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C, photosynthesis is used by the most productive plants on the planet, and compared
with the ancestral C, pathway, it confers a 50% increase in efficiency’. In more than 60
C,lineages, CO, fixation is compartmentalized between tissues, and bundle-sheath
cells become photosynthetically activated®. How the bundle sheath acquires this
alternate identity that allows efficient photosynthesis is unclear. Here we show that
changes to bundle-sheath gene expressionin C, leaves are associated with the gain
of a pre-existing cis-code found in the C, leaf. From single-nucleus gene-expression
and chromatin-accessibility atlases, we uncover DNA binding with one finger (DOF)
motifs that define bundle-sheath identity in the major crops C; rice and C, sorghum.
Photosynthesis genes that are rewired to be strongly expressed in the bundle-sheath
cells of C, sorghum acquire cis-elements that are recognized by DOFs. Our findings
are consistent with asimple modelin which C, photosynthesis is based on the
recruitment of an ancestral cis-code associated with bundle-sheath identity. Gain of
such elements harnessed a stable patterning of transcription factors between cell
types thatare foundin both C;and C, leaves to activate photosynthesis in the bundle
sheath. Our findings provide molecular insights into the evolution of the complex C,

pathway, and might also guide the rational engineering of C, photosynthesisin C,
crops toimprove crop productivity and resilience®*.

Inmulticellular systems, changes to the patterning of gene expression
drive modifications in cell function and trait evolution. One notable
exampleis foundin more than 60 plant lineages, in which compartmen-
talization of photosynthesis between cell types allowed the evolution
of the efficient C, pathway from the ancestral C, state>®. In most land
plants, CO, fixation occurs in mesophyll cells and is dependent on
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). Because
the first fixation product of RuBisCO is a three-carbon metabolite,
this pathway has been termed C, photosynthesis’. Although most
land plants use the C; pathway, RuBisCO is not able to completely
discriminate between CO, and O,. In addition to the loss of carbon
fixation, when RuBisCO carries out oxygenation reactions it gener-
ates a toxic intermediate, phosphoglycolate, which must rapidly be
metabolized through the energy-intensive photorespiratory cycle®.
In multiple plant lineages, including staple crops such as maize and
sorghum, evolution has reconfigured the functions of mesophyll and
bundle-sheath cells such that CO, fixation by RuBisCO is repressed in
the mesophyll and activated in the bundle sheath (Fig. 1a). These spe-
cies are known as C, plants because the pathway’s first step produces
C,acidsinmesophyll cells, which then diffuse into bundle-sheath cells
before decarboxylation in close proximity to RuBisCO?®. This process
leads to a tenfold increase in CO, concentration in bundle-sheath
chloroplasts'?, thereby reducing oxygenation reactions so that

photosynthetic as well as water and nitrogen use efficiencies are mark-
edlyincreased". As aresult, C, plants grow particularly wellin hot and
dry climates and constitute some of the most productive crop species
in the world™*,

Inboth C;and C, plants, photosynthetic efficiency is dependent on
mechanisms that pattern differential gene expressionbetween each cell
type of the leaf. However, so far, only asmall number of cis-elements that
control the cell-specific expression of C, genes have beenidentified™ 8,
anditis not clear how strict partitioning of photosynthesis between cell
typesis established and maintained, or how these patterns change to
allow the evolution of C, photosynthesis from the ancestral C; pathway.

To define the transcriptional identity of each cell type and uncover
how the patterning of photosynthesis gene expressionis established,
we generated gene-expression and chromatin-accessibility atlases in
riceand sorghum, which use the C;and the C, pathways, respectively.
We sampled nuclei after the transfer of seedlings from dark to light—
astimulus that induces photomorphogenesis and thus activates the
expression of photosynthesis genes. Both rice and sorghum are models
and diploid crops of global importance, representing distinct clades
in the monocotyledons that diverged approximately 81 million years
ago®. Karyotype reconstructionindicates ashared genome structurein
both sorghumand-rice, as well as their grass ancestor®°. Thus, molecu-
lar signatures of each cell type shared by rice and sorghum may also
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Fig.1|Gene expressionand chromatinaccessibility of single nucleifromrice
andsorghumundergoingde-etiolation. a, Photosynthesisin mesophylland
bundle-sheathcells of C;and C, plants. CA, carbonic anhydrase; ME, malic
enzyme; PEPC, phosphoenolpyruvate carboxylase. b, Schematic of de-etiolation
time course. Plants were grownin the dark for 5 days (0-h time point) before
exposuretolight.c,Scanningelectron micrographs (SEMs) of etioplasts and
chloroplastsinthe mesophylland bundle-sheathcells of rice and sorghum.

be found in the approximately 11,000 species derived from their last
common ancestor.

Inbothspecies, we found that gene expression was rapidly induced
by light in all cell types. However, before the perception of light, the
expressionand chromatinaccessibility of many photosynthesis genes
was conditioned by cell identity. Although transcriptional cell identi-
ties changed across species, we found that cis-elements defining cell
identity were conserved. Genes that rewire their expression to become
bundle sheath specificin C,sorghumacquired ancestral cis-elements
thatdirectexpressioninthe C;bundle sheath. The simplest explanation
fromthese findings is that the evolution of photosynthesis involves C,
genesacquiring cis-elements associated with bundle-sheath identity,
whichthen harness astable patterning of transcription factors between
celltypes of C;and C, leaves.

Rice and sorghum single-nucleus atlases

To understand how different cell types in rice and sorghum shoots
respond to light, we grew seedlings of each species in the dark for
five days and then exposed themto alight-dark photoperiod for48 h
(Fig.1b). Asexpected, shoot tissue underwent photomorphogenesis
duringthistime. Leaves emerged and chlorophyll accumulated within
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Thylakoid stacks (black arrows) were presentin rice mesophylland bundle-
sheath chloroplasts as well as sorghum mesophyll chloroplasts (SEMs consistent
across threebiological replicates).Scalebars,1pm.d,e, UMAP of transcript
profiles of rice (d) and sorghum (e) nuclei fromall time points assayed. Distinct
coloursindicate different cell types.f,g, Intotal, 2,948 accessible chromatin
peakswere cell-type specificinrice promoters (f),and 1,820 peaks were cell-type
specificinsorghum promoters (g).

the first 12 h of de-etiolation (Fig. 1b and Extended Data Fig. 1). Scan-
ning electron microscopy (SEM) showed that etioplasts inboth meso-
phyll and bundle-sheath cells contained prolamellar bodies before
light exposure (Fig. 1c and Extended Data Fig.1). Within 12 h of light,
etioplasts had converted into mature chloroplasts with assembled
thylakoid membranes. Compared with rice, chloroplast develop-
ment was more pronounced in the bundle sheath of sorghum, and
clear differencesin thylakoid stacking in chloroplasts from sorghum
mesophylland bundle-sheath cells were evident (Fig.1cand Extended
DataFig.1).

