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Highlight  30 

Rubisco is confined to bundle sheath cells in C4 plants, increasing the efficiency of CO2 fixation. 31 

Here, we have overcome cell type specificity, adding to the toolkit for engineering 32 

photosynthesis. 33 

 34 

Abstract 35 

C4 plants, such as maize, strictly compartmentalize Rubisco to bundle sheath chloroplasts. The 36 

molecular basis for the restriction of Rubisco from the more abundant mesophyll chloroplasts is 37 

not fully understood. Mesophyll chloroplasts transcribe the Rubisco large subunit gene, and 38 

when normally quiescent transcription of the nuclear Rubisco small subunit gene family is 39 

overcome by ectopic expression, mesophyll chloroplasts still do not accumulate measurable 40 

Rubisco. Here we show that a combination of five ubiquitin promoter-driven nuclear transgenes 41 

expressed in maize leads to mesophyll accumulation of assembled Rubisco. These encode the 42 

Rubisco large and small subunits, Rubisco Assembly Factors 1 and 2, and the assembly factor 43 

Bundle Sheath Defective 2. In these plants Rubisco large subunit accumulates in mesophyll 44 

cells, and appears to be assembled into holoenzyme capable of binding the substrate analog 45 

CABP. Isotope discrimination assays suggest, however, that mesophyll Rubisco is not 46 

participating in carbon assimilation in these plants, most likely due to a lack of the substrate 47 

ribulose 1,5-bisphosphate and/or Rubisco activase. Overall, this work defines a minimal set of 48 

Rubisco assembly factors in planta and may help lead to methods of regulating the C4 pathway. 49 

 50 

Keywords – C4 photosynthesis, cell type specificity, maize, Rubisco, Rubisco assembly 51 

 52 

Abbreviations – BS – bundle sheath cells, M – mesophyll cells 53 

  54 
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Introduction 55 

Primary carbon assimilation in plants relies on the enzyme Rubisco, which combines CO2 and 56 

ribulose 1,5-bisphosphate (RuBP) to generate two molecules of 3-phosphoglycerate (3-PGA). 57 

Rubisco is prone to a wasteful side reaction when O2 competes with CO2 at the active site. One 58 

evolutionary mechanism that has arisen multiple times to suppress the oxygenation side 59 

reaction is the C4, or Hatch-Slack, pathway (Hatch and Slack, 1966). A common embodiment of 60 

the C4 pathway is initial fixation of CO2 at its atmospheric concentration by 61 

phosphoenolpyruvate carboxylase (PEPC) in mesophyll (M) cells, generating a C4 intermediate 62 

that is shuttled to bundle sheath (BS) cells. CO2 is released from the intermediate in BS 63 

chloroplasts, creating a high CO2 concentration that diminishes oxygenation. 64 

 65 

The C4 pathway utilizes spatial separation of Rubisco from the initial site of CO2 fixation. In 66 

maize and other species, restriction of Rubisco to BS chloroplasts occurs during leaf 67 

development, with leaf maturation coinciding with diminishing Rubisco content in M cells (Patel 68 

and Berry, 2008). A priori, an absence of M Rubisco could be due to transcriptional, 69 

translational and/or post-translational mechanisms. The large and small Rubisco subunits are 70 

expressed from chloroplast and nuclear genes, respectively. In maize, run-on transcription 71 

showed that the chloroplast rbcL gene is active in M chloroplasts from mature tissue, however 72 

the resultant transcript accumulates at a relatively low level, suggesting it is unstable (Kubicki et 73 

al., 1994). At the same time, RbcS promoters appear to be inactive in M cells, as evidenced by 74 

yellow fluorescent protein  expressed from a transgene driven by the RbcS promoter only being 75 

visible in BS cells in maize (Sattarzadeh et al., 2010). Activity of the RbcS promoter may be 76 

regulated by several cis elements that both promote BS expression and repress M expression 77 

(Viret et al., 1994).  78 

 79 

The apparent instability of rbcL mRNA and transcriptional silencing of RbcS suggested that 80 

ensuring high levels of those transcripts might support M expression of Rubisco. Maize plants 81 

stably transformed with ubiquitin-promoter-driven RbcS and a nuclear-localized rbcL gene 82 

