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Light serves as the energy source for plants as well as a signal for growth and
development during their whole life cycle. Seedling de-etiolation is the most
dramatic manifestation of light-regulated plant development processes,

as massive reprogramming of the plant transcriptome occurs at this time.
Although several studies have reported about organ-specific development
and expression induced by light, a systematic analysis of cell-type-specific
differentiation and the associated transcriptional regulation is still

lacking. Here we obtained single-cell transcriptional atlases for etiolated,
de-etiolating and light-grown Arabidopsis thaliana seedlings. Informative
cells from shoot and root tissues were grouped into 48 different cell clusters
and finely annotated using multiple markers. With the determination

of comprehensive developmental trajectories, we demonstrate light
modulation of cell fate determination during guard cell specialization and
vasculature development. Comparison of expression atlases between wild
type and the pifg mutant indicates that phytochrome-interacting factors
(PIFs) areinvolved in distinct developmental processes in endodermal and
stomatal lineage cells via controlling cell-type-specific expression of target
genes. These results provide information concerning the light signalling
networks at the cell-type resolution, improving our understanding of

how light regulates plant development at the cell-type and genome-wide
levels. The obtained information could serve as a valuable resource

for comprehensively investigating the molecular mechanism of cell
development and differentiation in response to light.

Cell fate specification and differentiation are core development pro-  darkness, or etiolation) to photomorphogenesis (development that
cesses in multicellular organisms and are regulated by intracellular  occurs under light) when seedlings emerge from the soil. When seeds
molecular networks and extracellular environmental signals. Most  firstgerminateinthe soil, cell elongation in the hypocotylis maximized
plants that begin from seeds undergo a dramatic developmental switch  toreachthelight'. After 2 d of skotomorphogenesis, the development of
from skotomorphogenesis (development patterns that occur under  cotyledonsis essentially arrested in the dark'. However, when seedlings
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finally emerge from the soil, different development processes in dis-
tinct shoot cell types proceed forward to facilitate photosynthesis;
these processesinclude cotyledon cell expansion and development®?,
stomatal differentiation** and chloroplast development®. However,
the developmental patterns of roots are not dramatically affected by
light during de-etiolation’.

Although the exact patterns of morphogenesis vary widely among
different taxa, the core light signalling machinery is functionally con-
served fromsingle-celled algae to angiosperms’ . In the past 30 years,
comprehensive signalling networks underlying how light controls
Arabidopsis seedling development have been constructed”™’; however,
most of these networks have been analysed at the whole-seedling or
organlevel. Organ-specific light control of genome expression has been
reported decades ago'®. At the transcriptional level, light-responsive
genes show distinct expression patterns in the cotyledons, hypocot-
yls and roots™ 2, Intriguingly, tissue-specific photoreceptors?*** and
corerepressors** have been shown to exert different abilities to rescue
mutant phenotypes. Compared with other tissues, the vascular system
plays more critical rolesin plant responses to light, as vascular-specific
expression of one photoreceptor® and one light signalling factor*
enabled corresponding mutants to regain wild-type (WT) phenotypes.
Furthermore, light caninduce areboot of cell development and differ-
entiation, whichisarrested during skotomorphogenesis. In particular,
stomatal cells were shown to be abnormal under darkness and to have
alower density, and many were retained as precursors®. Light enhances
the development process and ensures the proper patterning and open-
ing of guard cells (GCs). In addition, vasculature differentiation is
repressed under darkness compared with constant light*. These are
considered intrinsic cell-type-specific signalling and developmental
processes. However, light-regulated cell-type-specific transcriptional
and developmental responses have been largely unexploredin previous
studies because of technical bottlenecks?®?.

In this study, we carried out time-series single-cell RNA sequenc-
ing (scRNA-seq) analyses of the shoots and roots of de-etiolated
Arabidopsis seedlings and constructed a spatiotemporal cell atlas
comprising 92,861 valid cells. The shoot cells displayed gradual but
dramatic changes in transcriptional states; however, the root cells
were quite stable in the presence and absence of light. After annotat-
ing and validating cell types, we identified 12,447 cell cluster prefer-
entially expressed genes and 73 spatiotemporal expression modules.
With information on both cell type and light duration, we estimated
the developmental dynamics of each shoot cell type in the context
of de-etiolation, enabling us to identify respective cell differentia-
tion trajectories under respective light conditions and to identify the
novel regulatorsinvolved. To reveal the cell-type-specific mechanisms
modulated by light signalling networks, extensive comparisons of cell
atlases of the pifg mutant and WT were carried out. Collectively, our
atlases and findings improve our understanding of the heterogeneity
of light responses at cell-type resolution, facilitating studies of light
signalling and cell development.

Results

Construction of de-etiolating seedling cell atlases

When dark-grown Arabidopsis seedlings are exposed to light, aseries of
dramatic changes occur, including cotyledon expansion and greening
and apical hook opening. To illustrate transcriptional transitions in

distinct cell types, shoot and root tissues of Arabidopsis seedlings that
were cultivated under constant darkness, were de-etiolating (exposed
to light for 1h, 6 hand 24 h) or were grown under constant light were
collected for scRNA-seq (Methods, and Supplementary Figs.1and 2).
Bulk RNA-seq data for corresponding samples were also obtained for
cotyledon, hypocotyl and root (Supplementary Fig. 3). Tissues for
scRNA-seq were dissected for cell wall digestion, and the dissociated
protoplasts were separately loaded into a 10x Genomics Chromium
Controller. Subsequently, the barcoded molecules were amplified
and sequenced viaanIlluminaNova-Seq platform. Cells with extreme
values of total unique molecule identifier (UMI) counts and the orga-
nelle molecule content were discarded. Asaresult, atotal of 31,796 and
61,065 informative cells from shoot and root samples, respectively,
were profiled for the construction of the final transcriptomic atlas
(Supplementary Tables 1-3 and Supplementary Fig. 4a,b).

Root (Fig. 1a) and shoot (Fig. 1b) cells were used for reconstruc-
tion of transcriptome atlases (Methods) (Fig. 1), and classified into
28 root clusters (rcluster0-27) (Supplementary Fig. 4c) and 33 shoot
clusters (scluster0-32) (Supplementary Fig. 4d). Previous Arabidop-
sis cell atlases®® ™ facilitated fast and accurate cell type annotation.
Taking advantage of the expression patterns of these known markers
(Fig. 1c,d, Supplementary Table 4 and Supplementary Figs. 5 and 6),
we ultimately annotated most root and shoot cell clusters. A more
comprehensiveinterpretation of the dynamicatlases could be obtained
by comparing among timepoints. Asillustrated, the states of root cell
types were stable (Fig.1e), but extensive changes could be observed for
shoot cell types (Fig. 1f). Intriguingly, distinct shoot cell types under-
went different degrees of developmental changes during de-etiolation.
Mesophyll (Mes), epidermis (E) and cortex (C) cells experienced grad-
ual but radical changes in transcriptional status (the location of cell
types changed from upper to lower parts on the uniform manifold
approximation and projection (UMAP)); however, the vascular cell
clusters (Vas) wererelatively insensitive tolight (the location of Vas cells
on the UMAP was almost unchanged) (Fig. 1f). Therefore, we focused
onshoot cell types in subsequent profiles.

As available markers for hypocotyl cell types and subtypes of
lateral root cap (LRC) are lacking, promoter-reporter analyses for five
highly expressed genes were carried out (Fig. 2). The expression of
AT4G18970 in transverse sections of hypocotyls verified the hypoco-
tyl epidermal clusters on the atlas (Fig. 2a). The promoter signal of
AT3G0S5150 (Fig.2b) and AT1G78450 (Fig. 2c) revealed the corticaliden-
tity for cell clustersin dark and light, respectively. Different cell clusters
belonging to LRC were also verified by specific promoter signals of
AT1G53708 (Fig. 2d) and AT4G13890 (Fig. 2e), indicating transcrip-
tomic pattern changes in LRC between growth in constant-dark and
constant-light conditions. With the aid of known markers and reporter
lines, the finely annotated high-resolution atlases were generated.

