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Abstract 16 

C4 photosynthesis has evolved in over sixty plant lineages and improves photosynthetic efficiency 17 

by ~50%. One unifying character of C4 plants is photosynthetic activation of a compartment such as 18 

the bundle sheath, but gene regulatory networks controlling this cell type are poorly understood. In 19 

Arabidopsis, a bipartite MYC-MYB transcription factor module restricts gene expression to these 20 

cells, but in grasses the regulatory logic allowing bundle sheath gene expression has not been 21 

defined. Using the global staple and C3 crop rice, we find that the SULFITE REDUCTASE promoter 22 

is sufficient for strong bundle sheath expression. This promoter encodes an intricate cis-regulatory 23 

logic with multiple activators and repressors acting combinatorially. Within this landscape we identify 24 

a distal cis-regulatory module (CRM) activated by an ensemble of transcription factors from the 25 

WRKY, G2-like, MYB-related, DOF, IDD and bZIP families. This module is necessary and sufficient 26 

to pattern gene expression to the rice bundle sheath. Oligomerisation of the CRM and fusion to core 27 

promoters containing Y-patches allow activity to be increased 220-fold. This CRM generates bundle 28 

sheath-specific expression in Arabidopsis indicating deep conservation in function between 29 

monocotyledons and dicotyledons. In summary, we identify an ancient, short, and tuneable CRM 30 

patterning expression to the bundle sheath that we anticipate will be useful for engineering this cell 31 

type in various crop species.   32 
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Introduction 33 

In plants and animals significant progress has been made in understanding transcription factor 34 

networks responsible for the specification of particular cell types. In animals, for example, homeobox 35 

transcription factors define the body plan of an embryo1,2, and cardiac cell fate is specified by five 36 

transcription factors comprising Pnr and Doc that act as anchors for dTCF, pMad and Tin3. In plants 37 

the INDETERMINATE DOMAIN (IDD) transcription factors work together with SCARECROW and 38 

SHORTROOT to specify endodermal formation in the root4,5,  PHLOEM EARLY (PEAR) and 39 

VASCULAR-RELATED NAC DOMAIN (VND) transcription factors permit production of phloem and 40 

xylem vessel respectively6,7, and basic helix–loop–helix (bHLH) transcription factors determine 41 

differentiation of guard cells8–11. Moreover, transcription factor networks that integrate processes as 42 

diverse as responses to external factors such as pathogens and abiotic stresses12,13, or internal 43 

events associated with the circadian clock14,15 and hormone signalling16,17 have also been identified. 44 

Transcription factor activity is decoded by short cis-acting DNA sequences known as cis-regulatory 45 

elements. The binding of multiple transcription factors to a cis-regulatory module (CRM) thus controls 46 

transcription and the spatiotemporal patterning of gene expression by boosting or suppressing gene 47 

activity18. For example, the Block C enhancer interacts with the core promoter to activate expression 48 

of FLOWERING LOCUS T in long days19,20, and a distant upstream enhancer controls expression of 49 

the TEOSINTE BRANCHED1 locus in maize responsible for morphological differences compared 50 

with the wild ancestor teosinte21,22. In contrast to the above examples, transcription factors and 51 

cognate cis-elements responsible for the operation of cell types in grasses once specified have not 52 

been defined23,24. 53 

Given the increased specialisation of plant organs since the colonisation of land this lack of 54 

understanding of gene regulatory networks controlling cell specific gene expression is striking. For 55 

example, in the liverwort Marchantia polymorpha the photosynthetic thallus contains seven cell 56 

types25, while leaves of Oryza sativa (rice) and Arabidopsis thaliana possess at least fifteen and 57 

seventeen populations of cells as defined by single-cell sequencing respectively26. In leaves of these 58 

angiosperms, particular cell types are specialised for photosynthesis and so activation of 59 

photosynthesis gene expression is highly responsive to light27 One such cell type is the bundle 60 

sheath, and while these cells carry out photosynthesis they are also specialised to allow water 61 

transport from veins to mesophyll, as well as sulphur assimilation and nitrate reduction28–30. And, 62 

strikingly in multiple lineages, the bundle sheath has been dramatically repurposed during evolution 63 

to become fully photosynthetic and allow the complex C4 pathway to operate31. 64 

Compared with the ancestral C3 state, plants that use C4 photosynthesis operate higher light, 65 

water and nitrogen use efficiencies31–33. It is estimated that introducing the C4 pathway into C3 rice 66 

would allow a 50% increase in yield33,34, but it requires multiple photosynthesis genes to be 67 

expressed in the bundle sheath, including enzymes that decarboxylate C4 acids to release CO2 68 

around RuBisCO, organic acid transporters, components of the Calvin-Benson-Bassham cycle, 69 

RuBisCO activase, and enzymes of starch biosynthesis35–37. In summary, although the bundle 70 
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sheath is found in all angiosperms and associated with multiple processes fundamental to leaf 71 

function, the molecular mechanisms responsible for directing expression to this cell type, including 72 

in global staple crops, remain undefined. We therefore studied the bundle sheath to better 73 

understand the complexity of gene regulatory networks that operate to maintain function of a cell 74 

type once it has been specified. Rice was chosen as it a global crop, and identifying how it patterns 75 

gene expression to the bundle sheath could facilitate engineering of this cell type. 76 

We hypothesized that analysis of endogenous patterns of gene expression in the rice bundle 77 

sheath would allow us to identify a strong and early-acting promoter for this cell type. Once such a 78 

promoter was identified we also hypothesised that it could be used to initiate an understanding of 79 

the cis-regulatory logic that allows gene expression to be patterned to this cell type in grasses. We 80 

tested twenty-five promoters from rice genes that transcriptome sequencing indicated were highly 81 

expressed in these cells. Of these, four specified preferential expression in the bundle sheath, and 82 

one derived from the SULFITE REDUCTASE (SiR) gene (nucleotides -2571 to +42 relative to 83 

translational start site) generated strong bundle sheath expression from plastochron 3 leaves 84 

onwards. Truncation analysis showed that bundle sheath expression pattern from the SiR promoter 85 

is mediated by a short distal CRM and a pyrimidine patch (Y-patch) in the core promoter. This bundle 86 

sheath module is cryptic until other CRMs acting to both constitutively activate and repress 87 

expression in mesophyll cells are removed. The CRM is composed of a sextet of cis-elements 88 

recognised by their cognate transcription factors from the WRKY, G2-like, MYB-related, DOF, IDD 89 

and bZIP families. These transcription factors act synergistically and are sufficient to drive 90 

expression of the strong bundle sheath SiR promoter.  91 
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Results 92 

The SiR promoter directs expression to the rice bundle sheath 93 

To identify sequences allowing robust expression in rice bundle sheath cells, we initially used 94 

data derived from laser capture microdissection of bundle sheath strands (comprising bundle sheath, 95 

xylem and phloem) and mesophyll cells from mature leaves. To identify regulatory regions, upstream 96 

promoter sequences and where relevant DNase I hypersensitive sites that extended into coding 97 

sequence38 from seven of the most strongly expressed genes in bundle sheath strands were cloned, 98 

fused to the β-glucoronidase (GUS) reporter and transformed into rice (Supplementary Figure 1a, 99 

Supplementary Data 3). Although five of these fusions (MYELOBLASTOSIS, MYB; HOMOLOG OF 100 

E. COLI BOLA, bolA; GLUTAMINE SYNTHETASE 1, GS1; STRESS RESPONSEIVE PROTEIN, 101 

SRP; ACYL COA BINDING PROTEIN, ARP) led to GUS accumulation, it was restricted to veins 102 

(Supplementary Figure 1b,c). For the SULFATE TRANSPORTER 3;1 and 3;3 (SULT3;1 and 103 

SULT3;3) promoters, no staining was observed (Supplementary Figure 1b,c). The approach of 104 

cloning promoters from bundle sheath strands therefore appeared to be more efficient at identifying 105 

sequences capable of driving expression in veins. Using an optimised procedure to separate bundle 106 

sheath cells from veins39, we therefore produced transcriptomes from mesophyll, bundle sheath and 107 

vascular bundles and identified clusters of genes associated with each cell type30. Eighteen of the 108 

genes most differentially expressed between bundle sheath and mesophyll, and associated with 109 

biological processes such as solute transport, sulfur metabolism, and nitrogen metabolism 110 

previously linked to the bundle sheath were selected (Supplementary Figure 2a). When the 111 

promoter from each gene was fused to GUS and transformed into rice, those from ATP-112 

