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Summary 21 

In multicellular systems changes to the patterning of gene expression drive modifications in cell function 22 

and trait evolution. One striking example is found in more than sixty plant lineages where 23 

compartmentation of photosynthesis between cell types allowed the evolution of the efficient C4 pathway 24 

from the ancestral C3 state. The molecular events enabling this transition are unclear. We used single 25 

nuclei sequencing to generate atlases for C3 rice and C4 sorghum during photomorphogenesis. Our 26 

analysis revealed that initiation of photosynthesis gene expression is conditioned by cell identity. In both 27 

species a conserved cistrome defines each cell type, and photosynthesis genes switching expression 28 

from mesophyll in rice to bundle sheath in sorghum acquire hallmarks of bundle sheath identity. The 29 

sorghum bundle sheath has also acquired gene networks associated with C3 guard cells. We conclude 30 

C4 photosynthesis is based on rewiring in cis that exapts cell identity networks of C3 plants. 31 

32 
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Introduction 33 

Multicellularity has evolved repeatedly such that it is now found in multiple lineages of bacteria and 34 

fungi, as well as the metazoans, algae and land plants (Grosberg and Strathmann, 2007). In all cases 35 

it allows particular cells to become specialized to carry out specific functions. In land plants, the division 36 

of labor between different cell types underlies many important agricultural traits such as water and 37 

nutrient uptake in roots and photosynthesis in shoots. In the case of photosynthesis, for the majority of 38 

land plants, CO2 fixation occurs primarily in mesophyll cells and is dependent on the enzyme Ribulose-39 

1,5-Bisphosphate Carboxylase-Oxygenase (RuBisCO). Since the first fixation product of RuBisCO is 40 

the three-carbon metabolite 3-phosphogylceric acid, this pathway has been termed C3 photosynthesis 41 

(Bassham, Benson, Calvin 1950). It is found in bacteria and algae as well as land plants and so is 42 

considered ancestral. In land plants, although mesophyll cells are fundamental for photosynthesis, the 43 

specialization of other cell types is equally important (Haberlandt, 1884). For example, the xylem 44 

transports water and nutrients, guard cells mediate the flow of water and CO2 in and out of the leaf, 45 

while the epidermis protects from the external environment. Similarly, once sugars are synthesized in 46 

the mesophyll, the bundle sheath cells deliver them to the phloem for allocation to other tissues. 47 

Although most land plants use the C3 pathway, RuBisCO is not able to completely discriminate 48 

between CO2 and O2. In addition to loss of carbon fixation, when RuBisCO carries out oxygenation 49 

reactions it generates the toxic intermediate phosphoglycolate that needs to be rapidly metabolized via 50 

the energy-intensive photorespiratory cycle (Bowes et al., 1971). At higher temperatures the proportion 51 

of oxygenation reactions increases, and so the efficiency of C3 photosynthesis declines (Bauwe et al., 52 

2010). In multiple plant lineages, including staple crops such as maize and sorghum, evolution has 53 

reconfigured the functions of mesophyll and bundle sheath cells such that CO2 fixation by RuBisCO is 54 

repressed in the mesophyll and activated in the bundle sheath. These species are known as C4 plants 55 

because the first committed step of the pathway requires substantial activities of phosphoenolpyruvate 56 

carboxylase in mesophyll cells and produces the C4 acid oxaloacetate. Reduction or transamination of 57 

oxaloacetate to malate and aspartate in the mesophyll allows C4 acids to accumulate to high 58 

concentrations and diffuse into bundle sheath cells prior to decarboxylation in close proximity to 59 

RuBisCO (Hatch and Slack, 1966). This process leads to a tenfold increase in CO2 concentration in 60 

bundle sheath chloroplasts (Furbank, 2011), which reduces the frequency of oxygenation reactions so 61 

that photosynthetic as well as water and nitrogen use efficiencies are optimized (Ghannoum et al., 62 

2010). As a result, C4 plants grow particularly well in hot and dry climates and constitute some of the 63 

most productive crop species in the world (Jordan and Ogren, 1984; Sage and Zhu., 2011). Crucially, 64 

in both C3 and C4 plants, photosynthetic efficiency is dependent on mechanisms that pattern and 65 

maintain differential gene expression between each cell type of the leaf. However, it is not clear how 66 
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strict partitioning of photosynthesis between cells is established and maintained, nor how these patterns 67 

change to allow the evolution of C4 photosynthesis from the ancestral C3 pathway. 68 

In eukaryotes, the regulation of gene expression in distinct cell types and in response to endogenous 69 

and environmental signals is encoded by cis-regulatory elements, the binding sites of transcription 70 

factors (Marand et al., 2017). In C4 leaves mechanical and cell digestion approaches have provided 71 

insight into the patterning of gene expression in mesophyll and bundle sheath strands (Markelz et al., 72 

2003; Covshoff et al., 2013; John et al., 2014; Burgess et al., 2019; Borba et al., 2023) and a small 73 

number of cis-regulatory mechanisms controlling cell specific expression of C4 genes have been 74 

identified (Gowik et al., 2004; Brown et al., 2011; Williams et al., 2016; Reyna-Llorens et al., 2018; 75 

Burgess et al., 2019). However, in almost all studies of C4 leaves, only bundle sheath strands have been 76 

examined, which contain phloem and xylem cells as well as the bundle sheath (Burgess et al., 2019, 77 

Borba et al., 2023). Separation of bundle sheath cells from C3 leaves has been even more challenging 78 

(Aubry et al., 2014) and so molecular mechanisms allowing the rewiring of gene expression during the 79 

evolution from C3 to C4 photosynthesis are poorly understood. We reasoned that the advent of single 80 

nuclei sequencing (Grindberg et al., 2013; Tian et al., 2020; Cervantes-Perez et al., 2022; Guillotin et 81 

al., 2023; Lee et al., 2023; Nobori et al., 2023; Sun et al., 2023; Wang et al., 2023) may remove this 82 

substantial roadblock by allowing the transcriptional identity of each cell type in C3 and C4 species to be 83 

defined. To achieve this, we selected rice and sorghum that use the C3 and C4 pathways respectively 84 

to generate single nuclei atlases for gene expression and chromatin accessibility. Both species are 85 

models and diploid crops of global importance representing distinct clades in the monocotyledons that 86 

diverged approximately 81 million years ago (Huang et al., 2022). Molecular signatures of each cell type 87 

that are shared by rice and sorghum may therefore also be found in these cells in the ~11,000 species 88 

derived from their last common ancestor. 89 

To define how patterning of photosynthesis gene expression is established we sampled nuclei after 90 

transfer of seedlings from dark to light, a stimulus that induces photomorphogenesis and thus activation 91 

of photosynthesis gene expression. In both species gene expression was rapidly induced by light in all 92 

cell types. However, our data show that prior to the perception of light, the expression and chromatin 93 

accessibility of many photosynthesis genes is conditioned by cell identity. Thus, cell identity defines the 94 

extent to which cell types can respond to light. Furthermore, we found that between species, changes 95 

in transcriptional cell identity are the most dramatic in the bundle sheath, allowing the C4 bundle sheath 96 

to change its response to light. This is driven in part by the C4 bundle sheath gaining cell identity markers 97 

from mesophyll and guard cells of C3 leaves. While transcriptional cell identities can change across 98 

species, we found that the underlying cis-elements that define cell identity are conserved. Genes that 99 

rewire their expression to become bundle sheath specific in C4 sorghum acquire ancestral cis-elements 100 

such as DNA-binding with One Finger (DOF) motifs that direct bundle sheath expression in both the C3 101 
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and C4 bundle sheath. The simplest explanation from these findings is a model in which the evolution 102 

of photosynthesis is based on C4 genes acquiring cis-elements associated with bundle sheath identity 103 

that then harness a stable patterning of transcription factors between cell types of C3 and C4 leaves.  104 

 105 

Results 106 

Single-nuclei gene expression and chromatin accessibility atlases for rice and sorghum shoots 107 

during de-etiolation 108 

To understand how different cell types in rice and sorghum shoots respond to light, we grew seedlings 109 

of each species in the dark for 5 days and then exposed them to a light-dark photoperiod for 48 hours 110 

(Figure 1A). As expected, shoot tissue underwent photomorphogenesis during this time. For example, 111 

leaves emerged from the shoot and chlorophyll accumulated within the first 12h of de-etiolation (Figure 112 

1A, Figure S1). Scanning Electron Microscopy (SEM) showed that leaves uncurled in response to light 113 