(LSSS; Fig. 1) did accumulate those transcripts, but not Rubisco holoenzyme in M (Wostrikoff et 83 

al., 2012). This suggested that other assembly or stabilizing factors were still lacking in M cells, 84 

or that Rubisco is subject to post-translational degradation in this cell type. There are currently 85 

three Rubisco-specific and essential assembly factors identified through genetic screens in 86 

maize: Bundle Sheath Defective 2 (Bsd2), and Rubisco Accumulation Factors 1 and 2 (Raf1 87 

and Raf2) (Brutnell et al., 1999; Feiz et al., 2012, 2014). Proteomic (Friso et al., 2010) and 88 

immunological (Salesse-Smith et al., 2017) data suggest that Bsd2 accumulates both in M and 89 

BS, whereas Raf1 and Raf2 are predominantly localized in BS chloroplasts. Whether the Bsd2 90 

level in M chloroplasts would be sufficient to support Rubisco assembly, in addition to its still-91 

undescribed function in this cell type, is unknown. 92 

 93 

Here we provide data from plants termed “5X”, where the LSSS transgenes have been stacked 94 

with those expressing high levels of Bsd2, Raf1 and Raf2 in both M and BS cells. We show that 95 

5X lines accumulate at least a WT level of Rubisco in BS cells and in addition, Rubisco 96 

accumulates in M cells, suggesting that the enzyme is not inherently unstable in this context. M 97 

Rubisco in 5X plants does not appear to be active in CO2 fixation. Nonetheless, the ability to 98 

engineer Rubisco accumulation in C4 M cells could prove useful in helping certain crops become 99 

more resilient by switching dynamically between C4 and C3 mechanisms. 100 

 101 

Materials and Methods 102 

Plant lines and growth conditions 103 

Each maize transgene contains the maize ubiquitin1 promoter and Nos terminator assembled 104 

with the coding sequence of interest with (LSN, Raf2, and Bsd2) or without (SS and Raf1) a C-105 
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terminal Flag epitope tag (Fig. 1). Transgene cassettes were introduced into Hi-II maize at the 106 

Plant Transformation Core Research Facility at the University of Nebraska–Lincoln via 107 

Agrobacterium, using the aadA streptomycin resistance gene for bacterial selection and the 108 

nptII kanamycin resistance gene for plant selection. Hi-II is a lab strain of maize that comes from 109 

a cross between A188 x B73 and is highly amenable to transformation (Armstrong et al., 1991; 110 

Songstad et al., 1996). Details of the LSSS, Raf1 and Bsd2 lines have been previously 111 

described (Wostrikoff et al., 2012; Salesse-Smith et al., 2017, 2018); the UBI-Raf2 cassette was 112 

introduced using the binary plasmid pPTN1300. Expression of UBI-Raf2 was compared 113 

between three independent T1 transgenic events by immunoblot analysis (see Protein Isolation 114 

and Analysis for details) with the anti-Flag antibody (Fig. S1A). Overexpression of UBI-Raf2 was 115 

further confirmed by immunoblot utilizing the anti-Raf2 antibody compared to Hi-II (Fig. S1B, 116 

Feiz et al., 2014). The RAF2 antibody cross reacts with non-specific proteins, however, the 117 

RAF2 protein can be clearly identified by comparison to a FLAG immunoblot and relative to the 118 

Hi-II control. Event 3412 was used as a source for introgressing Raf2 overexpression into other 119 

transgenic backgrounds. 5X lines were made by sequentially crossing homozygous Raf1+LSSS 120 

to Raf2, and then “4X” progeny to Bsd2. Seed from all lines was germinated in 1/3 metro mix 121 

and 2/3 turface calcined clay soil mix and fertilized three times per week. Plants were grown in 122 

the greenhouse at 28°C/25°C day/night. Segregating progeny from the cross Raf1-LSSS-Raf2 x 123 

Bsd2 were genotyped by immunoblot analysis using anti-Flag and anti-Raf1 antibodies (see 124 

protein isolation and analysis below). Hi-II was used as a WT comparator to 5X plants.  125 

 126 

Mesophyll protoplast isolation 127 

Mesophyll cells were extracted from ~5 g of leaf tissue taken from the tip of the third and fourth 128 

fully-expanded leaves of 2-3 week old plants (~10-15 individuals) largely as described in 129 