Underlying this cellular remodelling and activation of the photo-
synthetic apparatus are changes in gene regulation. However, so far,
these have been described in bulk tissue samples, so how each cell
type responds is not known? %, We generated single-nucleus atlases
of transcript abundance for both rice and sorghum shoots as they
undergo photomorphogenesis. Shoot tissue at nine time points dur-
ing de-etiolation was collected and the nuclei were sequenced® (Fig. 1b
and Extended DataFig.1), resulting ingene-expression atlases derived
from190,569 and 265,701 nuclei fromrice and sorghum, respectively.
We also assayed cell-specific changes in chromatin accessibilityat O h
and 12 h after light exposure by sequencing 22,154 and 20,169 nuclei
fromrice and sorghum, respectively.
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Fig.2|Rice and sorghumbundle-sheath cells show low conservationin
transcript partitioning. a, Pan-transcriptome of rice and sorghum nuclei
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Areasindicated with black circles indicate nuclei from the sorghumbundle
sheath that do not co-cluster withrice nuclei. b, Transcript abundance for
sorghum NADP-ME and its rice orthologue displayed in UMAP format froma.
c,Sankey plot of changesin the cell-type partitioning of marker genes. Markers
for sorghum mesophylland bundle-sheath cell types are highlighted in green

These outputs were visualized using uniform manifold approxima-
tion projection (UMAP), and 19 distinct clusters were identified for each
species (Fig. 1d,e, Extended Data Fig. 2 and Supplementary Table 1).
Using the expression of previously described marker genes and their
orthologues, cell types were assigned to each main cluster (Extended
DataFig.2). Thisincluded mesophyll, guard, epidermal, xylem paren-
chymaand phloemcells (Fig.1d,e). Gene Ontology (GO) terms derived
from cluster-specific genesreflected previously documented functions
for each cell type (Supplementary Table 1). For example, mesophyll
nuclei showed high expression of genes involved in photosynthesis,
and clusters containing nuclei from epidermis cells were enriched in
genes involved in lipid biosynthesis and export, consistent with the
role of this tissue in cutin production?.

We identified nuclei of the sorghum bundle sheath through the
expression of C, genes such as NADP-malic enzyme (NVADP-ME) and gly-
cinedecarboxylase (GDC) (Extended DataFig. 2). However, to our knowl-
edgethere are nosuch markers forthe bundle sheathinrice undergoing
photomorphogenesis. We therefore generated astable reporter linein
whichbundle-sheath nuclei were labelled withanmTurquoise2 reporter
under the control of the PHOSPHOENOLCARBOXYKINASE promoter
fromthe C, plant Zoysiajaponica (Extended Data Fig. 3). This promoter
drives bundle-sheath expression in rice”. Transcriptome sequencing
of arice leaf nuclei population enriched with bundle-sheath nuclei
identified 14 clusters, with the expression of mTurquoise2 identify-
ing the rice bundle sheath (Extended Data Fig. 3). In the same cluster,
we also detected the expression of genes such as PLASMA MEMBRANE
INTRINSIC PROTEIN (PIP1.1) and SULFITE REDUCTASE (SIR), which have
previously been shownto be expressed in the bundle sheath of mature
rice leaves®® (Supplementary Table 2). Using marker genes from this
cluster, it was then possible to annotate nuclei with bundle-sheath
identity in our de-etiolation dataset (Extended Data Fig. 3).

Complementing this atlas describing cell-type gene expression,
the multiome assay (RNA sequencing (RNA-seq) and assay for
transposase-accessible chromatin with sequencing (ATAC-seq)) allowed
changesin chromatin accessibility during photomorphogenesisto be
detected. After cross-validation with single-nucleus transcriptional
atlases, multiome atlases identified six cell types from each species
(Extended Data Fig. 4) and revealed accessible peaks in promoter
regions of genes specific to each cell type (Fig. 1f,g). As expected,
genes proximal to these peaks held enriched GO terms associated with
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known cell functions (Supplementary Table 3). Peaks were detected
upstream of canonical marker genes for each cell type. For example,
the promoters of the RuBisCO small subunit (OsRBCS4) fromrice and
NADP-ME from sorghum were most accessible in mesophyll and in
bundle-sheath cells, respectively (Extended Data Fig.4). In summary,
these data provide cell-level insights into changes in gene expression
and chromatin accessibility associated with the induction of photo-
synthesisin cereal crops.

Repurposing the bundle sheath

C,evolution hasrepeatedly repurposed the bundle sheath to perform
photosynthesis*?*°. However, the extent to which this cell type has
been altered transcriptionally is not known. To understand how the
transcriptional identities of each cell type from rice and sorghum dif-
fer, we generated a pan-transcriptome atlas of photosynthetic tissue
sampled at 48 h after light exposure. This was achieved by identify-
ing sorghum and rice orthologues and clustering nuclei from both
species together. Despite the evolutionary distance between rice and
sorghum, most cell types from these species co-clustered (Fig. 2a).
The most notable exception were nuclei from bundle-sheath cells,
with those from the sorghum bundle sheath clustering distinctly from
those from the rice bundle sheath (Fig. 2a and Extended Data Fig. 5).
Supporting this observation, GO enrichment analysis indicated that
C;and C,bundle-sheath cells have distinct functions—whereas genes
expressedinthebundle sheath of rice were predominantly associated
with transport and localization, those of sorghumwere associated with
organicacid metabolism and the generation of precursor metabolites
and energy (Supplementary Table1).

More than180 genes specific to the bundle-sheath cells of sorghum
had orthologues that were either poorly expressed or not specific to
any celltypeinrice (Supplementary Table 4). For example, the canoni-
cal C, gene NADP-ME was strongly and specifically expressed in the
sorghumbundle sheath but was poorly expressed and not cell specific
inrice (Fig.2b). Similar patterns of high and localized expression were
evidentinthe sorghumbundle sheath for other genesinvolvedin pho-
tosynthesis, photorespiration and chloroplast functions (Extended
Data Fig. 5 and Supplementary Table 4). The bundle sheath of C, sor-
ghum also lost the expression of genes associated with this cell type
inrice (Extended Data Fig. 5 and Supplementary Table 4). Notably,
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thisincluded genesinvolved in hormone signalling and biosynthesis,
including the gibberellic acid, ethylene and auxin pathways, as well as
genes that encode sugar and water transporters.

Next, we investigated how conserved cell-type-specific patterns of
gene expression were across species (Supplementary Table 5). Although
most cell types showed conserved patterns of expression betweenrice
and sorghum, this was not the case for the bundle sheath (Fig. 2c and
Extended DataFig. 5).Infact, transcripts fromonly 31 orthologues (out
of229rice bundle-sheath markers), including genesinvolved in sulfur
metabolism and transport, were specific to the bundle sheath of both
species (Fig. 2c and Supplementary Table 5). The C, bundle sheath of
sorghum had also obtained patterns of gene expression from other
cell types (Fig. 2¢). Indeed, the bundle-sheath cells of sorghum were
transcriptionally more similar to the mesophyll and guard cells of rice,
whereas the bundle sheath of rice was most similar to the phloem of sor-
ghum (Fig.2c and Extended Data Fig. 5). Similarities between sorghum
bundle sheath and rice mesophyll or guard cells were driven mainly by
changes in the expression of genes involved in the Calvin-Benson-
Bassham cycle and starch metabolism (Supplementary Table 5).