(Figure 1B) and that etioplasts in both mesophyll and bundle sheath cells contained prolamellar bodies 114 

before light exposure (Figure 1C). Within 12h of light etioplasts had converted into mature chloroplasts 115 

with assembled thylakoid membranes. Compared with rice, chloroplast development was more 116 

pronounced in the bundle sheath of sorghum, and clear differences in thylakoid stacking in chloroplasts 117 

from mesophyll and bundle sheath of sorghum were evident (Figure 1C). 118 

Underlying this cellular remodeling and activation of the photosynthetic apparatus during 119 

photomorphogenesis are changes in gene regulation. However, to date these have been described in 120 

bulk tissue samples and so how each cell type responds is not known (Boffey et al., 1980; Sullivan et 121 

al., 2014; Armarego-Marriott et al., 2019; Armarego-Marriott et al., 2020; Singh et al., 2023). To better 122 

understand how cells respond to light we generated single nuclei atlases of transcript abundance for 123 

both rice and sorghum shoots as they undergo photomorphogenesis. To achieve this, shoot tissue at 124 

nine time points during de-etiolation was harvested and nuclei sequenced using 10X and sci-RNA-seq3 125 

(Cao et al., 2019) (Figure 1A, 1D). By combining nuclei sampled over the time course from both 126 

sequencing approaches we generated gene expression atlases derived from 190,569 and 265,701 127 

nuclei from rice and sorghum respectively. Using the 10X-multiome workflow (combining RNA-seq and 128 

ATAC-seq) we also assayed cell specific changes in chromatin accessibility at 0h and 12h after light 129 

exposure by sequencing 22,154 and 20,169 nuclei from rice and sorghum respectively.  130 

These outputs were visualized using uniform manifold approximation projection (UMAP) and 131 

nineteen distinct clusters were identified for each species (Figure 2A, 2B, Figure S2). Using the 132 

expression of previously described marker genes and their orthologs, cell types were assigned to each 133 

main cluster. This included mesophyll, guard, epidermal, xylem parenchyma and phloem cells (including 134 

parenchyma and companion cells) (Figure 2C, 2D). Gene Ontology (GO) terms derived from cluster-135 

specific genes reflected previously documented functions for each cell type (Table S1). For example, 136 
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mesophyll nuclei showed high expression of genes involved in photosynthesis, and clusters containing 137 

nuclei from epidermis cells were enriched in genes involved in lipid biosynthesis and export, consistent 138 

with the role of this tissue in cutin production (Suh et al., 2005). Moreover, nuclei from phloem and xylem 139 

primarily expressed genes for transport of water and solutes and the synthesis of cell wall components 140 

respectively (Table S1). Each cluster contained nuclei sampled from all time points, indicating that 141 

clustering was driven predominantly by cell type rather than time after exposure to light (Figure S2). 142 

We identified cells of the sorghum bundle sheath through expression of C4 cycle genes such as 143 

NADP-Malic Enzyme (NADP-ME) and Glycine Decarboxylase (GDC) (Figure 2D). However, to our 144 

knowledge there are no such markers for the bundle sheath in rice undergoing photomorphogenesis. 145 

To address this, we generated a stable reporter line in which bundle sheath nuclei were labelled with a 146 

fluorescent mTurquoise2 reporter under control of the PHOSPHOENOLCARBOXYKINASE promoter 147 

from Zoysia japonica (Nomura et al., 2005). Confocal laser scanning microscopy of these plants 148 

confirmed the presence of mTurquoise2 specifically in nuclei of rice bundle sheath cells (Figure 2E). A 149 

preparation of nuclei from whole leaves was enriched in bundle sheath nuclei obtained after 150 

fluorescence activated sorting of nuclei from this reporter line. Sequencing and clustering produced 151 

fourteen clusters, with the largest specifically expressing mTurquoise2, thus identifying nuclei from the 152 

rice bundle sheath (Figure 2F, Figure S3). Within this cluster we detected specific expression of genes 153 

such as PLASMA MEMBRANE INTRINSIC PROTEIN (PIP1.1), SULFITE REDUCTASE (SIR) and ATP 154 

SULFURYLASE (ATPSb), which have previously been shown by laser capture microdissection to be 155 

expressed in the bundle sheath from mature rice leaves (Hua et al., 2021) (Table S2). Using marker 156 

genes from this cluster it was then possible to annotate nuclei with bundle sheath identity in our de-157 

etiolation dataset (Figure 2F, 2G, Figure S3).  158 

Complementing this atlas describing cell-type gene expression, the multiome assay (RNA-seq and 159 

ATAC-seq) allowed changes in chromatin accessibility during photomorphogenesis to be detected. After 160 

cross-validation with the single nuclei transcriptional atlases, the multiome atlases identified six cell 161 

types from each species (Figure S4, S5). Between 1,820 and 3,016 accessible peaks in promoter 162 

regions were specific to each cell type (Figure 2H, 2I). As would be expected, these peaks were 163 

upstream of genes associated with the GO terms enriched in each cell type (Table S3). Peaks were 164 

also detected upstream of canonical marker genes for each cell type. For example, the promoters of 165 

RuBisCO small subunit (RbcS4) from rice and NADP-ME from sorghum were most accessible in 166 

mesophyll and bundle sheath cells respectively (Figure 2H, 2I). 167 

  168 

The C4 bundle sheath acquires a new transcriptional identity from C3 mesophyll and guard cells 169 

C4 evolution has repeatedly repurposed the bundle sheath to perform photosynthesis (Hibberd and 170 

Covshoff 2010, Langdale 2011). However, because it has not previously been possible to define gene 171 
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expression in bundle sheath cells from C3 or C4 plants, the extent to which this cell type has been altered 172 

is not known. Using our single nuclei atlas from rice and sorghum we therefore tested whether 173 

transcriptional rewiring of C4 bundle sheath cells is driven only by acquisition of photosynthesis networks 174 

associated with mesophyll cells of C3 plants, or whether more substantial transcriptional changes are 175 

involved. To understand how the transcriptional identities of each cell type from rice and sorghum differ, 176 

we generated a pan-transcriptome atlas of photosynthetic tissue sampled at 48h after light exposure. 177 

Despite the evolutionary distance between rice and sorghum, most cell types from these species co-178 

clustered (Figure 3A, Figure S6). In contrast, nuclei from bundle sheath cells in rice and sorghum did 179 

not co-cluster (Figure 3A). Supporting this observation, GO enrichment analysis indicated that cells of 180 

the C3 and C4 bundle sheath carry out distinct functions - while genes expressed in the bundle sheath 181 

of rice were predominantly associated with transport and localization, those of sorghum were associated 182 

with organic acid metabolism and generation of precursor metabolites and energy (Table S1). 183 

More than 180 genes that were specific to bundle sheath cells of sorghum had orthologs that were 184 

either poorly expressed or were not specific to any cell type in rice (Table S4). For example, the 185 

canonical C4 gene NADP-ME was strongly and specifically expressed in the sorghum bundle sheath but 186 

was poorly expressed in rice in a non cell type specific manner (Figure 3B). Similar patterns of high and 187 

localized expression were evident in the sorghum bundle sheath for other genes involved in 188 

photosynthesis, photorespiration and chloroplast functions (Figure 3C, Table S4). The bundle sheath 189 

of C4 sorghum also lost expression of genes associated with this cell type in rice (Figure 3C, Table S4). 190 

Interestingly, this included genes involved in hormone signaling and biosynthesis including gibberellic 191 

acid, ethylene, and auxin pathways, as well as genes encoding sugar and water transporters. We next 192 

investigated how conserved cell type specific gene expression patterns were across species. While 193 

most cell types showed conserved patterns of expression between rice and sorghum, this was not the 194 

case for the bundle sheath (Figure 3D). In fact, transcripts from only 28 orthologs (including genes 195 

involved in sulfur metabolism and transport) were specific to the bundle sheath of both species (Figure 196 

3D, 3E, Table S4). The C4 bundle sheath of sorghum had also obtained patterns of gene expression 197 

from other cell types (Figure 3E). Indeed, bundle sheath cells of sorghum were transcriptionally more 198 

similar to mesophyll and guard cells of rice, whereas the bundle sheath of rice was most similar to the 199 

phloem of sorghum (Figure 3D, Figure 3E). Similarities between sorghum bundle sheath and rice 200 

mesophyll or guard cells were primarily driven by changes in the expression of genes involved in the 201 