Identification of spatiotemporal markers

Characterizing spatiotemporally specifically expressed genes inindi-
vidual cell types and at different development stages canbe used asa
powerfultool for elucidatingintrinsic molecular regulatory modulesin
multicellular organisms. Organ-specific genesin response to light***
and cell type makers?* have been identified separately. However,
parsing expression dynamics of light-responsive genes in cell-type
resolutionis unclear. We identified 9,997 and 6,702 genes with obvious

Fig.1| Cell atlases of de-etiolating seedlings. a, Visualization of root cell
types (states) via UMAP. The dots indicate individual cells, while the colours
represent the respective cell types. Corresponding root cluster (rcluster) IDs
areindicated on theright. b, Visualization of shoot cell types (states) via UMAP.
The dots indicate individual cells, while the colours represent the respective
celltypes. Corresponding shoot cluster (scluster) IDs are indicated on the right.
¢, Expression patterns of representative marker genes for root cell types. The
dot diameter indicates the proportion of cluster cells expressing a given gene

and the colour indicates relative expression levels. d, Expression patterns of
representative marker genes for shoot cell types. The dot diameter indicates

the proportion of cluster cells expressing agiven gene and the colour indicates
relative expression levels. e, Time-series root cell atlas and phenotypesin
different light radiation timepoints. Two replicates of Dark samples were
merged. f, Time-series shoot cell atlas and phenotypesin different light radiation
timepoints. Two replicates of Dark samples were merged.
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LAZY4 (refs.37,38), TACI (ref. 38), SGRS, SGR6 (refs. 39,40) and SCR*,
wereidentified on the basis of their specific expressionin endodermal
cells (Enland En2).Inaddition, anumber of cell type-specific transport-
ers,including SWEETI1I (ref. 41), SWEET3 (AT5G53190), NPF7.3 (ref. 42)

expression preference to specific root and shoot cell types, respec-
tively (Supplementary Tables 5 and 6, and Methods). As expected,
abatch of known spatial markers was included in the list (Figs. 1b,c
and3a).Forinstance, genesresponsivetogravity,suchasLAZY1,LAZY2,
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Fig. 2| Specific expression of marker genes for hypocotyl cell types and
lateral root caps. a, Expression of AT4G18970 in hypocotyl epidermal cells
under dark and light conditions. The gene expression pattern was determined by
AT4G18970 promoter-driven Histone2B-GFP (H2B-GFP, green) reporter. The cell
outline (red) was visualized by FM4-64 staining in addition to DsRed2 reporter
driven by a seedling-specific promoter (pAT2S3). b, Expression of AT3G0S5150

in hypocotyl cortical cells specifically in darkness. The gene expression pattern
was determined using Histone2B-GFP (H2B-GFP, green) reporter driven

by AT3G05150 promoter. The cell outline (red) was visualized by FM4-64
stainingin addition to DsRed2 reporter driven by a seedling-specific promoter
(pAT2S3). ¢, Expression of ATIG78450 in hypocotyl cortical cells specifically in
light conditions. The gene expression pattern was determined by AT1G78450
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promoter-driven Histone2B-GFP (H2B-GFP, green) reporter. The cell outline
(red) was visualized by FM4-64 staining in addition to DsRed2 reporter driven by
aseedling-specific promoter (pAT253). d, Expression of ATIG53708 in subtype
LRCland LRC2in dark and light conditions, respectively. The seedling cells (red)
were labelled with the seedling-specific promoter AT253::DsRed2. e, Expression
of AT4G13890 in a stable subtype LRC3 in dark and light conditions. The seedling
cells (red) were labelled with the seedling-specific promoter AT2S3::DsRed2. The
expression patterns of marker genesin cell atlases for Dark and Light samples
are correspondingly illustrated on the right. Colour bar, normalized UMI counts;
darker coloursindicated higher expression. Scale bar, 100 um. Each experiment
was independently repeated three times.

and NPF2.4 (ref. 43), were highly expressed in vascular parenchymal
cells (Fig. 3a).

Notably, clusters in the atlases were classified by thousands
of features (highly variable genes), reflecting the variance not only
due to spatial differences but also due to the diversity of light expo-
sure times. To classify the light-regulated genes from among all the
cluster-specific genes, we first processed cotyledon, hypocotyl and
roottissues from the seedlings during dark-to-light transition for bulk

transcriptome sequencing (Methods and Supplementary Fig.2). Using
organ-specific RNA-seq data of de-etiolated seedlings in this study
and previously published ones, we identified 13,653 genes that were
significantly differentially expressed in at least one organ at one light
exposure timepoint compared with that under darkness (Methods
and Supplementary Table 7). More than 60% of the light-induced dif-
ferentially expressed genes (DEGs) (8,212/13,653) were identified as
being differentially expressed among cell types and constituted 66.0%
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(8,212/12,447) of DEGs identified with the scRNA-seq data. Notably,
many spatial markers could be regulated by light (Fig. 3b). Identifying
universaland cell-type-specificlight-responsive genes would facilitate
our understanding of cell development induced by light.

To extensively resolve gene spatiotemporal expression patterns,
we constructed co-expression networks for seven shoot cell types:
Mes, shoot apical meristem (SAM), En, Vas, C, E.cotydelon (E.C) and
E.hypocotyl (E.H), at five different timepoints (Methods). The mean
expression of eachgeneincelltypes at each timepoint was calculated
and further processed through a weighted gene co-expression network
analysis (WGCNA) pipeline**. After filtration, a total of 21,543 qualified
genes were clustered into 73 modules (Fig. 3¢ and Supplementary
Table 8). Thelargest module, ME1, contained more than12% (2,675) of
the genes, the expression of which was universally induced by light in
all the cell types studied. As expected, genes in ME1 were enriched in
photosynthesis-related gene ontology (GO) terms (Supplementary
Table 9). In contrast to the light-induced module ME1, genes from
ME6 and ME7 were detected for higher expression in Dark samples
without spatial preference. The photomorphogenesis-positive tran-
scription factors HY5/HYH and negative transcription factors PIF1and
PIF5Swere classified as belonging to ME1. Almost one-third of the direct
target genes of HY5 (ref. 20) (80/295) were assigned to ME1 during
de-etiolation. The target genes of PIFs***¢ (PIF1, PIF3, PIF4, PIF5) were
enrichedinboth ME1(43/333) and ME6 (30/333), and others were iden-
tified with spatial differences (Supplementary Table 8). In summary,
basic light signalling networks were commonly induced in different
cell types. However, regulated genes tended to be transcribed with a
cell-type preference (Fig. 3b,c).

Light balances the development of xylem and phloem
Thevasculature plays avital rolein water and solute transport, linking
the development of shoots and roots. Compared with the outer layers of
cells of shoot, the vascular systemis quite stable, with similar cell-type
composition and developmental processes (Figs. 1a and 4a). To shed
light on the impact of de-etiolation on the vasculature, we screened
9,088 cells from vascular cell clusters (Vasl-Vas7) and re-clustered
them accordingto vascular highly variable genes (Fig. 4a). Procambial
cells (Vas1) were further classified into two subtypes (Prland Pr2). The
high expression of PEARI and PEAR2 (ref.47) in these clusters verified
their procambiumidentities (Fig. 4b). Except for the Vasl (Prl1and Pr2)
clusters, procambial markers, including DOF35.6 (ref. 48), were also
expressed in scluster 17 (Fig. 4b, Supplementary Fig. 4d and Supple-
mentary Table 5), which was annotated as Pr3. Procambial cells contain
pluripotent stem cells and maintain their cell division ability to continu-
ally form new tissues*. Genes expressed in proliferating cells, such as
DOFs and ERF114, were vigorously transcribed in procambial cell clus-
ters (Pr1,Pr2 and Pr3) (Fig. 4b). Although the states of vasculature cells
were relatively stable, the cell type composition of procambial clusters
differed greatly during de-etiolation. Pr2 comprised the main type of
procambial cells under darkness, and the Prl proportion increased
after 1 h of light. Finally, Pr3 constituted the main position after 1d of
illumination (Fig. 4a). Furthermore, the proportion of dividing cells
increased after light radiation (Supplementary Fig. 7). Taken together,
procambial cells were at the centre of light sensing and signalling in
the shoot vasculature system.