Markelz et al. (2003). Maize leaves contain a developmental gradient from the base (C3 130 

photosynthesis) to the tip (C4 photosynthesis), therefore the leaf tip was used for analysis of C4 131 

photosynthetic tissues because it is fully differentiated. Briefly, tissue was cut transversely into 132 

small strips, infiltrated with enzyme buffer (20 mM MES, pH5.5, 1 mM MgCl2, 0.6M sorbitol, 2% 133 

Cellulase Onozuka, 0.1% Macerase) under vacuum for ~1.5 min, then digested for 3h at room 134 

temperature. Mesophyll protoplasts were released from the tissue with gentle pressure, then 135 

filtered through 40 µM nylon mesh. Cells in the filtrate were pelleted by centrifugation at 300xg 136 

for 5 min at 4°C, then resuspended in wash buffer (50 mM Tris, pH 7.5, 1 mM MgCl2, 0.6M 137 

sorbitol, 100 mM β-mercaptoethanol) and pelleted again. The final pellet was re-suspended in 1 138 

mL of wash buffer, aliquoted into 250 µL samples, concentrated, and the pellets stored at -80°C. 139 

For analysis of replicates, batches of 15-20 plants were grown at different times (biological 140 

replicates), then ~5 g of leaf tissue was harvested when they were 2-3 weeks old. Each 141 

mesophyll replicate, therefore, represents pooled extracts from ~10-15 individual plants of the 142 

same line. 143 

 144 

Protein isolation and analysis 145 

Total soluble protein was isolated from the tip of the third fully-expanded leaf of ~2-week-old 146 

plants on an equal area basis using four hole punches. Samples were immediately placed in 147 

liquid nitrogen and ground to a fine powder. Protein homogenization buffer and 2X Laemmli 148 

SDS buffer were added to the samples in equal volumes, vortexed, heated at 70°C for 10 min, 149 

then centrifuged at high speed for 10 min. The supernatant was loaded into a 13% SDS-150 

polyacrylamide gel, then transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). 151 

After blocking for >1h in 5% milk, primary antibodies were incubated with the membrane 152 

overnight at 4°C in Tris-buffered saline, 0.1% Tween 20, and 1% milk. Primary antibodies used 153 

were anti-LS (1:10000 dilution; Agrisera), anti-Raf1 (1:10000 dilution; Feiz et al., 2012), anti-154 

Raf2 (1:2500 dilution; Feiz et al., 2014), anti-Bsd2 (1:3333; Feiz et al., 2014), anti-PPDK 155 

(1:10000 dilution; Agrisera), anti-ME (1:5000 dilution; Agrisera), and anti-Flag (1:5000; Sigma-156 
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Aldrich). Incubation with goat anti-rabbit IR dye 800 CW (LI-COR) secondary antibody was 157 

performed at room temperature for 1-2h in the same buffer as the primary antibody, and blots 158 

were imaged using the LI-COR Odyssey Infrared Imaging System. Protein bands were 159 

quantified using ImageStudio Lite software. For staining, gels were incubated with 0.01% 160 

Coomassie Blue R-250 (CBB) and photographed after destaining with 7% acetic acid and 40% 161 

methanol. To equalize protein loading from mesophyll preparations, sample volumes were 162 

adjusted to yield equal PPDK signal intensity on α-PPDK immunoblots with the assumption that 163 

PPDK protein abundance did not vary between lines. Total protein samples extracted from leaf 164 

tissue were loaded on an equal leaf area basis.   165 

 166 

For native protein separation, 4 µg of total protein or 2.5 µg of mesophyll protein was prepared 167 

in 1X NuPAGE native sample buffer with complete protease inhibitor cocktail (Roche) and 168 

separated in a 4-16% NuPAGE Bis-Tris gel according to the package instructions. Total soluble 169 

native protein determination was completed using the Bio-Rad Protein Assay Dye Reagent 170 

according to the manufacturer’s protocol using a dilution series of BSA as the standard. Native 171 

gels were blotted using the wet transfer Mini Blot Module (ThermoFisher) in 1X NuPAGE non-172 

reducing transfer buffer. Coomassie staining and immunoblot analysis were completed as 173 

described above. 174 

 175 

Quantification of Rubisco active sites 176 

Radiolabeled carboxyarabinitol bisphosphate (14C-CABP) was synthesized as a 14C-CABP and 177 
14C-CRBP (carboxyribotol bisphosphate) mixture from RuBP (Sigma-Aldrich, 83895) and 14C-178 

