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SUMMARY

Introducing a carbon concentrating mechanism and a faster Rubisco from cyanobacteria into 

higher plant chloroplasts could improve photosynthetic performance by increasing the rate of CO2 

fixation while decreasing losses caused by photorespiration. We previously demonstrated that 

tobacco plants will grow photoautotrophically using Synechococcus elongatus Rubisco, although 

the plants exhibited considerably slower growth than wild-type and required supplementary CO2. 

Because of concerns that vascular plant assembly factors might not be adequate for assembly of a 

cyanobacterial Rubisco, prior transgenic plants included the cyanobacterial chaperone RbcX or the 

carboxysomal protein CcmM35. Here we show that neither RbcX nor CcmM35 is needed for 

assembly of active cyanobacterial Rubisco. Furthermore, by altering the gene regulatory 

sequences on the Rubisco transgenes, cyanobacterial Rubisco expression was enhanced and the 

transgenic plants grew at near wild-type growth rates, though still requiring elevated CO2. We 

performed detailed kinetic characterization of the enzymes produced with and without the RbcX 

and CcmM35 cyanobacterial proteins. These transgenic plants exhibit photosynthetic 

characteristics that confirm the predicted benefits of non-native forms of Rubisco with higher 

carboxylation rate constants in vascular plants and the potential nitrogen use efficiency that may 

be gained provided that adequate CO2 can be concentrated near the enzyme.
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INTRODUCTION

In photosynthetic organisms, Rubisco (D-ribulose-1,5-bisphosphate carboxylase/oxygenase) 

catalyses the assimilation of atmospheric carbon dioxide (CO2) into the organic carbon of 

plant biomass (Andersson and Backlund, 2008; Tabita et al., 2008). Rubisco also catalyses a 

competing and wasteful reaction with oxygen that initiates photorespiration and the 

consequent release of previously fixed CO2, NH3 and energy (Parry et al., 2003). 

Furthermore, because Rubisco is slow, very large amounts are needed (up to 50% of leaf 

soluble protein) to support adequate photosynthetic rates. Overcoming these limitations of 

Rubisco is a widely recognized target for increasing photosynthesis and yield (Parry et al., 

2003; Whitney et al., 2011; Ort et al., 2015). Furthermore, being able to use less Rubisco 

would reduce the demand for leaf nitrogen. For example, experiments with wheat have 

demonstrated that 25% of leaf nitrogen is invested in Rubisco (Evans, 1989), while 

cyanobacteria Rubisco consumes only 3–5% of nitrogen in cyanobacteria (Price et al., 

2013).

Various strategies, generically termed carbon concentrating mechanisms (CCMs), have 

evolved in nature to concentrate CO2 in the vicinity of Rubisco. In the cyanobacterial CCM, 

Rubisco is packaged within proteinaceous micro-compartments called carboxysomes 

(Bobik, 2006; Cheng et al., 2008). The presence of a CCM allows cyanobacteria to use 

faster forms of Rubisco, albeit with lower affinities for CO2 (the  and  for 

Synechococcus PCC6301 Rubisco and tobacco Rubisco are ~12 s−1, ~200 μM and ~3 s−1, 

~10.7 μM, respectively (Mueller-Cajar and Whitney, 2008; Whitney et al., 2011)). 

Introducing such CCMs into crop plants is an attractive target for increasing photosynthetic 

performance, nitrogen use efficiency and yield (Price et al., 2013; Zarzycki et al., 2013; 

McGrath and Long, 2014). Furthermore, this mechanism operates on an intracellular level, 

obviating the need for the gross anatomical requirements associated with the CCM of C4 

plants.

Assembly of Rubisco in cyanobacteria requires requires the chaperonin GroEL and its 

cofactor GroES, which have homologs in chloroplasts named Cpn60, Cpn10 and Cpn20 

(Vitlin Gruber et al., 2013). RbcX dimers have been shown to play an essential role in 

stabilizing the LSU dimers of cyanobacterial Rubisco during its assembly into a core 

complex and functional holoenzyme, stabilizing the LSU core immediately prior to SSU 

integration (Liu et al., 2010). However, certain cyanobacterial strains such as S. elongatus 

PC7942 can assemble Rubisco in the absence of RbcX likely because Rubisco assembly 

factor 1 (Raf1) can fulfill its function (Emlyn-Jones et al., 2006). Recently a Raf1 homolog 

was discovered to be essential for Rubisco assembly in maize (Feiz et al., 2012). This 

finding suggests that tobacco Raf1 might be able to fulfill the function of its counterpart in 

cyanobacteria.

CcmM35 is essential for the organization of Rubisco within carboxysomes (Long et al., 

2011). Each CcmM35 contains three SSU-like domains which are thought to link adjacent 

Rubisco holoenzymes and are required to initiate carboxysome assembly (Long et al., 2011; 

Cameron et al., 2013).
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We recently reported two tobacco chloroplast transformed lines, named SeLSX and 

SeLSM35, where the tobacco Rubisco large subunit gene, rbcL, was replaced with operons 

containing cyanobacterial Rubisco genes for the large and small subunits along with either 

rbcX or ccmM35 (Lin et al., 2014a). Although these transformants were able to perform 

carbon fixation with cyanobacterial Rubisco and grow under elevated CO2, it was not 

known whether the RbcX and CcmM35 proteins were essential for the assembly and 

stability of the cyanobacterial Rubisco in chloroplasts. In addition, the poor growth of these 

transformants even under 0.9% CO2 suggested that future transformants could benefit from 

improved expression of cyanobacterial Rubisco through better designs of the transgene 

operons. To address these issues, we generated two additional tobacco chloroplast 

transformants. In the transformant named SeLS, the two cyanobacterial Rubisco subunits 

were produced without RbcX or CcmM35, whereas in SeLSYM35 line, we fused YFP to the 