Xylem and phloem cells developed under both dark and light con-
ditions (Fig.4c). The development trajectories of vascular cells revealed
two distinct development directions from procambial cells: the first
trajectoryistowards xylem cells and the other is towards phloem cells
(Fig. 4c). To circumvent variances induced by large differencesin cell
numbers obtained between shoot samples, we only compared the
developmental changes between Dark and Dark to Light (D2L)1h. The
phloembranch had denser cells after 1 h of light exposure (Fig. 4c). To
comprehensively study responsive genes specificin vascular cells, gene
modules with higher eigenvalues in vasculature of the co-expression

networks were screened out (Fig. 3¢). There were 119 genes in ME52
(Supplementary Table 8), whichwere induced only in vascular cells of
dark-grown seedlings, including a series of xylem development regula-
tors. Amongthem, both TED6 and TED7 are type l membrane proteins
with high sequence similarity and might function as components of a
secondary cell wall cellulose synthase complex®°. RNA interference
(RNAI) of TED6 or TED7 could reduce the formation of tracheary ele-
ments®’. NPF2.3 (ref. 51) and NPF2.4 (ref. 43) are two members of the
NRT1/PTR family (NPF), contributing to NO,"and CI" translocation from
therootstothe shoots through the xylem system, respectively. An apo-
plastic copper amine oxidase gene, AOI (ref. 52), which has been found
to promote protoxylem differentiation, and a sulfated peptide gene,
CIF1 (ref.53),involved in maintaining ion homoeostasis in xylem, were
also included (Fig. 4d). In contrast, phloem development regulatory
genes were enriched in light-induced modules; these genes included
the ALTERED PHLOEM DEVELOPMENT (APL) gene, which playsavital role
in phloem-xylem patterning’*. Both phloem cell proliferation and dif-
ferentiation wereimpaired in ap/mutants, and xylem development was
inhibited by overexpression of APL**. We thus inferred that the percep-
tion of light signals in procambium cells regulated the transcriptional
patterns of stem cells and affected the development strategy of phloem
and xylem. Another six transcription factors whose expression patterns
were the same as those of APL, DOF5.6 and MYRI (ME21and ME25) were
also identified; these included EFM, MYR2, PHL12, RL3, MJJ/3.20 and
RL4 (Supplementary Fig. 8), which have possibleimportant and novel
functions in phloem development.

Light promotes GC development by trajectory switching
Different fromvascular cells, cotyledon epidermal cell subtypes under-
went atremendous status switch during de-etiolation from E.C1to E.C2
(Fig.1f).In contrast, the E.C3 cluster wasrelatively stable (Fig. 1f). Given
the high expression of FAMA> in E.C3 (Fig. 1d), we thus annotated the
E.C3 cluster cells as GCs (Fig. 1b). The developmental trajectory of sto-
matal celllineages has beenillustrated clearly and verified via single-cell
transcriptomic data®*, The sequential expression of three stomatal
lineage (SL)-specific basic helix-loop-helix (bHLH) transcription factors
promotesthe development of protoderm cells (PDC) into mature GCs.
First, the expression of SPEECHLESS (SPCH) initiates the stomatal fate,
helping to maintain the constantasymmetric division of meristemoid
mother cells (MMCs) and the formation of meristemoid (M) cells”.
The expression of the next main factor, MUTE, is akey transition event
needed to acquire guard mother cell (GMC) identity from an M cell*®.
Subsequently, in this process,a GMC divides into two parts, ultimately
completing the transition fromyoung guard cells (YGCs) to GCs, where
the third factor, FAMA®, isinvolved. Nonetheless, all trajectories were
reconstructed for epidermal cells of light-grown seedlings.

To resolve the development trajectory in darkness and changes
induced by light, we first reconstructed the SL cell atlases in light and
darkness (Fig. 5a,b). Epidermal cells collected from cotyledons of
seedlings grown in constant darkness and constant-light conditions
were combined to anchor corresponding cell types in Dark and Light
(Methods). The SL cells were further clustered into five subtypes, and
the development direction of each cell was inferred with spliced and
unspliced transcripts (Fig. 5c,d and Methods). A series of genes involved
in early SL development, such as SPCH and BASL, were transcribed
specifically in SL3, indicating the M cell identity (Fig. 5c). SL4 and SL5
were annotated as pavement cells and GCs with the special distribution
of DIR11 (ref. 36) and FAMA®, respectively (Fig. 5¢). SL1and SL2 were
classified as epidermal precursor cells because they border M cells
in the opposite direction of mature cells (SL4 and SL5) on the UMAP
atlas. Consistent with the trajectory inferred by cell identity (Fig. 5¢),
RNA velocity indicated that the development direction starts fromSL2,
proceeds through SL3 and finally develops into SL4 and SL5 (Fig. 5a),
whichisin concert with previous studies. Through the same pipeline,
adifferent scene was depicted for SL cells under darkness (Fig. 5b,d).
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Pavement cellsand M cells were distributed within epidermal precursor
cell clusters. M cells (where SPCH was expressed) did not appear at the
joint position of precursor cells and GCs, although M cells clustered
with andin proximity to SL2. The trajectory directioninferred by RNA
velocity indicated that GCs developed from precursors without passing
the M cell states under darkness (Fig. 5b). Two distinct developmental
trajectories towards GCs were illustrated more clearly with epidermal

cells from de-etiolating samples. The development process begins
with precursor cells with darker colour and proceeds to M cells (SL3)
orresultsinthe development of GCs (SL5) directly (Fig. 5e,f). Notably,
cells on the direct path to GCs were enriched only in the samples of
dark-grown seedlings (Supplementary Fig. 9). We thus inferred that
epidermal cells could develop into GCs under darkness but viaa com-
pletely different trajectory.
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Fig. 5| GC development networks under darkness and light. a, RNA velocity
inferred for SL cells of light-grown samples. The colours indicate different
subtypes. b, RNA velocity inferred for SL cells of dark-grown samples. The
coloursindicate different subtypes. c, Cell atlases for SL of Light samples.
Transcript distributions of development factors in SL cells are highlighted by
different colours. d, Cell atlases for SL of Dark samples. Two replicates of Dark
samples are merged. Transcript distributions of development factorsin SL
cells are highlighted by different colours. e, Visualization of SL cells during the
de-etiolation process. The orange and black arrows indicate canonical and dark-
specific trajectories, respectively, for GC development. f, Latent time inferred
for SL cells during the de-etiolation process; a darker colour represents earlier

development stages. g, Expression trends of candidate regulators involved in
SL development in dark and light conditions along the inferred pseudotime.

h, Regulatory models for GC development. The black dots represent the
respective cell clusters (0-9). Cells belonged to different clusters were coloured
inrespective colours: dark-grown precursors: 0, 4, 6; de-etiolating precursors:
1,3; light-grown precursors: 2, 5; light-grown pavement cell: 9; light-grown

GC: 8; dark-grown and de-etiolating GC: 7. The black edges between the black
dots represent probabilities for cell state transitions. The size of the edges
corresponds to the approval rate (the frequency of occurence for edges). The
candidate genesinvolved in the respective trajectories are listed.

To explore how GC development proceedsin darkness and under
light, cells in the canonical light trajectory (Supplementary Fig. 10a)
andthe dark-specific direct trajectory (Supplementary Fig.10b) were
separated from others and further ordered according to pseudotime.
Candidate factorsinvolvedinrespective development processes were
identified and labelled on the merged epidermal cell atlas (Fig. 5g,h
and Supplementary Fig.10c). Asaresult, the atlasincludes three paths,
namely, dark-specific trajectory to GCs, canonical light trajectory
to GCs and the de-etiolation trajectory of stomatal precursor cells

(Fig. 5h). In darkness, transcription factors including NAC3, ARF31
and bHLH87 were differentially expressed along the trajectory to GCs
(Fig.5h). Inaddition, precursor cells underwent dramatic de-etiolation
with the induction of GL2, PDF2, ATML1 and ICE expression (Fig. 5h).
The GCs of etiolated and de-etiolating seedlings (7) were similar to
those of seedlings grown under constant light (8) but not exactly
the same. Known GC-specific regulators such as FAMA, DOFS.7 and
MYB60 were transcribed inboth clusters; however, bHLH167, bHLH92
and DOF4.7 were specifically induced in the GCs of etiolated and
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de-etiolating seedlings (Fig. 5h). To validate the expression of bBHLH167,
pbHLH167:H2B-YFP reporter and pFAMA:CFP-FAMA®> were established™
and the signals were observed for dark- and light-grown seedlings
(Methods). In darkness, the expression of bHLH167 was restricted to
GCsand no expression of FAMA was detected (Supplementary Fig.11a).
The signal of the bBHLH167 promoter was weaker in light-grown seed-
lings, while the expression of FAMA could be observed clearly in GMCs
and GCs (Supplementary Fig.11b). Crucial roles of candidate regulators
in GC development and maturation under different light conditions
need further studies.