Because the differential expression of photosynthesis genes between
bundle-sheathand mesophyll cells (hereafter, partitioning) is consid-
ered crucial for the evolution of C, photosynthesis® we examined this
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duringthefirst12 h oflight. Genes encoding proteins involvedin C,
photosynthesis, the Calvin-Benson-Bassham cycle and light reactions are
showninred, purpleand yellow, respectively. e,f, Differences in the chromatin
accessibility of photosynthesis genesindifferent cell types of rice (e) and
sorghum (f) measured at O h (dark) and 12 h (light). Welch’s t-test indicated.

phenomenon. A pairwise comparison of gene expression in response
tolightrevealed thatineach species, transcripts from more than1,000
genes were partitioned between mesophyll and bundle-sheath cells,
and this included 225 orthologues (Extended Data Fig. 5 and Supple-
mentary Table 6). Of these, 126 were partitioned identically between the
same celltypesinbothrice and sorghum (Fig. 2d). Of note, an additional
99 orthologues showed opposing patterns in the two species; that is,
they were ‘differentially’ partitioned (Fig. 2d). Forty-three orthologues
that had swapped from strong expression in the mesophyll of rice to
strong expression in the bundle sheath of sorghum included genes
encoding proteins of the Calvin-Benson-Bassham cycle, as well as
organic acid and nitrogen metabolism. Fifty-six genes that swapped
from strong expressioninthe bundle sheath of rice to the mesophyll of
sorghum were associated with the transport of metabolites and solutes
(Fig.2d and Supplementary Table 6). We note that 12% of orthogroups
had amore complex pattern of expression (Extended Data Fig. 5).
Toinvestigate how conserved partitioning was between all cell types,
we assessed the degree of cross-species overlap between each pair of
celltypes. Thisrevealed that the mesophyll and bundle sheath had the
smallestset of partitioned genes across species and the weakest statisti-
caloverlap (Extended Data Fig. 6 and Supplementary Table 7). In addi-
tion to mesophyll and bundle-sheath cells of rice showing the lowest
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Fig.4|Bothcellidentity and light drive the partitioning of photosynthesis
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fitusinglocally estimated scatter plot smoothing. b, Volcano plots of genes
significantly partitioned to either mesophyll (M) or bundle sheath (BS) under
etiolated conditions (0-h time point, adjusted P < 0.05, likelihood-ratio test).
Genes encoding proteinsinvolved in C, photosynthesis, the Calvin-Benson-
Basshamcycleandlightreactions are showninred, purple and yellow,
respectively. c, Chromatin accessibility of GLO at 0 h (dark) and 12 h (light) in

conservationin terms of transcript partitioning, it was also noticeable
that alarge proportion of genes that were partitioned between these
cellshad swapped cell types (Extended Data Fig. 6). This suggests that
swapping of functions or ‘identity’ between other cell types is arare
eventgenome-widebutoccursrelatively frequently between mesophyll
and bundle sheath.

Light regulation of the C,bundle sheath

Because light induces photomorphogenesis, we investigated how
individual nucleifrom each cell type responded to this stimulus. Rice
mesophylland sorghumbundle-sheath nuclei clustered by time of sam-
pling, indicating that light was a dominant driver of transcriptional state
(Fig. 3a,b). Canonical marker genes showed the expected induction.
For example, RBCS and NADP-ME were activated by light in the meso-
phyllcellsof rice and in the bundle-sheath cells of sorghum, respectively
(Fig.3a,b). Similarly, transcript abundances of light signalling transcrip-
tion factors such as ELONGATED HYPOCOTYL (HY5) (ref.31) and PHY-
TOCHROME INTERACTING FACTORS 3-5 (PIF3, PIF4 and PIF5) (refs.32,33)
were dynamic during de-etiolation (Extended Data Fig. 7). We detected
global cell-type-specific differential gene-expression responses by
fitting statistical models to pseudo-bulked transcriptional profiles.
Inrice, each of the six cell types showed adistinct and cell-type-specific
response (Extended Data Fig. 7 and Supplementary Table 8). Apart
from the bundle-sheath and epidermal cells in rice, hundreds of
cell-type-specific light-responsive genes were detected (Extended
Data Fig. 7). In both species, mesophyll- and bundle-sheath-specific
genes were involved in photosynthesis and chloroplast-related func-
tions, consistent with the rapid greening of shoots and conversion of
etioplasts into chloroplasts (Supplementary Table 8). Bundle-sheath
cells from rice and sorghum showed the greatest difference in their

mesophylland bundle-sheath nuclei. d, Overlap of cis-elements associated
withaccessible chromatinineach cell type of rice and sorghum (Fisher’s exact
testadjusted Pindicated). The consensus motif for the most over-represented
cis-elementwithineach overlapisshownontheright (additional over-represented
motifsinSupplementary Table 10). e, Overlap of cis-elements associated with
accessible chromatinin each cell typeinresponsetolightinrice and sorghum
(Fisher’s exact test adjusted Pindicated). The consensus motif for the most
over-represented cis-elementinall overlapsis shown on the right (additional
over-represented motifsin Supplementary Table12).

response to light, with only 35 light-responsive bundle-sheath-specific
genes detected inrice, but more than 1,000 genes induced by light in
the bundle sheath of sorghum (Extended Data Fig. 7).

Light-induced partitioning of canonical photosynthesis genes
between the mesophyll and bundle sheath was apparent (Fig. 3c,d
and Supplementary Table 9).Inrice, photosynthesis genes were most
strongly induced in the mesophyll, although a similar but weaker
response was also seen in the bundle sheath and other cell types
(Fig. 3c). SEM confirmed that in the dark, etioplasts were present in
vascular and epidermal cells, and after exposure to light, thylakoid-like
membranes were evident (Extended Data Fig. 8). This supports the
observation that photosynthesis can be weakly induced in these cell
types. In sorghum, light strongly induced photosynthesis genes in
both mesophyll and bundle-sheath cell types, and these included
genes that are important for the light-dependent reactions of pho-
tosynthesis as well as the Calvin-Benson-Bassham and C, cycles
(Fig. 3d). Agreeing with these data, chromatin of photosynthesis
genes was more accessible in mesophyll cells thanin other cell types
(P=9.7 x107, Welch’s t-test) (Fig. 3e,f), although the difference in
accessibility in response to light was only marginally significantin the
rice mesophyll (P=0.053). By contrast, in sorghum, the accessibility of
photosynthesis genesincreasedinresponse to lightinboth mesophyll
and bundle-sheath cells (P < 4.69 x107°) (Fig. 3f). These dataindicate
that a pervasive gain of light regulation by photosynthesis genes in
the bundle sheath of sorghum is likely to be facilitated by increased
chromatin accessibility.

Cellidentity conditions gene expression

Inboth rice and sorghum, differences in the expression of photosyn-
thesis genes between mesophyll and bundle-sheath cells increased
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Fig.5|Acell-type-specific cistromeinC;riceand C,sorghumdrives the
partitioning of photosynthesis between mesophylland bundle-sheathcells.
a, Gene-expression heat maps (left) of differentially partitioned orthologuesin
riceand sorghum, and the four most enriched cis-elements (right) in the
accessible chromatin of corresponding genes. Additional over-represented
motifsare showninSupplementary Table13.b, DOF transcription factor
expressioninmesophylland bundle sheathineach species. Sorghumgene
names based on orthology withrice genes. ¢, Transactivation of sorghum
GAPDH promoter and rice minimal SIR promoter by DOF transcription factors
fromrice (orange) and sorghum (blue) (one-sided Welch’s t-test Pindicated; n=4
biological replicates; boxes indicate 25th, medianand 75th quartiles; whiskers

over time (Fig. 3¢c,d). This is exemplified by the GLYCOLATE OXIDASE
(GLO) and RBCS genes, the transcripts of which showed greater parti-
tioning to mesophyll cells of rice and bundle-sheath cells of sorghum
inresponse tolight (Fig. 4a and Extended Data Fig. 9). After 12 h of light,
72 photosynthesis genes in rice and 77 in sorghum were partitioned
between mesophyll and bundle-sheath cells (Extended Data Fig. 9).
However, for some photosynthesis genes, differences in expression
between cells were already evident in the dark, suggesting that cell
identity conditions light responses. Specifically, in the dark, 29% and
58% of photosynthesis transcripts in rice and sorghum, respectively,
were significantly partitioned between mesophylland bundle-sheath
cells (Fig. 4b). This finding is consistent with the observation that pro-
moters of photosynthesis genes contained regions of open chromatin
in the etiolated state (Fig. 3e,f). Infact, in the etiolated state, many
photosynthesis genes showed differences in chromatin accessibil-
ity between cell types, as exemplified by GLO and RBCS (Fig. 4c and
Extended Data Fig. 9). And, in many instances, light exposure then
increased chromatin accessibility, suggesting that light signalling
enhances but does not establish chromatin accessibility within the
promoters of photosynthesis genes (Extended DataFig.9). We conclude
thatintrinsic differencesin cellidentity contribute to the partitioning
of photosynthesis gene expression between cells in both C; rice and
C,sorghum, and that differential partitioning is not driven exclusively
by light signalling.
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extend to the outermost value within1.5x interquartile range; assay repeated
three timesindependently with similar results). d, Activity of GUS reporter
driven by minimal S/IR promoter (containing two DOF motifs) in transgenicrice
determined using the fluorometric 4-methylumbelliferyl-B-b-glucuronide assay
(left). DOF motifs were mutated toreplace Gin AAAG with C (one-sided Welch’s
t-test Pindicated; n = 29 independent transformants for minimal SIR promoter;
n=23independent transformants for mutated DOF motifs). Representative
cross-sections of GUS-stained transgenic leaves are shownon theright.
Bundle-sheathcells are outlined withadotted line.Scale bars, 50 pm. e, By
acquiring DOF cis-elements, C, genes co-opt and amplify the ancestral
bundle-sheathcell-identity network thatis common between both species.

