were dark adapted for at least 30 minutes. ΦPSII was calculated 

as (Fm’-Fs’)/Fm’, where Fm’ is the maximum fluorescence level from a light-adapted plant 

after a saturating pulse and Fs is the steady state fluorescence level under actinic light. 

NPQ was calculated as (Fm –Fm’)/Fm’.  

4.5.4 Enzyme activity, activation and content measurements 

Following gas exchange measurements under chilling stress conditions, replicate leaf 

samples (0.5 cm2) were frozen in liquid nitrogen and stored at -80°C. Soluble protein 

was subsequently extracted from each leaf disc using 800 µl of extraction buffer, and 

Rubisco activity, activation state and protein content were measured exactly as 

described in Salesse-Smith et al. 2018.  

4.5.5 Protein isolation and immunoblotting 

Total protein was extracted on a leaf area basis from the tip of the youngest fully 

developed leaf pre-stress (control) or after two weeks chilling stress, as described in 

Barkan (1998). Proteins were separated, transferred and detected as described in 
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Salesse-Smith et al. (2018). The following primary antibodies were used at a dilution of 

1:10000: anti-LS (Agrisera), anti-PPDK (Agrisera), and anti-RAF1 (Feiz et al., 2012). 

RCA protein was quantified using the Odyssey infrared imager and imagestudio lite 

software (Li-Cor Biosciences). 

4.5.6 Statistical analysis  

The effect of chilling stress on maize was analyzed using a one-way ANOVA with a 

post-hoc Tukey HSD tests for pairwise comparisons of the means. Values with p<0.05 

were considered significantly different, where different lowercase letters indicate 

significant differences. Jmp pro version 13.1.0 software was used for all statistical 

analysis.  
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4.6 Supplemental Figures 

 
Supplemental Figure 4.1 Growth of transgenic plants after two weeks of 
chilling stress and one week of recovery. (a) Above-ground fresh weight was 
measured after one week recovery on day 25. n= 12-14 plants of each genotype. 
Values are shown as the mean ± standard error.  Different lowercase letters 
indicate significant differences (p<0.05), one-way ANOVA Tukey HSD. (b) Plant 
height, and (c) stalk diameter were measured for each genotype where day 0 
represents a pre-stress measurement, days 2-15 chilling stress conditions and 
days 16-25 recovery conditions. 
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Supplemental Figure 4.2 A/Ci response curves measured on the youngest 
fully-expanded leaves of 5-week-old plants exposed to chilling stress for 
two weeks, grown under high light (600 µmol m-2 s-1). Values are shown as 
the mean ± standard error. Measurements were made on 5-8 plants of each 
genotype at 14ºC and a photon flux density of 1800 µmol m-2 s-1. 
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Supplemental Figure 4.3 Immunoblot analysis of proteins before and after 
two weeks of chilling stress at 14ºC. Soluble protein was extracted from leaf 
tissue on an equal leaf area basis and analyzed by immunoblotting using the 
antibodies indicated at left (representative gel from pool of 4 biologically 
independent replicates). 
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Supplemental Figure 4.4 Impact of chilling stress on growth rate. Height 
was measured weekly on (a) control and (b) chilling-stressed plants (exposed to 
14ºC temperatures from 3 to 5-weeks-old). Values are shown as the mean ± 
standard error. Measurements were made on 19-22 plants per genotype. 
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Supplemental Figure 4.5 Effect of short-term heat stress (40ºC for 48 
hours). (a) Maximum light saturated rate of photosynthesis (ASAT). 
Measurements were made on 11-14 plants per genotype. (b) A representative 
plant for each genotype is pictured after heat stress. (c) Soluble protein extracted 
from leaf tissue after heat stress on an equal leaf area basis was analyzed by 
immunoblotting using the antibodies indicated at left (representative gel from pool 
of 4 biologically independent replicates).  (d) Quantification of Rubisco activase 
content from immunoblots using Odyssey infrared imaging. The WT was set to 
100% as a baseline. Values are shown as the mean ± standard error. Different 
lowercase letters indicate significant differences (p<0.05), one-way ANOVA 
Tukey HSD. n=4. 
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CHAPTER 5. CONCLUSIONS, ONGOING PROJECTS AND FUTURE DIRECTIONS 

5.1 Conclusions 

In chapter 2, I observed the effects of altering BSD2 expression by complementing the 

bsd2 mutant in a cell-type specific manner. Loss of BSD2 expression in the M had no 

obvious consequences, indicating BSD2 does not play a vital role in M cells and its 

presence in the M remains unclear. Overexpression of BSD2 in the BS resulted in 

increased chloroplast coverage, the relative cellular area occupied by chloroplasts. 