KCN (American Radiolabeled Chemicals) as described by Whitney and Sharwood (2014). Each 179 

leaf extract was suspended in 0.25-0.30 mL of 20 mM Tris-HCl, pH 9, 250 mM NaCl, 50 mM 180 

NaHCO3, 4 mM MgCl2, with Pierce protease inhibitor mini tablets (Thermo Scientific, A32955), 181 

and after incubation at 23 °C for 20 min to fully activate all the Rubisco in the samples, 0.1 mL 182 

of each supernatant was further incubated with 7.2 nmol of the 14C-CABP + 14C-CRBP mixture 183 

at 23°C for 20 min. The 14C-CABP bound to Rubisco was isolated with size-exclusion 184 

chromatography using 10 mL of Sephadex G50 fine resin equilibrated with 20 mM bicine NaOH, 185 

75 mM NaCl pH 8.0 in a 0.7 x 30 cm glass column. The resin was washed with 0.2 mL of the 186 

same buffer followed by three applications of 0.75 mL of buffer. The eluent was collected for 187 

each of the next five applications (0.75 mL, 1.5 mL, 0.75 mL, 0.75 mL and 2.25 mL) of buffer 188 

and mixed with 3 mL of Ultima gold liquid scintillation cocktail (PerkinElmer), and the 14C 189 

activities were measured with a Beckman LS 6000IC scintillation counter. The Rubisco active 190 

sites were calculated as described previously (Whitney and Sharwood, 2014). Total soluble 191 

protein was quantified from aliquots of the same samples using the Bio-Rad Protein Assay Dye 192 

Reagent, and the concentrations of Rubisco active sites in the extraction buffer in µM were 193 

calculated on a total soluble protein basis and presented in Fig. 4.  194 

 195 

Isotopic measurements 196 

Leaf samples from Hi-II and 5X plants were individually ground to a fine powder with a ball mill, 197 

and 1.5 mg of the resulting powder transferred to individual tin cups. The tin cups were then 198 

combusted in an elemental analyzer (Carlo Erba 1110, Milan, Italy) and the resulting CO2 and 199 

N2 introduced into an isotope ratio mass spectrometer (Micromass Isoprime, Manchester, UK) 200 

via a gas chromatograph to quantify %C, %N and δ13C. The δ13C of the leaf matter was 201 

calibrated against known beet (δ13C = -24.63‰) and cane (δ13C = -10.45‰) sugar standards 202 

measured alongside the leaf samples. 203 

 204 

Statistical analysis 205 

The Student’s unpaired T-test was used to determine if differences in LS or Rubisco active sites 206 

between samples were significant. Specifically, for LS quantified by immunoblot from mesophyll 207 
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protein samples, an average of the three replicates was used for the T-test. Each replicate of 208 

mesophyll extraction, however, represents 10-15 individual plants of the same line. For total 209 

Rubisco active sites per total soluble protein, an average from six (total Hi-II, total 5X or 5X 210 

mesophyll) or five (Hi-II mesophyll) samples were used. The total protein samples were taken 211 

from six different plants on an equal leaf area basis, while the mesophyll samples represent 212 

total soluble protein extracted from tissue pooled from 10-15 plants of a given line. 213 

 214 

Results 215 

The five transgenes used in combination to create 5X lines are shown in Figure 1. The LSSS 216 

construct contains two UBI-driven transgenes in tandem encoding the two Rubisco structural 217 

subunits, with nucleus-encoded LS being denoted LSN. Each of the other transgenes encodes 218 

an assembly factor driven by the UBI promoter, flanked by a Flag epitope tag in the cases of 219 

BSD2 and RAF2. Each transgenic line has been previously reported except UBI-RAF2. For this 220 

transgene, we performed initial characterization of three independent events and detected 221 

transgene expression using anti-Flag (Fig. S1A) or anti-RAF2 (Fig. S1B, left two lanes), which 222 

clearly revealed a much higher RAF2 abundance than in the transformation recipient control, Hi-223 