SULFURYLASE 1B, ATPS1b; SULFITE REDUCTASE, SiR; HIGH ARSENIC CONTENT1.1, 113 

HAC1.1; and FERREDOXIN, Fd were sufficient to generate expression in the bundle sheath 114 

(Supplementary Figure 2b). However, ATPS1b and Fd also displayed weak activity in the 115 

mesophyll, and HAC1.1 also led to GUS accumulation in epidermal and vascular cells. Thus, only 116 

the SiR promoter drove strong expression in the bundle sheath and veins with no GUS detected in 117 

mesophyll cells (Supplementary Figure 2b,c). An additional six promoters (SOLUBLE INORGANIC 118 

PYROPHOSPHATASE, PPase; PLASMA MEMBRANE INTRINSIC PROTEIN1;1, OsPIP1;1; 119 

PLASMA MEMBRANE INTRINSIC PROTEIN1;3, OsPIP1;3; ACTIN-DEPOLYMERIZING FACTOR, 120 

ADF; PEPTIDE TRANSPORTER PTR2, PTR2; NITRATE REDUCTASE1, NIA1) generated 121 

expression in vascular bundles, and eight promoters produced no staining (Supplementary Figure 122 

2b,c). In summary, most candidate promoters failed to generate expression that was specific to 123 

bundle sheath cells, but the region upstream of the rice SiR gene was able to do so. We therefore 124 

selected the SiR promoter for further characterization. 125 

 126 

The SiR promoter drives strong and early expression in bundle sheath cells 127 

Sequence upstream of the SiR gene comprising nucleotides -2571 to +42 relative to the predicted 128 

translational start site was sufficient to generate expression in the rice bundle sheath. To allow faster 129 
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analysis of sequences responsible for this output, we domesticated the sequence by removing four 130 

BsaI and BpiI sites such that it was compatible with the modular Golden Gate cloning system. When 131 

this modified sequence was placed upstream of the GUS reporter it also generated bundle sheath 132 

preferential accumulation (Fig. 1a). Fusion to a nuclear-targeted mTurquoise2 fluorescent protein 133 

confirmed that the SiR sequence was sufficient to direct expression to bundle sheath cells, and also 134 

revealed expression in the longer nuclei of veinal cells (Fig. 1b). Expression from the domesticated 135 

and non-domesticated sequences was not different (Fig. 1c). Compared with 0.58 nmol 4-136 

MU/min/mg protein previously reported for the Zoysia japonica PHOSPHOENOLCARBOXYKINASE 137 

(PCK) promoter40, activity from the SiR promoter was at least 36% higher. Designer Transcription 138 

Activator-Like Effector (dTALEs) and cognate Synthetic TALE-Activated Promoters (STAPs) amplify 139 

expression and allow multiple transgenes to be driven from a single promoter41,42. We therefore 140 

tested whether bundle sheath expression mediated by the SiR promoter is maintained and 141 

strengthened by the dTALE-STAP system. Stable transformants showed bundle sheath specific 142 

expression (Supplementary Figure 3a,b), and GUS activity was ~18-fold higher than that from the 143 

endogenous SiR promoter (Supplementary Figure 3c). We conclude that the SiR promoter is 144 

compatible with the dTALE-STAP system and its activity can be strengthened. 145 

We investigated when promoter activity was first detected during leaf development and 146 

discovered that GUS as well as fluorescence from mTurquoise2 were visible in 5-20 mm long fourth 147 

leaves at plastochron 3 (Supplementary Figure 4). This was not the case for the ZjPCK promoter 148 

even when a dTALE was used to amplify expression (Supplementary Figure 4). We conclude that 149 

the SiR promoter initiates expression in the bundle sheath before the ZjPCK promoter, and that it is 150 

also able to sustain higher levels of expression in this cell type. 151 

 152 

A distal CRM necessary for expression in the bundle sheath 153 

The SiR promoter contains a highly complex cis landscape (Fig. 1d) comprising at least 638 154 

predicted motifs from 56 transcription factor families predicted using the Find Individual Motif 155 

Occurrences (FIMO) tool43 with position weight matrix from the JASPAR database44 156 

(Supplementary Data 1). We therefore designed a 5’ truncation series to investigate regions 157 

necessary for expression in the bundle sheath (Fig. 1e). Deleting nucleotides -2180 to -1490 and -158 

1490 to -980 led to a statistically significant increase and then reduction in MUG activity respectively 159 

but neither truncation abolished preferential accumulation of GUS in the bundle sheath (Fig. 1e-g). 160 

However, when nucleotides -980 to -394 upstream of the predicted translational start site were 161 

removed GUS was no longer detectable in bundle sheath cells (Fig. 1e-f). Consistent with this, MUG 162 

assays showed a statistically significantly reduction in activity when these nucleotides were absent 163 

(Fig. 1g). Thus, nucleotides spanning -980 to -394 of the SiR promoter are necessary for bundle 164 

sheath specific expression. 165 

To test whether this region is sufficient for bundle sheath specific expression, we linked it to the 166 

minimal CaMV35S core promoter. Although weak GUS signal was detected in a few veinal cells, this 167 
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was not the case for the bundle sheath (Fig. 1e-g). We conclude that sequence in two regions of the 168 

promoter (from -394 to +42 and from -980 to -394) interact to specify expression to the bundle sheath. 169 

To better understand this interaction, we next generated unbiased 5’ and 3’ deletions. This second 170 

deletion series further reinforced the notion that the SiR promoter contains a complex cis-regulatory 171 

landscape. For example, when nucleotides -980 to -829 were removed very weak GUS staining was 172 

observed and the MUG assay showed that activity was reduced by 73% (Fig. 2, Supplementary 173 

Figure 5). We conclude that nucleotides -980 to -829 from the SiR promoter are necessary for tuning 174 

expression in the leaf. When nucleotides -829 to -700 were removed GUS appeared in mesophyll 175 

cells (Supplementary Figure 5). Truncating nucleotides -613 to -529 diminished GUS accumulation 176 

(Supplementary Figure 5). The 3’ deletion that removed nucleotides -251 to +42 also stopped 177 

accumulation of GUS in both bundle sheath and mesophyll cells (Fig. 2a-c, Supplementary Figure 178 

5). Notably, when the distal region required for bundle sheath expression (-980 to -829) was 179 

combined with nucleotides -251 to +42 this was sufficient for patterning to the bundle sheath (Fig. 180 

2a,b).  181 

Having identified a region in the SiR promoter that was necessary and sufficient for patterning to 182 

the bundle sheath, we next used phylogenetic shadowing and yeast one hybrid analysis to better 183 

understand the cis-elements and trans-factors responsible. Analysis of cis-elements in the SiR 184 

promoter that are highly conserved in grasses identified a short region located from nucleotides -588 185 

to -539 that contained an ETHYLENE INSENSITIVE3-LIKE 3 (EIL3) transcription factor binding site 186 

(Supplementary Figure 6a,b). Whilst deletion of this motif had no detectable effect of patterning to 187 

the bundle sheath (Supplementary Figure 6c), the level of expression was reduced 188 

(Supplementary Figure 6d). We infer that the EIL3 motif positively regulates activity of the SiR 189 

promoter but is not responsible for cell specificity. These data are consistent with the promoter 190 

truncation analysis that showed nucleotides -613 to -529 containing this motif were not required for 191 

bundle sheath specific expression, but instead function as a constitutive activator (Supplementary 192 