N-terminus of CcmM35 and optimized the codons of the fused yfp-ccmM35 gene for the 

chloroplast translation system. We demonstrate that altering the terminator sequences leads 

to increased accumulation of RNA encoding the cyanobacterial rbcS, which is located 3’ to 

the rbcL gene in our transgene operons. The improved transgene operons resulted in 

enhanced Rubisco expression and more rapid growth of the transgenic plants which fixed 

carbon using the cyanobacterial Rubisco. Thus, neither RbcX or CcmM35 are needed for 

cyanobacterial Rubisco assembly or vigorous growth under elevated CO2.

RESULTS

Engineering of the tobacco chloroplast genome with synthetic cyanobacterial operons

The synthetic operons in the two new transformants possess similar architecture to the 

previous ones with a terminator, an intercistronic expression element (IEE) and a Shine-

Dalgarno sequence (SD) occupying the intergenic regions (Figure 1). Such an arrangement 

has been shown to result in reliable processing of the transcripts for successful translation of 

downstream genes inside chloroplasts (Lu et al., 2013; Lin et al., 2014a). Three terminators 

from the Arabidopsis chloroplast and the native rbcL terminator (Nt-TrbcL) were paired 

with different genes. The ccmM35 gene in SeLSM35 line and the yfp-ccmM35 gene in 

SeLSYM35 line are each preceded with the “SD18” translation signal, which has three 

tandem Shine-Dalgarno sites for improved translation efficiency (Drechsel and Bock, 2011). 

We confirmed the homoplasmy of the chloroplast genomes in the transformants with a DNA 

blot (Figure S1a). The complete absence of the native rbcL transcript in the RNA blot also 

confirmed the successful gene replacement in all four transformants (Figure S1b).

The use of different regulatory elements in the transformed tobacco lines alters the 
expression of transgenes

Analyses of the RNA transcripts from the transgene operons show that multigene transcripts 

are present in all RNA blots, indicating that the IEE sites are only partially processed 

(Figures 2, 3). Nevertheless, successful production of Rubisco complexes and CcmM35 

proteins indicates that downstream genes are still being translated efficiently (Figure 4). We 

found that the transcripts starting at downstream genes such as Se-rbcS and Se-rbcX were 

significantly less abundant than those starting at the Se-rbcL gene. The aadA transcript 
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produced from the Nt-PpsbA promoter immediately upstream is highly abundant in all four 

transgenic lines (Figure S1c).

One function of terminators is to stabilize the transcript upstream. Out of the three 

terminators from Arabidopsis used in this study, we could not detect any transcript ending 

with the At-Trps16 terminator, which is used in three of our transgene lines, SeLS, 

SeLSM35 and SeLSYM35. This observation indicates that the At-Trps16 terminator 

sequence used in our study does not perform well in stabilizing the upstream transcripts.

SDS-PAGE revealed bands of expected masses for the cyanobacterial and tobacco Rubisco 

large subunits (LSUs) and small subunits (SSUs) in agreement with published data 

(Chapman et al., 1986; Long et al., 2007) (Figure 4). The presence of the Rubisco subunits 

and the two forms of CcmM35 proteins (with or without YFP) was confirmed by 

immunoblotting SDS-polyacrylamide gels with polyclonal antibodies raised against tobacco 

LSU, cyanobacterial LSU, tobacco SSU and CcmM. Expression of YFP-CcmM35 is higher 

in SeLSYM35 compared to the level of CcmM35 in the SeLSM35 line (Figure 4c), perhaps 

due to the codon optimization of the yfp:ccmM35 coding region. Coincidentally, the 

SeLSYM35 tobacco line also produced the highest amount of cyanobacterial LSU (Figure 

4a), probably due to the high abundance of the corresponding transcript as well as the 

stabilizing effect of YFP-CcmM35 in that line.

Consistent with previous work, we could not detect tobacco SSU in the total leaf proteins 

from all four transgenic tobacco lines (Figure 4a), likely due to its instability in the absence 

of a compatible LSU (Kanevski et al., 1999; Whitney and Andrews, 2001; Lin et al., 2014a). 

However, by partial purification of Rubisco following extraction with Triton X-100 and 

concentration by anion-exchange chromatography, we were able to detect a small amount of 

tobacco SSU in the Rubisco samples from the transformants, particularly in SeLSM35 and 

SeLSYM35 (Figure 4b), indicating that some hybrid Rubisco enzymes containing both the 

cyanobacterial LSU and the tobacco SSU may have assembled in these transformants. In 

electron micrographs of the SeLSM35 and SeLSYM35 lines, the tobacco SSU is seen to be 

associated with the large complexes formed by the cyanobacterial Rubisco and CcmM35 

(Figure 5).