Calvin-Benson-Bassham Cycle and starch metabolism (Table S5). Thus, to transcriptionally rewire the 202 

C4 bundle sheath it appears that this cell type (i) gained genes not found specifically or highly expressed 203 

in rice shoot tissue, (ii) lost specific expression of genes transcribed in the C3 bundle sheath, and (iii) 204 

gained genes preferentially expressed in other cell types of C3 rice including mesophyll and guard cells 205 

(Figure 3F). 206 
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As a difference in expression of photosynthesis genes between bundle sheath and mesophyll cells 207 

(hereafter partitioning) is considered crucial for the evolution of C4 photosynthesis (Hibberd and 208 

Covshoff 2010) we examined this phenomenon in sorghum and rice. Pairwise comparison of gene 209 

expression in response to light revealed that in each species transcripts from more than one thousand 210 

genes were partitioned between mesophyll and bundle sheath cells and included 225 orthologous gene 211 

pairs (Figure 4A, Table S6). Of these, 126 were partitioned identically between the same cell types in 212 

both rice and sorghum (Figure 4B). Those consistently partitioned to the mesophyll in both species 213 

were associated with oxidation and reduction processes as well as carbohydrate and small molecule 214 

metabolism, while bundle sheath partitioned genes were involved in transport of solutes (Figure 4B, 215 

Table S6). Interestingly, an additional 99 orthologs showed opposing patterns in the two species, i.e. 216 

they were ‘differentially’ partitioned. 43 orthologs that had swapped from strong expression in the 217 

mesophyll of rice to strong expression in the bundle sheath of sorghum included genes encoding 218 

proteins of the Calvin-Benson-Bassham cycle as well as organic acid and nitrogen metabolism. 56 219 

genes that swapped from strong expression in the bundle sheath of rice to the mesophyll of sorghum 220 

were associated with transport of metabolites and solutes (Figure 4B). 221 

To investigate how conserved partitioning was between all cell types, we assessed the degree of 222 

cross-species overlap between each pair of the six cell types annotated (Figure 4C). This revealed that 223 

the mesophyll and bundle sheath had the smallest set of partitioned genes across species, as well as 224 

the weakest statistical overlap (Figure 4C, Figure S7). In addition to mesophyll and bundle sheath cells 225 

of rice showing the lowest conservation in terms of transcript partitioning, it was also noticeable that a 226 

large proportion of the genes that were partitioned between these cells had in fact swapped cell types 227 

(Figure 4D). This suggests that the swapping of functions or ‘identity’ between other cell types is a rare 228 

event genome-wide but occurs relatively frequently between the mesophyll and bundle sheath.  229 

  230 

Pervasive acquisition of light regulation within the bundle sheath of sorghum 231 

Since light induces photomorphogenesis we next investigated how individual nuclei from each cell 232 

type responded to this stimulus. When rice mesophyll and sorghum bundle sheath nuclei were analysed 233 

they naively clustered by time of sampling, indicating that light was a dominant driver of transcriptional 234 

state (Figure 5A, 5B). Canonical marker genes showed the expected induction, for example, RbcS and 235 

NADP-ME were activated by light in mesophyll cells of rice (Figure 5A) and bundle sheath cells of 236 

sorghum (Figure 5B) respectively. We detected global cell-type specific differential gene expression 237 

responses to light by fitting statistical models to pseudo-bulked transcriptional profiles. Then, to find 238 

dominant expression trends in gene regulation, we clustered differentially expressed genes using 239 

Pearson correlation. In rice each of the six cell types examined showed a distinct and cell type specific 240 

response to light (Figure 5C, Figure S8, Table S7). Apart from the bundle sheath and epidermal cells 241 
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in rice, hundreds of cell type-specific light-responsive genes were detected (Figure 5C). Notably, while 242 

genes in rice mesophyll cells showed a steady increase in expression, those in other cells showed a 243 

more complex response with multiple phases (Figure 5C & 5D). In both species, mesophyll and bundle 244 

sheath specific genes were enriched in photosynthesis and chloroplast-related functions, consistent with 245 

the rapid greening of shoots and the conversion of etioplasts into chloroplasts during de-etiolation (Table 246 

S7). Bundle sheath cells from rice and sorghum showed the greatest difference in their response to 247 

light. This change in behavior appears to be due to at least two phenomena. First, some genes 248 

expressed in bundle sheath cells of sorghum showed the same response to light as those expressed in 249 

the mesophyll (Figure 5D). Second, some transcripts partitioned to bundle sheath cells of sorghum 250 

showed a strong increase in abundance from 6 hours of light (Figure 5D). 251 

A more detailed interrogation of the data showed an increase in transcript abundance of the light 252 

signaling transcription factor ELONGATED HYPOCOTYL 5 (HY5) (Lee et al., 2007), with a particularly 253 

strong response in guard cells of both rice and sorghum (Figure S9). Moreover, PHYTOCHROME 254 

INTERACTING FACTOR (PIF) transcription factors that repress photomorphogenesis in the dark (Moon 255 

et al., 2008; Gommers & Monte, 2018) were rapidly downregulated in response to light in all cell types 256 

(Figure S9). Light-induced partitioning of canonical photosynthesis genes between mesophyll and 257 

bundle sheath was also apparent (Figure 5E, Table S8). In rice, photosynthesis genes were most 258 

strongly induced in the mesophyll although a similar but weaker response was also seen in bundle 259 

sheath, guard, phloem, epidermis and xylem nuclei (Figure 5E). SEM confirmed that in the dark 260 

etioplasts were present in vascular and epidermal cells, and after exposure to light thylakoid-like 261 

membranes were evident (Figure S10). This supports the observation that photosynthesis can be 262 

weakly induced in these cell types. In sorghum, light strongly induced photosynthesis genes in both 263 

mesophyll and bundle sheath cell types, and included genes important for the light-dependent reactions 264 

of photosynthesis as well as the Calvin-Benson-Bassham and C4 cycles (Figure 5F). As expected, 265 

Calvin-Benson-Bassham cycle genes and NADP-ME were highly induced in sorghum bundle sheath, 266 

while CARBONIC ANHYDRASE and PYRUVATE,ORTHOPHOSPHATE DIKINASE were induced in 267 

mesophyll cells (Table S8). Agreeing with these data, chromatin of photosynthesis genes was more 268 

accessible in mesophyll cells compared with other cell types (t-test p < 5.9 x 10-5) (Figure 5G), however 269 

the difference in accessibility in response to light was only marginally significant in the rice mesophyll (p 270 

= 0.097). In contrast, in sorghum accessibility of photosynthesis genes increased in response to light in 271 

both mesophyll and bundle sheath cells (p < 2.9 x 10-3) (Figure 5H). These data indicate a pervasive 272 

gain of light regulation by photosynthesis genes in the bundle sheath of sorghum likely facilitated by 273 

increased chromatin accessibility. 274 

 275 

 276 
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Cell identity conditions partitioning of photosynthesis gene expression in the dark 277 

In both rice and sorghum differences in expression of photosynthesis genes between mesophyll and 278 

bundle sheath cells increased with time (Figure 5E & 5F, Figure S11). As would be expected, in rice 279 

these genes were preferentially expressed in mesophyll cells (Figure 6B) whilst in sorghum some were 280 

preferential to mesophyll cells and others were more highly expressed in the bundle sheath (Figure 6B). 281 

This is exemplified by the GLYCOLATE OXIDASE gene, whose transcripts showed greater partitioning 282 

to mesophyll cells of rice and bundle sheath cells of sorghum in response to light (Figure 6A). After 12h 283 

of light exposure 72 photosynthesis genes in rice and 77 in sorghum were partitioned between 284 

mesophyll and bundle sheath cells (Figure 6B). However, for some photosynthesis genes differences 285 

in expression between cells were evident in the dark. This suggests that cell identity conditions light 286 

responses. Specifically, in the dark 29% and 58% of photosynthesis transcripts in rice and sorghum 287 

respectively were significantly partitioned between mesophyll and bundle sheath cells (Figure 6B). For 288 

example, at 0 hours Rbcs2 transcripts were already more abundant in mesophyll and bundle sheath 289 

cells of rice and sorghum respectively (Figure 6A). This finding is consistent with the fact that promoters 290 

of photosynthesis genes contained regions of open chromatin in the etiolated state (Figure 5G, 5H). 291 