II. RAF2 overexpression did not appear to have any effect on Rubisco or RAF1 accumulation in 224 

total leaf protein (Fig. S1A). A single UBI-Raf2 event was used for subsequent crosses. 225 

 226 

To create 5X lines, a succession of genetic crosses was performed between transgenic lines. 227 

Because of the long generation time of maize, and the need to combine four independently 228 

segregating loci (LSSS segregates as a single locus), we did not distinguish between 229 

hemizygosity and homozygosity at the transgene loci. Segregants were genotyped from a 230 

variety of crosses that were expected to generate 5X progeny in sufficient numbers. This could 231 

be accomplished by using anti-Flag to simultaneously detect UBI-LSN (and by inference UBI-232 

SS), UBI-RAF2 and UBI-BSD2 (Fig. S1B, right panel). UBI-RAF1 was detected using an anti-233 

RAF1 antibody (Feiz et al., 2012). 5X lines were identified many times over a period of years 234 

from various segregating seed pools, with no evidence for transgene silencing as deduced from 235 

segregation ratios of protein expression, and in addition each locus segregated as would be 236 

expected from a single transgene insertion. No gross differences in growth or developmental 237 

phenotypes (plant height, leaf morphology and color, maturation time) were observed in the 5X 238 

lines compared to the Hi-II control. Detailed measurements of growth characteristics have not 239 

yet been completed.  240 

 241 

Since our goal was to assess possible Rubisco accumulation and activity in M cells, we 242 

harvested leaf tissue from verified 5X plants and prepared M protoplasts. Such preparations 243 

inevitably contain traces of BS material. Therefore, we used accumulation of known cell-type 244 

specific proteins to assess the purity of different M preparations and used them as benchmarks 245 

for the proportion of total leaf protein derived from M cells, as described below. 246 

 247 

Figure 2 compares the abundance of transgene and marker proteins between Hi-II and 5X in 248 

total protein and from three independent preparations of M cells. In total protein, LS increased 249 

slightly in 5X material. Each M preparation also clearly showed increased abundance of LS, as 250 

well as the expected increased expression (also in total protein) of RAF1, RAF2 and BSD2. The 251 

RAF2 immunoblot (Fig. 2) shows a non-specific upper band consistent between all samples and 252 

the RAF2 lower band (marked with an asterisk) that is over-accumulating in the 5X samples 253 

compared to Hi-II. The two marker proteins are pyruvate inorganic phosphate dikinase (PPDK), 254 

which is considered M-specific, and malic enzyme (ME), which is considered BS-specific. PPDK 255 

was used to normalize the total amount of M proteins in each lane, whereas ME was used to 256 

reflect the presence of BS cells in the M preparations. 257 

 258 
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The ratio (in arbitrary units) of (LS–ME):PPDK in M preparations was calculated, which uses 259 

contaminating ME as a proxy for BS-derived LS in M preparations. PPDK was used to 260 

normalize total protein between samples. The results indicated that in agreement with visual 261 

inspection, 5X M cells contained more LS compared to Hi-II (0.74 vs. 0.22, respectively; P<0.05; 262 

bottom of Fig. 2). Although there are differences between antibody sensitivity, the relative ratio 263 

of these numbers clearly show that LS is accumulating in M cells in 5X lines at a significant level 264 

that cannot be accounted for by an overall increase in Rubisco on a total leaf protein basis. 265 

  266 

The presence of LS is consistent with, but does not prove, the presence of Rubisco 267 

holoenzyme. To assess the assembly state of LS in the same M preparations we used native 268 

gels, as shown in Figure 3. All preparations showed a single band detected by anti-LS, which 269 

migrated at the expected 550 kD position for the holoenzyme. We saw no evidence for 270 

monomers or dimers of LS (53 or 106 kD), nor for stalled assembly intermediates (>600 kD) as 271 

were observed in the raf1 and raf2 mutants using in vivo labeling (Feiz et al., 2012, 2014). We 272 

cannot assess from these data whether the abundance of any specific assembly factor(s) is 273 

limiting holoenzyme accumulation, nor if M Rubisco has a different stability than BS Rubisco. 274 