Figure 5). When yeast one hybrid was used to search for transcription factors capable of binding 193 

the SiR promoter, sixteen were identified (Supplementary Figure 7a,b). For each, cognate binding 194 

sites were present. This included TCP21 and OsOBF1 that can bind to TCP motifs and Ocs/bZIP 195 

elements respectively. Consistent with the outcome of deleting the EIL3 motif, three EIL transcription 196 

factors interacted with nucleotides -899 to -500 (Supplementary Figure 7b,c). Examination of 197 

transcript abundance in mature leaves showed that most of these transcription factors were 198 

expressed in both bundle sheath and mesophyll cells (Supplementary Figure 7d), implying that 199 

combinatorial interactions with cell specific factors are likely required for bundle sheath specific 200 

expression from the SiR promoter. 201 

 202 

The CRM contains four subregions that simultaneously activate in bundle sheath and repress 203 

in mesophyll cells 204 
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The truncation analysis above identified two short regions comprising nucleotides -980 to -829 205 

and -251 to +42 that were necessary and sufficient for expression in the rice bundle sheath (Fig. 2, 206 

Supplementary Figure 8). Sequence spanning nucleotides -251 to +42 includes both the annotated 207 

5’ untranslated region but also likely contains core promoter elements (Supplementary Figure 9a). 208 

Re-analysis of publicly available data identified two major transcription start sites at positions -91 209 

(TSS1) and -41 (TSS2) (Supplementary Figure 9a). Although no canonical TATA-box was evident 210 

in this region, a TATA-box variant was detected at position -130 (5'-ATTAAA-3’)45 that could be 211 

responsible for transcription from TSS1. Upstream of TSS2 is a putative pyrimidine patch (Y-patch) 212 

that represents an alternate but common TC-rich core promoter motif in plant genomes)45 213 

(Supplementary Figure 9a). Scanning sequence from -251 to -1 for core promoter elements also 214 

identified MTE (Motif Ten Element), BREu (TFIIB Recognition Element upstream) and DCE-S-I 215 

(Downstream Core Element S-I) motifs associated with eukaryotic core promoters (Supplementary 216 

Figure 9b). We therefore assume the region upstream of TSS1 and TSS2 contains core promoter 217 

elements. When consecutive deletions to this sequence were made, statistically significant 218 

reductions in MUG activity were evident but there was no impact on accumulation of GUS in the 219 

bundle sheath (Supplementary Figure 9c,d). Interestingly, when the Y-patch was retained but the 220 

TATA-box like motif removed, GUS was still detected in the bundle sheath (Supplementary Figure 221 

9c-f), but after deletion of the Y-patch GUS staining was no longer detectable in these cells 222 

(Supplementary Figure 9c-f). Consistent with the Y-patch being important for bundle sheath 223 

expression, two core promoters with only a TATA-box linked to the distal CRM did not generate 224 

detectable expression in the bundle sheath, but those from genes with one or more Y-patches did 225 

(Fig. 3a,b). GUS activity was higher from the PIP1;1 core promoter that contains three Y-patches 226 

(Fig. 3c). Overall, we conclude that the TATA-box like motif is not required for expression in the 227 

bundle sheath, but the Y-patch is necessary for this patterning and in combination with a distal CRM 228 

comprising nucleotides -980 to -829, it is sufficient for expression in this cell type. 229 

We assessed the distal CRM for transcription factor binding sites. The FIMO algorithm identified 230 

motifs associated with WRKY, G2-like, MYB-related, MADS, DOF, IDD, ARR, SNAC (Stress-231 

responsive NAC) families. PlantPAN46, which includes experimentally validated cis-elements, found 232 

an additional Dc3 Promoter Binding Factor (DPBF) binding site for group A bZIP transcription 233 

factors47 (Fig. 3d). Seven consecutive deletions spanning this CRM region and hereafter termed 234 

subregions a-g were generated (Fig. 3d). Although veinal expression persisted when subregions a, 235 

b and d were absent, deletion of subregions a, b, d and f resulted in loss of GUS from bundle sheath 236 

cells (Fig. 3e-g). MUG analysis showed that deletion of all four regions significantly reduced 237 

promoter activity (Fig. 3g). In contrast, deletions of nucleotides -938 to -923 (subregion c), -904 to -238 

873 (subregion e), and -853 to -829 (subregion g) had no impact on the patterning (Supplementary 239 

Figure 10). The subregions necessary for expression in the bundle sheath contained binding sites 240 

for WRKY, G2-like, MYB-related, DOF, IDD, SNAC and bZIP (DPBF) transcription factors. To 241 

examine the significance of these regions in the context of full-length SiR promoter, consecutive 242 
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deletions from subregion a to f were generated (Supplementary Figure 11a). Deletion of subregion 243 

a, d or f, led to GUS accumulating primarily in mesophyll cells whereas removal of subregion b, c or 244 

e, caused GUS staining in both mesophyll cells and bundle sheath cells (Supplementary Figure 245 

11b). No significant changes in GUS activity were observed in these deletion lines (Supplementary 246 

Figure 11c). We conclude that the distal CRM generates expression in the bundle sheath due to 247 

four distinct sub-regions, and that by interacting with nucleotides -829 to -251, nucleotides between 248 

-980 to -853 also function as repressors of mesophyll expression. 249 

 250 

WRKY, G2-like, MYB-related, DOF, IDD and bZIP transcription factors activate the distal CRM 251 

To gain deeper insight how the distal CRM operates we employed transactivation assays, co-252 

expression analysis and site directed mutagenesis. The distal CRM contained WRKY, G2-like, MYB-253 

related, DOF, IDD, SNAC and bZIP (DPBF) motifs (Fig. 4a, Supplementary Figure 12). DOF 254 

transcription factors have recently been shown to tune expression in bundle sheath cells27 and so 255 

using an effector assay, we tested whether the other families interacted with the distal CRM. Using 256 

publicly available data, selection was based on three criteria: first, co-expression with SiR; second, 257 

preferential expression in bundle sheath cells from mature rice leaves; third, rice orthologs of 258 

Arabidopsis transcription factors predicted by FIMO to have the strongest binding to each motif 259 

(Supplementary Figure 13). WRKY121, GLK2, MYBS1, IDD2/3/4/6/10, and bZIP3/4/9/10/11 260 

transcription factors led to the strongest activation of expression from the bundle sheath CRM (Fig. 261 

4b, Supplementary Figure 14a-d), whereas the stress-responsive NAC transcription factors 262 

targeting a SNAC motif that overlaps a bZIP (DPBF) motif, activated less strongly than bZIP factors 263 

(Supplementary Figure 14e). We therefore conclude that the SNAC motif is not important for 264 

activity of the bundle sheath CRM. Effector assays using pairwise combinations of transcription 265 

factors showed synergistic activation from the distal CRM when GLK2 and IDD3,4,6,10 were co-266 

expressed (Fig. 4c, Supplementary Figure 14f). 267 

Co-expression analysis derived from a cell-specific leaf developmental gradient dataset 268 

(Supplementary Data 5) revealed that transcripts derived from GLK2, MYBS1 and IDD4,6,10 269 

transcription factors that bind the G2-like, MYB-related and IDD motifs respectively were more 270 

abundant in mesophyll cells (Fig. 4d). However, transcripts for bZIP9, IDD2 and WRKY121 271 

transcription factors strongly correlated with SiR transcript abundance and were preferentially 272 

expressed in bundle sheath cells (Fig. 4d). To test for sufficiency, we mis-expressed bZIP9, IDD2, 273 

WRKY121 separately and in multiple combinations in mesophyll cells. Mesophyll expression of 274 

bZIP9 or WRKY121 induced GUS expression from the bundle sheath CRM in some mesophyll cells, 275 

with the effect from WRKY121 being greater (Fig. 4e, Supplementary Figure 15b,f). Mesophyll 276 

expression of IDD2 suppressed activity (Fig. 4e, Supplementary Figure 15d), but when combined 277 

with bZIP9 significant expression in the mesophyll was apparent (Fig. 4e, Supplementary Figure 278 

15h). Strikingly, expression of bZIP9, IDD2 and WRKY121 in the mesophyll strongly activated 279 
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expression in this cell type (Fig. 4e, Supplementary Figure 15j). When each motif was mutated, 280 

with the exception of the WRKY, CRM activity in the bundle sheath was diminished (Fig. 5a-c). 281 

In order to test whether the distal CRM is sufficient to pattern expression to rice bundle sheath 282 

cells, we concatenated sequence containing the WRKY, G2-like, MYB-related, DOF, IDD, and bZIP 283 

sites and fused them to the core promoter of SiR (Fig. 5d). GUS staining was evident in the bundle 284 

sheath (Fig. 5e). Fusion to the PIP1;1 core promoter maintained bundle sheath expression and 285 

resulted in an ~5 fold increase in activity (Fig. 5d-f). Oligomerisation of the CRM by repeating it three 286 

or five times increased bundle sheath specific expression 25 or 58-fold respectively when fused to 287 