Expression of CcmM35 results in aggregates of Rubisco

Non-denaturing acrylamide gel electrophoresis revealed bands consistent with the predicted 

molecular weight of the hexadecameric Rubisco holoenzyme from both tobacco (~ 540 kDa) 

and Se7942 (~ 520 kDa) made up of eight LSUs and eight SSUs (Figure 4c). The 

composition of the transgenic and wild-type holoenzymes as well as the presence of 

CcmM35 and YFP-CcmM35 in the SeLSM35 and SeLSYM35 lines were confirmed by 

immunoblots. Although the formation of such Rubisco holoenzyme is to be expected in 

SeLS and SeLSX lines, the prevailing models and evidence indicate that CcmM35 may 

connect a large number of Rubisco complexes into a single and extensive aggregate through 

interactions between LSUs and SSU-like domains present in CcmM35 (Long et al., 2011). 

We suspect that the treatment of our samples with Triton X-100 prior to gel electrophoresis 

partially disrupted such interactions, promoting the formation of the hexadecamer 
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complexes observed on the gel. Even with Triton X-100, we were unable to completely 

solubilize these complexes formed between CcmM35 and Rubisco.

The formation of large Rubisco aggregates in the presence of either type of CcmM35 was 

observed by transmission electron microscopy (TEM) with immunogold labelling (Figure 5) 

(Lin et al., 2014a). In the SeLSYM35 line, the fluorescent image of the leaf tissue also 

displayed large spherical aggregates consistent with those detected by TEM (Figure S2).

The transformed tobacco plants display photosynthetic performance consistent with the 
kinetic properties of cyanobacterial Rubisco

The kinetic parameters of the Rubisco extracted from leaves of SeLS and SeLSX (Table 1) 

were the same as those reported in the literature for the native enzyme extracted from the 

cyanobacterium Synechococcus PCC7942 (  and ) 

(Whitehead et al., 2014). Both the maximum catalytic rates ( ) and Michaelis constants 

( ) for the enzymes extracted from SeLSM35 and SeLSYM35 were lower, probably due 

to the effect of minor amounts of tobacco SSU in the enzymes in these lines. The values for 

the specificity factors are consistent with published values, as were the kinetic properties of 

tobacco Rubisco, measured contemporaneously, validating our experimental approach 

(Whitney et al., 1999; Whitney and Andrews, 2001).

We also determined the CO2 dependence of photosynthesis (A-Ci) for all tobacco lines, both 

in normal air (Figure 6) and with a 10-fold reduction in ambient oxygen that would suppress 

photorespiration, together with the corresponding CO2 compensation points (Figure S3). 

Expressed on a leaf area basis, it is clear that wild type tobacco had higher rates of net 

photosynthesis than any of the transgenic lines, at all intercellular CO2 concentrations (Ci) 

(Figure 6). Suppression of photorespiration under diminished atmospheric O2 was greater in 

the control than in the transgenic lines, as evident from the accompanying stimulation of 

photosynthesis at non-saturating levels of CO2 (Figure S3). When the rate of CO2 

assimilation was expressed relative to the corresponding concentration of Rubisco catalytic 

sites (Figure 6), the contrasting properties of the tobacco and cyanobacterial forms of 

Rubisco were evident: the tobacco enzyme saturating at 500 μmol. intercellular CO2 mol 

air−1 with a rate of less than 2 s−1, while turnover by the cyanobacterial counterpart 

continued to increase linearly across the entire range of CO2 exceeding the rate of tobacco, 

although remaining well below the theoretical maximum of 14 s−1 in the absence of O2 

[(Whitehead et al., 2014) and Table 1] even at the highest level of CO2. These observations 

fully support the respective rates and substrate affinity parameters in Table 1, since 

substitution of these parameters into the biochemical model of leaf photosynthesis of 

Farquhar et al. (Farquhar et al., 1980) generated curves which approximated the 

experimental data (Figure 6).

The new transformants grow substantially faster than the previously reported 
transformants even in the absence of cyanobacterial assembly factors

As expected from the high CO2 compensation points for the transplastomic tobacco plants 

(Fig S3) these plants could barely survive, let alone grow, at ambient levels of atmospheric 

Occhialini et al. Page 5

Plant J. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CO2. The growth and morphological characteristics of lines expressing Se7942 Rubisco 

were therefore investigated during growth in air supplemented with 3% (v/v) CO2. The two 

new transgenic lines exhibited substantially improved growth compared to the original 

transgenic lines, with the growth rate of SeLS approaching that of wild-type in 3% CO2 

despite lacking both RbcX and CcmM35 (Figure 7). The SeLS and SeLSYM35 lines 

reached the same chosen end-point (immediately preceding anthesis, when the lines had a 

total leaf area of ~5,000 cm2 per plant) as the controls grown at 3% CO2 only 4 to 7 days 

later, whereas the SeLSX and SeLSM35 lines reached the same developmental stage 19 and 

27 days later, respectively (Figure 7b). Acclimation of the wild-type plants to 3% CO2 

(Miller et al., 1997; Schaz et al., 2014) delayed them by about 6 days, relative to plants 

grown at ambient CO2 (Figure 7b). Furthermore, the wild-type tobacco plants grown at 

ambient CO2 (400 μmol. CO2 mol air−1) were slightly shorter and showed a lower number 

of leaves at equivalent values of leaf area (Figure 7c). The leaf distribution of SeLS tobacco 

plants was indistinguishable from that of the wild-type plants, whereas the other three 

transformants had numerous smaller leaves at equivalent values of total leaf area (Figure 

7c). However, all transformants expressing cyanobacterial Rubisco displayed total leaf areas 

similar to those of the wild-type plants at comparable heights (Figure 7c).