 275 

Another measure of Rubisco assembly is the presence of Rubisco active sites. We used binding 276 

of the substrate analog [14C]carboxyarabinitol bisphosphate (CABP) for this purpose, as shown 277 

in Figure 4. This assay is useful for quantifying total Rubisco active sites present in each sample 278 

but does not reflect the native activation status of the extracted Rubisco. Additionally, the M 279 

samples represent a fraction of an extract taken from 10-15 plants, therefore this data cannot be 280 

presented on a leaf area basis. Therefore, the Rubisco active sites were normalized to total 281 

protein quantified from each sample using the Bradford assay. In mesophyll preparations, an 282 

approximate doubling of binding sites was measured in 5X compared to Hi-II (P<0.05), 283 

consistent with immunoblot data. We assume that the binding sites detected in Hi-II M cells, and 284 

a roughly equivalent number in 5X, are due to presence of BS material in the M cell 285 

preparations. 286 

 287 

The presence of assembled Rubisco in M cells raised the intriguing question of whether the 288 

enzyme might be catalyzing CO2 fixation similar to C3 plants. While CO2 is present in M cells, 289 

the occurrence of RuBP and Rubisco activase (or Rubisco inhibitors) is ambiguous. RuBP is 290 

assumed to be BS-specific; it is used as a marker for that cell type, and Rubisco activase is 291 

similarly understood to be a BS-specific enzyme, which is supported (but not in an absolute 292 

sense) by quantitative proteomic data (Friso et al., 2010). To investigate whether M Rubisco 293 

might contribute to carbon assimilation in 5X plants, we used isotopic labeling. Initial fixation of 294 

CO2 in C4 plants is  a process that involves CO2 dissolution, hydration and PEPC activity, which 295 

results in a net discrimination against 12C, whereas in C3 plants CO2 is fixed by Rubisco, which 296 

discriminates against 13C (Farquhar, 1983). If Rubisco in M cells is functional, then the δ 13C 297 

ratio would shift toward that of a C3 plant (δ13C = -29 to -25‰ for C3 plants versus δ13C = -13.5 298 

to -11.5‰ for C4). Results shown in Figure 5 do not support a change in the δ13C ratio between 299 

Hi-II and 5X plants, suggesting that no significant contribution to CO2 assimilation is being made 300 

by Rubisco in M cells. Measurements made concomitantly showed, however, small decreases 301 

and increases, respectively, in %C and %N (Fig. S2). The basis for this modest variation was 302 

not further explored. In keeping with these observations, leaf CO2 assimilation rates under 303 

saturating light conditions and varying CO2 concentrations between Hi-II and 5X plants were not 304 

appreciably different (Fig. S3).  305 

 306 

Discussion 307 

Here we have shown that Rubisco holoenzyme can be assembled in maize M cells, presumably 308 

in chloroplasts, by co-expression of five transgenes under control of the maize ubiquitin 309 
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promoter. Using this promoter served several purposes. In the case of LS, the native chloroplast 310 

rbcL gene is transcribed in M chloroplasts but the transcript is unstable. We therefore introduced 311 

an ectopic gene outside the chloroplast, having shown that nucleus-encoded LS is compatible 312 

with Rubisco assembly in BS chloroplasts (Wostrikoff et al., 2012). The SS gene is silenced in 313 

M cells in a light-dependent manner (see Introduction). Our data suggest that the UBI promoter 314 

is effective at engendering M expression, at least to the level required for some assembly of 315 

Rubisco. 316 

 317 

RAF1, RAF2 and BSD2 were also overexpressed in the 5X line. In wild-type plants, RAF1 and 318 

RAF2 are largely confined to BS chloroplasts, and their absence from M chloroplasts is likely to 319 

be the reason why Rubisco did not assemble in LSSS transgenics. BSD2, however, 320 

accumulates in M and BS cells of wild-type plants. The function of M cell-localized BSD2 may 321 

be related to chloroplast morphology (Li et al., 2020), however genetic removal of M expression 322 

did not overtly affect maize growth or development, contrary to BSD2 removal from BS cells 323 

(Salesse-Smith et al., 2017). In 5X plants, BSD2 expression in both BS and M cells is greatly 324 

augmented (Fig. 2), perhaps boosting the potential for Rubisco accumulation in M cells. 325 