SiR core promoter, and this effect was amplified 94 and 224-fold when fused with the PIP1;1 core 288 

(Fig. 5d-f). When an oligomerised version of the CRM was linked to the SiR core promoter and 289 

placed in A. thaliana, it generated strong expression in bundle sheath cells (Fig. 5g, Supplementary 290 

Figure 16). 291 

Collectively our data reveal an ensemble of transcription factors belonging to the WRKY, G2-like, 292 

MYB-related, DOF, IDD and bZIP (DPBF) families act to decode distinct cis-elements in a distal 293 

CRM of the SiR promoter, and that this transcription factor team represents an ancient and highly 294 

conserved mechanism allowing bundle sheath specific gene expression in both monocotyledons and 295 

dicotyledons. 296 
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Discussion 297 

Expression of multiple genes in the rice bundle sheath is not associated with close upstream 298 

CRM 299 

Gene expression is determined by interactions between elements in the core promoter allowing 300 

basal levels of transcription48,49 with more distal cis-regulatory modules50–52. Such cis-regulatory 301 

modules include enhancers and silencers that act as hubs receiving input from multiple transcription 302 

factors and so allow gene expression to respond spatially and temporally to both internal and 303 

external stimuli53,54. After testing 25 promoters, we discovered that the majority were not capable of 304 

driving expression in the rice bundle sheath, and this included ten that generated no detectable 305 

activity of GUS in leaves. In all cases we had cloned sequence between -3191 and -960 nucleotides 306 

upstream of the predicted translational start site and so these data demonstrate that the core 307 

promoter and any CRM in these regions are not sufficient to direct expression to rice bundle sheath 308 

cells. Combined with the paucity of previously reported promoters active in this cell type55,56, these 309 

data argue either for long range upstream enhancers57–61 or other regulatory mechanisms being 310 

important to specify expression in the bundle sheath. Possibilities include transcription factor binding 311 

sites in introns that impact on transcription start site and strongly enhance gene expression62,63, or 312 

in exons where because such sequences specify amino acid sequence as well as binding of trans-313 

factors, they have been termed duons64. Functional analysis showed that duons can pattern 314 

expression to the bundle sheath of the C4 plant Gynandropsis gynandra65, and it is notable that a 315 

genome-wide analysis of transcription factor binding sites in grasses revealed genes preferentially 316 

expressed in bundle sheath cells tended to contain transcription factor binding sites in coding 317 

sequence66. It therefore appears possible that gene expression in the bundle sheath is commonly 318 

encoded by non-canonical architecture perhaps based on duons rather than more traditional cis-319 

regulatory elements upstream of the core promoter. 320 

Despite the above, we discovered four promoters capable of driving expression in the rice bundle 321 

sheath, and each was associated with a gene important in sulphur metabolism. For example, 322 

ATPS1b, SiR and Fd all participate in the first two steps of sulphate reductive assimilation67–69, while 323 

HAC1;1 encodes an arsenate reductase important in the detoxification of arsenate using glutathione 324 

that is a product of sulphur assimilation70. Collectively, these data support the notion that various 325 

mechanisms underpin bundle sheath specific expression in rice, but that for some genes involved in 326 

sulphur metabolism upstream regulatory regions are important. 327 

 328 

Two distinct genetic networks governing expression in bundle sheath cells 329 

The only other promoter for which both cis-elements and trans-factors that are necessary and 330 

sufficient to pattern bundle sheath expression have been reported is from the dicotyledonous model 331 

A. thaliana. In that study, a bipartite MYC-MYB module upstream of the MYB76 gene is responsible 332 

for this output71. MYB76 forms part of a network governing glucosinolate biosynthesis in A. thaliana, 333 

and so it is notable that the gene regulatory network we report in rice is also associated with sulphur 334 
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metabolism. However, rather than the bipartite transcription factor module that activates MYB76 in 335 

the A. thaliana bundle sheath, in rice we report a more complex regulatory landscape where a bundle 336 

sheath CRM is embedded in constitutive activators and an overlapping mesophyll silencer (Fig. 6a-337 

c). This complexity may be associated with the fact that SiR is considered to catalyse the rate-limiting 338 

step for sulfur assimilation68. The CRM controlling bundle sheath SiR expression in rice comprises 339 

four distinct regions recognised by transcription factors belonging to the WRKY, G2-like, MYB-340 

related, DOF, IDD and bZIP families (Fig. 6d). It is of course possible that additional motifs in the 341 

CRM modulate the level of expression in bundle sheath cells. As loss of the G2-like, MYB-related, 342 

DOF, IDD and bZIP motifs all reduced expression in the bundle sheath, this implies they act co-343 

operatively - a notion further supported by the fact that GLK2 and IDD3,4,6,10 synergistically 344 

activated promoter output in a transient assay. This cooperation between transcription factors may 345 

explain the lack of overlap between these transcription factors and ones identified by the yeast one-346 

hybrid assay, as the latter is typically not well suited to identify transcription factor complex-DNA 347 

interactions72. To examine whether other bundle sheath expressed genes may be regulated by the 348 

CRM and Y-patch system we report, we assessed their prevalence in open chromatin across the 349 

genome. This demonstrated over-representation of these sequences in bundle sheath expressed 350 

genes (Supplementary Figure 18). Of the 283 genes containing both Y-patch and cis-elements 351 

found in the CRM of SiR, 117 were expressed in the bundle sheath, including 21 preferentially 352 

expressed in this cell type. Interestingly, this included a Ferredoxin annotated as provided reducing 353 

equivalents to SiR67, a CRT-like transporter 1 (CLT1) allowing glutathione transport73, a 354 

sulfurtransferase STR2274, and two transcription factors EIL2 and EIL3 involved in ethylene 355 

signalling75, but also considered master regulators of sulphur assimilation76,77 (Supplementary Data 356 

10). 357 

The distal CRM in the SiR promoter operates in conjunction with the core promoter that contains 358 

two transcription start sites, one with an upstream TATA-box and the other a TC-rich element known 359 

as a pyrimidine (Y) patch (Supplementary Figure 9a). The TATA-box is found in metazoans and 360 

plants and allows recognition by the pre-initiation complex78, but in plants, computational analysis 361 

showed that many promoters lack a TATA-box and instead contain a Y-patch79–81. These genes tend 362 

to be relatively steadily expressed and associated with protein metabolism81, and presence of a Y-363 

patch can increase core promoter strength82. For SiR, whilst the TATA-box is not required, the Y-364 

patch is needed for expression in the bundle sheath. Notably, both synthetically generated 365 

(Supplementary Figure 17) and endogenous core promoters modified to contain more Y-patches 366 

tended to drive stronger expression, indicating that in plants cell specific gene expression could be 367 

tuned by selecting different core promoters. 368 

The distal CRM (nucleotides -980 to -829) also represses mesophyll expression if nucleotides -369 

829 to -700 are present. This suggests these two regions interact to suppress transcription in the 370 

mesophyll (Fig. 6a-c). Thus, a mesophyll silencer overlaps with the bundle sheath CRM (Fig. 6c). 371 

Of the six families of transcription factors binding the bundle sheath CRM, WRKY121, IDD2, and 372 
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bZIP9 appear critical in controlling bundle sheath-specific expression because misexpression in the 373 

mesophyll leads to output in this cell type (Fig. 6d). It is possible that transcription factors more highly 374 

expressed in the mesophyll such as GLK2, MYBS1 and IDD4/6/10 interact with additional factors 375 

binding to the -829 to -700 region and that this contributes to mesophyll-specific suppression (Fig. 376 