The SeLS transformant displayed dramatically higher efficiency in Rubisco investment

We determined leaf total protein, soluble protein, chlorophyll, Rubisco, fresh and dry mass, 

from plants at a similar developmental stage (total leaf area ~5,000 cm2 plant−1, pre-

anthesis) (Figure 8). These constituents were also measured in leaves at three different 

positions on the tobacco shoots (youngest fully expanded (top), oldest non senescent 

(bottom) and intermediate leaves (middle) (Figures S4 and S5). In general, the amounts of 

soluble protein in the four transgenic lines were lower than those in wild-type tobacco 

controls. The amounts of total protein in the two lines expressing CcmM35 (SeLSM35 and 

SeLSYM35) were similar to those in the controls, whereas they were lower in SeLS and 

SeLSX. The total chlorophyll contents were higher in SeLS and SeLSYM35, which also 

grew faster than the other transformants. More importantly, all four tobacco transformants, 

particularly SeLS and SeLSX, produced substantially less cyanobacterial Rubisco than the 

wild-type Rubisco in the control plants (Figure 8d). Remarkably, the SeLS plants with up to 

10-fold less Rubisco (Table 1, Figure 8d) were able to achieve growth rates approaching 

those of the wild-type plants, indicating the potential benefits of utilizing an inherently faster 

Rubisco.

As expected, the amount of protein (including Rubisco) declined from the youngest fully 

expanded to the oldest non-senescent leaves (Figures S4 and S5). SeLSYM35 and SeLSM35 

had higher Rubisco contents than SeLS and SeLSX, and the difference became more 

pronounced in the intermediate and oldest non-senescent leaves (Figure S5a). This suggests 

that association with CcmM35 can inhibit the degradation of cyanobacterial Rubisco. The 

fresh weights per unit leaf area in SeLSM35 and SeLSYM35 were higher than even the 

control plants (Figure S5b). Relative to SeLSM35, the faster-growing SeLSYM35 exhibited 

greater dry weight, which was close to the value measured for the wild-type tobacco grown 

at the same CO2 concentration (Figure S5c).
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DISCUSSION

Successful assembly of Rubisco in chloroplasts involves complex machinery for multiple 

molecular processes ranging from folding and assembly to functional maintenance (Hauser 

et al., 2015). β-carboxysomes of cyanobacteria contain Form-IB Rubisco as do higher plant 

chloroplasts, and so cyanobacterial Rubisco has a good chance of functioning correctly in 

higher plant chloroplasts with minimal engineering (Cheng et al., 2008; Whitehead et al., 

2014). However, it was not known whether the Rubisco from cyanobacteria would be 

compatible with plant chloroplast assembly systems. Based on the tobacco chloroplast 

transformants reported previously, it was not clear whether the cyanobacterial assembly 

factor RbcX or the β-carboxysomal protein CcmM35 was absolutely necessary in 

chloroplasts (Lin et al., 2014a). In the current work, an additional tobacco transformant, 

SeLS, expressing only the two cyanobacterial Rubisco subunits without RbcX and CcmM35 

was included. Rubisco extracted from the SeLS tobacco plants was found to have the 

predicted molecular weight for hexadecameric holoenzyme (Figure 4c) and kinetic 

parameters consistent with cyanobacterial Rubisco (Table 1). These results clearly 

demonstrate that Se7942 Rubisco can be properly assembled by the tobacco chloroplast 

chaperones without the intervention of either cyanobacterial RbcX or CcmM35.

Modification of regulatory elements within the synthetic transgene operon lead to slightly 

enhanced Rubisco expression in SeLS plants compared to SeLSX plants when grown in 3% 

CO2. Although we do not know the exact reason for higher Rubisco levels in SeLS plants, 

we suspect that the simpler operon design or the more robust terminator, Nt-TrbcL, at the 

end of the Se-rbcS gene resulted in the increase in Se-rbcS transcripts (transcript "S" in 

Figure 2) that we observed. SeLS plants grow faster than other transformants and only 

slightly more slowly than the wild-type plants under a 3% CO2 atmosphere (Figure 7).

CcmM35 appears to impede the degradation of cyanobacterial Rubisco by chloroplast 

proteases as the leaves age (Figure S5a). Despite greater cyanobacterial Rubisco abundance, 

SeLSM35 and SeLSYM35 plants do not grow more rapidly than SeLS. Although 

association with CcmM35 or tobacco SSU seems to have a slightly negative effect on 

cyanobacterial Rubisco kinetics, it is unlikely that this effect alone is responsible for the 

poorer growth of SeLSM35 and SeLSYM35 plants. Slower remobilization of Rubisco-

CcmM35 complexes from aging leaves may also impair growth and development. We also 

suspect that organization of the cyanobacterial enzyme by CcmM35 into extensive 

complexes larger than 2 μm in size limits access of the substrates to active sites located in 

the complex interior, leading to reduced rates of photosynthesis and a commensurate 

underestimation of Rubisco content as determined by 14C-CABP binding. As a comparison, 

β-carboxysomes found in Se7942 are normally about 100–200 nm in size (Orus et al., 1995; 

Cannon et al., 2001). Hence, it is likely to be critical to tightly control the size of 

“carboxysomes” in future transformed plants. This may be achieved through co-expression 

of other β-carboxysomal components such as the shell proteins, internal components and 

carbonic anhydrase in precise ratios.