Cell-type-specific function of PIFs

PIF transcription factors are core negative transcription factors
involved in photomorphogenesis®’. Quadruple pif mutants (pifq),
lacking PIF-family members PIF1, PIF3, PIF4 and PIF5 (termed the PIF
quartet), exhibited a constitutive photomorphogenic phenotype in
darkness®. As factors transcribed in all cell types (Supplementary
Fig.12), theregulatory roles of PIFsin respective cell types are unclear.
Another batch of protoplastisolation and scRNA-seq techniques were
carried out for shoot tissue of dark-grown pifg and WT seedlings (Meth-
ods). After cell embedding and annotation were performed, major
shoot cell types were identified and annotated on the atlas, mainly
including vascular, epidermal, cortical and mesophyll cells (Fig. 6a,b).
Compared with WT, the proportions of epidermal and mesophyli cells
were increased, and vascular, endodermis and cortical cell propor-
tions were reduced (Supplementary Fig. 13). Intriguingly, a subtype
of cortical cells (Cortex2) was observed solely in WT (Fig. 6a,b and
Supplementary Fig. 13). Integrating these data with Dark samples in
the de-etiolating atlas (Methods) revealed that Cortex2 cells were
similar to perturbed cells (U.k., Fig. 6¢,d). Whole-genome expression
patterns for each cell type of pifg and WT were calculated and used for
correlation analyses (Methods). Similar cell-type pairs were observed
for the same identities between two samples, including mesophyll,
vascular, MMC, SAM and GC (Fig. 6e), indicating similar states with and
without PIFs. In contrast, agroup of cell types, comprising epidermis,
cortexand endodermis, showed higher correlation with different cell
typesinthe same sample, but lower correlation with the same cell type
betweensamples (Fig. 6e). Differential expression genes were identified
between pifg and WT for this group of cell types (Methods). With the
mutation of PIFs, while expression inhibition of genes was enriched in
the auxin-responsive pathway (Fig. 6f), the increased expression was
observed broadly in photosynthesis genes (Fig. 6g).

Light signalling works in concert with phytohormone signalling
cascades toregulate plant development®. Why were auxin-responsive
genes downregulated in specific cell types? Spatiotemporal expression
patterns of genes involved in phytohormone biosynthesis and signal-
ling during the de-etiolation processareillustrated in Supplementary
Figs. 14 and 15. In shoot cells, the distribution of cell-type-specific
genesinvolved inabscisicacid (ABA) and auxin biosynthesis exhibited
apreference for vascular parenchymal cells (Vas3), and spatiotempo-
rally restricted genes involved in jasmonic acid, gibberellic acid and

ABA signalling were enriched in procambial cells (Vasl) (Supplemen-
tary Fig. 14 and Supplementary Table 10). Notably, a number of auxin
signalling genes were specifically expressed in etiolated hypocotyl
epidermal and cortical cells (E.H1and C1). Intriguingly, there were 19
SMALL AUXIN UP RNA (SAUR) genes identified as E.H1- and Cl-specific
genes, encodingagroup of sequence-related genes whose expression
was rapidly induced by auxin®*** (Supplementary Fig. 16).

To investigate the direct function of PIFs in cell state changes,
expressions of direct target genes of PIFs are illustrated in cell-type
resolutioninFig. 6h. More than one-fourth (71/276) of high-expression
PIF direct target genes were highly transcribed in endodermal cells,
although the mutation of PIF-induced expression decrease was sim-
ilar among all cell types (Fig. 6h). Auxin-responsive genes, includ-
ing SAURI4, SAURI9, SAUR23, SAUR25, 1AA3, IAA19, GH3.1 and PRES,
belong to this gene set (Supplementary Table 11). In addition, sig-
nificant expression differences were observed specifically in MMCs
and GCs (Fig. 6h); hence we analysed the development trajectory
of epidermal cells for pifg and WT (Fig. 6i,j). Stomatal lineage cells
from pifg samples were enriched in mature states of GC development
(Fig. 6j and Supplementary Fig.17). Differential expression genesin GC
development wereidentified and the expression patterns of PIF direct
target genes are illustrated in Fig. 6k. These targets were transcribed
in specific stages along GC development and maturation. Moreover,
the expression induction was enriched for targets highly transcribed
in mature stages in pifqg mutants (Fig. 6k). In darkness, PIFs promoted
auxin-responsive genes in endosperm but inhibited GC maturation
factors in stomatal lineage cells, accomplishing independent regula-
tion by cell-type-specific expression of targets.

Disparate responses to light in distinct shoot cell types
Different cell types have varying degrees of plasticity, especially in
shoot tissues (Supplementary Figs.18-25). Cell states and trajectories
of the vascular system are quite stable during de-etiolation (Supple-
mentary Fig. 22). However, dramatic transcriptomic reprogramming
was observed in mesophyll cells, hypocotyl, epidermal and cortical
cells from dark status to light status (Supplementary Figs. 18-20).
Cotyledon epidermal cells also underwent strong changes, while GCs
wererelatively stable (Supplementary Fig. 21). The switchin cell status
could be resolved into DEGs among light exposure time in each cell
type. Onthe other hand, atotal of 7,857 DEGs were identified for each
celltype among light exposure timepoints (Supplementary Table 12).
Inmost cell types except mesophyll cells, the largest DEG set was identi-
fied after 24 h of light in the de-etiolation seedlings (Supplementary
Fig. 26a). Most genes were differentially expressed in the mesophyll
cells of dark-grown and early-stage de-etiolation seedlings compared
with the other timepoints (Supplementary Fig. 26a), indicating that
mesophyll cells constitute the early and active phase of light percep-
tion and signalling. More than 45% (3,589) of the DEGs were cell-type
specific and only 614 genes were identified as DEGs in all seven shoot
celltypes (Supplementary Fig. 26b), which were enriched in photosyn-
thesis genes (Supplementary Table 13).

Fig. 6| Cell-type-specific function of PIFs. a, Visualization of shoot cell types via
UMAP for dark-grown WT. Cell types are colour coded. Annotations for each cell
type areindicated. b, Visualization of shoot cell types via UMAP for dark-grown
pifgmutant. Cell types are colour coded. Annotations for each cell type are
indicated. ¢,d, Visualization of shoot cell types via UMAP by integration of WT
and pifq atlas with Dark sample in the de-etiolating shoot atlas after batch-effect
correction. Cell types are annotated for WT and pifg. The corresponding cell
types are set in the same column. e, Correlation analyses for different cell types in
WT and pifqg with whole-genome expression patterns. The expression ratio (the
number of cells where the gene is transcribed/the total number of cells) for each
gene in each cell type was calculated and used for Pearson correlation analyses.
Cell-type pairs highly correlated in two samples are indicated by green squares.
Cell-type clusters without highly correlated pairs are indicated by purple and

blue squares. f,g, GO enrichment results for down- (f) and upregulated (g)
genesin cell type clusters surrounded by the blue square. h, The expression
patterns of PIF direct target genes in different cell types of dark-grown WT

and pifg shoot tissues. A cluster of targets with similar patterns in most cell types
but highly expressed in endodermal cells are enclosed in blue rectangles.

ij, The development trajectory of epidermal cells for dark-grown WT and the pifq
mutant. Corresponding samples (i) and pseudotime inferred by expression (j) are
indicated by different colours. k, The expression of PIF direct target genes during
guard cell development. PIF direct target genes with significant expression
difference during guard cell development are identified. Relative expression
levels of these genes for cells sorted by pseudotime areillustrated. The values of
log,(fold change) (expression in the pifg mutant/expressionin WT) calculated
with bulk RNA-seq data are supplied on the right.
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Light perception andssignallingin different celltypesinduced the
expression of extensively different DEGs and caused various subse-
quent developmental switches. Light signals affected cell fate decisions
by regulating cell type-specific core factors. The cell developmental
trajectories constructed here and the candidate factors involved will
facilitate theidentification of novel cell fate regulators and lead to light
signalling studies at the single-cell resolution.

Discussion

Light-induced cell state transitions and developments, as well as related
transcriptional regulations, are the spotlights of this study. Previous
shoot cell atlases®*” have made great progress in cell-type identifica-
tion and cell trajectories construction, similar to a high-resolution
picture in one moment. However, it is unresolved whether cells from
dark-grown seedlings share the same developmental trajectories as
light-grown ones. In this study, we focused on the de-etiolation process,
constructing cell atlases in a continuous mode. With the combina-
tion of time-series atlases, we restored the developmental process in
respective cell types. We observed the trajectory and regulatory factors
for guard cell development, vasculature and cortical cellsin dark and
de-etiolating processes. A good illustration of genome-wide expres-
sion patternsindifferent cell types after light exposure facilitated our
understanding of the common machinery affecting respective cell
development processes.

As our data suggested, the response patterns were dramatically
distinctin the different cell types during de-etiolation. For the two cell
populations withintrinsic trajectories, epidermis and vasculature, we
have updated the overview of cell development. The differentiating
atlases have been constructed for both light and dark-grown seedlings
(Fig. 4a—d). The number of M cells is too small or the states were dif-
ferent between dark and light-grown samples; hence the transition
state from precursors to GCs was not observed. In the present study,
we propose that the production of GCs in darkness is regulated by a
new set of regulators. Therefore, it is necessary to resolve the func-
tion of regulatorsin darkness and their responses to light signals. The
expression of positive regulators in xylem development was inhibited
withinashorttime oflight radiation, and positive regulatorsin phloem
development wereinduced gradually (Fig.4c), although it was reported
that light-grown hypocotyls possess more mature reticulate and pit-
ted metaxylem compared with dark-grown tissues”. The phloem cell
system needs to develop more vigorously to promote photosynthate
transport from apical parts after light exposure when photosynthesis
starts. The fine-tuning of the development strategy by light signals
makes it possible to regulate plant architecture immediately.