Indeed, differences in accessible chromatin between mesophyll and bundle sheath cells at 0 hours were 292 

also evident in promoter regions of GLYCOLATE OXIDASE and RBCS2 (Figure 6C). In fact, in the 293 

etiolated state many photosynthesis genes showed differences in chromatin accessibility between cell 294 

types (Figure 6D). In the dark open chromatin upstream of photosynthesis genes was predominantly 295 

found in mesophyll cells of rice and this was reinforced after exposure to light (Figure 6D). In sorghum 296 

open chromatin was evident upstream of canonical photosynthesis genes as well as those of the C4 297 

cycle in both mesophyll and bundle sheath cells, and as in rice this was strengthened by light. We 298 

conclude that intrinsic differences in cell identity contribute to the partitioning of photosynthesis gene 299 

expression between cells in both C3 rice and C4 sorghum, and that differential partitioning is not driven 300 

exclusively by light signaling.  301 

  302 

Photosynthesis genes in C4 sorghum acquire a cis-code associated with the C3 bundle sheath 303 

of rice 304 

Cis-regulatory DNA sequences drive the patterning of gene expression (Marand et al., 2017; 305 

Kaufmann et al., 2010). Therefore, we next searched for cis-elements that underlie our observed cell 306 

identity - and light-dependent patterns of gene expression in rice and sorghum. When regions of open 307 

chromatin specific to each cell type were assessed for over-represented transcription factor binding 308 

sites, this identified the same motifs in the same cell types of both rice and sorghum (Figure 7A, Figure 309 

S12, Table S9). Thus, both species share a conserved cell-type specific cis-regulatory code. For 310 

example, motifs bound by Myeloblastosis (Myb)-related and NAM, ATAF1/2, and CUC2 (NAC) 311 
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transcription factors defined accessible chromatin regions in mesophyll nuclei from both rice and 312 

sorghum, while the DOF motif was enriched in bundle sheath and phloem-specific peaks of both species 313 

(Figure 7A, Figure S12). Further, xylem-specific peaks were enriched in MYB and ANAC transcription 314 

factor motifs while peaks associated with epidermis and guard cells contained binding sites for the 315 

homeodomain GLABROUS 1 (HDG1), Zinc finger-homeodomain (ZHD) and AT-hook motif nuclear-316 

localized (AHL) families of transcription factors. In contrast, when we examined motifs in chromatin that 317 

were differentially accessible in response to light, we found that the same motifs were enriched, 318 

regardless of cell type. These motifs comprised the light-responsive circadian clock related basic leucine 319 

zipper (bZIPs) and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) motifs (Figure 7B, Figure S13, Table 320 

S10). These findings suggest that cell-type specific patterning of gene expression is defined by cell-321 

identity cis-elements, whereas light-responsive gene expression is regulated by similar cis-elements 322 

across all cell types.  323 

We next investigated whether the cell-type specific cis-code regulates genes that are differentially 324 

partitioned. To this end, we examined genes that were strongly expressed in the rice mesophyll, and 325 

whose orthologs were partitioned to the sorghum bundle sheath (Figure 7C). Among the 40 orthologs 326 

in this category were the Calvin-Benson-Bassham cycle genes FRUCTOSE BISPHOSPHATE 327 

ALDOLASE and GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH), 328 

photorespiration genes such as GLYCOLATE OXIDASE, and light reaction genes including the LHCII 329 

subunit (Figure 7C). To find accessible chromatin associated with these peaks, we correlated changes 330 

in gene expression with changes in accessibility. Strikingly, among these differentially partitioned genes, 331 

we found that associated chromatin was enriched in cell-type specific Myb-related, Auxin Response 332 

Factor 4 (ARF4) and REVEILLE 5 (RVE5) binding sites in mesophyll-specific genes in rice (Figure 7C), 333 

but enriched in cell-type specific DOF and JACKDAW (JKD) / Indeterminate Domain (IDD) binding sites 334 

in bundle-sheath specific orthologs in sorghum (Figure 7C, Figure S14, Table S11). This indicates that 335 

these orthologs swapped their partitioning from mesophyll to bundle sheath through changing identity-336 

associated cis-regulatory motifs. Specifically, our data suggest that DOF transcription factor motifs were 337 

acquired by genes that swap expression from the mesophyll of C3 rice to the bundle sheath of C4 338 

sorghum.  339 

To investigate further, we examined canonical photosynthesis genes that were differentially 340 

partitioned from rice mesophyll to the sorghum bundle sheath for the prevalence of DOF motifs. This 341 

showed that accessible chromatin upstream of GAPDH in sorghum was enriched in DOF motifs 342 

compared to rice (Figure 7D). A similar enrichment of DOF motifs was seen in accessible chromatin of 343 

the sorghum bundle sheath for FRUCTOSE BISPHOSPHATE ALDOLASE (Figure 7D) and for NADP-344 

ME (Figure S15). Furthermore, DOF family transcription factors were typically more strongly expressed 345 

in bundle sheath cells of both rice and sorghum (Figure 7E) suggesting that the patterning of these 346 
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transcription factors has not changed during the transition from C3 to C4. Curiously, we found that while 347 

differentially partitioned genes in rice displayed large differences in chromatin accessibility between 348 

mesophyll and bundle sheath cell types, these differences were much smaller in sorghum. This suggests 349 

that while chromatin accessibility increases in the bundle sheath, accessibility is not necessarily lost in 350 

the mesophyll (Figure S14). 351 

From our analysis we propose a model that explains the rewiring of cell-type specific regulation of 352 

photosynthesis genes in C4 leaves (Figure 7F). The model suggests that (i) the same mesophyll and 353 

bundle sheath specific cis-elements are active in rice and sorghum; (ii) patterning of transcription factors 354 

between the two species is relatively stable; and (iii) photosynthesis genes expressed in the bundle 355 

sheath of sorghum have acquired DOF cis-regulatory elements associated with bundle sheath cells in 356 

rice. 357 
 358 

Discussion 359 

The rice and sorghum single nuclei gene expression and chromatin accessibility atlases presented 360 

here provide novel insights into the molecular signatures associated with each major leaf cell type. 361 

These atlases reveal the cell type specific processes that enable photosynthesis to occur as leaves 362 

develop in the presence of light and provide insight into how gene expression patterns are rewired to 363 

perform C4 photosynthesis.  364 

  365 

Signatures of major cell types in cereal leaves 366 

Until recently, it has not been technically feasible to compare the transcriptional identities of each cell 367 

type in C3 and C4 leaves. Our data provide a new level of granularity that allows us to explore the 368 

transcriptional identity of each cell type within a leaf and across two species. Our findings highlight the 369 

differences in functions that each cell type carries out. For example, specific gene expression in 370 

epidermal cells provides evidence for their role in the biosynthesis and export of cutin molecules used 371 

in the formation of the protective cuticle at the leaf surface, while cells associated with the phloem show 372 

high expression of genes involved in the transport of sugars and solutes. These data are consistent with 373 

previous single-cell RNA sequencing studies focusing on leaf tissues from Arabidopsis thaliana and rice 374 

(Procko et al., 2022; Berrío et al., 2022; Wang et al., 2021). By comparing transcriptional identities 375 

between cell types of rice and sorghum leaves, we found that the C4 sorghum bundle sheath has 376 

simultaneously gained novel expression of many genes, and as would be expected this included C4 377 

genes. However, it was also apparent that the sorghum bundle sheath cells have lost expression of 378 

genes specific to the C3 bundle sheath. Notably, the sorghum bundle sheath acquired specific gene 379 

expression from other C3 cell types, with the C3 mesophyll and guard cells being prominent cell types 380 

that have swapped gene expression with the C4 bundle sheath. These findings have important 381 
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implications for ongoing efforts to engineer C3 plants with C4 photosynthetic characteristics (Ermakova 382 

et al., 2021) and suggest that the C3 bundle sheath undergoes a broad change in transcriptional identity 383 

to achieve a functional C4 pathway. Our data also suggest that other cell types, such as the phloem and 384 

the guard cells, have been re-functionalized such that they carry out functions to support C4 385 

photosynthesis in leaves.  386 

 387 

Establishing photosynthesis in specific cell types 388 

In contrast to mammals, plant transcriptomes are highly dynamic in response to external 389 

environmental cues. To capture such changes, our gene expression atlases not only explore 390 

transcriptional identity, but also how cell transcriptional states change after the perception of light. 391 

Previous analysis of de-etiolation has proved a powerful system to understand the complex dynamics 392 

associated with photosynthesis (Boffey et al., 1980; Sullivan et al., 2014; Armarego-Marriott et al., 2019; 393 