The chloroplast transformation technology used in the current work has the capacity to 

introduce multiple transgenes and appears ideal for the expression of β-carboxysomes or 
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other CCMs in higher plant chloroplasts to improve photosynthesis (Lu et al., 2013). The 

discovery of the intercistronic expression element (IEE) has greatly facilitated the stacking 

of multiple transgenes in synthetic operons for reliable expression of downstream genes in 

the chloroplast genome (Zhou et al., 2007; Kolotilin et al., 2013; Lu et al., 2013). Although 

the processing at the IEE sites was incomplete in our transformants, it is not surprising that 

the genes located downstream were still efficiently translated since proteins from 

unprocessed multigene transcripts are often successfully produced from tobacco chloroplast 

transformants (Quesada-Vargas et al., 2005; Whitney et al., 2015). Post-transcriptional 

control is crucial for chloroplast gene expression; genes located downstream of a large 

operon can still be efficiently expressed through a strong translational signal (Stern et al., 

2010; Hanson et al., 2013).

The unfavourable kinetics of the central carbon-fixing enzyme, Rubisco, necessitates the 

investment of considerable amounts of nitrogen in this single enzyme. Thus, improving the 

nitrogen use efficiency of agricultural crops through strategic engineering of Rubisco has 

long been an important goal in plant biotechnology. Our study clearly shows that even when 

very modest amounts of cyanobacterial Rubisco are exposed to high CO2 concentrations, the 

transformed ‘host’ plants are capable of surprisingly fast growth. While this was achieved 

by means of elevated atmospheric CO2, introduction of a functional cyanobacterial CCM 

should provide the needed CO2 concentration around the cyanobacterial Rubisco to enable 

higher rates at normal concentrations of CO2. The current work establishes another critical 

step towards engineering fully functional carboxysomes into plant chloroplasts.

EXPERIMENTAL PROCEDURES

Construction of the transformation vectors

The amplifications of DNA molecules were carried out with Phusion High-Fidelity DNA 

polymerase (Thermo Scientific, Grand Island, New York). Table S1 contains the primers 

ordered from Integrated DNA Technologies (Coralville, Iowa) and used in this work. At-

Trps16-IEE-SD-rbcS created in our previous work (Lin et al., 2014a) with overlap extension 

PCR was digested with MluI restriction enzyme (Thermo Scientific) and ligated in forward 

orientation at the MauBI site of pCT-rbcL vector (Lin et al., 2014a) to obtain the chloroplast 

transformation vector pCT-LS used in the generation of SeLS tobacco line.

We designed the Se-ccmM35 and yfp genes with codons optimized for the chloroplast 

translation system (Puigbo et al., 2007) and had them synthesized by Bioneer Inc. (Alameda, 

CA). We then used the primers YFPfor-YFPrev and M35CMfor-M35CMrev to amplify the 

yfp and Se-ccmM35 genes respectively to add 3’ end of IEE-SD sequence in front of yfp and 

overlaps to join yfp at the N-terminus of Se-ccmM35. We then applied the overlap extension 

PCR procedure to generate the At-Trps16-IEE-SD18-yfp-ccmM35 DNA fragment, which 

was then digested with MluI and subsequently ligated into the MauBI site of pCT-rbcL 

vector to create pCT-rbcL-YM35 vector. At-TpetD-IEE-SD-rbcS was digested with MluI 

and ligated into the MauBI site of the pCT-rbcL-YM35 vector to obtain the chloroplast 

transformation vector pCT-LSYM35, used in the generation of SeLSYM35 tobacco line. 

The procedures to generate tobacco chloroplast transformants and RNA blot analyses are 

included in the supplemental information.
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Generation of transplastomic tobacco plants

We used the Biolistic PDS-1000/He Particle Delivery System (Bio-Rad Laboratories, Inc.) 

and a tissue culture selection method (Maliga and Tungsuchat-Huang, 2014). Two-week-old 

tobacco (Nicotiana tabacum cv. Samsun) seedlings germinated in sterile MS agar medium 

were bombarded with 0.6 μm gold particles carrying the appropriate chloroplast 

transformation vector. Two days later, the leaves were cut in half and put on RMOP agar 

plates containing 500 mg/l of spectinomycin and incubated for 4–6 weeks at 23 °C with 14 

hours of light per day. The shoots arising from this medium were cut into small pieces of 

about 5 mm2 and subjected to the second round of regeneration in the same RMOP medium 

for about 4–6 weeks. If necessary, the shoots from the second round were subjected to 

another round of selection before they were transferred to MS agar medium containing 500 

mg/l of spectinomycin for rooting and then to soil for growth in a greenhouse chamber with 

elevated atmospheric CO2. DNA blot analyses with the DIG-labeled probe amplified from 

Nt-PrbcL region were used to determine the homoplasmy of the transformed plants as 

described previously (Lin et al., 2014a).

RNA blot analyses of the transcripts from transplastomic tobacco plants

First, we generated DNA templates with T7 promoter located on the complement strand at 

the end of each gene using the primers listed in Table S1. From these DNA templates, the 

DIG-labeled RNA probes were synthesized with MEGAshortscript kit (Ambion, Foster 

City, CA) and DIG RNA Labeling Mix (Roche Life Science). Each RNA probe was 

precipitated with ammonium acetate and ethanol and its concentration was determined with 

Qubit® RNA BR Assay Kit (Invitrogen, Carlsbad, CA). Generally, as little as 0.1 pg of the 

probe on a positively charged Nylon membrane can be detected with the alkaline 

phosphatase-conjugated anti-Digoxigenin and CDP-star chemiluminescent substrate (Roche 

Life Science).