Preliminary comparisons between 4X plants (without either UBI-BSD2, or UBI-RAF2) and 5X 326 

plants support this contention (Fig. S4). 327 

 328 

Our results suggest that M cells of 5X plants possess all essential components for assembly 329 

and stabilization of Rubisco. This mirrors in vitro findings that besides chloroplast GroEL/GroES 330 

homologs, RAF1, RAF2 and BSD2 are the only factors required to assemble Arabidopsis 331 

Rubisco in bacterial cells (Aigner et al., 2017). Another auxiliary factor, RBCX, enhanced in vitro 332 

assembly by approximately 2-fold but was not required. RBCX is expressed in maize, however 333 

its cell type distribution has not been fully evaluated (Li et al., 2010; Wang et al., 2018). It is 334 

possible that enhancing its expression in M cells would augment current results with 5X plants. 335 

Similarly, the GroEL homolog CPN60α1/CPS2 appears to be particularly important for Rubisco 336 

assembly in planta (Barkan, 1993; Kim et al., 2013). Proteomics suggest that CPS2 is not cell 337 

type-specific, however its level of M expression could limit the ability of 5X plants to accumulate 338 

M Rubisco. 339 

 340 

Our data indicate that Rubisco in 5X M cells is not contributing to carbon assimilation, likely due 341 

to a lack of RuBP substrate, a failure to activate the enzyme, and/or missing acetylation, 342 

phosphorylation or other post-translational modifications (Grabsztunowicz et al., 2017), which 343 

could in turn limit holoenzyme stability. The ability to activate M-localized Rubisco would impart 344 

C3-like character to those plants, in terms of initial carbon assimilation. Given that C4 plants only 345 

have growth advantages under a narrow range of environmental conditions, the ability to switch 346 

plants between C4 and C3 pathways could be beneficial. This switch occurs naturally in some 347 

species during development, for example in maize along the leaf gradient, and between aerial 348 

and submerged tissues or within single cells in certain aquatic plants (Ueno et al., 1988; Bowes, 349 

2011; Koteyeva et al., 2016). There are also a number of species, however, that switch 350 

dynamically between the C3 and Crassulacean acid metabolism pathways, for example in 351 

response to drought or salinity stress (Winter et al., 2008; reviewed in Heyduk et al., 2019). A 352 

dynamic switch between C3 and C4 photosynthesis may be viewed as evolutionary 353 

intermediates towards a pure C4 state, but also as an advantageous photosynthetic plasticity 354 

that could potentially benefit crop plants subjected to repeated abiotic stress.  355 

 356 

Supplementary Data 357 

Figure S1. Genotyping transgenic lines by immunoblot analysis. 358 

Figure S2. Isotope and GC-MS analysis of percent C and percent N. 359 

Figure S3. CO2 response (A-Ci) curves for Hi-II and 5X plants are not significantly different.  360 
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Figure S4. Immunoblot analysis of mesophyll cell protein extracted from transgenic maize lines 361 

compared to Hi-II (WT). 362 
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Figure Legends 

 

Figure 1. Transgenes used in this study. 

PUBI, maize ubiquitin promoter; RbcS, maize Rubisco small subunit, RbcLN, nuclear codon-
optimized version of the maize chloroplast Rubisco large subunit gene with Flag epitope tag and 
the RbcS chloroplast transit peptide (TP); Raf1 and Raf2, maize Rubisco Accumulation Factor1 
and 2, respectively; Bsd2, maize Bundle Sheath Defective 2. The native transit peptide was 
retained for RbcS, Raf1, Raf2, and Bsd2 transgenes. All transgenes utilize the Nos terminator 
(NosT). 

Figure 2. Increased LS accumulation in mesophyll cells of 5X plants.  

Total soluble leaf protein (left two lanes, loaded on an equal leaf area basis), or soluble protein 
extracted from mesophyll protoplasts (remaining lanes, loaded to yield equal PPDK intensity) 
was analyzed for the proteins indicated at left by immunoblot. Protein sizes are indicated at the 
right (kDa). Rep 1, 2, 3, refer to independent extractions of M proteins from pooled leaf tissue 
(10-15 plants each) from separately grown plants. Relative levels of LS in M preparations were 
estimated by quantifying the ratio of LS minus ME to PPDK signal intensity in the three 
replicates, using a Student’s unpaired t-test (P<0.0365, n=3). Bands corresponding to Raf2 and 
ME are marked with a white asterisk. Hi-II: control; 5X: maize line containing the 5 transgenes 
detailed in Fig. 1; CBB: Coomassie stain. 