Chloroplast biogenesis and development are the most critical
steps during de-etiolation. The complicated processes are regulated
by several thousand nuclear genes and -100 chloroplast genes®* (Sup-
plementary Table 14). We analysed two sets of chloroplast biogenesis
genes: gene set (1) comprising causal genes for abnormal phenotypes
in chloroplast biogenesis and development in Arabidopsis® (Supple-
mentary Fig. 27) and gene set (2) comprising Arabidopsis orthologues
of maize genes mapped with a photosynthetic mutant library®* (Sup-
plementary Fig. 28). Most genes were induced in all seven shoot cell
types and had higher expression in mesophyll cells (Supplementary
Figs. 27 and 28). However, some important regulatory genes showed
different expression patterns with the process of photosynthesis (Sup-
plementary Fig. 27). For example, one of the photomorphogenesis
regulator B-box zinc finger protein 22 (AT1G78600) was transcribed
most strongly in E.H but not in Mes cells. The expression of some fac-
tors, including phytochrome A (phyA, AT1G09570), was inhibited by
light. Intriguingly, genes co-expressed with phyA were enriched in SAM,
indicating the important roles of cell differentiation in regulation. To
extensively explore light responses in chloroplast, 1,720 chloroplast
core nuclear proteins®® (Supplementary Fig. 29) were analysed (Sup-
plementary Fig. 29). Similar to biogenesis regulators, most chloroplast

geneswereinduced globally, but with different expression preferences.
Genes repressed by light were also identified, which were likely to
regulate photosynthesis in a more complicated way similar to phyA.
Compared with the background, globally light-induced genes (ME1)
weresignificantly enriched in chloroplast-related genes (Supplemen-
tary Fig. 30), whichisinaccordance with the photosynthesis process.

Apartfromthe above findings, we haveidentified cell-type-specific
responsive genes to light (Fig. 3 and Supplementary Tables 6-8). How-
ever, why did the different cell types respond differently? To explain
the cell-typeresponse heterogeneity, we focused on HY5and PIF genes,
two families of core transcription factors that function oppositely in
photomorphogenesis®. The expression pattern of HYSwas universally
inducedinresponseto light and peaked after 1 h of light (Supplemen-
tary Fig. 31). PIF genes were mainly transcribed in the aerial portion
of Arabidopsis seedlings and no obvious preferential expression was
detected for PIF1, PIF3, PIF4 and PIF5 within de-etiolating shoot cell
types (Supplementary Fig. 12). However, the direct target genes of
HYS5 (ref. 20) and PIFs* exhibited diverse expression patterns during
de-etiolation (Supplementary Fig. 32). Nearly 70% (204/297 for HYS
and 233/338 for PIFs) of the target genes were identified as exhibit-
ing spatiotemporally specific expression (Supplementary Tables 5
and 6). Furthermore, mutation of PIFsinfluenced transcriptional states
at different levels in different cell types (Fig. 6e). We thus propose
that epigenetic modification and chromatin structure differ among
the cell types, or that there are cell-type-specific co-factors involved.
Thus, the application of multiple omics for different cell types will help
us to precisely resolve and predict cell responses to external signals.

In summary, we generated a time-series gene expression map of
de-etiolated seedlings and their response to light. We finely dissected
light-responsive genes, cell trajectories and core regulators of light
signal transduction for the different cell types, leading toanimproved
understanding of the relationship between skotomorphogenesis and
photomorphogenesis. Comparing atlases of WT and the pifg mutant,
we uncover cell-type-specific effects of PIFs and their independent
regulatory mechanisms. These transcriptional changes in response
to light in cell-type resolution could facilitate studies to fine-tune
mechanisms of light signalling.

Methods

Culture and sampling of Arabidopsis seedlings

Arabidopsis ecotype Columbia (Col-0) seeds were surface sterilized
andsubjectedto4 °Cfor2 dincomplete darkness, after whichthey were
grown on 0.3% sucrose Murashige and Skoog media (Sigma-Aldrich,
M5519) supplemented with 7% Phytogel (w/v; Sigma-Aldrich, P8169)
and 0.05% MES hydrate (w/v; Emresco, E196) (pH 5.7) on vertically
oriented plates. The seeds were exposed to constant white light for 4 h
at 21°C to synchronize germination and then placed under darkness
or white light for 5 d and sampled to constitute constant-dark (Dark)
and constant-light (Light) materials. The dark samples were then trans-
ferred to whitelight for 24 h to promote de-etiolation. Etiolated seed-
lingsilluminated for1h, 6 hand 24 hwere sampled, constituting D2L1h,
D2L6h and D2L24h materials. Two replicates of Dark samples for shoot
androot were sequenced. Therefore, atotal of 12 samples were used for
construction of the de-etiolating atlas. Dark-grown shoot tissues were
also sampled to obtainsingle-nucleus (sn) data. For construction of the
pifq atlas, abatch of pifg seedlings and wild-type (Col-0) seedlings were
cultivated in the same manner as described above.

Library construction for scRNA-seq

For cell wall digestion, root and shoot tissues were collected and placed
into cell culture plates that contained enzyme solution: 0.4 M mannitol
(GPC,AC065),0.02 MMES (Emresco, E196),0.02 MKCI (Sigma-Aldrich,
V900068), 0.01 M CaCl, (Sigma-Aldrich, V900266), 0.1% (w/v) BSA
(Sigma-Aldrich, B2064), 1.5% (w/v) cellulase (Onozuka, R-10) and
0.4% (w/v) macerozyme (Onozuka, R-10). The plates were rotated
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at 80-100 r.p.m. at room temperature. Light-grown shoot tissues
were incubated for 1 h and other samples were incubated for 2 h. The
protoplast solution was then strained through a 70-pum filter (Falcon,
352350), followed by a 40-um filter (Falcon, 352340). The filtered
solution was centrifuged at 100 x g for 7 min, after which the pelleted
protoplasts were resuspended in 5 ml of washing solution (enzyme
solutionwithout enzyme or CaCl,) and then centrifuged at 100 x gfor
4 min. The pelleted protoplasts were resuspended in 300-1,000 pl of
washing solution until the desired cell concentration wasreached. The
manipulation for dark-grown samples was carried out in adark room
and others were in normal light conditions.

For single-nucleus data, the shoot tissues of dark-grown seedlings
were frozen in liquid nitrogen, added to nuclear extraction buffer,
fragmented withagentleMACS Octo dissociator (Miltenyi Biotec, 130-
095-937), and finally filtered and suspended in 300 pl of 10x wash buffer
fornuclearisolation®. The protoplast or nuclear suspension wasloaded
into Chromium microfluidic chips with v.3.1 chemistry and barcoded
with a Chromium Controller (10x Genomics). RNA from the barcoded
cells was subsequently reverse-transcribed, and sequencing libraries
were constructed with reagents from a Chromium Single Cell v.3.1
reagent kit (10x Genomics) according to manufacturer instructions.
Sequencing was performed on an lllumina HiSeq 4000 according to
manufacturer instructions.

Calculation of correlation coefficients

For the single-cell data, each expression matrix was normalized with
the NormalizeData function of the Seurat package with normalization.
method =‘RC’. The average expression of each genein all the cells was
calculated with the rowMeans command. For the bulk data, expression
matrices were downloaded from the GEO database. The expression
data were merged for both the single-cell data and bulk data for the
overlapping genes. The expression matrix was used to calculate a
Pearson correlation coefficient matrix and visualized using pheatmap.