6e). In addition to controlling cell specificity, this complexity likely also facilitates the tuning of 377 

expression to environmental conditions. For instance, the EIL motif (position -588 to -539) is 378 

recognised by ETHYLENE-INSENSITIVE LIKE transcription factors that respond to sulphur 379 

deficiency76,77. As transcripts encoding EIL accumulate in both bundle sheath and mesophyll cells in 380 

response to sulphate deficiency, it seems likely that transcription factors repressing expression in 381 

the mesophyll respond in a dynamic manner. In addition to EIL, the yeast one hybrid analysis 382 

identified seven other families of transcription factor families that can bind the SiR promoter. Many 383 

play documented roles during abiotic or biotic stress, with for example OBF1, ERF3, NAP and FLP 384 

acting during low-temperature or drought responses83–87, while TCP21, EREBP1, ERF3, ERF72, 385 

ERF83 are involved in both abiotic and biotic stress88–91. Consistent with previous in silico analysis92 386 

the presence of multiple AP2/ERF and EIL transcription factors binding sites suggests that SiR is 387 

likely subject to control from ethylene signalling93 and also of transcription factors that respond to 388 

abscisic acid (ABA) and jasmonic acid (JA)86,90,94–96. Together this implies that multiple 389 

phytohormone signalling pathways converge on the SiR promoter. These data are similar to those 390 

reported for the SHORTROOT promoter in A. thaliana roots where a complex network of activating 391 

and repressing trans-factors also tunes expression97. It is also notable that the architecture we report 392 

for the bundle sheath CRM of SiR appears of similar complexity to the collective of five transcription 393 

factors used to specify cardiac mesoderm in Drosophila melanogaster and vertebrates3. For the five 394 

transcription factors that bind the cardiac mesoderm enhancer, the order and positioning of motifs 395 

(motif grammar) is flexible. However, this is not always the case, with for example output from the 396 

human interferon-beta (INF-β) enhancer demanding a conserved grammar98,99. Further work will be 397 

needed to determine if the bundle sheath CRM reported here is more similar to one of these models, 398 

or indeed, as reported for the Drosophila eve stripe 2 enhancer, operates as a billboard in different 399 

tissues to determine patterning of expression100. 400 

 401 

Using the SiR promoter to engineer the rice bundle sheath 402 

In addition to bundle sheath cells being important for sulphur assimilation28–30, they have also 403 

been implicated in nitrate assimilation, the control of leaf hydraulic conductance and solute 404 

transport30 and the systemic response to high light101. Moreover, in one of the most striking examples 405 

of a cell type being repurposed for a new function, bundle sheath cells have repeatedly been rewired 406 

to allow the evolution of C4 photosynthesis31. To engineer these diverse processes, specific and 407 

tuneable promoters for this cell are required. However, identification of sequence capable of driving 408 

specific expression to bundle sheath strands has previously been limited to A. thaliana and C4 409 

species. For example, the SCARECROW102, SCL23102, SULT2;2103 and MYB76 promoters71 are 410 
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derived from A. thaliana, whilst the Glycine Decarboxylase P-protein (GLDP) promoter is from the 411 

C4 dicotyledon Flaveria trinervia104,105. In rice, only the C4 Zoysia japonica PCK and the C4 Flaveria 412 

trinervia GLDP promoters are known to pattern expression to the bundle sheath55,56. Both are 413 

capable of conditioning expression in this cell type, but are weak, turn on late during leaf 414 

development and the molecular basis underpinning their ability to restrict expression to the bundle 415 

sheath has not been defined. It has therefore not been possible to rationally design or tune 416 

expression to this important cell type in rice. The architecture of the SiR promoter we report here 417 

now provides an opportunity to engineer the bundle sheath.  418 

In summary, from analysis of the ~2600 nucleotide SiR promoter we identify an CRM comprising 419 

81 nucleotides that with the Y-patch is sufficient to drive expression to bundle sheath cells. Moreover, 420 

we show that output from the sequence can be tuned via two approaches. First, oligomerising the 421 

distal CRM can drastically increase expression. Second, combining it with different core promoters 422 

achieved the same output, and correlated with copy number of the Y-patch present in natural and 423 

synthetic promoters. Our identification of a minimal promoter that drives expression in bundle sheath 424 

cells of rice now provides a tool to allow this important cell type to be manipulated. Cell specific 425 

manipulation of gene expression has many perceived advantages. For example, when constitutive 426 

promoters have been used to drive gene expression gene silencing and reduction of plant fitness 427 

due to metabolic penalties106,107. In contrast, tissue specific promoters allow targeted gene 428 

expression either spatially or at particular developmental stages and so allow increased precision in 429 

trait engineering108. The SiR promoter and the bundle sheath cis-regulatory module that we identify 430 

thus provide insights into mechanisms governing cell specific expression in plants, and may also 431 

contribute to our ability to engineer and improve cereal crops.  432 
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Methods 433 

Plant material and growth conditions 434 

Kitaake (O. sativa ssp. japonica) was transformed using Agrobacterium tumefaciens as described 435 

previously109 with the following modifications. Mature seeds were sterilized with 2.5% (v/v) sodium 436 

hypochlorite for 15 mins, and calli were induced on NB medium with 2 mg/L 2,4-D at 30 oC in 437 

darkness for 3-4 weeks. Actively growing calli were then co-incubated with A. tumefaciens strain 438 

LBA4404 in darkness at 25oC for 3 days, selected on NB medium supplied with 35 mg/L hygromycin 439 

B for 4 weeks, and those that proliferated, placed on NB medium with 10 mg/L hygromycin B for 4 440 

weeks at 28 oC under continuous light. Plants resistant to hygromycin were planted in 1:1 mixture of 441 

topsoil and sand and placed in a greenhouse at the Botanic Garden, University of Cambridge under 442 

natural light conditions but supplemented with a minimum light intensity of 390 μmol m−2 s−1, a 443 

humidity of 60%, temperatures of 28oC and 20oC during the day and night respectively, and a 444 

photoperiod of 12 h light, 12 h dark. Subsequent generations were grown in a growth cabinet in 12 445 

h light/12 h dark, at 28 oC, a relative humidity of 65%, and a photon flux density of 400 μmol m−2 s−1. 446 

 447 

Laser capture microdissection RNA-seq and data analysis 448 

For the first Laser Capture Microdissection (LCM) RNA-seq analysis, the middle 1-cm of the fourth 449 

fully expanded IR64 (Oryza sativa ssp. indica) leaves were sampled 4 hours after dawn. Leaf tissue 450 

was fixed with acetone and embedded into Steedman’s wax39. Paradermal sections of 7μm were 451 

prepared with a microtome and mounted on PEN membrane slides (Applied Biosystems, LCM0522). 452 

Bundle sheath strands (bundle sheath as well as phloem and xylem cells) and mesophyll cells were 453 

isolated using CapSure Macro Caps (Applied Biosystems, LCM0211). To prepare cDNA libraries, 454 

20-40 ng RNA was depleted for ribosomal RNA using Ribozero kit (Illumina), and then the 1st strand 455 

cDNA was generated and amplified using Ovation v2 RNA-seq system (Nugen) according to the 456 

user manual. Single stranded cDNA was digested using S1 Nuclease (Promega, M5761) then 100 457 

ng of amplified cDNA sheared using a Covaris E220 focused ultra-sonicator. cDNA libraries were 458 

prepared using Truseq nano DNA library preparation kit (Illumina). Paired-ended 75-bp sequencing 459 

were performed using Nextseq 550 sequencer. Poly A/T/N and low-quality reads were removed 460 

using AfterQC and Trimmomatic, and gene expression in transcripts per million (TPM) quantified 461 

using Salmon v1.1.0110. Differential gene expression analysis was carried out using DESeq2111, with 462 

differentially expressed genes being defined with an adjusted P < 0.05 and log2 fold change > 1. 463 

For subsequent analysis, the middle 1-cm of the fourth fully expanded leaves from Kitaake (Oryza 464 

sativa ssp. japonica) were fixed and embedded. Bundle sheath, mesophyll and veinal cells were 465 

separated, library preparation and RNA-seq data analysis were conducted according to Hua et al., 466 