C, co-opts an ancestral cis-code

Cis-elements have akey role in driving the patterning of gene expres-
sion**?, Therefore, we next searched for cis-elements that underlie the
observed cell-identity- and light-dependent patterns of gene expres-
sion. Whenregions of open chromatin specific to each cell type were
assessed for over-represented transcription-factor-binding sites, we
found dozens of enriched cis-regulatory elements for each cell type
(Supplementary Table 10). We compared the 25 most significantly
enriched cis-regulatory motifs for each cell type across species. This
identified a significant overlap of enriched motifs in the same cell
typesofbothrice and sorghum (Fig.4d and Supplementary Table 10).
Thus, both species share a conserved cell-type-specific cis-regulatory
code. For example, motifs bound by the myeloblastosis (Myb)-related,
NAM, ATAF1, ATAF2 and CUC2 (NAC) transcription factors defined
accessible chromatinregionsin mesophyll nucleifrombothrice and
sorghum, whereas the DOF motif was enriched in bundle-sheath-and
phloem-specific peaks of both species (Fig. 4d and Extended Data
Fig.10). We also detected DOF motif enrichment in promoter regions
of homologues of rice and sorghum bundle-sheath partitioned genes
inseveral other C;Poaceae species, including Chasmanthium laxum,
Hordeum vulgare and Brachypodium distachyon (Extended Data
Fig.10 and Supplementary Table11). By contrast, when we examined
motifsin chromatinthat were differentially accessible in response to



light, we found that the same motifs were enriched regardless of cell
type. These comprised the light-responsive circadian-clock-related
basic leucine zipper (bZIP) and CIRCADIAN CLOCK ASSOCIATED 1
(CCA1) motifs (Fig. 4e, Extended Data Fig. 11 and Supplementary
Table 12). These findings suggest that cell-type-specific patterning
of gene expression is defined by cell-identity cis-elements, whereas
light-responsive gene expression is regulated by similar cis-elements
shared by all cell types.

Next, we investigated whether the cis-code associated with each
cell type regulates genes that are differentially partitioned between
rice and sorghum. To this end, we examined genes that were pref-
erentially expressed in the rice mesophyll, but whose orthologues
were partitioned to the sorghum bundle sheath (Fig. 5a). Among the
40 orthologues in this category were the Calvin-Benson-Bassham
cycle genes FRUCTOSE BISPHOSPHATE ALDOLASE and GLYCERALDE-
HYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH), photorespiration
genes such as GLO and light reaction genes including the LHCII subu-
nit (Fig. 5a and Supplementary Table 13). Notably, among these dif-
ferentially partitioned genes, we found that associated chromatin
was enriched in cell-type-specific Myb-related, high-mobility group
(HMG), REVEILLE 5 (RVES) and DF1binding sites in mesophyll-specific
genesinrice (Fig.5a), but thatit was enriched in cell-type-specific DOF
and JACKDAW (JKD) or indeterminate domain (IDD) binding sites in
bundle-sheath-specific orthologues in sorghum (Fig. 5a, Extended
Data Fig. 12 and Supplementary Table 13). This indicates that these
orthologues swapped their partitioning from mesophyll to bundle
sheath by changing identity-associated cis-regulatory motifs. Specifi-
cally, our dataindicate that DOF motifs were acquired by genes that
swap expression from the mesophyll of C; rice to the bundle sheath
of C,sorghum.

The consensus sequence common to all DOF-binding motifsis AAAG
(ref.36). Thus, we next examined the frequency of this core binding
motifin open chromatin within1,500 nucleotides of the transcription
start site of differentially partitioned genes. Among these genes, there
were more DOF-binding sitesinaccessible chromatininsorghum com-
pared with orthologuesin rice (binomial P=5.5 x107%; Extended Data
Fig.12). By contrast, we did not find such enrichment among consistently
partitioned genes (P = 0.48; Extended DataFig.12). These trends were
alsoevidentincanonical photosynthesisgenesexpressedinthesorghum
bundle sheath. For example, the accessible chromatin of sorghum
GAPDH contained more than twice as many DOF motifs as the rice
orthologue did, and a similar enrichment of DOF motifs was seen in
the accessible chromatin of sorghum C, photosynthesis genes such
as NADP-ME (Extended Data Fig. 12).

Furthermore, genes encoding DOF family transcription factors were
typically more strongly expressed in the bundle-sheath cells of both
rice and sorghum (Fig. 5b), suggesting that the cell-type patterning
of these transcription factors has not changed during the transition
from C,to C, To test whether DOF transcription factors are sufficient
to regulate the expression of bundle-sheath-specific genes, we per-
formed effector assaysinrice protoplasts. Rice OsDOF8 and OsDOF27,
as well as sorghum SbDOF17, SbDOF8 and SbDOF11, activated the
expression of a LUCIFERASE reporter gene from the sorghum GAPDH
promoter, whereas OsDOF2, OsDOF23 and SbDOF2 did not (Fig. 5c).
Similarly, several rice and sorghum DOF transcription factors were
able to activate expression from the sorghum NADP-ME promoter
(Extended Data Fig. 12), as well as from the minimal OsS/IR promoter,
which drives bundle-sheath expressioninrice® (Fig. 5¢). Mutating two
DOF-binding sites present in this minimal OsS/IR promoter reduced
GUS activity instably transformed rice plants 2.8-fold (Fig. 5d). These
dataindicate that specific members of the DOF family are sufficient,
and their cognate motifs are necessary for strong expression in the
rice bundle sheath.

From our analysis we propose a model that explains the rewir-
ing of cell-type-specific regulation of photosynthesis genes in C,

leaves (Fig. 5e). The model suggests that (i) the same mesophyll- and
bundle-sheath-specific cis-elements are active in rice and sorghum; (ii)
patterning of transcription factors between the two species s relatively
stable; and (iii) photosynthesis genes expressed in the sorghumbundle
sheath have acquired DOF cis-elements associated with bundle-sheath
cellsin rice to amplify expression in this cell type.

Discussion

Our findings indicate that the expression of C,genesin bundle-sheath
cellsisunderpinned by the integration of two characteristics foundin
the ancestral C, state: first, a conserved cell-type-specific transcrip-
tion factor network; and second, acquisition of ancestral cell identity
cis-elements. Inboth C;riceand C, sorghum, DOF transcription factors
were preferential to the bundle sheath, a finding strongly supporting
the stability of the trans-network across C; and C, species. The acqui-
sition of DOF-binding sites in the promoters of C, genes then allowed
these genesto decode the pre-existing patterning of transcriptionfac-
torsto amplify expressionin the bundle sheath. Together, this allowed
C,evolution through the broadening of cell-identity networks.