Construction of cell atlases of de-etiolated seedlings

The raw scRNA-seq dataset was first analysed using Cell Ranger 3.0.2
(10x Genomics). The genome (TAIR10) and GTF annotation (Araport11)
files of Arabidopsis were downloaded from https://www.arabidopsis.
org/. Reference and annotation indices were obtained using the
cellranger mkref command. The reads were aligned to the reference
sequence, and expression levels were determined for each cell and
gene using the cellranger count command. The gene-cell matrices
were subsequently loaded into the Seurat®® package (v.3.2.0), which
wasimplementedinR (v.4.0.2). Toremove dead cells and dissociative
RNAs, we filtered cells with unique gene counts of <300. To remove
doublet cells, cells with unique gene counts >5,000 for root samples
and>4,000 for cotyledon samples were also filtered and removed. Cells
with >5% mitochondrial sequences, >3% chloroplast sequences for root
samples and >20% chloroplast sequences for cotyledon samples were
filtered and removed. In addition, only genes expressedin at least three
individual cells were retained. The clean and normalized data obtained
above were combined with the merge command, scaled data were
further calculated for the detection of highly variable genes using the
‘mean.var.plot’ method of the FindVariableFeatures command, and
genes were filtered inaccordance with dispersion.cutoff=c(l1, Inf) and
with mean.cutoff=c(0.01,3). The expression levels of the feature genes
selected above were subjected to principal component analysis (PCA)
dimension reduction. Then, cells from different batches were embed-
ded with UMAP and t-distributed stochastic neighbor embedding
(TSNE) inthe same two-dimensional space. The resulting cell clusters
were classified using FindNeighbors and FindClusters.

Construction of cell atlases for snRNA data and pifq data
Raw sequencing reads mapping, quality control and dimensional-
ity reduction were manipulated following the pipeline described

above. The expressions of marker genes used for annotation of the
de-etiolating atlas were illustrated on the atlases and corresponding
cellidentities were annotated. The pifqg atlas was directly merged with
that of the wild type from the same batch as little batch effect was
observed. Cell expression ratios for each gene were calculated for cell
typesinwild type and the pifg mutant using manual R (v.4.02) scripts.
Correlation coefficients were obtained using the ‘cor’ functioninR. The
combination of snRNA-seq data and scRNA-seq data for dark-grown
shoot samples and combination of pifg, WT and Dark samples were
carried out using feature anchoring and the integrateData function
in Seurat®®,

Identification of light-responsive genes

TheDark, D2L1h, D2L6h, D2L24h and Light Arabidopsis seedlings were
cutinto cotyledon, hypocotyl and root parts, after which total mRNA
was extracted from each sample with RNeasy plant minikit (50, Qiagen,
74904) and prepared for RNA-seq library construction. We downloaded
available cotyledon and hypocotyl RNA read sequences® from the
NCBI GEO database. The raw reads were subjected to quality control
with Trimmomatic (v.0.39), the clean reads were aligned to the TAIR
10 reference genome using HISAT2 (v.2.2.0)’° and the unique mapped
reads were selected for expression-level quantification viaSAMTOOLS
(v.1.6)"and StringTie (v.2.2.1)"%. The transcripts per million (TPM) value
for each sample was merged using a Perl (v.5.32) script. We carried out
at-testforeachsample of de-etiolated and light-grown seedlings, with
the corresponding sample of dark-grown seedlings used as a control.
Genes whose expression exhibited afold change of >2 and ag-value of
<0.05 for at least one comparison were identified as light-responsive
genes. For the identification of cell-type-specific DEGs for scRNA-seq
data, we first extracted Seurat objects of the seven cell types. DEGs
were calculated using FindMarkers for each time exposure by setting
pt.1. Genes with pt.1 > pt.2 were considered upregulated, while those
with pt.1<pt.2 were considered downregulated.

Identification of spatiotemporal markers

Shoot and root cells were reanalysed independently with the Seurat
pipeline mentioned above. First, we identified cell-cluster-enriched
genes using the FindAllMarkers function with the ‘logfc.thresh-
old=0.1, only.pos=TRUE, min.pct=0.1" parameters. The significant
cluster-specific genes were further screened using a pt.2 < 0.1 and
an e-value <1x107%°, Marker genes shared by more than one cluster
were further screened using an e-value <1 x107'%, For identification
of spatiotemporal expression modules for de-etiolated shoot tissues,
we annotated cell clusters manually into seven cell types: Mes, SAM,
En,E.C,E.H, Cand Vas. The mean expression of each gene for the seven
celltypesandsix samples (D2L1h, D2L6h, D2L24h, Light and two repli-
cates each of the Dark materials) was calculated using normalized UMI
counts. Theresulting expression matrix was analysed using the WGCNA
(v.1.69)* pipeline with the default filtration process.

Construction of stomatal cell lineage trajectories

The Seurat objects of E.C and E.H cells from the Light and Dark sam-
ples were extracted and used for reconstruction of cell atlases, and
hypocotyl cell clusters were deleted according to the expression of
marker genes (Supplementary Fig. 6). Stoma lineage cell data for each
sample were normalized and used for variable features identification.
Feature genes as anchors were identified with the FindIntegration-
Anchors command and used for correction of light-induced batch
effects employing IntegrateData. The resulting data were classified
into five clusters (SL1-5). Then, the cells of the light- and dark-grown
seedlings were separated and used to reconstruct the cell trajectory
with their respective feature genes with Seurat functions. RNA veloc-
ity and latent time were estimated using ScVelo (v.0.2.3)”*. Stomatal
cell data of de-etiolated seedlings were extracted following the same
methods as described above; the Seurat-clustered expression matrix
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was imported into monocle2 (v.2.14.0)™, and cluster-specific genes
were subsequently identified using the differentialGeneTest function.
These genes were used as features to reconstruct cell trajectories
with Seurat. The developmental trajectories between cell clusters
were modelled using Slingshot (v.1.8.0)” 29 times with the first 2 to
30 principal components. Candidate core regulators involved in sto-
matal cell lineage development were identified with monocle2 viathe
‘fullModelFormulaStr =~sm.ns(Pseudotime)’ parameter.

Validation of spatiotemporal markers

Toinvestigate the expression patterns of marker genes in specific cell
types at specific development stages, we established a tissue-specific
expression system. The seed-specific AT2S3 promoter was used to drive
the expressionof DsRed2 (ref. 76). Promoters of spatiotemporal marker
genes were used to drive the expression of GFP””. Hypocotyl sections
were prepared by embedding seedlings in 2% low-melting agarose
(V2111, Promega). Transverse sections were generated with a blade
after coagulation. For bHLH167, the upstream promoter sequences
were amplified via PCR with KOD FX DNA polymerase (Toyobo, KFX-
101) and cloned in front of the H2B-YFP coding sequence. The resulting
PFAMA:CFP-FAMA construct was theninserted into the same vector to
label the location of FAMA.

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

Data availability

The fastq files for single-cell and bulk RNA-seq are available. The
data can be obtained from the National Genomics Data Center
(PRJCA016521). The spatiotemporal expression patterns in the de-
etiolating atlases are available at http://182.92.183.62:4576/ or http://
www.pku-iaas.edu.cn/list_38/64.html.

Code availability
All custom codes used in this study are available at http://182.92.
183.62:4576/.

References

1. Von Arnim, A. & Deng, X. W. Light control of seedling
development. Annu. Rev. Plant Physiol. Plant Mol. Biol. 47,
215-243 (1996).

2. Chory, J., Peto, C., Feinbaum, R., Pratt, L. & Ausubel, F. Arabidopsis
thaliana mutant that develops as a light-grown plant in the
absence of light. Cell 58, 991-999 (1989).

3. Neff, M. M. & Van Volkenburgh, E. Light-stimulated cotyledon
expansion in Arabidopsis seedlings (The role of phytochrome B).
Plant Physiol. 104, 1027-1032 (1994).

4. Wei, H., Kong, D., Yang, J. & Wang, H. Light regulation of stomatal
development and patterning: shifting the paradigm from
Arabidopsis to grasses. Plant Commun. 1, 100030 (2020).

5. Wang, S. et al. Light regulates stomatal development by
modulating paracrine signaling from inner tissues. Nat. Commun.
12, 3403 (2021).

6. Lopez-Juez, E. et al. in Photosynthesis: Mechanisms and Effects
Vol. |-V (ed. Garab, G.) 2805-2808 (Springer, 1998).

7. Schierenbeck, L. et al. Fast forward genetics to identify mutations
causing a high light tolerant phenotype in Chlamydomonas
reinhardtii by whole-genome-sequencing. BMC Genomics 16,

57 (2015).

8. Tilbrook, K. et al. UV-B perception and acclimation in
Chlamydomonas reinhardtii. Plant Cell 28, 966-983 (2016).

9. Aihara, Y., Fujimura-Kamada, K., Yamasaki, T. & Minagawa, J. Algal
photoprotection is regulated by the E3 ligase CUL4-DDB1DET1.
Nat. Plants 5, 34-40 (2019).

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Gabilly, S. T. et al. Regulation of photoprotection gene expression
in Chlamydomonas by a putative E3 ubiquitin ligase complex

and a homolog of CONSTANS. Proc. Natl Acad. Sci. USA 116,
17556-17562 (2019).

Tokutsu, R., Fujimura-Kamada, K., Matsuo, T., Yamasaki, T. &
Minagawa, J. The CONSTANS flowering complex controls

the protective response of photosynthesis in the green alga
Chlamydomonas. Nat. Commun. 10, 4099 (2019).