2021. To identify bundle sheath specific promoters, candidate genes from bundle sheath and vein 467 

or bundle sheath alone clusters were filtered based on pairwise comparisons among the three tissue 468 

types using DESeq2 and EdgeR112(Log2FC(BS/M)>2 & adjusted P (BS/M) < 0.01 & FDR (BS/M) < 469 
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0.01 & Log2FC(BS/V) > -0.5) to identify 210 genes specifically expressed in bundle sheath and vein 470 

or bundle sheath alone (Supplementary Data 4).  471 

A leaf developmental gradient was also used for LCM RNA-seq. Here, Kitaake leaf tissue was 472 

also fixed and embedded according to Hua et al., 202130. Material from the shoot apical meristem 473 

and leaf four primordia (referred to as Stage 1) were isolated from 3-day-old seedlings. Subsequent 474 

samples were taken from the leaf blade 5-mm above the leaf ligule at day 6 (Stage 2), 8 (Stage 3), 475 

9 (Stage 4), 10 (Stage 5), 13 (Stage 6) and 17 (Stage 7) after sowing, with the midrib removed before 476 

embedding into Steedman’s wax. Prior to LCM, sections of Stage 2, 3, and 4 were treated with 1% 477 

iodine (w/v) in acetone for 1 min. 1.4 - 3ng of RNA from each cell type (three to four biological 478 

replicates for each stage) were reverse transcribed, and the resultant cDNA amplified using the 479 

SMART-Seq v4 Ultra Low Input RNA Kit (Clontech) according to the manufacturer’s instructions. 11 480 

PCR cycles were used for all samples. 1 ng of amplified cDNA was used as input for library 481 

preparation using the Nextera XT DNA Library Preparation Kit (Illumina). Libraries were then 482 

sequenced using Illumina’s NovaSeq 6000 sequencing platform to generate 31 - 50 million paired-483 

ended 150-bp reads for each sample. Transcript abundance was determined after reads were 484 

quantified using Salmon v1.5.1110 against Oryza sativa v7.0 transcripts from Phytozome V13113 with 485 

selective alignment (“--validateMappings”) enabled. Gene-level abundance (transcripts per million, 486 

TPM) was summarized using tximport 1.18.0114, and genes with TPM > 1 in at least three samples 487 

of at least one developmental stage were defined as expressed genes. Co-expression network 488 

analysis was performed using Log2 transformed TPM and Weighted Correlation Network Analysis 489 

(WGCNA (v.1.63))115 with soft threshold of 12, minimal module size of 100 genes, MEDissThres cut-490 

off of 0.1. 491 

 492 

Construct preparation 493 

To test promoters for bundle sheath specific expression, a minimal of 1.5-kb upstream sequences 494 

from translational start site or entire intergenic region if it is shorter than 1.5-kb were amplified from 495 

genomic DNA with primers listed in Supplementary Data 7; in some cases, this was extended both 496 

upstream and downstream of the TSS to capture regulatory elements identified through DNase 497 

hypersensitive sites (DHS) at the Plant DHSs Database (https://plantdhs.org/)38. Gel-purified PCR 498 

products were cloned into a Gateway pENTR vector using directional D-TOPO Cloning Kit 499 

(Invitrogen, K240020), and the promoters recombined into the pGWB3 expression vector and fused 500 

with GUS gene using LR reaction. The resultant vector was transformed into A. tumefaciens strain 501 

LBA4404 and then Kitaake.  502 

To engineer the SiRpro such that it is compatible with the Golden gate system, four BsaI or BpiI 503 

restriction enzyme recognition sites at -214, -298, -1468, and -2309 nucleotide relative to 504 

translational start site were mutated from T to A as described116 using PCR primers listed in 505 

Supplementary Data 8, PCR fragments were assembled into the pAGM9121 vector117 using Golden 506 

Gate reactions, and used to drive kzGUS (intronless GUS)55and H2B-mTurquoise2 reporter genes 507 
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using Tnos as a terminator. A 5’ prime deletion series was generated using the domesticated SiRpro 508 

as template and prepared as level 0 PU modules. The 3’ prime deletion series was prepared as level 509 

0 P modules with the minimal CaMV35S promoter as the U module and linked with kzGUS and 510 

terminated with Tnos. To test SiRpro with the dTALE/STAP system41, the 42-bp coding region was 511 

excluded and the 2571-bp resultant fragment placed into a level 0 PU module EC14330 and used 512 

to drive dTALE. Two reporters were used. For the GUS reporter kzGUS was linked with STAP62 513 

and terminated with Tnos. In the fluorescent reporter construct, a chloroplast targeting peptide fused 514 

to mTurquoise 2 was linked with STAP4 and terminated with Tact2. In both constructs, OsAct1pro 515 

driving HYG (the hygromycin resistant gene) was terminated with Tnos and used as the selection 516 

marker during rice transformation.  517 

Consecutive deletions and site directed mutagenesis within nucleotides -980 to -829 were cloned 518 

as level 0 PU modules. Core promoter sequences from SiR, PIP1;1, PIP1;3, NRT1.1A and ATPS1b 519 

were amplified using primers listed in Supplementary Data 8 and cloned as level 0 U modules. For 520 

oligomerisation, the bundle sheath CRMs was cloned as level 0 P modules, and then assembled 521 

into level 1 modules with respective U modules as well as kzGUS and the Tnos terminator. To mis-522 

express bZIP9, IDD2, and WRKY121 individually or in combination in mesophyll cells, the ZmPEPC 523 

promoter118,119 was used to drive dTALE, expression of bZIP9, IDD2, and WRKY121 controlled by 524 

different STAPs: bZIP9 under STAP62, IDD2 under STAP45, and WRKY121 under STAP56. When 525 

IDD2 was expressed alone its was driven by the ZmUBI promoter. A reporter construct containing 526 

nucleotides -980 to -829 and the endogenous core promoter (-250 to +42) driving kzGUS was used 527 

to assess the CRM activity in the same level 2 constructs used to mis-express each transcription 528 

factor.  529 

 530 

Motif analysis 531 

The Find Individual Motif Occurrences (FIMO) tool43 from the Multiple Em for Motif Elucidation 532 

(MEME) suite v.5.4.0120 was used to search for individual motifs within promoter sequences using 533 

default parameters with “--thresh” of “1e-3”. Position weight matrix of 656 non-redundant plant motifs 534 

and 13 RNA polymerase II (POLII) core promoter motifs were obtained from JASPAR 535 

(https://jaspar.elixir.no/downloads/)121, the DPBF binding sites and the Y-patch was included as 536 

previously described47,122. To cluster the transcription factor binding motifs, the RSAT matrix-537 

clustering tool123 was run on all 656 non-redundant plant motifs using the default parameters. This 538 

yielded 51 motif clusters, that were classified based on transcription factor families (Supplementary 539 

Data 2).  540 

To assess the co-occurrence of the Y-patch motif and the sextet of cis-elements present in the 541 

distal CRM of SiR across all genes in the rice genome, we first examined the presence of the Y-542 

patch motif in the core promoter. Specifically, we extracted DNA regions (5’ to 3’) spanning from 200 543 

bp upstream of the transcriptional start site (TSS) to the translational start site and scanned this for 544 

the Y-patch motif using FIMO. The Y-patch motif was defined based on a p-value threshold of 545 
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<0.0004 and was required to be in the same orientation as the gene. To investigate the co-546 

occurrence of the sextet of motifs, we extracted accessible chromatin as defined by DNase I 547 

Hypersensitive Sites38 within 2000 bp upstream of the TSS to the end of the 3' UTR. Motif scanning 548 

was performed using FIMO with default parameters and a significance threshold (“--thresh”) of 1e-3. 549 

The presence of the WRKY and G2-like motif families was determined using a p-value cutoff of <1e-550 

3, whereas MYBR_B, DOF, IDD, and DPBF motif families were identified using a p-value cutoff of 551 

<1e-4 within a 300-bp window. Finally, 283 genes containing both the Y-patch motif in the core 552 

promoter and the distal CRM across the promoter and gene body were identified (Supplementary 553 