Armarego-Marriott et al., 2020; Singh et al., 2023). Such studies have highlighted the extensive 394 

transcriptional and translational changes required for the assembly of chloroplast membranes and the 395 

photosynthetic apparatus, which in turn have elucidated the central role that light signaling plays in both 396 

chloroplast and seedling development. Moreover, several transcription factors, including positive 397 

regulators such as Hy5 and negative regulators such as PIFs, have been shown to play critical roles in 398 

regulating the expression of photosynthesis genes during de-etiolation (Moon et al., 2008; Shin et al., 399 

2009; Leivar & Quail, 2011; Gommers & Monte, 2018). However, bulk analysis of leaf tissue has 400 

occluded the multitude of light-induced responses taking place in each cell type. By mapping gene 401 

expression at single cell resolution in rice and sorghum shoots at different time points during de-402 

etiolation, we captured how the transcriptional state of each cell type responds to light and discovered 403 

both shared as well as unique gene expression responses. We found that all cell types activated 404 

photosynthesis gene expression to some extent and that light signaling-related cis-regulatory elements 405 

bZIP and CCA1 were differentially accessible in each cell type in response to light. However, there were 406 

clear differences in the magnitude and dynamics of photosynthesis gene induction. For example, 407 

vasculature cell types typically displayed weak activation, whereas the mesophyll in rice and both the 408 

mesophyll and bundle sheath in sorghum reacted strongly to light exposure. This indicates that light 409 

responsive gene expression is a generic feature of all cell types in a leaf, but it appears that the 410 

amplitude of the light response is conditioned by cell identity. 411 

There is clear evidence that transcriptional reprogramming is critical after perception of light to induce 412 

chloroplast development and photosynthesis (Arsovski et al., 2012). Despite this, some studies show 413 

that cell identity can also affect photosynthesis gene expression (Langdale 1988; Wang et al., 1993). 414 

For example, transcripts of both the large and the small subunits of RuBisCO in the C4 plant Amaranthus 415 

hypochondriacus were found to be localized preferentially to the bundle sheath cells in cotyledons of 416 
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dark-grown seedlings, while RuBisCO, PEPC and PPDK proteins were present in a cell type specific 417 

manner in the absence of light (Wang et al., 1993). Our observations support and expand these early 418 

reports to other members of the photosynthesis pathway. While light responses in mesophyll and bundle 419 

sheath cells in both rice and sorghum played an important role in the regulation of photosynthesis, our 420 

data show that partitioning of photosynthesis, both at the gene expression and chromatin level, was 421 

already present in the dark (i.e. in a light-independent manner). From these data, we conclude that light-422 

independent, cell identity-driven partitioning of photosynthesis genes in mesophyll and bundle sheath 423 

cells occurs in both C3 and C4 plants and is a common phenomenon associated with many 424 

photosynthesis genes. 425 

 426 

C4 gene expression exapts gene regulatory networks associated with cell identity in C3 plants 427 

Previous studies have identified a small number of cis- and trans-regulatory mechanisms that control 428 

the specific expression of C4 genes in mesophyll and bundle sheath cells (Marshall et al., 1997; Gowik 429 

et al., 2004; Akyildiz et l., 2007; Brown et al., 2011; Williams et al., 2016; Reyna-Llorens et al., 2018; 430 

Borba et al., 2023). The expression patterns driven by these cis-regulatory sequences in C3 and C4 431 

species suggest that rewiring of ancestral gene regulatory mechanisms underlies the evolution of cell 432 

type specific gene expression required for C4 photosynthesis. However, until this point, efforts to 433 

understand cell type specific gene expression in leaves have primarily focused on C4 species, and so 434 

little is known about the ancestral cis-regulatory sequences and transcription factors that regulate gene 435 

expression in mesophyll or bundle sheath cells of genes from C3 species. To our knowledge a MYC and 436 

MYB bipartite transcription factor module is the only known gene regulatory mechanism that drives 437 

bundle sheath expression in a C3 plant (Dickinson et al., 2020). Here, a comparison between six major 438 

leaf cell types of rice and sorghum revealed that most cell types held distinct cell identity related cis-439 

elements. Notably, there was a high degree of conservation of cell identity-associated motifs between 440 

rice and sorghum. For example, DOF transcription factor binding sites were enriched in chromatin 441 

regions that were specifically accessible in bundle sheath cells of both rice and sorghum. Supporting 442 

this, transient expression assays in C4 maize have shown that DOF transcription factors are able to 443 

activate the expression of NADP-ME and PEPCK, two genes that are specifically expressed in the 444 

bundle sheath (Borba et al., 2023). Thus, in contrast to the low level of conservation of transcriptional 445 

identities detected for the bundle sheath between C3 rice and C4 sorghum, it appears that the cis-446 

regulatory landscape regulating cell-type specific expression is conserved between the two species. 447 

These results suggest that to change spatial patterns of gene expression within a leaf, genes recruit 448 

ancestral cell-type specific cis-regulatory mechanisms to re-direct gene expression to a new cell type. 449 

Our findings suggest that the bundle sheath specific regulation of C4 genes by DOF transcription factors 450 

might be a mechanism employed by several C4 species, and that this gene regulatory mechanism was 451 
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recruited from the ancestral C3 state, a hypothesis that is supported by the observed enrichment of DOF 452 

motifs in bundle sheath specific accessible chromatin of C3 rice. 453 

Various models have been proposed to explain the repeated evolution of the complex C4 phenotype. 454 

All are founded on analysis of genera such as Flaveria and Cleome that contain not just C3 and C4 455 

species but also C3-C4 (or C2) species that show partial C4-like features such as reduced 456 

photorespiration and partial or complete Kranz anatomies (Marshall et al., 2007; Ku et al. 1991). A 457 

conceptual model based on observation orders events from the ancestral C3 to the derived C4 state 458 

(Sage et al., 2004; 2012). Here, C4 evolution has been proposed to have occurred in a stepwise manner 459 

involving changes in vein density, increased volume of the bundle sheath chloroplast compartment, loss 460 

of photorespiration in mesophyll cells and then activation of the full C4 cycle evolving consecutively 461 

(Sage et al., 2004; 2012). A statistical model using phenotypic landscape inference later indicated that 462 

the ordering of such events likely differs between lineages and thus that the C4 state is accessible from 463 

multiple routes derived from the C3 system (Williams et al., 2013). Lastly, a mathematical model predicts 464 

that once changes to C3 leaves take place such that C2 metabolism is initiated, a smooth Mount Fuji-465 

like landscape leads to the full C4 pathway through gradual improvements in photosynthetic efficiency 466 

(Heckmann et al., 2013). In the future, these genera containing intermediate species will be ideal models 467 

to fully understand how C4 evolution has rewired gene patterning in all cell types of the leaf. 468 

 469 
Methods 470 

Plant growth 471 

For the de-etiolation time course, seeds of Oryza sativa spp. japonica cultivar Kitaake and Sorghum 472 

bicolor BTx623 were incubated in sterile water for 2 days and 1 day respectively at 29°C in the dark. 473 

Germinated seedlings were transferred in a dark room equipped with green light to a 1:1 mixture of 474 

topsoil and sand supplemented with fertilizer granules and grown for 5 days in the dark by wrapping the 475 

tray and lid several times with aluminum foil. Plants were placed in a controlled environment room with 476 

60% humidity, temperatures of 28°C and 20°C during the day and night, respectively. Plants were 477 

exposed to light at the beginning of a photoperiod of 12 h light and 12 h dark (Figure 1A), and shoots 478 

were harvested at different time points during de-etiolation by flash-freezing tissue in liquid nitrogen. For 479 

the 0 h time point, seedlings were harvested in a dark room equipped with green light and flash-frozen 480 

immediately. 481 

For microscopy analysis and enrichment of bundle sheath nuclei using fluorescence-activated nuclei 482 

sorting, Oryza sativa spp. japonica cultivar Kitaake single copy homozygous T2 seeds were dehusked 483 

and sterilized in 10% (v/v) bleach for 30 min. After washing several times with sterile water, seeds were 484 

incubated for 2 days in sterile water at 29°C in the dark. Germinated seedlings were transferred to ½ 485 

strength Murashige and Skoog medium with 0.8% agar in magentas and grown for 5 days in the light in 486 
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a growth chamber at temperatures of 28°C and 20°C during the day and night, respectively, and a 487 

photoperiod of 12 h light and 12 h dark.  488 

 489 

Rice transformation 490 

Oryza sativa spp. japonica cultivar Kitaake was transformed using Agrobacterium tumefaciens as 491 

described previously (Hiei & Komari, 2008) with several modifications. Seeds were de-husked and 492 

sterilized with 10% (v/v) bleach for 15 min before placing them on nutrient broth (NB) callus induction 493 

medium containing 2 mg/L 2,4-dichlorophenoxyacetic acid for 4 weeks at 28°C in the dark. Growing calli 494 

were co-incubated with A. tumefaciens strain LBA4404 carrying the expression plasmid of interest in 495 