Tissue samples were collected from fully expanded leaves from the top parts of the plants, 

rapidly frozen in liquid N2 and stored at −80 ºC before use. These samples were then thawed 

in RNAlater®-ICE Frozen Tissue Transition Solution (Life Technologies) at −20 ºC. 

Approximately 30–60 mg of each sample was homogenized in 600 μL of Lysis Buffer from 

PureLink® RNA Mini Kit (Life Technologies) containing 1% (v/v) 2-mercaptoethanol, and 

RNA extraction was carried out according to the manufacturer’s protocol. The RNA 

concentrations were estimated with the Qubit® RNA BR Assay Kit.

For each RNA blot, 0.2 μg of each RNA sample was mixed with three volumes of 

NorthernMax® Formaldehyde Load Dye (Life Technologies) with 50 μg/mL of ethidium 

bromide, incubated at 65 ºC for 15 min and separated in a 1.3% agarose denaturing gel 

prepared with 2% formaldehyde with MOPS buffer under an electric field strength of 7 

V/cm for 2 hr. The integrity of the RNA samples in the agarose gel was examined under UV 

light. The gel was then equilibrated with DEPC-treated H2O for 10 min three times, 50 mM 

NaOH for 20 min and 20 x SSC buffer for 45 min before the RNAs were transferred to a 

positively charged Nylon membrane in 20 x SSC under capillary action for 3–5 hr. The 

RNAs were then crosslinked to the membrane with UV radiation and hybridized with 100 

ng of DIG-labeled RNA probe in 3.5 mL of DIG Easy Hyb buffer (Roche Life Science) at 
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68 ºC overnight. The hybridized probe was then detected with the alkaline phosphatase-

conjugated anti-Digoxigenin and CDP-star chemiluminescent substrate (Roche Life 

Science) according to the manufacturer’s instructions.

Anatomical and biochemical characterization

Transplastomic lines and wild-type tobacco were grown in air containing 3% (v/v) (30,000 

ppm) CO2 at a light intensity of 250 μmol photons m−2 s−1 . Duration, temperature and 

relative humidity during the diel cycle were 16h, 24°C, 70% and 8h, 22°C, 80% for the light 

and dark periods, respectively. Wild-type tobacco was also grown at normal atmospheric 

CO2 (400 ppm) under the environmental conditions given above. The leaf area, leaf number 

and plant height were recorded every 2–3 days using three plants from each genotype. Leaf 

homogenates were obtained from leaf discs (Andralojc et al., 2014) taken from the lowest 

non-senescent (bottom), the youngest fully-expanded (top), and mid-way between these 

extremes (mid) from pre-anthesis plants whose total leaf area was ~5,000 cm2. The total 

protein (Upreti et al., 2012) and chlorophyll content (Wintermans and de Mots, 1965) were 

determined using crude leaf homogenates (i.e. prior to centrifugation). The crude 

homogenates were also used to quantify Rubisco, since significant Rubisco activity was 

present in insoluble material from leaves expressing SeLSM35 and SeLSYM35. The total 

Rubisco content in the crude homogenates was investigated by SDS-page comparing the 

intensity of protein bands (obtained using ImageJ software, NIH USA) with purified 

Rubisco standards. Soluble protein was determined (Bradford, 1976) following homogenate 

centrifugation (14,250 x g for 5 min at 4 °C). The leaf fresh weight and leaf dry weight 

(80°C for 48 hours) were determined using leaf discs from the leaves described above.

SDS-PAGE, blue-native PAGE and immunoblot

For SDS-PAGE and blue-native PAGE, crude leaf homogenates were separated in 4–20% 

polyacrylamide gradient gels (Thermo Scientific, Horsham, UK) and 3–12% polyacrylamide 

gradient gels (Invitrogen) respectively, as described previously (Nijtmans et al., 2002; Lin et 

al., 2014a). The proteins were transfer to a PVDF membrane (Immobilon-P, Millipore, 

Nottingham, UK) and probed with antibodies against cyanobacterial (SePCC6301) Rubisco, 

tobacco Rubisco, tobacco Rubisco SSU and CcmM from SePCC7942 (produced by 

Cambridge Research Biochemicals) as described previously (Lin et al., 2014a). The primary 

antibodies were detected using an anti-rabbit peroxidase (HRP)-conjugate and a 

chemiluminescent ECL substrate (Li-Cor, Cambridge, UK).

Cryo-preparation of leaf material, immunogold labelling and transmission electron 
microscopy

Leaf discs were cryo-fixed using a high pressure freezer EM HPM100 (Leica Microsystems) 

at a cooling rate of 20,000 Kelvins/sec. The cryo-fixed samples were then subjected to 

freeze substitution in 0.5% uranyl acetate in dry acetone using an EM AFS unit (Leica 

Microsystems) and polymerized in Lowicryl HM20 resin (Polysciences) as described 

previously (Lin et al., 2014b).