Data 10). 554 

 555 

Analysis of GUS and fluorescent reporters 556 

In all cases, to account for position effects associated with transformation via A. tumefaciens, 557 

multiple T0 lines were assessed for each construct. GUS staining was performed as described 558 

previously124 with the following minor modifications. Leaf tissue was fixed in 90% (v/v) acetone 559 

overnight at 4 oC, after washing with 100 mM phosphate buffer (pH 7.0), leaf samples were 560 

transferred into 1 mg/ml 5-bromo-4-chloro-3-indolyl glucuronide (X-GlcA, Melford, B72200) GUS 561 

staining solution, subjected to 2 mins vacuum infiltration 5 times, and then incubated at 37 oC for 562 

between 0.5 and 168 hours. Chlorophyll was cleared further using 90% (v/v) ethanol overnight at 563 

room temperature. Cross sections were prepared manually using a razor blade and images were 564 

taken using an Olympus BX41 light microscope. Quantification of GUS activity was performed using 565 

a fluorometric MUG assay124. ~200 mg mature leaves from transgenic plants were frozen in liquid 566 

nitrogen and ground into fine powder with a Tissuelyser (Qiagen). Soluble protein was extracted in 567 

1 mL of 50 mM phosphate buffer (pH 7.0) supplemented with 0.1% [v/v] Triton X-100 and cOmplete™ 568 

Protease Inhibitor Cocktail (Roche, 11873580001, one tablet per 100 mL). Protein concentration 569 

then determined using a Qubit protein assay kit (Invitrogen, Q33212). The MUG fluorescent assay 570 

was performed in duplicates with 20 µl protein extract in MUG assay buffer (50 mM phosphate buffer 571 

(pH 7.0), 10 mM EDTA-Na2, 0.1% [v/v] Triton X-100 (Sigma, X100), 0.1% [w/v] N-lauroylsarcosine 572 

sodium (Fluka analytical, 61747), 10 mM DTT (Melford, D11000), 2 mM 4-methylumbelliferyl-β-D-573 

glucuronide (4-MUG, Sigma, M9130)) in a 200 µl total volume. The reaction was conducted at 37 ◦C 574 

in GREINER 96 F-BOTTOM microtiter plate using a CLARIOstar plate reader. 4-Methylumbelliferone 575 

(4-MU) fluorescence was recorded every 2 minutes for 20 cycles with excitation at 360 nm and 576 

emission detected at 450 nm. 4-MU concentration was determined based on a standard curve of ten 577 

4-MU standards placed in the same plate. GUS enzymatic rates were calculated by averaging the 578 

slope of MU production from each of the duplicate reactions. 579 

In order to visualize mTurquoise2 signal, mature leaves were dissected into 2 cm sections, leaf 580 

epidermal cells were removed by scraping the leaf surface with a razor blade and then mounted with 581 

deionized water. Imaging was then performed using a Leica TCS SP8 confocal laser-scanning 582 

microscope using a 20x air objective. mTurquoise2 fluorescence was excited at 442 nm with 583 
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emission at 471-481 nm, chlorophyll autofluorescence was excited at 488 nm with emission at 672-584 

692 nm. 585 

 586 

Yeast one hybrid, protoplast isolation and transactivation assay 587 

The yeast one hybridisation assay was performed by Hybrigenics (https://www.hybrigenics-588 

services.com/). DNA fragments were synthesized and used as bait, rice leaf and root cDNA libraries 589 

were used as prey. The number of clones screened and concentration of 3-AT were as follows: 590 

fragment 1, 70.2 million clones screened with 0 mM 3-AT; fragment 2, 61.5 million clones screened 591 

with 0 mM 3-AT; fragment 3, 68.4 million clones screened with 20 mM 3-AT; fragment 4, 57.4 million 592 

clones screened with 100 mM 3-AT; fragment 5, 94.2 million clones screened with 200 mM 3-AT. 593 

For transactivation effector assays, transcription factors were cloned using primers list in 594 

Supplementary Figure 13 based on a number of selection criteria: first, transcription factors from 595 

families that were preferentially expressed in the bundle sheath of mature leaves (belonging to BS 596 

or BSV clusters in Hua et al., 202130) including transcription factors that were preferentially 597 

expressed in BSS during leaf maturation (co-expression modules 15&17 in the leaf developmental 598 

gradient dataset (Supplementary Data 5)), and transcription factors that were co-expressed with 599 

SiR (module 0047) were identified from a publicly available co-expression network RiceGGM2021125. 600 

Additionally, other members of the IDD and group-A bZIP families were cloned (Supplementary 601 

Figure 13). Coding sequences of these candidate transcription factors were domesticated as 602 

described116 and amplified using primers listed in Supplementary Data 9 and prepared as level 0 603 

SC module in the background of pAGM9121. They were then assembled into a level 1 module with 604 

a ZmUBIpro promoter and Tnos terminator as effector plasmids. Nucleotides -980 to -829 with the 605 

endogenous core promoter (nucleotide -250 to +42) were fused with the LUCIFERASE (LUC) 606 

reporter. All golden gate level 1 modules for protoplast transfection were extracted using 607 

ZymoPURE™ II Plasmid Midiprep Kit (Zymo research, D4201). 608 

Rice leaf protoplasts and PEG-mediated transformation were performed as described 609 

previously126. In each transformation, 2 µg of transformation control plasmids (ZmUBIpro::GUS-610 

Tnos), 5 µg of reporter plasmids, and 5 µg of effector plasmids per transcription factor were combined 611 

and mixed with 170 µl protoplasts. After incubation on the benchtop for overnight, protein was 612 

extracted using passive lysis buffer (Promega, E1941), GUS activity was determined with 20 μl of 613 

protein sample and MUG fluorescent assay as described above, LUC activity was measured with 614 

20 μl of protein sample and 100 μl of LUC assay reagent (Promega, E1483) using Clariostar plate 615 

reader. Transcriptional activity from the promoter was calculated as LUC luminescence / rate of MUG 616 

accumulation per second. 617 

 618 

 619 

Data availability 620 
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RNA sequencing data for bundle sheath strands and mesophyll from mature rice leaf (IR64) have 621 

been deposited in the Sequence Read Archive (SRA) under accession PRJNA1205909 622 

[https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1205909]. RNA sequencing data of bundle 623 

sheath strands and mesophyll during leaf developmental gradient are available under accession 624 

PRJNA1205924 [https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1205924]. Sequences of 625 

ZmPEPC promoter (PQ873046 [https://www.ncbi.nlm.nih.gov/nuccore/PQ873046.1/]), SiR promoter 626 

(PQ873047 [https://www.ncbi.nlm.nih.gov/nuccore/PQ873047]), the bundle sheath CRM 627 

(PQ873048 [https://www.ncbi.nlm.nih.gov/nuccore/PQ873048]), three copies of the bundle sheath 628 

CRM (PQ873049 [https://www.ncbi.nlm.nih.gov/nuccore/PQ873049]), five copies of the bundle 629 

sheath CRM (PQ873050 [https://www.ncbi.nlm.nih.gov/nuccore/PQ873050]), SiR core promoter 630 

(PQ873051 [https://www.ncbi.nlm.nih.gov/nuccore/PQ873051]) and PIP1.1 core promoter 631 

(PQ873052 [https://www.ncbi.nlm.nih.gov/nuccore/PQ873052]) are deposited in GenBank. Source 632 

data are provided with this paper.  633 

 634 

Code availability 635 

Scripts used for searching Y-patch and the motif sextet can be accessed at 636 

https://github.com/hibberd-lab/rice-bundle-sheath-cis-regulatory-module 637 

(http://doi.org/10.5281/zenodo.15681256). 638 

  639 
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Figure legends 919 

 920 

Fig. 1: Nucleotides -980 to -394 of the SiR promoter are necessary for bundle sheath 921 

expression.  922 

a, Domesticated SiR promoter generates strong GUS staining in bundle sheath. b, mTurquoise2 923 

signal driven by the domesticated SiR promoter in nuclei of bundle sheath cells (marked by yellow 924 

dashed lines) and vein cells in mature leaves, red indicates chlorophyll autofluorescence. c, The 925 

fluorometric 4-methylumbelliferyl-β-D-glucuronide (MUG) assay shows no statistically significant 926 

difference between the endogenous and domesticated SiR promoter activity, data subjected to two-927 

sided Wilcoxon rank-sum test, n indicates the number of biological replicates (independent T0 928 

transgenic plants), median catalytic rate of GUS indicated with red lines. Source data are provided 929 

as a Source Data file. d, Landscape of transcription factor binding sites in the SiR promoter using 930 

the Find Individual Motif Occurrences (FIMO) program. The likelihood of match to 656 plant known 931 

transcription factor motifs in the SiR promoter is shown by transcription factor families 932 