Underexpression of BSD2 in the BS resulted in decreased chloroplast coverage. This 

phenomenon was shown to be due to increases in single chloroplast areas rather than 

increased chloroplast number, revealing a novel ancillary role for BSD2 related to the 

regulation and/or maintenance of chloroplast size. In addition, plants with a 50% 

reduction of BSD2 in the BS accumulated WT levels of Rubisco, indicating BSD2’s 

primary function is Rubisco assembly and that it is present in excess of what it required 

for this function.  

In chapter 3, I demonstrated that Rubisco content can be increased in a C4 plant by 

>30% by overexpressing the Rubisco large and small subunits with its assembly 

chaperone RAF1. The additional Rubisco was observed to be localized to the BS and 

assembled into the holoenzyme. Increased Rubisco resulted in improved CO2 

assimilation (15%) and plant growth under controlled conditions. In addition, Rubisco 

content was negatively correlated with Rubisco activation state. Plants with ~30% 
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increases in Rubisco had ~20% decreases in Rubisco activation, suggesting that 

Rubisco activase could be limiting the photosynthetic potential of increased Rubisco. 

In chapter 4, I utilized the transgenic lines with increased Rubisco content to test the 

hypothesis that increased Rubisco abundance in maize can improve plant performance 

during chilling stress. Plants with increased Rubisco content exhibited a 17% increase 

in CO2 assimilation during chilling. This was accompanied by significant increases in 

leaf area, fresh and dry weight and height. These plants exhibited increased 

photoprotection via NPQ, as well as reduced damage to PSII. In addition, plants 

overexpressing only Rubisco subunits exhibited improved CO2 assimilation and plant 

growth during chilling conditions, albeit to a lower degree. This result argues that 

overexpression of the subunits can also be beneficial during chilling, even without the 

accumulation of additional Rubisco. Overall this study revealed that while increasing 

Rubisco content can help mitigate chilling stress, it cannot create chilling tolerant maize 

with photosynthetic rates closer to those of control conditions. 

5.2 Ongoing Projects 

There are a number of projects that I have begun to follow up to the work done in this 

dissertation. One project motivated by the results of chapter 3 is increasing the 

expression of Rubisco activase in order to capture the potential of increased Rubisco 

content and further enhance photosynthetic performance. I have created an 

RBCS::RCA construct, designed to overexpress maize Rubisco activase in BS 

chloroplasts. To make the cassette I used an RBCS::YFP cassette used to express YFP 



152 

in BS chloroplasts (Sattarzadeh et al., 2010), and swapped the YFP coding region for 

the maize RCA coding region. Since maize RCA had previously been overexpressed in 

rice, I used the same coding region in this construct, maize rca1 (Fukayama et al., 

2012). This construct was stably transformed into maize Hi-II lines at Iowa State 

Univeristy and T0 RCA events have been received. I have verified that these plants 

contain the transgene and are overexpressing RCA transcripts.  The T0 plants have 

been selfed and crossed to Hi-II and the following transgenic lines: RAF1, RAF2, LSSS 

and RAF1-LSSS. The next steps will be to check for increased RCA protein. If this is 

observed, plants will be analyzed to test the hypothesis that RCA abundance is limiting 

the photosynthetic rates in plants with increased Rubisco content. I would hypothesize 

that plants overexpressing RCA and accumulating increased Rubisco content (RCA-

RAF1-LSSS), will have increased active Rubisco and increased CO2 assimilation. 

Increases in Rubisco content achieved in chapter 3 were obtained through 

overexpression of Rubisco subunits with RAF1; however, two additional chaperones are 

known to play an indispensable role in Rubisco assembly: BSD2 and RAF2. Constructs 

were designed by previous lab members to overexpress these genes under the 

ubiquitin promoter and these were stably transformed into the maize Hi-II background. 

Through genetic crosses I have made a variety of stacked lines. I have begun 

preliminary analysis on the following lines: RAF2, RAF1-RAF2 and RAF1-RAF2-LSSS. 