Ranjan, A., Dickopf, S., Ullrich, K. K., Rensing, S. A. & Hoecker, U.
Functional analysis of COP1and SPA orthologs from
Physcomitrella and rice during photomorphogenesis of
transgenic Arabidopsis reveals distinct evolutionary conservation.
BMC Plant Biol. 14,178 (2014).

Artz, O. et al. Characterization of spa mutants in the moss
Physcomitrella provides evidence for functional divergence of
SPA genes during the evolution of land plants. New Phytol. 224,
1613-1626 (2019).

Han, X. et al. Origin and evolution of core components
responsible for monitoring light environment changes during
plant terrestrialization. Mol. Plant 12, 847-862 (2019).

Jiao, Y., Lau, O. S. & Deng, X. W. Light-regulated transcriptional
networks in higher plants. Nat. Rev. Genet. 8, 217-230 (2007).
Lau, O. S. & Deng, X. W. The photomorphogenic repressors COP1
and DET1: 20 years later. Trends Plant Sci. 17, 584-593 (2012).
Han, X., Huang, X. & Deng, X. W. The photomorphogenic central
repressor COP1: conservation and functional diversification
during evolution. Plant Comm. 1, 100044 (2020).

Ma, L. et al. Organ-specific expression of Arabidopsis genome
during development. Plant Physiol. 138, 80-91 (2005).

Miotto, Y. E. et al. Identification of root transcriptional responses
to shoot illumination in Arabidopsis thaliana. Plant Mol. Biol. 101,
487-498 (2019).

Burko, Y. et al. Chimeric activators and repressors define HY5
activity and reveal a light-regulated feedback mechanism.

Plant Cell 32, 967-983 (2020).

Martin, G. & Duque, P. Tailoring photomorphogenic markers to
organ growth dynamics. Plant Physiol. 186, 239-249 (2021).
Endo, M., Nakamura, S., Araki, T., Mochizuki, N. & Nagatani, A.
Phytochrome B in the mesophyll delays flowering by suppressing
FLOWERING LOCUS T expression in Arabidopsis vascular bundles.
Plant Cell17,1941-1952 (2005).

Endo, M., Mochizuki, N., Suzuki, T. & Nagatani, A.
CRYPTOCHROMEZ2 in vascular bundles regulates flowering in
Arabidopsis. Plant Cell 19, 84-93 (2007).

Ranjan, A., Fiene, G., Fackendahl, P. & Hoecker, U. The Arabidopsis
repressor of light signaling SPA1 acts in the phloem to regulate
seedling de-etiolation, leaf expansion and flowering time.
Development 138, 1851-1862 (2011).

Ghosh, S., Nelson, J. F., Cobb, G. M. C., Etchells, J. P. & de Lucas, M.
Light regulates xylem cell differentiation via PIF in Arabidopsis.
Cell Rep. 40, 111075 (2022).

Jean-Baptiste, K. et al. Dynamics of gene expression in

single root cells of Arabidopsis thaliana. Plant Cell 31,
993-1011(2019).

Denyer, T. et al. Spatiotemporal developmental trajectories in the
Arabidopsis root revealed using high-throughput single-cell RNA
sequencing. Dev. Cell 48, 840-852.e5 (2019).

Shulse, C. N. et al. High-throughput single-cell transcriptome
profiling of plant cell types. Cell Rep. 27, 2241-2247.e4 (2019).
Ryu, K. H., Huang, L., Kang, H. M. & Schiefelbein, J. Single-cell
RNA sequencing resolves molecular relationships among
individual plant cells. Plant Physiol. 179, 1444-1456 (2019).
Zhang, T. Q., Xu, Z. G., Shang, G. D. & Wang, J. W. A single-cell RNA
sequencing profiles the developmental landscape of Arabidopsis
root. Mol. Plant 12, 648-660 (2019).

Nature Plants | Volume 9 | December 2023 | 2095-2109

2107


http://www.nature.com/natureplants
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA016521
http://182.92.183.62:4576/
http://www.pku-iaas.edu.cn/list_38/64.html
http://www.pku-iaas.edu.cn/list_38/64.html
http://182.92.183.62:4576/
http://182.92.183.62:4576/

Resource

https://doi.org/10.1038/s41477-023-01544-4

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

Liu, Z. et al. Global dynamic molecular profiling of stomatal
lineage cell development by single-cell RNA sequencing.

Mol. Plant 13, 1178-1193 (2020).

Shahan, R. et al. A single-cell Arabidopsis root atlas reveals
developmental trajectories in wild-type and cell identity mutants.
Dev. Cell 57, 543-560.e9 (2022).

Wendrich, J. R. et al. Vascular transcription factors guide plant
epidermal responses to limiting phosphate conditions. Science
370, eaay4970 (2020).

Gala, H. P. et al. A single-cell view of the transcriptome during
lateral root initiation in Arabidopsis thaliana. Plant Cell 33,
2197-2220 (2021).

Kim, J.-Y. et al. Distinct identities of leaf phloem cells revealed by
single cell transcriptomics. Plant Cell 33, 511-530 (2021).
Lopez-Anido, C. B. et al. Single-cell resolution of lineage
trajectories in the Arabidopsis stomatal lineage and developing
leaf. Dev. Cell 56, 1043-1055.e4 (2021).

Zhang, T. Q., Chen, Y. & Wang, J. W. A single-cell analysis

of the Arabidopsis vegetative shoot apex. Dev. Cell 56, 1056-1074.
e8 (2021).

Jiao, Z., Du, H., Chen, S., Huang, W. & Ge, L. LAZY gene family in
plant gravitropism. Front. Plant Sci. 11, 606241 (2021).

Morita, M. T. et al. A C2H2-type zinc finger protein, SGR5,

is involved in early events of gravitropism in Arabidopsis
inflorescence stems. Plant J. 47, 619-628 (2006).

Helariutta, Y. et al. The SHORT-ROOT gene controls radial
patterning of the Arabidopsis root through radial signaling.

Cell 101, 555-567 (2000).

Zhang, C. et al. Two evolutionarily duplicated domains
individually and post-transcriptionally control SWEET expression
for phloem transport. New Phytol. 232, 1793-1807 (2021).

Lin, S. H. et al. Mutation of the Arabidopsis NRT1.5 nitrate
transporter causes defective root-to-shoot nitrate transport.
Plant Cell 20, 2514-2528 (2008).

Li, B. et al. Identification of a stelar-localized transport protein
that facilitates root-to-shoot transfer of chloride in Arabidopsis.
Plant Physiol. 170, 1014-1029 (2016).

Langfelder, P. & Horvath, S. WGCNA: an R package for
weighted correlation network analysis. BMC Bioinformatics 9,
559 (2008).

Pfeiffer, A., Shi, H., Tepperman, J. M., Zhang, Y. & Quail, P. H.
Combinatorial complexity in a transcriptionally centered
signaling hub in Arabidopsis. Mol. Plant 7, 1598-1618 (2014).
Endo, M., Shimizu, H., Nohales, M. A., Araki, T. & Kay, S. A.
Tissue-specific clocks in Arabidopsis show asymmetric coupling.
Nature 515, 419-422 (2014).

Konishi, M. & Yanagisawa, S. Sequential activation of two

Dof transcription factor gene promoters during vascular
development in Arabidopsis thaliana. Plant Physiol. Biochem. 45,
623-629 (2007).

Miyashima, S. et al. Mobile PEAR transcription factors

integrate positional cues to prime cambial growth. Nature 565,
490-494 (2019).

Miyashima, S., Sebastian, J., Lee, J.-Y. & Helariutta, Y. Stem

cell function during plant vascular development. EMBO J. 32,
178-193 (2013).

Endo, S. et al. Identifying new components participating in the
secondary cell wall formation of vessel elements in Zinnia and
Arabidopsis. Plant Cell 21, 1155-1165 (2009).

Taochy, C. et al. The Arabidopsis root stele transporter NPF2.3
contributes to nitrate translocation to shoots under salt stress.
Plant J. 83, 466-479 (2015).

Ghuge, S. A. et al. The apoplastic copper AMINE OXIDASE1
mediates jasmonic acid-induced protoxylem differentiation in
Arabidopsis roots. Plant Physiol. 168, 690-707 (2015).

53.

54.

56.

56.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

Nakayama, T. et al. A peptide hormone required for Casparian
strip diffusion barrier formation in Arabidopsis roots. Science 355,
284-286 (2017).

Bonke, M., Thitamadee, S., Mahonen, A. P., Hauser, M.-T. &
Helariutta, Y. APL regulates vascular tissue identity in Arabidopsis.
Nature 426, 181-186 (2003).