(Supplementary Data 1), P values calculated from the log-likelihood score by the FIMO program. 933 

e, Schematics showing 5’ truncations. f, Representative images of leaf cross sections from 934 

transgenic lines after GUS staining. Zoomed-in images of lateral veins shown in right panels, the 935 

staining duration is displayed in the bottom-left corner, bundle sheath cells highlighted with dashed 936 

red line, scale bars = 50 µm. g, Promoter activity determined by the fluorometric 4-937 

methylumbelliferyl-β-D-glucuronide (MUG) assay. Data subjected to pairwise two-sided Wilcoxon 938 

rank-sum test with Benjamini-Hochberg correction for multiple comparison. Lines with differences in 939 

activity that were statistically significant (adjusted P<0.05) were labelled with different letters. The 940 

median represents the median GUS activity value and is shown as red line, n indicates the number 941 

of T0 transgenic plants analyzed. Source data are provided as a Source Data file. 942 
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 943 

Fig. 2: A distal cis-regulatory module (CRM) and the core promoter that are necessary and 944 

sufficient for bundle sheath expression.  945 

a, Schematics showing deletions of nucleotides -980 to -829 and -251 to +42. b, Representative 946 

image of leaf cross sections of transgenic lines after GUS staining. Zoomed-in images of lateral veins 947 

shown in right panels, the staining duration is displayed in the bottom-left corner, bundle sheath cells 948 

highlighted with dashed red line, scale bars = 50 µm. c, Promoter activity determined by the 949 

fluorometric 4-methylumbelliferyl-β-D-glucuronide (MUG) assay. Data subjected to pairwise two-950 

sided Wilcoxon rank-sum test with Benjamini-Hochberg correction for multiple comparison. Lines 951 

with differences in activity that were statistically significant (adjusted P < 0.05) were labelled with 952 

different letters. The median represents the median GUS activity value and is shown as red line in 953 

the plot, n indicates the number of T0 transgenic plants analyzed. Source data are provided as a 954 

Source Data file. 955 

 956 

 957 

Fig. 3: The Y-patch and four distinct regions in the distal cis-regulatory module (CRM) are 958 

required for bundle sheath specific expression.  959 

a-c, Nucleotides -980 and -829 from the SiR promoter pattern expression to the bundle sheath when 960 

linked with the PIP1;1 and NRT1.1A core promoters containing Y-patches. a, Schematics showing 961 

Y-patch and TATA-box in core promoters of ATPSb, PIP1;3, NRT1.1A and PIP1;1 which have been 962 

used to initiate the transcription of nucleotides -980 and -829. b, Representative cross sections of 963 

transgenic rice leaves after GUS staining, zoomed-in image of lateral veins shown in the right panel, 964 

bundle sheath cells highlighted with red dashed lines, the staining duration is displayed in the bottom-965 

left corner, scale bars = 50 µm. c, Promoter activity determined by the fluorometric 4-966 

methylumbelliferyl-β-D-glucuronide (MUG) assay. d, Schematics showing transcription factor 967 

binding sites between nucleotides -980 and -829. e, Schematics showing consecutive deletions 968 

between nucleotides -980 and -829 fused to the GUS reporter. f, Representative images of cross 969 

sections from transgenic lines after GUS staining, zoomed-in images of lateral veins shown in right 970 

panels, the staining duration is displayed in the bottom-left corner, bundle sheath cells highlighted 971 

with red dashed lines, scale bars = 50 µm. g, Promoter activity determined by the fluorometric 4-972 

methylumbelliferyl-β-D-glucuronide (MUG) assay. In c&g, data were subjected to pairwise two-sided 973 

Wilcoxon rank-sum test with Benjamini-Hochberg correction. Lines with differences in activity that 974 

were statistically significant (adjusted P < 0.05) were labelled with different letters. Median catalytic 975 

rate of GUS indicated with red lines, n indicates total number of T0 transgenic plants assessed. 976 

Source data are provided as a Source Data file. 977 

 978 

Fig. 4: WRKY, G2-like, MYB-related, IDD and bZIP transcription factors interact and activate 979 

with the distal cis-regulatory module (CRM).  980 
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a, Schematics showing transcription factor binding sites between nucleotides -980 and -829 which 981 

are likely required for bundle sheath specific expression. b, Effector assays showing that each 982 

transcription factor activates expression from the distal CRM. c, Effector assays showing synergistic 983 

activation from the distal CRM when GLK2 and IDD3,4,6,10 were co-expressed. In b and c, 984 

LUC/GUS ratio from four biological replicates were log2 transformed and analyzed using pairwise t-985 

tests with Benjamini-Hochberg correction for multiple comparisons. Statistically significant 986 

differences (adjusted P < 0.05) are indicated by different letters. Box plots show the 25th, median, 987 

and 75th percentiles; whiskers extend to the most extreme values within 1.5× the interquartile range. 988 

The assay was independently repeated three times with similar results. Source data are provided as 989 

a Source Data file. d, Transcript abundance of transcription factors in bundle sheath strands (BSS) 990 

and mesophyll (M) cells during maturation. Leaf developmental stage S2 to S7 represent base of 991 

the 4th leaf at the 6th, 8th, 9th, 10th, 13th and 17th day after sowing. e, Representative images of 992 

transgenic lines mis-expressing WRKY121, IDD2 and bZIP9 in mesophyll cells, staining duration is 993 

displayed in the bottom-left corner, zoom-in of mesophyll shown in right panel, red arrows indicate 994 

GUS expressing mesophyll cells. The bundle sheath CRM activity is determined by the fluorometric 995 

4-methylumbelliferyl-β-D-glucuronide (MUG) assay, data subjected to pairwise two-sided Wilcoxon 996 

rank-sum test with Benjamini-Hochberg correction. Lines showing statistically significant differences 997 

in activity (adjusted P < 0.05) were labeled with different letters. The median represents the median 998 

GUS activity value and is shown as red lines in the plot, n indicates the number of T0 transgenic 999 

plants analyzed. Source data are provided as a Source Data file. 1000 

 1001 

Fig. 5: Oligomerisation of bundle sheath cis-regulatory module (CRM) increases bundle 1002 

sheath expression. a&d, Schematics showing site-directed mutagenesis of WRKY, G2-like, MYBR, 1003 

IDD and bZIP motifs, mutated nucleotides highlighted in red (a), and constructs to test the impact of 1004 

oligomerization of the CRM (d). b&e, Representative images of cross sections from transgenic lines 1005 

after GUS staining, zoomed-in images of lateral veins shown in right panel, the staining duration is 1006 

displayed in the bottom-left corner, bundle sheath cells highlighted with red dashed lines, scale bars 1007 

= 50 µm. c&f, Promoter activity determined by the fluorometric 4-methylumbelliferyl-β-D-glucuronide 1008 

(MUG) assay. Data subjected to pairwise two-sided Wilcoxon rank-sum test with Benjamini-1009 

Hochberg correction. Lines with differences in activity that were statistically significant (adjusted P < 1010 

0.05) were labelled with different letters. Median catalytic rate of GUS indicated with red lines, n 1011 

indicates total number of T0 transgenic plants assessed. Source data are provided as a Source Data 1012 

file. g, Paradermal view of Arabidopsis leaf expressing GUS under the control of 3x BS CRM 1013 

combined with OsSiR core promoter, the staining duration is displayed in the bottom-left corner. M 1014 

indicate mesophyll, BS for bundle sheath, V for vein. Zoomed in images for the red box shown on 1015 

right, bundle sheath highlighted with red dash lines.  1016 

 1017 

Fig. 6: Model of mechanism underpinning bundle sheath expression from SiR promoter.  1018 



 

 

31 

31 

a, Schematic with location of the bundle sheath (BS) cis-regulatory module (CRM), constitutive 1019 

activators and mesophyll silencer. b, Bundle sheath expression is a result of the CRM, constitutive 1020 

activators and mesophyll silencer acting in concert. Schematic indicating how the CRM operates 1021 

within a broader cis-regulatory landscape. c-e, Model depicting transcription factors and cognate cis-1022 

elements responsible for bundle sheath expression (d) and mesophyll repression (e).  1023 
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