Ultrathin sections (60 – 90 nm) of embedded leaf material were subjected to immunogold 

labelling as describe previously (Lin et al., 2014b). Four primary antibodies against 
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CcmM35, cyanobacterial Rubisco (from Synechococcus elongatus PCC6301), tobacco 

Rubisco and tobacco Rubisco SSU were used. The primary antibodies were detected using a 

secondary (goat anti-rabbit) antibody conjugated with 10 nm gold particles (Abcam UK, 

ab39601). Micrographs were taken using a Jeol 2011 F transmission electron microscope 

operating at 200kV, equipped with a Gatan Ultrascan CCD camera and a Gatan Dual Vision 

CCD camera.

Rubisco purification

For  and  determination, leaf tissue was homogenized in assay buffer 

(100 mM Bicine-NaOH pH 8.0; 10 mM MgCl2; 1 mM EDTA; 1 mM ε-aminocaproic acid; 1 

mM benzamidine; plant protease inhibitor cocktail (diluted 1:100, Sigma); 1mM PMSF; 1 

mM KH2PO4; 2 % (w/v) PEG-4000; 10 mM NaHCO3; 10 mM DTT; insoluble PVP (150 

mg/gFW)) and was used immediately after centrifugation (2 min, 290 x g). This approach 

gave results very similar to those obtained when a higher speed centrifugation and G-25 

Sephadex desalting was included, prior to assay (Andralojc et al., 2014). The tendency of 

Rubisco co-expressed with ccmM35 or ccmYM35 to sediment necessitated this simplified 

approach. Parallel controls demonstrated that the resulting carboxylase activities were 

entirely RuBP-dependent and were fully inhibited by prior treatment with the Rubisco 

inhibitor, 2-carboxy-D-arabinitol-1,5-bisphosphate (CABP).

For specificity factor determination, leaf material was homogenized in extraction buffer (40 

mM TEA (pH 8, HCl), 10 mM MgCl2, 0.5 mM EDTA, 1 mM K2HPO4, 1 mM ε-

aminocaproic, 1 mM benzamidine, 50 mM 2-mercaptoethanol, 5 mM DTT, 10 mM 

NaHCO3, 1 mM PMSF, 1% (v/v) TX-100 and 1% (w/v) insoluble PVP) and purified using 

DEAE Sephacel (Pharmacia), a subsequent cycle of anion-exchange chromatography with 

gradient elution (HiTrap Q, GE-Healthcare), and concentration to ~ 20 mg Rubisco. mL−1 

using Ultra-15 centrifugal filter devices (AMICON).

Rubisco activity assay

The determination of  and  was performed at 25°C in solutions 

equilibrated with oxygen-free nitrogen or air (79% N2, 21% O2) containing 200 mM Bicine-

NaOH pH 8.1, 20 mM MgCl2, 0.4 mM RuBP, 70 units. mL−1 carbonic anhydrase and six 

different concentrations of sodium bicarbonate ( 3.7 x 1010 Bq mol−1) to provide CO2 

concentrations of 7 - 550 μM and 1.4 – 110 μM for cyanobacterial and tobacco Rubisco 

respectively.

The  was obtained from the relationship: 

. The  was obtained 

from the equation, . The concentration of Rubisco catalytic 

sites was determined by the [14C]CABP binding method (Yokota and Canvin, 1985) using 

[21-14C]CABP (3.7 x 1010 Bq mol−1 and 3.7 x 1011 Bq mol−1 for WT and transplastomic 

tobacco samples, respectively). The specificity factor (Sc/o) was determined at 25°C by 

monitoring the total consumption of RuBP in an oxygen electrode, as described previously 

(Parry et al., 1989).
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Gas-exchange measurements

The gas exchange measurements were performed using a LI-6400XT portable 

photosynthesis system (LiCor, Lincoln, Nebraska, USA) at constant irradiance (1,000 μmol 

photons. m−2. s−1), 25 ± 0.5°C, a vapour pressure deficit of 0.8 – 1.0 kPa, a flow rate of 200 

μmol s−1 with CO2 concentrations ranging between 100 and 2,000 μmol. mol air −1. The A-

Ci curves were determined under photorespiratory and non-photorespiratory conditions, 

using air containing 21% and 2% (v/v) O2 respectively. The results were related to both leaf 

area and Rubisco active site concentration, the latter determined by [14C]-CABP binding 

assay (Yokota and Canvin, 1985).

Accession Numbers

The sequences of chloroplast transformation constructs used in this study can be found in 

the GenBank data library under the following accession numbers: SeLS, GenBank accession 

KT203393; SeLSX, GenBank accession KM102745; SeLSM35, GenBank accession 

KM102746; and SeLSYM35, GenBank accession KT203394.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparison of the gene arrangements of the rbcL loci in the wild-type, SeLS (GenBank 

accession number: KT203393), SeLSX (KM102745), SeLSM35 (KM102746) and 

SeLSYM35 (KT203394) tobacco lines. Different combinations of terminators from the 

chloroplast genome of Arabidopsis thaliana (T3–T5), intercistronic expression elements 

(IEE) and Shine Dalgarno sequences (SD or SD18) are inserted between the cyanobacterial 

genes. The abbreviations used for the cyanobacterial genes (S, X, M35 and Y-M35), 

promoters (P1 and P2) and terminators (T1–T5) are listed on the right side of the figure 

along with the symbols for DIG-labeled probe, IEE-SD and IEE-SD18 regulatory elements. 