The results suggest RAF2 overexpression may further increase Rubisco abundance 

when combined with RAF1-LSSS. Follow up work with these transgenic lines looking at 

photosynthetic rates, enzyme activities and plant growth should be done to gain a better 
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understanding of the effect of RAF2 overexpression. In addition, preliminary results I 

have obtained from analyzing the combination of BSD2 overexpression with RAF1-

LSSS also showed that in combination BSD2 overexpression can contribute to 

increases in Rubisco content. The following transgenic lines could also be analyzed 

using the same experimental setup described above to gain a better understanding of 

the effect of BSD2 overexpression: BSD2-RAF1-LSSS, BSD2-RAF1-RAF2-LSSS.    

The goal of the final ongoing project is to use stacked transgenic lines described above 

to ectopically express Rubisco in mesophyll cells. This would verify the minimal suite of 

factors required for Rubisco assembly in plants as demonstrated by the in vitro  

assembly results recently documented (Aigner et al., 2017). From genetic analysis we 

know that apart from LS and SS, the following factors are required in Rubisco 

biogenesis: BSD2, RAF1, RAF2 and CPS2/Cpn60. We hypothesize that if we 

ectopically express all the factors required for Rubisco assembly in M cells, we should 

get ectopic assembly of the enzyme. Through genetic crosses I have made the 

following stacked lines that in theory should be able to accumulate Rubisco in the M: 

RAF1-RAF2-LSSS (4X) and BSD2-RAF1-RAF2-LSSS (5X). Each transgene is driven 

by the maize UBI promoter, which confers ubiquitous expression. CPS2 and BSD2 have 

been shown to be expressed equally in M and BS cells, and therefore should not be 

needed (Friso et al., 2010). I have completed preliminary immunoblot analysis that 

indicates that all of the transgenes are being expressed in the 4X and 5X plants and 

that no silencing is occurring. In addition, both the 4X and 5X plants appear to be 

accumulating low levels of LS protein in their M cells. Next steps in this project include 
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running a native PAGE gel to see if the holoenzyme is assembling in the M and 

immunolocalization analysis to visualize Rubisco in the M cells.  

5.3 Future Directions 

There a number of directions in which these studies could continue. It would be 

beneficial to gain a better understanding of how BSD2 impacts chloroplast 

development, because the ability to develop methods to manipulate chloroplast size 

may be useful in efforts such as engineering the C4 pathway into C3 plants (Stata et al., 

2014). One strategy would be to do pull down assays followed by mass spectroscopy to 

identify proteins with which BSD2 interacts. This strategy could also be used to gain 

insight on what BSD2’s function may be in the mesophyll.  

An obvious continuation to chapters 3 and 4 is to undergo field trials with these 

transgenic lines, to see if increased CO2 assimilation and growth persists under more 

variable conditions. To decrease biological noise, we would first need to make new 

transformants in a maize inbred background, rather than use the hybrid Hi-II 

background that we currently have. We have a collaborator in Illinois with a field site 

where these transgenic plants can be grown.  

Data in chapter 3 reveals that overexpression of Rubisco subunits does not increase 

Rubisco content but does result in increases in CO2 assimilation and plant growth. I 

hypothesize that this could be due to increased subunit synthesis resulting in faster 

assembly. To test this hypothesis, I can use in vivo 35S-Met labeling to monitor the 
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synthesis of LS (Feiz et al., 2012, 2014). I expect to observe increased labeling of LS in 

plants overexpressing the Rubisco subunits. 

Finally, as an extension to chapter 4, additional transgenic modifications to engineer 

chilling tolerance into maize should be pursued. Similar to Rubisco, the 

maintenance/increase of PPDK content is thought to play a vital role in chilling tolerance 

(Long and Spence, 2013; Wang et al., 2008b). I suggest that a construct be designed to 

overexpress PPDK in maize. A cell specific promoter such as PEPC would be a good 

choice to drive high levels of expression in the M. Once stably transformed into maize, 

this could be crossed to RAF1-LSSS plants with increased Rubisco to stack the traits. 

Chilling tolerance of the plants can then be tested, with the hypothesis that the 

combination of increased Rubisco and PPDK will improve chilling tolerance in maize. 
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