Ohashi-Ito, K. & Bergmann, D. C. Arabidopsis FAMA controls

the final proliferation/differentiation switch during stomatal
development. Plant Cell 18, 2493-2505 (2006).

Pillitteri, L. J., Sloan, D. B., Bogenschutz, N. L. & Torii, K. U.
Termination of asymmetric cell division and differentiation of
stomata. Nature 445, 501-505 (2007).

Chen, L., Wu, Z. & Hou, S. SPEECHLESS speaks loudly in stomatal
development. Front. Plant Sci. 11, 114 (2020).

Yu, H. & Zhao, Y. Fluorescence marker-assisted isolation of
Cas9-rree and CRISPR-edited Arabidopsis plants. Methods Mol.
Biol. 1917, 147-154 (2019).

Zhang, Y. et al. A quartet of PIF bHLH factors provides a
transcriptionally centered signaling hub that regulates

seedling morphogenesis through differential expression-
patterning of shared target genes in Arabidopsis. PLoS Genet. 9,
1003244 (2014).

Leivar, P. & Quail, P. H. PIFs: pivotal components in a cellular
signaling hub. Trends Plant Sci. 16, 19-28 (2011).

Zhong, S. et al. A molecular framework of light-controlled
phytohormone action in Arabidopsis. Curr. Biol. 22,

1530-1535 (2012).

Sun, N. et al. Arabidopsis SAURs are critical for differential light
regulation of the development of various organs. Proc. Natl Acad.
Sci. USA 113, 6071-6076 (2016).

Stortenbeker, N. & Bemer, M. The SAUR gene family: the plant’s
toolbox for adaptation of growth and development. J. Exp. Bot.
70, 17-27 (2019).

Belcher, S., Williams-Carrier, R., Stiffler, N. & Barkan, A.
Large-scale genetic analysis of chloroplast biogenesis in maize.
Biochim. Biophys. Acta 1847, 1004-1016 (2015).

Pogson, B. J. & Albrecht, V. Genetic dissection of chloroplast
biogenesis and development: an overview. Plant Physiol. 155,
1545-1551(2011).

Yu, Q. B. et al. Construction of a chloroplast protein interaction
network and functional mining of photosynthetic proteins in
Arabidopsis thaliana. Cell Res. 18, 1007-1019 (2008).
Moreno-Romero, J., Santos-Gonzalez, J., Hennig, L. & Kohler, C.
Applying the INTACT method to purify endosperm nuclei and to
generate parental-specific epigenome profiles. Nat. Protoc. 12,
238-254 (2017).

Stuart, T. & Satija, R. Integrative single-cell analysis. Nat. Rev.
Genet. 20, 257-272 (2019).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30,
2114-2120 (2014).

Kim, D., Langmead, B. & Salzberg, S. L. HISAT: a fast spliced aligner
with low memory requirements. Nat. Methods 12, 357-360 (2015).
Li, H. et al. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

Pertea, M., Kim, D., Pertea, G. M., Leek, J. T. & Salzberg, S. L.
Transcript-level expression analysis of RNA-seq experiments with
HISAT, StringTie and Ballgown. Nat. Protoc. 11, 1650-1667 (2016).
Bergen, V., Lange, M., Peidli, S., Wolf, F. A. & Theis, F. J.
Generalizing RNA velocity to transient cell states through
dynamical modeling. Nat. Biotechnol. 38, 1408-1414 (2020).

Qiu, X. et al. Reversed graph embedding resolves complex
single-cell trajectories. Nat. Methods 14, 979-982 (2017).

Street, K. et al. Slingshot: cell lineage and pseudotime inference
for single-cell transcriptomics. BMC Genomics 19, 477 (2018).

Nature Plants | Volume 9 | December 2023 | 2095-2109

2108


http://www.nature.com/natureplants

Resource

https://doi.org/10.1038/s41477-023-01544-4

76. Xi,D.M.,, Liu, W.S., Yang, G.D., Wu, C. A. & Zheng, C. C.
Seed-specific overexpression of antioxidant genes in Arabidopsis
enhances oxidative stress tolerance during germination and early
seedling growth. Plant Biotechnol. J. 8, 796-806 (2010).

77. Decaestecker, W. et al. CRISPR-TSKO: a technique for efficient
mutagenesis in specific cell types, tissues, or organs in
Arabidopsis. Plant Cell. 31, 2868-2887 (2019).

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (NSFC) Key Program (32230006), the Key R&D Program

of Shandong Province, China (ZR202211070163), the National

Top Young Talents Program of China and the Boya Postdoctoral
Program of Peking University. We thank X. Lin for supplying a batch
of Arabidopsis seeds and M. Yang, Y. Wei, Z. Chen, Z. Deng and

C. Xu for helpful suggestions for the fine-tuning of the protoplast
isolation protocol.

Author contributions

X.H., H.H. and X.W.D. conceived and supervised the study. X.H.
performed the culture and sampling of Arabidopsis tissues and the
single-cell and single-nucleus isolation, and analysed the data. Y.Z.
and Y.L. assisted with seedling culture and bulk RNA-seq analyses. J.L.,
W.P., C.G. and H.Z. designed and constructed the expression vectors.
B.L. and X.H. carried out the single-nucleus isolation process. Z.L.,
ZW., Q.S., Z.R. and W.L. performed transformation and screening

of the reporter lines, and assisted with the gene function validation
experiments. M.W. designed and completed the simplified model.
X.H., H.H. and X.W.D. wrote the manuscript.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41477-023-01544-4.

Correspondence and requests for materials should be addressed to
Hang He or Xing Wang Deng.

Peer review information Nature Plants thanks Emilie Demarsy, Sandra
Fonseca, Xuwu Sun and Jia-Wei Wang for their contribution to the peer
review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

Nature Plants | Volume 9 | December 2023 | 2095-2109

2109


http://www.nature.com/natureplants
https://doi.org/10.1038/s41477-023-01544-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Corresponding author(s): Hang He; Xing Wang Deng

nature portfolio

Last updated by author(s): Aug9, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
S~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

OO0l

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Dol
XXX []

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  10x Genomics Chromium Contrller(v3, https://www.10xgenomics.com/instruments/chromium-controller); Illumina Nova-Seq (https://
www.illumina.com/systems/sequencing-platforms/novaseq.html); Arabidopsis Information Resource 10 (TAIR10, https://
www.arabidopsis.org);

Data analysis cellranger (v3.0.2, https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger); Seurat (v3.20;
https://satijalab.org/seurat/); R(v4.02); Hisat2 (v2.2.0, https://ccb.jhu.edu/software/hisat/index.shtml); STRINGTIE (v2.2.1, https://
cch.jhu.edu/software/stringtie/); Trimmomatic (v0.39, www.usadellab.org/cms/?page=trimmomatic); SAMTOOLS (v1.6, https://
www.htslib.org); WGCNA (v1.69, https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/); monocle?2 (v2.14.0,
https://cole-trapnell-lab.github.io/monocle-release/docs/#installing-monocle); Slingshot (v1.8.0, https://bioconductor.org/packages/release/
bioc/vignettes/slingshot/inst/doc/vignette.html); ScVelo (v0.2.3, https://scvelo.readthedocs.io/getting_started/); NIS-Elements Viewer (v5.21,
https://www.microscope.healthcare.nikon.com/en_EU/products/software/nis-elements/viewer); Perl (v5.32).
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data underlying the findings are available from National Genomics Data Centor (PRICA016521). The gene expression patterns in the de-etiolating atlases could
also be obtained from http://182.92.183.62:4576.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size We collected samples large enough in size ( > 500 seedlings per single cell RNA seq library; >=100 seedlings per bulk RNA seq library with

three biological replicates; and >=20 seedlings for per repoterline). Sample size was determined to be adequate based on the magnitude and
consistency of measurable differences between different plant lines based on the previous reports.

Data exclusions | No data were excluded from the analysis in the article.

Replication We collected > 500 seedlings for single cell RNA seq library, comprising 31,796 and 61,065 shoot and root cells which were controls for each
other. We sequenced two replicates for dark-grown shoot samples by single cell RNA seq to guarantee the repeatability; We applied three
replicates for bulk RNA-seq to guarantee the significance of the difference.

Randomization  The groups in this study are Arabidopsis seedlings grown in different light conditions. The important thing is to posit seedlings in the growth
chamber in a way that would ensure as equal growth conditions as possible. e.g. temperature, culture medium. Seedlings grown in different

light conditions were posited at random in the growth chamber.

Blinding Blinding was not applicable to this study because no patient treatment and experiment was applied in this study.
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