Itisnoteworthy that DOF motifs werealso enriched ingenes expressed
in the bundle sheath of C, maize®®, and transient assays led to the
proposal that DOF transcription factors control bundle-sheath-specific
genes such as maize NADP-ME™, Thus, aDOF-mediated mechanism for
the regulation of bundle-sheath gene expression seems to be present
in several C, species. Moreover, DOF motifs were not only enriched
in bundle-sheath-specific genes from C, rice, but also in orthologues
from C. laxum, a C;species from the PACMAD clade otherwise made up
of C, grasses®*°, aswell as H. vulgare and B. distachyon, two C, grasses
from the Poaceae®. Together, these results support amodel in which
DOF regulation of bundle-sheath expressionis ancestraland hasbeen
co-opted during C, evolution to strengthen the expression of C, genes
inthis cell type.

Compared with previous analyses, the model we propose supports
adistinct evolutionary trajectory leading to the C, state. For exam-
ple, in C, dicotyledons, bundle-sheath- and mesophyll-specific gene
expression hasbeenreported to be mediated by existing cis-elements
allowing changesin the trans-network to be decoded™ . In contrast to
previous work with monocotyledons, we were able to provide insight
into cis-elements associated with bundle-sheath identity ina C;as well
as aC, grass, and this allowed distinct insight into the evolutionary
rewiring of cell-specific gene expression. Because we took an unbiased
genome-wide approach, this reconfiguration in cis is likely to consti-
tute one of the more notable changes in cis-code during C, evolution.
Combined with previous analyses, whichindicated that the acquisition
of pre-existing cis-elements associated with light-responsive elements
allows enhanced C, gene expression in C, compared with C; leaves of
dicotyledons®, our data argue for evolution repeatedly making use of
an existing trans-code through pervasive rewiring in cis.

These findings have key implications for ongoing efforts to engi-
neer C, plants with C, photosynthetic characteristics*. For example,
considerable efforts have been made to install the biochemistry of C,
photosynthesis in rice***2. However, a major obstacle has so far been
the robust expression of C,acid decarboxylase genesintherice bundle
sheath**.. The data reported here indicate that rewiring such genes to
recognize an ancient bundle-sheath-identity network based on DOF
transcription factors could be a useful way forward.
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Methods

Plant growth

For the de-etiolation time course, seeds of Oryza sativa spp.japonica
cultivar Kitaake and Sorghum bicolor BTx623 were incubated in ster-
ile water for two days and one day, respectively, at 29 °C in the dark.
Germinated seedlings were transferred in adark room equipped with
green light to a 1:1 mixture of topsoil and sand supplemented with
fertilizer granules and grown for five days in the dark by wrapping the
tray and lid several times with aluminium foil. Plants were placed in a
controlled environment room with 60% humidity and temperatures
of 28 °C and 20 °C during the day and night, respectively. Plants were
exposed to light at the beginning of a photoperiod of 12 h light and
12 h dark and shoots were harvested at different time points during
de-etiolation by flash-freezing tissue in liquid nitrogen. For the O-h
time point, seedlings were harvested in a dark room equipped with
green light and flash-frozen immediately.

For microscopy analysis and enrichment of bundle-sheath nuclei
using fluorescence-activated nuclei sorting, O. sativa spp.japonica
cultivar Kitaake single-copy homozygous T2 seeds were de-husked
and sterilized in 10% (v/v) bleach for 30 min. After washing several
times with sterile water, seeds were incubated for two days in sterile
water at 29 °Cin the dark. Germinated seedlings were transferred to
half-strength Murashige and Skoog medium with 0.8% agar in Magentas
and grown for five days in the light in a growth chamber at tempera-
tures of 28 °C and 20 °C during the day and night, respectively, and a
photoperiod of 12 hlight and 12 h dark.

Construct designand cloning

Togenerate constructs for the rice bundle-sheath marker line, the cod-
ing sequence formTurquoise2 was obtained from a previous report*,
and the promoter sequence from Zoysiajaponica PHOSPHOENOLPYRU-
VATE CARBOXYKINASE in combination with the dTALE STAP4 systemwas
obtained fromaprevious report**. The coding sequence of Arabidopsis
thaliana H2B (At5g22880) was used as an N-terminal signal for target-
ingmTurquoise2 to the nucleus. Allsequences were domesticated for
Golden Gate cloning®*¢. Level1and Level 2 constructs were assembled
using the Golden Gate cloning strategy to create abinary vector for the
expression of STAP4-mTurquoise2-H2B driven by PCK-dTALE.

For the transactivation assay in rice protoplasts, transcription
factor coding sequences were amplified using rice leaf cDNA or
synthesized using GeneArt after domesticating the sequences for
Golden Gate cloning*** (OsDOF2, LOC_0s01g15900, OsDOFS, LOC_
0s02g45200,0sDOF23,LOC_0s07g32510, 0sDOF27,LOC_0s10g26620,
SbDOF2, Sobic.003G121400, SbDOFS, Sobic.004G284400, SODDOFI11,
Sobic.001G489900 and ShDOF17,Sobic.006G182300). The coding
sequences were assembled into a Level 1 module with a Zea mays UBI
promoter and Tnos terminator module as described previously®. For
the minimal S/IR promoter, nucleotides -980 to -829, as well as the
endogenous core promoter (nucleotides -250 to +42), were fused with
the LUCIFERASE reporter to measure transcription activity>.

To generate GUS reporter rice lines, the minimal S/R promoter was
assembledintoalevel lmodule with the coding sequence for kzGUS (an
intronless version of the GUS reporter gene) and the Thos terminator
asdescribed previously”. The DOF motifs in the minimal SIR promoter
were mutated using PCR amplification.

Rice transformation

Oryzasativa spp.japonica cultivar Kitaake was transformed using Agro-
bacterium tumefaciens as described previously*, with several modifi-
cations. Seeds were de-husked and sterilized with 10% (v/v) bleach for
15 min before placing them on nutrient broth (NB) callus induction
medium containing 2 mg 1™ 2,4-dichlorophenoxyacetic acid for four
weeks at 28 °Cin the dark. Growing calli were co-incubated with A. tume-
faciens strain LBA4404 carrying the expression plasmid of interest in

NBinoculation medium containing 40 pg ml™acetosyringone for three
daysat22 °Cinthe dark. Calliwere transferred to NB recovery medium
containing 300 mg " timentin for one week at 28 °C in the dark. They
were then transferred to NB selection medium containing 35 mg 1™
hygromycin B for four weeks at 28 °C in the dark. Proliferating calli
were subsequently transferred to NB regeneration medium containing
100 mg I myo-inositol, 2 mg I kinetin, 0.2 mg I 1-naphthaleneacetic
acidand 0.8 mg 1™ 6-benzylaminopurine for four weeks at 28 °Cinthe
light. Plantlets were transferred to NB rooting medium containing
0.1 mg ™ 1-naphthaleneacetic acid and incubated in Magenta pots for
two weeks at 28 °C in the light. Finally, plants were transferred toa1:1
mixture of topsoil and sand and grown in a controlled environment
room with 60% humidity, temperatures of 28 °C and 20 °C during the
day and night, respectively, and aphotoperiod of 12 hlightand 12 hdark.