The restriction sites NheI and NdeI that were used in the DNA blot analysis along with the 

lengths of the expected DNA fragments detected by the DIG-labeled probe are also 

displayed.
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Figure 2. 
RNA blot analyses of the transcripts derived from the rbcL locus in (a) SeLS and (b) SeLSX 

tobacco plants. Each blot was run with triplicate samples obtained from three different 

plants grown under the same conditions. The gene arrangement at the rbcL locus, the 

expected RNA transcripts and their sizes are displayed on top of the RNA blots for each 

transformant. Each transcript is named with the abbreviations of the transgenes included in 

that particular transcript (L = Se-rbcL, S = Se-rbcS, A = aadA, X = Se-rbcX, M35 = Se-

ccmM35 and YM35 = YFP:Se-ccmM35). The probes used to detect specific transgenes are 

indicated on top of each blot. The locations of markers and their sizes are shown on the left 

side, and the transcripts identified are indicated on the right side of the bands in each blot.
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Figure 3. 
RNA blot analyses of the transcripts derived from the rbcL locus in (a) SeLSM35 and (b) 

SeLSYM35 tobacco plants. Each blot was run with triplicate samples obtained from three 

different plants grown under the same conditions. The gene arrangement at the rbcL locus, 

the expected RNA transcripts and their sizes are displayed on top of the RNA blots for each 

transformant. Please refer to Figure 2 for the nomenclature of the transcripts.
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Figure 4. 
Expression of Se7942 Rubisco in the four chloroplast transformants as detected by 

denaturing and non-denaturing polyacrylamide gel electrophoresis. (a) SDS-polyacrylamide 

gel stained with Coomassie (far left) together with immunoblots probed with an anti-tobacco 

LSU, anti-tobacco SSU, anti-Se LSU and anti-CcmM antisera. In all cases, 15 μg of total 

leaf protein from the indicated sources were loaded. (b) Tobacco SSU was detected in the 

immunoblot of Rubisco samples extracted from wild-type and the four tobacco chloroplast 

transformant lines. Rubisco complexes were extracted with Triton X-100 and concentrated 

using HiTrap-Q anion-exchange columns. (c) Native polyacrylamide gel stained with 

Coomassie Blue (far left) together with immunoblots probed with anti-Se LSU and anti-

CcmM antisera. In all cases, 20 μg of total leaf protein from the indicated sources were 

loaded. Indicated bands correspond to tobacco Rubisco holoenzyme (Ht); Se7942 Rubisco 

holoenzyme (Hc); YFP-CcmM35 (YM35); CcmM35 (M35) and an unknown cross-reacting 

protein from tobacco (*). The mass of protein standards (M) are indicated (thyroglobulin 

(669 kDa); wheat Rubisco (550 kDa); BSA dimer (132 kDa); BSA (66 kDa); CcmM35His 

(37.5 kDa).
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Figure 5. 
Localization of Rubisco in the chloroplast stroma of the wild-type and the four 

transplastomic tobacco lines. Electron micrographs of ultrathin sections of leaf mesophyll 

cells prepared by high pressure freeze fixation and freeze substitution. Ultrathin sections 

were probed with the indicated primary antibody and a secondary antibody conjugated with 

10 nm gold particles (black circles). Scale bars = 500 nm.
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Figure 6. 
Rates of CO2 assimilation using attached leaves of wild-type and transgenic tobacco lines. 

Results are expressed relative to leaf area (left); and Rubisco active site concentration 

(right). The illustrated (solid) lines were generated using a biochemical model (Farquhar et 

al., 1980) incorporating the kinetic parameters of Table 1 determined for wild-type (WT, 

blue), SeLS (purple) and SeLSYM35 (red) tobacco lines. The modelled curves were also 

optimized to minimise deviation from the observed points by varying the leaf Rubisco 

content (broken lines). Data points are the mean values from three plants per line. Error bars 

indicate standard error, (omitted for clarity from the transformed lines, but shown in Figure 

S3).
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Figure 7. 
Appearance and growth characteristics of wild-type and transgenic tobacco lines expressing 

Se-Rubisco (a) Wild-type tobacco was grown at normal (400 ppm) and 3% (v/v) CO2 

(denoted by “*”) while the SeLS, SeLSX, SeLSM35 and SeLSYM35 lines were all grown in 

air containing 3% (v/v) CO2. Pictures show the plants at the indicated times (days) after 

germination. (b) Each plant was pictured at the indicated times, when the total leaf area 

reached ~5,000 cm2. Scale bars (white): 15 cm throughout. (c) From left to right: the 

increase in leaf area with time; the increase in leaf area with leaf number; and the increase in 

leaf area with plant height. Three weeks after germination, the total leaf area, number of 

leaves and plant height were recorded every 2–3 days until a total plant leaf area of ~5,000 

cm2 was attained. The data are expressed as mean values ± sd of three plants per line.
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Figure 8. 
Compositional analyses of transgenic tobacco lines and wild-type controls. Wild-type 

tobacco (Wt) grown at atmospheric CO2 (400 ppm) together with wild-type tobacco (Wt*) 

and four transgenic lines (SeLS; SeLSX; SeLSM35; and SeLSYM35) grown in air 

containing 3% (v/v) CO2 are indicated. (a) total soluble protein; (b) total protein; (c) 

chlorophyll content; (d) Rubisco content; (e) leaf fresh weight; (f) dry weight. The data are 

means ± sd of 9 leaves from different positions in the plant canopy ranging from the 

youngest fully expanded to the oldest non-senescent leaf, collected from each of three plants 

per genotype.
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