Figure 3. Mesophyll-localized LS is assembled into Rubisco in 5X plants.  

Total soluble leaf protein (left two lanes, loaded on an equal leaf area basis), or soluble protein 
extracted from mesophyll protoplasts (remaining lanes, loaded based on total soluble protein 
determined by Bradford assay) was separated in a native gel and analyzed for RbcL by 
immunoblot. Rep 1, 2, 3, refer to pooled leaf tissue from independent extractions of M proteins 
from separately grown plants (10-15 plants per extraction). Hi-II: control; 5X: maize line 
containing the 5 transgenes detailed in Fig. 1; CBB: Coomassie stain. 

Figure 4. Average Rubisco active sites (µM) normalized to total soluble protein.  

Rubisco active sites were measured using the 14C-CABP method and normalized to total 
soluble leaf protein, or total soluble protein isolated from M protoplasts, quantified using a 
Bradford assay. Definitions of Hi-II and 5X are as in Fig. 2.  *p=0.015 calculated from a 
Student’s unpaired, two-tailed T-test. n=6, except for Hi-II mesophyll n=5. Total: total soluble 
leaf protein where each replicate (n) represents a different plant; Mesophyll: mesophyll 
extractions from pooled leaf samples where each replicate (n) is an independent extraction. 

Figure 5. Leaf carbon isotope ratio (δ13C ‰) in Hi-II and 5X plants. 

Error bars represent the standard deviation; n=12. Results were benchmarked to C3 plants 
using samples from sunflower (Fig. S2). Definitions of Hi-II and 5X are as in Fig. 2. 
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Figure 2. Increased LS accumulation in mesophyll cells of 5X plants.

Total soluble leaf protein from individual plants (left two lanes, loaded on an

equal leaf area basis), or soluble protein extracted from mesophyll

protoplasts (remaining lanes, loaded to yield equal PPDK intensity) was

analyzed for the proteins indicated at left by immunoblot. Protein sizes are

indicated at the right (kDa). Rep 1, 2, 3, refer to independent extractions of

M proteins from pooled leaf tissue (10-15 plants each) from separately

grown plants. Relative levels of LS in M preparations were estimated by

quantifying the ratio of LS minus ME to PPDK signal intensity in the three

replicates. Statistical differences were estimated using a Student’s unpaired

t-test (P<0.0365, n=3). Bands corresponding to Raf2 and ME are marked

with a white asterisk. Hi-II: control; 5X: maize line containing the 5

transgenes detailed in Fig. 1; CBB: Coomassie stain.
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Figure 3. Mesophyll-localized LS is assembled into Rubisco in 5X 

plants. 

Total soluble leaf protein (left two lanes, loaded on an equal leaf area basis),

or soluble protein extracted from mesophyll protoplasts (remaining lanes,

loaded based on total soluble protein determined by Bradford assay) was

separated in a native gel and analyzed for RbcL by immunoblot. Rep 1, 2, 3,

refer to pooled leaf tissue from independent extractions of M proteins from

separately grown plants (10-15 plants per extraction). Hi-II: control; 5X:

maize line containing the 5 transgenes detailed in Fig. 1; CBB, Coomassie

stain.
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Figure 4. Average Rubisco active sites (µM) normalized to total soluble

protein.

Rubisco active sites were measured using the 14C-CABP method and

normalized to total soluble leaf protein, or total soluble protein isolated from

M protoplasts, quantified using a Bradford assay. Definitions of Hi-II and 5X

are as in Fig. 2. *P=0.022 calculated from a Student’s unpaired, two-tailed

T-test. n=6, except for Hi-II mesophyll n=5. Error bars represent standard

deviation. Total: total soluble leaf protein where each replicate (n)

represents a different plant; Mesophyll: mesophyll extractions from pooled

leaf samples where each replicate (n) is an independent extraction.
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Figure 5. Leaf carbon isotope ratio (δ13C ‰) in Hi-II and 5X plants.
Error bars represent the standard deviation; n=12. Results were benchmarked to 
C3 plants using samples from sunflower (Fig. S2). Definitions of Hi-II and 5X are 

as in Fig. 2.
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