Transactivation assay

Riceleaf protoplastisolation was performed as described previously
Protoplasts were transformed using Golden Gate Level 1 modules
designed for constitutive expression of transcription factors, alongside
the LUCreporter and the ZmUBIpro::GUS-Tnos transformation control,
whichwere prepared with the ZymoPURE Il Plasmid Midiprep Kit. The
transformation mixture contained 2 pg of control plasmids, 5 pg of
reporter plasmids and 5 pg of transcription factor plasmids, whichwere
transformed into 180 pl of protoplasts. After incubating protoplasts
for20 hinthelight, proteins were extracted using passive lysis buffer
(Promega), and GUS activity was measured with 20 pl of the protein
extract. A fluorometric MUG (4-methylumbelliferyl-3-D-glucuronide)
assay was used for quantifying GUS activity* in a reaction mixture of
200 pl containing 50 mM phosphate buffer (pH7.0),10 mM EDTA-Na,,
0.1% (v/v) Triton X-100, 0.1% (w/v) N-lauroylsarcosine sodium,
10 mM DTT and 2 mM MUG. The assay was performed at 37 °C, and
4-methylumbelliferone (4-MU) fluorescence was recorded every 2 min
for20 cycles at 360 nm excitation and 450 nm emission using a CLARI-
Ostar plate reader. In addition, LUC activity was determined using
20 plof proteinsample and 100 pl of LUC assay reagent from Promega.
Transcriptionactivity was quantified as LUC luminescence relative to
the rate of MU accumulation per second.

3748

GUS staining

GUS staining was performed as described previously*’, with minor
modifications. Leaf tissue was fixed in 90% (v/v) acetone for 12 h at
4 °C. After washing with 100 mM phosphate buffer (pH 7.0), samples
were transferred into1 mg ml™ 5-bromo-4-chloro-3-indolyl glucuron-
ide (X-Gluc) GUS staining solution and vacuumwas applied five times
for 2 min each. The samples were incubated at 37 °C for 48 h. To clear
chlorophyll, samples wereincubated in 90% (v/v) ethanol at room tem-
perature. Cross-sections were prepared with arazor blade and images
were taken with an Olympus BX41 light microscope.

To quantify GUS activity, a fluorometric MUG assay was used* as
described above, using 200 mg of mature leaf tissue. A standard curve
often4-MU standards was used to determine the 4-MU concentration
ineach sample.

Confocal microscopy

To test the bundle-sheath-specific expression of mTurquoise2-H2B,
recently expanded leaf 3 of seven-day-old seedlings was prepared for
confocal microscopy by scraping the adaxial side of the leafblade two to
three times withasharprazor blade, transferring to water toavoid dry-
ing out and then mounting on amicroscope slide with the scraped sur-
face facing upwards. Confocal imaging was performed onalLeica TCS
SP8 X usingalOxair objective (HC PLAPO CS210x0.4 Dry) with optical
zoom, and hybrid detectors for fluorescent protein and chlorophyll
autofluorescence detection. The following excitation (Ex) and emis-
sion (Em) wavelengths were used forimaging: mTurquoise2 (Ex = 442,
Em =471-481), chlorophyll autofluorescence (Ex =488, Em = 672-692).
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SEM

Forthe de-etiolation experiment of rice and sorghum, samples from four
to six individual seedlings for each time point (O h, 6 h,12hand 48 h)
were collected for electron microscopy. Leaf segments (around 2 mm?)
were excised with arazor blade andimmediately fixed in 2% (v/v) gluta-
raldehyde and 2% (w/v) formaldehyde in 0.05-0.1 M sodium cacodylate
(NaCac) buffer (pH 7.4) containing 2 mM calcium chloride. Samples were
vacuum infiltrated overnight, washed five times in 0.05-0.1 M NaCac
buffer and post-fixed in 1% (v/v) aqueous osmium tetroxide, 1.5% (w/v)
potassium ferricyanide in 0.05 M NaCac buffer for three days at 4 °C.
After osmication, samples were washed five times in deionized water
and post-fixed in 0.1% (w/v) thiocarbohydrazide for 20 min at room
temperatureinthe dark. Samples were then washed five timesin deion-
ized water and osmicated for a second time for 1 hin 2% (v/v) aqueous
osmiumtetroxide at room temperature. Samples were washed five times
indeionized water and subsequently stained in 2% (w/v) uranyl acetate
in 0.05 M maleate buffer (pH 5.5) for three days at 4 °C and washed five
times afterwards in deionized water. Samples were then dehydratedin
an ethanol series, and transferred to acetone and then to acetonitrile.
Leafsamples were embedded in Quetol 651 resin mix (TAAB Laborato-
ries Equipment) and cured at 60 °C for two days. Ultra-thin sections of
embedded leaf samples were prepared and placed on Melinex (TAAB
Laboratories Equipment) plastic coverslips mounted onaluminium SEM
stubs using conductive carbon tabs (TAAB Laboratories Equipment),
sputter-coated with a thinlayer of carbon (around 30 nm) toavoid charg-
ing, andimagedin aVerios 460 scanning electron microscope ata4 keV
accelerating voltage and 0.2 nA probe current using the concentric
backscatter detector in field-free (low-magnification) orimmersion
(high-magnification) mode (working distance 3.5-4 mm, dwell time 3 ps,
1,536 x 1,024 pixel resolution). For overserving plastid ultrastructure,
SEM stitched maps were acquired at 10,000x magnification using the
FEI MAPS automated acquisition software. Greyscale contrast of the
images was inverted to allow easier visualization.

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

To purify the nuclei population from whole leaves, recently expanded
leaves 3 from five seven-day-old wild-typerice seedlings were chopped
oniceinnucleibuffer (10 mM Tris-HCI, pH 7.4,10 mM NaCl, 3 mM MgCl,,
0.5 mM spermidine, 0.2 mM spermine, 0.01% Triton X, 1x Roche com-
plete protease inhibitors, 1% BSA and Protector RNase inhibitor) with
asharp razor blade. The suspension was filtered through a 70-mm fil-
ter and subsequently through a 35-mm filter. Nuclei were stained with
Hoechst and purified by fluorescence-activated cell sorting (FACS) on
anArialllinstrument, using a70-mmnozzle. Nucleiwere collectedinan
Eppendorftube containing BSA and Protector RNase inhibitor. Using the
same approach, nucleifrom the bundle-sheath marker line expressing
mTurquoise2-H2B were isolated. Nuclei were sorted on the basis of the
mTurquoise2 fluorescent signal. Nuclei were collected inminimal nuclei
buffer (10 mM Tris-HCI, pH7.4,10 mM NaCl, 3 mM MgCl,, RNase inhibitor
and 0.05% BSA). After collection, nuclei were spun down in a swinging
bucket centrifuge at405gfor 5 min, withreduced accelerationand decel-
eration. Nuclei were resuspended in minimal nuclei buffer and mixed
with the unspun whole leaf nuclei population to achieve a proportion
of approximately 25% mTurquoise2-positive nuclei. The bundle-sheath
enriched nuclei population was sequenced using the 10X Genomics
Gene Expression platform with v.3.1 chemistry, and sequenced on the
Illumina NovaSeq 6000 with150-bp paired-end chemistry.

Chlorophyll quantification

Seedlings were harvested at specified time points during de-etiolation
and immediately flash-frozen in liquid nitrogen. Frozen tissue was
ground into fine powder and the weight was measured before suspend-
ing the tissue in 1 ml of 80% (v/v) acetone. After vortexing, the tissue

was incubated onice for 15 min with occasional mixing of the suspen-
sion. The tissue was spundown at 15,700gat 4 °C and the supernatant
was removed. The extraction was repeated, and supernatants were
pooled before measuring the absorbance at 663.6 nmand 646.6 nmin
aspectrophotometer. The total chlorophyll content was determined
as described previously.