NB inoculation medium containing 40 μg/ml acetosyringone for 3 days at 22°C in the dark. Calli were 496 

transferred to NB recovery medium containing 300 mg/L timentin for 1 week at 28°C in the dark. They 497 

were then transferred to NB selection medium containing 35 mg/L hygromycin B for 4 weeks at 28°C in 498 

the dark. Proliferating calli were subsequently transferred to NB regeneration medium containing 100 499 

mg/L myo-inositol, 2 mg/L kinetin, 0.2 mg/L 1-naphthaleneacetic acid, and 0.8 mg/L 6-500 

benzylaminopurine for 4 weeks at 28°C in the light. Plantlets were transferred to NB rooting medium 501 

containing 0.1 mg/L 1-naphthaleneacetic acid and incubated in Magenta pots for 2 weeks at 28°C in the 502 

light. Finally, plants were transferred to a 1:1 mixture of topsoil and sand and grown in a controlled 503 

environment room with 60% humidity, temperatures of 28°C and 20°C during the day and night, 504 

respectively, and a photoperiod of 12-hr light and 12-hr dark. 505 

 506 

Construct design and cloning 507 

The coding sequence for mTurquoise2 was obtained from Luginbuehl et al., 2020. The promoter 508 

sequence from Zoysia japonica PHOSPHOENOLPYRUVATE CARBOXYKINASE in combination with 509 

the dTALE STAP4 system was obtained from Danila et al., 2022. The coding sequence of Arabidopsis 510 

thaliana H2B (At5g22880) was used as an N-terminal signal for targeting mTurquoise2 to the nucleus. 511 

All sequences were domesticated for Golden Gate cloning (Engler et al., 2009; Weber et al., 2011). 512 

Level 1 and Level 2 constructs were assembled using the Golden Gate cloning strategy to create a 513 

binary vector for expression of STAP4-mTurquoise2-H2B driven by PCK-dTALE. 514 

 515 

Microscopy 516 

To test bundle-sheath specific expression of mTurquoise2-H2B, recently expanded leaf 3 of 7-day 517 

old seedlings was prepared for confocal microscopy by scraping the adaxial side of the leaf blade two 518 

to three times with a sharp razor blade, transferring to water to avoid drying out and then mounting on 519 

a microscope slide with the scraped surface facing upwards. Confocal imaging was performed on a 520 

Leica TCS SP8 X using a 10X air objective (HC PL APO CS2 10X 0.4 Dry) with optical zoom, and hybrid 521 
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detectors for fluorescent protein and chlorophyll autofluorescence detection. The following excitation 522 

(Ex) and emission (Em) wavelengths were used for imaging: mTurquoise2 (Ex = 442, Em = 471–481), 523 

chlorophyll autofluorescence (Ex = 488, Em = 672–692). 524 

 525 

Enrichment of bundle sheath nuclei using fluorescence-activated cell sorting 526 

To purify the nuclei population from whole leaves, recently expanded leaves 3 from five 7-day old 527 

wild type rice seedlings were chopped on ice in Nuclei Buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 528 

mM MgCl2, 0.5 mM spermidine, 0.2 mM spermine, 0.01% Triton-X, 1x Roche complete protease 529 

inhibitors, 1% BSA, Protector RNase inhibitor) with a sharp razor blade. The suspension was filtered 530 

through a 70 um filter and subsequently through a 35 µm filter. Nuclei were stained with Hoechst and 531 

FACS purified on an AriaIII instrument, using a 70 µm nozzle. Nuclei were collected in an Eppendorf 532 

tube containing BSA and Protector RNase inhibitor. Using the same approach, nuclei from the bundle 533 

sheath marker line expressing mTurquoise2-H2B were isolated. Nuclei were sorted based on the 534 

mTurquoise2 fluorescent signal. Nuclei were collected in minimal Nuclei Buffer (10 mM Tris-HCl, pH 535 

7.4, 10 mM NaCl, 3 mM MgCl2, RNase inhibitor, 0.05% BSA). After collection, nuclei were spun down 536 

in a swinging bucket centrifuge at 405g for 5 mins, with reduced acceleration and deceleration. Nuclei 537 

were resuspended in minimal Nuclei Buffer and mixed with the unspun whole leaf nuclei population to 538 

achieve a proportion of approximately 25% mTurquoise2-positive nuclei. The bundle sheath enriched 539 

nuclei population was sequenced using the 10X Genomics Gene Expression platform with v3.1 540 

chemistry and sequenced on the Illumina Novaseq 6000 with 150 bp-paired end chemistry. 541 

 542 

Chlorophyll quantification 543 

Seedlings were harvested at specified time points during de-etiolation and immediately flash-frozen 544 

in liquid nitrogen. Frozen tissue was ground into fine powder and the weight was measured before 545 

suspending the tissue in 1 ml of 80% (v/v) acetone. After vortexing, the tissue was incubated on ice for 546 

15 min with occasional mixing of the suspension. The tissue was spun down at 15,700 g at 4°C and the 547 

supernatant was removed. The extraction was repeated and supernatants were pooled before 548 

measuring the absorbance at 663.6nm and 646.6nm in a spectrophotometer. The total chlorophyll 549 

content was determined as described previously (Porra et al., 1989). 550 

 551 

Scanning electron microscopy 552 

For the de-etiolation experiment of rice and sorghum, samples from 4-6 individual seedlings for each 553 

time point (0 h, 6 h, 12 h, 48 h) were harvested for electron microscopy. Leaf segments (~2 mm2) were 554 

excised with a razor blade and immediately fixed in 2% (v/v) glutaraldehyde and 2% (w/v) formaldehyde 555 

in 0.05 - 0.1 M sodium cacodylate (NaCac) buffer (pH 7.4) containing 2 mM calcium chloride. Samples 556 
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were vacuum infiltrated overnight, washed 5 times in 0.05 – 0.1 M NaCac buffer, and post-fixed in 1% 557 

(v/v) aqueous osmium tetroxide, 1.5% (w/v) potassium ferricyanide in 0.05 M NaCac buffer for 3 days 558 

at 4°C. After osmication, samples were washed 5 times in deionized water and post-fixed in 0.1% (w/v) 559 

thiocarbohydrazide for 20 min at room temperature in the dark. Samples were then washed 5 times in 560 

deionized water and osmicated for a second time for 1 h in 2% (v/v) aqueous osmium tetroxide at room 561 

temperature. Samples were washed 5 times in deionized water and subsequently stained in 2% (w/v) 562 

uranyl acetate in 0.05 M maleate buffer (pH 5.5) for 3 days at 4°C and washed 5 times afterwards in 563 

deionized water. Samples were then dehydrated in an ethanol series, transferred to acetone, and then 564 

to acetonitrile. Leaf samples were embedded in Quetol 651 resin mix (TAAB Laboratories Equipment 565 

Ltd) and cured at 60°C for 2 days. Ultra-thin sections of embedded leaf samples were prepared and 566 

placed on Melinex (TAAB Laboratories Equipment Ltd) plastic coverslips mounted on aluminum SEM 567 

stubs using conductive carbon tabs (TAAB Laboratories Equipment Ltd), sputter-coated with a thin layer 568 

of carbon (~30 nm) to avoid charging and imaged in a Verios 460 scanning electron microscope at 4 569 

keV accelerating voltage and 0.2 nA probe current using the concentric backscatter detector in field-570 

free (low magnification) or immersion (high magnification) mode (working distance 3.5 – 4 mm, dwell 571 

time 3 µs, 1536 x 1024 pixel resolution). For overserving plastid ultrastructure, SEM stitched maps were 572 

acquired at 10,000X magnification using the FEI MAPS automated acquisition software. Greyscale 573 

contrast of the images was inverted to allow easier visualisation. 574 

 575 

Nuclei extraction and single nuclei RNA sequencing (10X RNA-seq) 576 

Frozen tissue from each time point (1 biological replicate per time point, 8 time points) was crushed 577 

using a bead bashing approach, and nuclei released from homogenate by resuspending in Nuclei Buffer 578 