Nuclei extraction and single-nucleus RNA-seq (10X RNA-seq)
Frozen tissue from each time point (one biological replicate per time
point, eight time points) was crushed using abead bashing approach,
and nuclei werereleased from homogenate by resuspendingin nuclei
buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaCl and 3 mM MgCl,). The
resulting suspension was passed through a30-pum filter. Toenrich the
filtered solution for nuclei, an Optiprep (Sigma) gradient was used.
Enriched nucleiwere thenstained with Hoechst, before being FACS puri-
fied (BD Influx Software v.1.2.0.142). Purified nuclei were run on the 10X
Gene Expression platformwithv.3.0 chemistry, and sequenced onthe
IlluminaNovaSeq 6000 with 150-bp paired-end chemistry. Single-cell
libraries were made following the manufacturers protocol. Libraries
were sequenced to an average saturation of 63% (14%s.d.) and aligned
either to therice (0. sativa, subspecies Nipponbare; MSU annotation)™
or sorghum (8. bicolorv.3.0.1; )Gl annotation)* genome. Chloroplast
and mitochondrial reads were removed. For each time point, anaverage
of12,524 nuclei were sequenced (6,405 s.d.), with an average median
unique molecular identifier (UMI) of 1,152 (420 s.d.) across both spe-
cies. Doublets were removed using doubletFinder™.

Nucleiextraction and single-nucleus RNA-seq (sci-RNA-seq3)
Eachindividual frozen seedling (10-12 individual seedlings per time
point) was crushed using a bead bashing approach in a 96-well plate,
after which homogenate was resuspended in nuclei buffer. Resulting
suspensions were passed through a 30-pm filter. Washed nuclei were
thenreverse-transcribed with a well-specific primer. After this step,
remaining pool and split steps for sci-RNA-seq3 were followed as out-
lined previously?. We note the same approach was used to sequence the
48-htime point; however, a population of six plants was used instead of
individual seedlings. Libraries were sequenced to an average saturation
of 80% (5% s.d.), and sequenced on the Illumina NovaSeq 6000 with
150-bp paired-end chemistry. Reads were aligned to either the rice or
thesorghumgenome, as described above. Chloroplast and mitochon-
drial reads were removed. For 0-12-h time points, an average of 6,527
nucleiwere sequenced (5,039 s.d.), with an average median UMI of 423
(41s.d.)acrossbothspecies. For the 48-h time point, 77,208 and 82,748
nuclei were sequenced with a median UMI of 757 and 740 for rice and
sorghum, respectively.

Nuclei extraction and single-nucleus RNA-seq (10X Multiome)
Freshseedling tissue was collected after O or 12 hlight treatment (two
biological replicates per species, each with two to four technical rep-
licates per time point; n =11). Fresh tissue was chopped finely onice
ingreen room conditions in nuclei buffer. The resulting homogenate
was filtered using a30-umfilter. Nuclei were enriched using Optiprep
gradient. No FACS was performed. Nuclei were run on the 10X Multiome
platformwithv.1.0 chemistry. Single-cell libraries were made following
the manufacturer’s protocol, and sequenced on the lllumina NovaSeq
6000 with150-bp paired-end chemistry. Reads were aligned to either
therice orthe sorghum genome, as described above. Chloroplast and
mitochondrial reads were removed. For each sample, an average of
1,923 nuclei were sequenced (1,334 s.d.), with an average median UMI
0f1,644 (646 s.d.) and median ATAC fragments 10,251 (7,001 s.d.) across
both species.

Nuclei clustering
Transcriptional atlases were generated separately for each species
using Seurat®*. Nuclei were first aggregated across various time points



(ranging from 0 to 48 h) and methods (10X and sci-RNA-seq3). The inte-
grated dataset was subjected to clustering, using the top 2,000 variable
features that were shared across all datasets. Each cluster contained
nuclei sampled from all time points, indicating that clustering was
driven predominantly by cell type rather than by time after exposure to
light (Extended Data Fig. 2). Subsequent UMAP projections were con-
structed using the first 30 principal components. UMAP projections of
mesophyll and bundle-sheath sub-clustersinrice and sorghum, respec-
tively, were achieved using genes found to be significantly differentially
expressed inresponse to light as variable features. To analyse the rice
bundle-sheath-specific mTurquoise line, we integrated two treatment
replicates into a unified dataset. For this dataset, we clustered using
thefirst 30 principal components. Cluster-specific markers wereiden-
tified using the FindMarkers() command (adjusted P value < 0.01).
To determine the correspondence between the mTurquoise-positive
cluster and clusters within the rice-RNA atlas, we compared the lists
of cluster-specific markers (adjusted P value 0.01, specificity > 2) to
those obtained from therice atlas. For the 10X-multiome (RNA + ATAC)
clustering we used Signac®. Biological and technical replicates for
eachspecies wereintegrated, and clustering was conducted using the
first 50 principal components derived from expression data. After the
initial peak calling using Cell Ranger (10X Genomics), peaks were subse-
quently re-called using MACS2 (ref. 56). Differentially accessible peaks
between cell types were identified using the FindMarkers() command
(adjusted Pvalue < 0.05, per cent threshold > 0.3), before being associ-
ated with the nearest gene (+2,000 bp from transcription start site)

Orthology analyses

We determined gene orthologues between rice and sorghum using
OrthoFinder”. We constructed pan-transcriptome atlases by selecting
expressed rice and sorghum genes that had cross-species orthologues.
To construct the pan-transcriptome atlas, orthologue conversions were
performed in a one-to-one manner, meaning that if multiple ortho-
logues for agene were found across species, only one was retained. We
integrated these datasets with Seurat using the clustering approaches
described above. To assign cell identities, we drew on cell-type labels
that were previously assigned to each species separately and mapped
them onto the pan-transcriptome clusters. To assess specific tran-
scriptional differencesin gene expression between the bundle-sheath
clusters of sorghumand rice within this dataset, we used the FindMark-
ers() command (adjusted P value < 0.05). Sorghum DOF transcription
factor orthologue names kept the same numerical identifier as their
rice orthologues.

To examine the overlap of cell-type-specific gene-expression markers
between the two species, we identified cell-type markers from our main
transcriptional dataset using FindMarkers() (adjusted P value < 0.05,
min.pct > 0.1). We note that some genes were found to be significant
across multiple cell types. To assess the significance of the overlap
between cell types across species, we converted genes to orthogroups
and conducted a Fisher’s exact test, with the total number of ortho-
groupsinthe dataset as the background. The proportion of conserved
marker genes for each cell type across species ranged from 43% for
mesophyll (184 out of 426 rice marker genes conserved in sorghum)
to 13% for bundle sheath (31 out of 229 rice marker genes conserved
in sorghum). We note that by relying on orthogroups, we included
higher-order orthology relationships beyond a one-to-one manner.

Next, we assessed consistent and differential partitioning of
gene-expression patterns among each cell-type pair (15 pairs total).
To do this, we first calculated differentially expressed genes for each
cell-type pair by pseudo-bulking transcriptomes of individual cell types
across 0-12-h time points. Next, we identified partitioned expression
patterns between cell types using an ANCOVA model implemented in
DESeq2 (adjusted P < 0.05). To perform cross-species comparisons
of cell-type pairs, we first converted differentially expressed genes
to their orthogroup. We then overlapped each cell-type pair across

species, using orthogroup membership, and evaluated the significance
of these overlaps using the Fisher’s exact test, with the total number
of orthogroups as background. Finally, to distinguish whether agene
displayed consistent or differential partitioning in a particular cell
type, we examined whether its fold change expression was higher or
lower compared with its counterpart in the corresponding cell type
of the other species.

Differential expression and accessibility responses to light

We discovered cell-type-specific differentially expressed genes dur-
ing the first 12 h of light by pseudo-bulking transcriptional profiles.
To create pseudo-bulk profiles for each cell type, we first refined our
nucleiclusters through re-clustering mesophyll, epidermal and vascu-
lature cell classes separately, before selecting sub-clusters that most
strongly expressed known cell-type marker genes. For each cell type,
we calculated the first and second principal component of these bulked
profiles and found differentially expressed genes through fitting lin-
ear models to each of these principal components, as well as those
that responded linearly with time using DESeq2 (adjusted P < 0.05).
We treated the assay with which the nuclei were sequenced (10X or
sci-RNA-seq3) asacovariate. Inthislist of differentially expressed genes,
we also included genes that were differentially expressed between
time points O hand 12 hin a pairwise test (adjusted P < 0.05). Next, to
uncover the different trends of gene expression among differentially
expressed genes, we clustered genes using hierarchical clustering,
choosing clustering cut-offs that resulted in 10 rice and 18 sorghum
clustersthat contained at least 10 genes. To visualize the expression of
these clusters, we scaled the expression and fitted anon-linear model
to capture thedominantexpression trend. Accessible chromatin within
canonical photosynthesis genes was found through pseudo-bulking
accessible chromatin by cell type. Accessible peaks needed to be within
2,000 bp of the gene body. Only one peak per gene was retained for
subsequent analyses, and extreme outliers were removed (around 5%
of called peaks). To compare peak accessibility across species, reads
per peak were re-normalized between 0 and 1. Significant differences
inaccessibility between cell types of this group of genes were assessed
using a Student’s ¢-test (one-sided).

GO analyses

Toidentify GO terms associated with cell-type-specific genes and genes
that swap expression patternsin rice and sorghumleaves, we performed
singular enrichment analysis using the web-based tool AgriGO v.2.0
(ref. 58). Oryza sativa or S. bicolor gene identifiers were used for the
inputsamplelist, and the whole genome of the respective plant species
was used as background.

Cis-element analyses

We detected cell-type-specific accessible motifs within each cell type
using the chromVAR function® implemented in Signac. In brief, this
approach detected over-represented cis-regulatory elements within
the JASPAR2020 plant taxon group®® among peaks that are differen-
tially accessible across cell-type clusters. GC enrichment and genomic
backgrounds used for statistical tests were derived from BSGenome
assembled genomes®. The same approach was also used to detect
light-responsive cis-elements, using light- and dark-treated nuclei
withineachcelltype. We overlapped enriched cis-regulatory elements
identified across species by selecting the top 25 most significantly
over-represented motifs (adjusted P < 0.05), before computing a
Fisher’s exact test using all computed motifs as background, and then
clustered the resulting motifs using TOBIAS®%.

Tofind consistently and differentially partitioned orthologous genes
within our multiome gene-expression dataset, we found mesophylland
bundle-sheath-specific genes inrice and sorghum, respectively, using
theFindMarkers() command, with a Pvalue threshold cut-off of 0.01and
an expression specificity above 1.25. To find over-represented motifs
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within differentially partitioned genes, we correlated peak accessibility
with gene expression using the LinkPeaks() command and kept only
those peaks which were significantly associated with gene expres-
sion. We identified enriched cis-elements within these peaks using the
FindMotifs() command; ranking by significance (adjusted P < 0.05).
Because the resulting significance depends on the subset of the genome
chosen as background, we iterated the FindMotifs() command over
100 permutations to rank motifs that were consistently reported as
enriched. We then averaged each motif’s respective rank across the 100
permutations to create a final ranked value (Supplementary Table 13).

To quantify the occurrence of DOF-binding sites, we extracted the
genomicsequence of peaks that were proximalto the transcriptionstart
site (1,500 bp). If a peak was proximal to two transcription start sites,
itwasassigned to the closer one. We thenimplemented Find Individual
Motif Occurrences (FIMO) to quantify the number of DOF consensus
sites within these chromatin regions (P value threshold = 0.005). We
chose the DOF2 (MA0020.1) motif as representative of the core DOF
consensus sequence AAAG.

We implemented analysis of motif enrichment (AME) to detect
DOF transcription factor motifs enriched within C. laxum (http://
phytozome-next.jgi.doe.gov/info/Claxum_v1_1), H. vulgare (Hvul-
gare_r1)% or B. distachyon (Bdistachyon_314_v3.0)** homologues of
genes consistently partitioned to therice and sorghum bundle sheath.
To identify homologues, the NCBI BLASTN tool v.2.15.0 was used by
comparing coding sequences, and the top identified homologue for
each gene was selected for cis-element enrichment analyses. We used
1,000 bp upstream of the transcription start site for each homolo-
gous gene and tested against reported plant motifs present within
the JASPAR database.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Raw and processed data, including assembled atlases, have been
deposited at the Gene Expression Omnibus and are publicly available
at GSE248919. Raw data for chlorophyll measurement, transactiva-
tion assays and GUS quantification have been deposited at Mendeley
(https://doi.org/10.17632/6xmsdg9xcr.1). Microscopy data reported
inthis paper will be shared by the J.M.H. upon request. Any additional
information required to reanalyse the data reported in this paper is
available from J.M.H. upon request.

Code availability

The code for bioinformatic analyses presented in this manuscript is
available on GitHub at https://github.com/joey1463/C3-C4.git.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.
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E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. The number of nuclei we sequenced per time point allowed us enough coverage to annotate cell
types and perform required statistical analyses to detect differentially expressed genes and accessible chromatin.

Data exclusions  No significant data was excluded from our study. Only genes with low read counts, or nuclei with low UMIs, were removed during normal
processing of single-nuclei sequencing data.

Replication Single nuclei sequencing data presented in this study was replicated in the following ways:
- For our assay of transcriptional responses to photomorphogenesis, multiple time points were assayed (9 time points).
- We sequenced tissue resulting from this time course using both 10X and sci-RNA-seq3 using different plant populations (technical
replication, biological replication).
- For our multiomic assay, we replicated these with 2 distinct biological replicates and 2-4 technical replicates (technical replication, biological
replication). All replication events were successful.
Validation experiments in this study were replicated in the following ways:
- For our transactivation assay testing DOF transcription factor activity, we performed the experiment 3 times independently with similar
results, each with 4 biological replicates. We report only one experiment.
- For our GUS reporter of the minimal SIR reporter, we performed 52 independent transformation events. Resulting data for all independent
lines are presented.
- For chlorophyll measurements, we performed 3 biological replicates, and performed the experiment 3 times independently with similar
results.

Randomization  Plant seedlings were randomized in growth chamber. Additionally, random seedling samples (n > 10) were taken at each time point observed.
Random subpopulations of nuclei were selected either through FACS sorting or random passage through the sci-RNA-seq3 workflow.

Blinding Blinding was not relevant in our study. Specifically, photomorphogenesis will turn white tissue visibly green. Thus, throughout our
experimental protocol it is possible to identify which sample was light treated.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology X[ ] MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

[ ] National security
|:| Crops and/or livestock
|:| Ecosystems
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|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Plants

Seed stocks

Novel plant genotypes

Authentication

We used wild type Oryza sativa spp Japonica cultivar Kitaake, and Sorghum Bicolor BTx623

Oryza sativa spp Japonica cultivar Kitaake was transformed with a construct tagging bundle sheath nuclei with mTurquoise2.

Transformation method was agrobacterium mediated rice transformation. We analyzed 5 independent transgenic single copy lines.

Experiments were performed homozygous T2 and T3 seeds. Additionally,
Oryza sativa spp Japonica cultivar Kitaake was transformed with a construct tagging bundle sheath nuclei with the minimal sulfite
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reductase \)II“)#JIUHIUU:‘I UIIVIHg GUS EXplt‘bblUH nere 23 and 25 IlergElerllL T0 pldllLb IUI two UIII‘:'H:‘HL construct types were
IR gipsegence o he transgene was confirmed using southern blots, PCR and confocal microscopy.
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