(10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2). The resulting suspension was passed through a 579 

30-um filter. To enrich the filtered solution for nuclei, an Optiprep (Sigma) gradient was used. Enriched 580 

nuclei were then stained with Hoechst, before being FACS purified. Purified nuclei were run on the 10X-581 

Gene Expression platform with v3.0 chemistry, and sequenced on the Illumina Novaseq 6000 with 150 582 

bp paired end chemistry. Single cell libraries were made following the manufacturers protocol. Libraries 583 

were sequenced to an average saturation of 63 % (14 % s.d.) and aligned either to the rice (Oryza 584 

sativa, subspecies Nipponbare; MSU annotation) (Kawahara et al., 2013) or sorghum genome 585 

(Sorghum bicolor v3.0.1; JGI annotation; McCormick et al., 2018). Chloroplast and mitochondrial reads 586 

were removed. For each time point, an average of 12,524 nuclei were sequenced (6,405 s.d.), with an 587 

average median UMI of 1,152 (420 s.d.) across both species. Doublets were removed using 588 

doubletFinder (McGinnis et al., 2019). 589 

 590 

 591 
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Nuclei extraction and single nuclei RNA sequencing (sciRNA-seq3) 592 

Each individual frozen seedling (10 - 12 individual seedlings per time point) was crushed using a 593 

bead bashing approach in 96 well plate, after which homogenate was resuspended in Nuclei Buffer.  594 

Resulting suspensions were passed through a 30-um filter. Washed nuclei were then reverse-595 

transcribed with a well specific primer. After this step, remaining pool and split steps for sci-RNA-seq3 596 

were followed as outlined in (Cao et al., 2019).  We note the same approach was used to sequence the 597 

48 hr time point, however a population of 6 plants were used instead of individual seedlings. Libraries 598 

were sequenced to an average saturation of 80 % (5 % s.d.), and sequenced on the Illumina Novaseq 599 

6000 with 150 bp paired-end chemistry. Reads and aligned to either the rice or sorghum genome as 600 

described above. Chloroplast and mitochondrial reads were removed. For  0 - 12 h timepoints, an 601 

average of 6,527 nuclei were sequenced (5,039 s.d.), with an average median UMI of 423 (41 s.d.) 602 

across both species. For the 48 h time point, 77,208 and 82,748 nuclei were sequenced with a median 603 

UMI of 757 and 740 for rice and sorghum respectively.  604 

 605 

Nuclei extraction and single nuclei RNA sequencing (10X Multiome) 606 

Fresh seedling tissue was harvested after 0 or 12 h light treatment (2 biological replicates per species, 607 

each with 2 - 4 technical replicates per time point, n = 11). Fresh tissue was chopped finely on ice in 608 

green room conditions in Nuclei Buffer. The resulting homogenate was filtered using a 30-um filter. 609 

Nuclei were enriched using Optiprep gradient. No FACS was performed. Nuclei were run on the 10X-610 

Multiome platform with v1.0 chemistry. Single cell libraries made following manufacturers protocol, and 611 

sequenced on the Illumina Novaseq  6000with 150 bp paired-end chemistry. Reads and aligned to either 612 

the rice or sorghum genome as described above. Chloroplast and mitochondrial reads were removed. 613 

For each sample, an average of 1,923 nuclei were sequenced (1,334 s.d.), with an average median UMI 614 

of 1,644 (646 s.d.) and median ATAC fragments 10,251 (7,001 s.d.) across both species.  615 

 616 

Nuclei Clustering 617 

Transcriptional atlases were generated separately for each species using Seurat (Hao, Hao et al., 618 

2021). Nuclei were aggregated across various time points (ranging from 0 to 48 h) and methods (10X 619 

and sci-RNA-seq3). The integrated dataset was subjected to clustering, employing the top 2000 variable 620 

features that were shared across all datasets. Subsequent UMAP projections were constructed using 621 

the first 30 principal components. To analyse the rice bundle sheath specific mTurquoise line, we 622 

integrated two treatment replicates into a unified dataset. For this dataset, we clustered utilising the first 623 

30 principal components. Cluster-specific markers were identified using the FindMarkers() command 624 

(adjusted p-value < 0.01). To determine the correspondence between the mTurquoise-positive cluster 625 

and clusters within the rice-RNA atlas, we compared the lists of cluster-specific markers (adjusted p-626 
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value < 0.01, specificity > 2) to those obtained from the rice-RNA atlas. For the 10X-multiome 627 

(RNA+ATAC) clustering we employed Signac (Stuart et al., 2021). Biological and technical replicates 628 

for each species were integrated, and clustering was conducted using the first 50 principal components 629 

derived from expression data. Following the initial peak calling using cellranger (10X genomics), peaks 630 

were subsequently re-called using MACS2 (Zhang et al., 2008). Differentially accessible peaks between 631 

cell types were identified using the FindMarkers() command (adjusted p-value < 0.05, percent threshold 632 

> 0.3).  633 

  634 

Orthology Analyses 635 

We determined gene orthologs between rice and sorghum using OrthoFinder (Emms & Kelly, 2019). 636 

We constructed pan-transcriptome atlases by selecting expressed rice and sorghum genes that had 637 

cross-species orthologs. Ortholog conversions were performed in a one-to-one manner, meaning that if 638 

multiple orthologs for a gene were found across species, only one was retained. We integrated these 639 

datasets with Seurat using clustering approaches described above. To assign cell identities, we drew 640 

upon cell type labels that were previously assigned to each species separately and mapped them onto 641 

the pan-transcriptome clusters. To assess specific transcriptional differences in gene expression 642 

between the bundle sheath clusters of sorghum and rice within this dataset, we used the FindMarkers() 643 

command (adjusted p-value < 0.05). To examine the overlap of cell type-specific gene expression 644 

markers between the two species, we identified cell type markers from our main transcriptional dataset 645 

using FindMarkers() (adjusted p-value < 0.05, min.pct > 0.1). We note that some genes were found to 646 

be significant across multiple cell types. To assess the significance of this overlap, we compared their 647 

orthogroups and conducted a Fisher Exact Test, with the total number of orthogroups in the dataset as 648 

the background. Next, we assessed consistent and differential partitioning of gene expression patterns 649 

among each cell type pair (15 pairs total). To do this, we first calculated differentially expressed genes 650 

for each cell type pair by pseudo bulking transcriptomes of individual cell types across 0 - 12 h time 651 

points. Next, we identified partitioned expression patterns between cell types using an ANCOVA model 652 

implemented in DESeq2 (adj. p < 0.05). To perform cross-species comparisons of cell type pairs, we 653 

first converted differentially expressed genes to their Orthogroup. We then overlapped each cell type 654 

pair across species and evaluated the significance of these overlaps using the Fisher Exact Test. Finally, 655 

to distinguish whether a gene displayed consistent or differential partitioning in a particular cell type, we 656 

examined whether its fold change expression was higher or lower compared to its counterpart in the 657 

corresponding cell type of the other species. 658 

 659 

 660 

 661 
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Differential Expression and Accessibility Responses to Light 662 

We discovered cell-type specific differentially expressed genes during the first 12 h of light by pseudo-663 

bulking transcriptional profiles. For each cell type, we then calculated the first and second principal 664 

component of these bulked profiles and found differentially expressed genes through fitting linear 665 

models to each of these principal components, as well as those that responded linearly with time using 666 

DESeq2 (adj. p < 0.05). To this list of differentially expressed genes, we also included genes that were 667 

differentially expressed between time point 0 and 12 in a pairwise test (adj. p < 0.05). Next, to uncover 668 

the different trends of gene expression among differentially expressed genes, we clustered genes using 669 

hierarchical clustering; choosing clustering cut offs that resulted in 10 rice and 18 sorghum clusters that 670 

contained at least 10 genes. To visualize the expression of these clusters, we scaled the expression of 671 

these clusters and fit a non-linear model to capture the dominant expression trend. Accessible chromatin 672 

within canonical photosynthesis genes were found through pseudo-bulking accessible chromatin by cell 673 

type. Accessible peaks needed to be within 2000 bp of the gene body and only 1 peak per gene is 674 

displayed. To compare peak accessibility across species, reads per peak were normalized between 0 675 

and 1. Significant differences in accessibility between cell types of this group of genes were assessed 676 

using a paired t-test. 677 

 678 

cis-Element Analyses  679 

To analyze over-represented cis-elements, we first calculated position frequency matrices using the 680 

JASPER2020 plant taxon group (Castro-Mondragon et al., 2021) with BSGenome assembled genomes 681 

(Pagès 2023). We found cell type specific accessible motifs per clustering using the RunchromVar 682 

function in Signac. This same approach was used for light responsive cis-elements, using light and dark 683 

treated nuclei within each cell type. We overlapped these cis-regulatory element lists by first sub-setting 684 

by the top 25 most significantly overrepresented motifs (adj. p-value < 0.05), before computing a Fisher 685 

Exact Test using all computed motifs as background. We clustered motifs using Tobias (Bentsen et al., 686 

2020). To find differentially partitioned orthologous genes within our multiome gene expression dataset, 687 

we found mesophyll and bundle sheath specific genes in rice and sorghum respectively using the 688 

FindMarkers() command, with a p-value threshold cut off of 0.01 and a specificity above 1.25. To find 689 

overrepresented motifs within these genes, we correlated peak accessibility with gene expression using 690 

the LinkPeaks() command and kept only those peaks which were significantly associated with gene 691 

expression. We identified enriched cis-elements within these peaks using the FindMotifs() command; 692 

ranking by significance (adj. p-value < 0.05). We iterated the FindMotifs() command over 100 693 

permutations to rank motifs that were consistently reported as enriched. Finally, to find DOF binding 694 

sites within accessible chromatin, we took the sequence underneath peaks upstream of target genes; 695 

ignoring areas that were inside gene bodies. We then used the runFimo() command with each DOF 696 
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motifs that were found over-represented and conserved in the bundle sheath across species (adj. p-697 

value < 0.01). 698 

 699 

Supplemental Information 700 

Supplementary Figures (S1 – S15) 701 

Supplementary Tables (S1 – S11) 702 

 703 

Sequencing data can be found at the National Center for Biotechnology Information Sequence Read 704 

Archive, with Accession number PRJNAXXXXX.  705 
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Figure 1: Photomorphogenesis of rice and sorghum shoots during de-etiolation. (A) Schematic of de-etiolation time 
course. Plants were grown in the dark for 5 days before exposure to light for 2 days. (B) Scanning electron micrographs of 
rice and sorghum leaf cross sections showing leaf maturation from 0h to 48h after light exposure. (C) Scanning electron 
micrographs of etioplasts and chloroplasts from mesophyll and bundle sheath cells of rice and sorghum shoots at 0h, 6h, 
12h, and 48h after light exposure. (D) Summary of 10X Genomics platform used for RNA and ATAC-sequencing of single 
nuclei extracted from a population of plants, and sci-RNA-seq3 used for sequencing single nuclei from individual plants to 
provide increased biological replication.  
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Figure 2: Single cell atlases for gene expression and chromatin accessibility in rice and sorghum shoots during 
de-etiolation. UMAP of transcript profiles of (A) rice and (B) sorghum single nuclei, encompassing all time points. Transcript 
abundance from marker genes in cell types of (C) rice and (D) sorghum. (E) Image from confocal laser scanning microscopy 
of a rice bundle sheath marker line expressing mTurquoise2 driven by the bundle sheath specific ZjPCK promoter. (F) 
Clustering of sequenced nuclei sourced from the mTurquoise2 rice bundle sheath marker line - whole leaf nuclei were 
enriched with mTurquoise2 nuclei before sequencing. (G) Expression of bundle sheath markers from (F) in the rice shoot 
de-etiolation single nuclei dataset from (A). (H) 3,016 peaks in accessible chromatin could be assigned to specific cell types 
in rice nuclei. Accessibility for the promoter of OsRBCS4 in each cell type shown to the right. (I) 1,820 peaks in accessible 
chromatin could be assigned to specific cell types in sorghum nuclei. Accessibility of promoter region for NADP-ME in each 
cell type shown to the right. 
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Figure 3: The C4 sorghum bundle sheath derives a transcriptional identity associated with mesophyll and guard 
cells found in C3 rice. (A) Pan-transcriptome UMAP for rice and sorghum nuclei 48h after light exposure. UMAPs (Uniform 
Manifold Approximation and Projection) indicate rice nuclei (top) and sorghum nuclei (bottom). Areas indicated with a black 
circle show bundle sheath nuclei from sorghum. (B) Transcript abundance for sorghum NADP-ME and its rice ortholog at 
48h after light exposure. (C) Heatmap of transcript abundance for bundle sheath marker genes in rice and sorghum in each 
cell type 48h after exposure to light. (D) Statistical significance of overlap between cell type specific marker genes of rice 
and sorghum. (E) Sankey plot summarizing changes in partitioning of marker genes between cell types. Marker genes for 
sorghum mesophyll and bundle sheath cells indicated in green and blue respectively. (F) Schematic illustrating three types 
of gene expression changes that underpin re-functionalization of the C4 bundle sheath. 
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Figure 4: Bundle sheath cells show the least conservation in transcript partitioning between rice and sorghum. (A) 
Number and overlap of genes differentially expressed between mesophyll and bundle sheath cells in rice and sorghum. (B) 
Differentially expressed orthologs between mesophyll and bundle sheath cells of rice and sorghum. Genes fall into two 
categories, those consistently partitioned, i.e. more highly expressed in the same cell type in both rice and sorghum, and 
those that are differentially partitioned, i.e. swap expression from one cell type to the other. Gene ontology terms associated 
with genes that fall into each category are shown on the right. (C) Quantifying overlap of genes partitioned between different 
cell type pairs in rice and sorghum. (D) Percentage of partitioned genes in (C) that are either differentially or consistently 
partitioned. 
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Figure 5: Light induces changes in cell-type specific transcript abundance and chromatin accessibility in rice and 
sorghum. (A) Sub-clustering of single nuclei transcript profiles from rice mesophyll during de-etiolation. Transcript 
abundance of RbcS1A gene shown on right. (B) Sub-clustering of single nuclei transcript profiles from sorghum bundle 
sheath during de-etiolation. Transcript abundance of NADP-ME shown on right. (C & D) Changes in transcript abundance 
from light responsive genes in the first 12h of exposure to light. Each cluster shows patterns of gene expression induction 
unique to each cell type. Clusters of genes were identified using Pearson correlation. (E & F) Heatmap derived from 
transcript abundance of photosynthesis genes in different cell types of rice and sorghum during the first 12h of exposure to 
light. (G & H) Normalized chromatin accessibility for photosynthesis genes in each cell type of rice and sorghum shoots at 
0h (dark) and 12h (light). 
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Figure 6: Cell identity drives partitioning of photosynthesis genes between mesophyll and bundle sheath cells in 
rice and sorghum. (A) Transcript abundance of GLYCOLATE OXIDASE and RBCS2 during de-etiolation in mesophyll and 
bundle sheath cells of rice and sorghum. (B) Volcano plots of significantly differentially expressed genes between mesophyll 
and bundle sheath cells at 0h and 12h after exposure to light in rice and sorghum. Genes encoding enzymes involved in C4 
photosynthesis, the Calvin Benson Bassham cycle and the light reactions are shown in red, purple, and yellow, respectively. 
(C) Chromatin accessibility in the mesophyll and bundle sheath promoters of GLYCOLATE OXIDASE and RBCS2 subunit 
under etiolated and light conditions. (D) Chromatin accessibility differences adjacent (+-2000 bp) to photosynthesis genes 
at 0h (dark) and 12h (light) after light exposure. 
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Figure 7: The cistrome of each cell type in C3 rice and C4 sorghum is conserved and drives partitioning of 
photosynthesis between mesophyll and bundle sheath cells. (A) Statistical overlap of cis-elements associated with 
accessible chromatin in each cell type of rice and sorghum shoots. Consensus motif for the most over-represented cis-
element for each cell type shown on right. (B) Statistical overlap of cis-elements associated with accessible chromatin in 
each cell type in response to light in rice and sorghum shoots. The consensus motif for the most over-represented cis-
element for all cell types is shown on the right. (C) Gene expression heatmaps (left) of differentially partitioned genes in rice 
and sorghum, and their most enriched cis-elements (right) in accessible chromatin. (D) Mapping accessible chromatin and 
quantifying of DOF family motifs for differentially partitioned GAPDH and FRUCTOSE BISPHOSPHATE ALDOLASE genes. 
(E) DOF transcription factor family expression patterns in mesophyll and bundle sheath cell types in each species. (F) By 
acquiring DOF cis-regulatory elements, C4 genes co-opt an ancestral bundle sheath cell identity network that is common 
between both species.  
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