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Brassinosteroids (BRs) are plant steroid hormones that regu-
late diverse processes such as cell division and cell elongation.
BRs control thousands of genes through gene regulatory net-
works that vary in space and time. By using time-series single-
cell RNA-sequencing to identify BR-responsive gene expression
specific to different cell types and developmental stages of the
Arabidopsis root, we uncovered the elongating cortex as a site
where BRs trigger a shift from proliferation to elongation as-
sociated with increased expression of cell wall-related genes.
Our analysis revealed HAT7 and GTL1 as BR-responsive tran-
scription factors that regulate cortex cell elongation. These re-
sults establish the cortex as an important site for BR-mediated
growth and unveil a BR signaling network regulating the tran-
sition from proliferation to elongation, illuminating new aspects
of spatiotemporal hormone response.
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Introduction

During development, cells pass through different states as
they acquire identities and progress towards end-stage differ-
entiation (/). Gene regulatory networks (GRN’s) control this
progression and must be tuned according to developmental
stage, cell identity, and environmental conditions (2, 3). Sig-
naling molecules such as hormones are central players in co-
ordinating these networks, but it has been challenging to dis-
entangle how cell identities, developmental states, and hor-
mone responses influence one another. Recent technological
advances in single-cell RNA-sequencing (scRNA-seq) (2, 4)
and tissue-specific gene manipulations (5) make it possible to
address this challenge using the Arabidopsis root as a model
system.

Brassinosteroids (BRs) are a group of plant steroid hormones
that affect cell division and cell elongation during root growth
(6-8). BRs are sensed at the plasma membrane by BRI1 fam-
ily receptors (9—11), initiating signal transduction events that
activate BES1 and BZR1 family transcription factors (TFs)
to control thousands of genes (/2-15). The BR GRN is

typically represented singularly without consideration of cell
specificity (15, 16), but BRs lead to different responses de-
pending on the developmental context (/7-19).

By profiling BR responses across the cell types and devel-
opmental stages of the root using scRNA-seq, we discovered
that BRs strongly affect gene expression in the elongating
cortex. Reconstruction of cortex trajectories over a SCRNA-
seq time course showed that BRs trigger a shift from prolif-
eration to elongation, which is associated with up-regulation
of cell wall-related genes. Loss of BR signaling in the cortex
using tissue-specific CRISPR reduced cell elongation. Our
time-course data allowed us to infer BR-responsive GRNSs,
which led to the identification of HAT7 and GTLI as val-
idated regulators of BR response in the elongating cortex.
These datasets represent more than 180,000 single-cell tran-
scriptomes, providing a view of BR-mediated GRNs at un-
precedented resolution.

Results

scRNA-seq reveals differential brassinosteroid response
in the Arabidopsis root

To investigate spatiotemporal BR responses in the root, we
used a sensitized system, which involved inhibiting BR
biosynthesis using Brassinazole (BRZ) (20), then reactivat-
ing signaling with Brassinolide (BL), the most active BR
(8, 16) (fig. S1). We treated 7-day-old primary roots for
2 hours with BL or a corresponding mock BRZ control and
performed scRNA-seq on protoplasts isolated from three bi-
ological replicates of 0.5cm root tips (containing meristem,
elongation and early differentiation zones) using the 10X Ge-
nomics Chromium system (Methods).

To annotate cell types and developmental stages, we per-
formed label transfer based on our single-cell atlas of the Ara-
bidopsis root (27). We distinguished between two domains
of the meristem: the proliferation domain, where cells have a
high probability to divide, and the transition domain, where
cells divide less frequently but have not yet begun rapid ex-
pansion (fig. S2A-D and Data S2) (22).

After data integration, the 11 major cell types and eight devel-
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Fig. 1. scRNA-seq identifies BR-induction of cell wall-related genes in the cortex associated with the switch to elongation. (A) Spatiotemporal response to 2 hour
BL treatment vs BRZ control among each combination of cell type and developmental stage of the root. Color on UMAP projection indicates the number of differentially
expressed genes (DEGs). (B) Volcano plot of BL DEGs in the elongating cortex. Color indicates the direction of regulation. Known markers of BR response including DWF4,
RD26, XTH4 and IAA19 are indicated. C/VIF2 and CSI1 (described in this study) are also indicated. (C) pC/VIF2-H2B-Venus reporter grown on 1 uM BRZ for 7 days and
transferred to 1 uM BRZ or 100 nM BL for 4 hours. Inset shows C/VIF2 signals in the elongating cortex that increase with BL treatment. Propidium iodide-staining is shown
in grey, with the color gradient indicating relative C/VIF2-H2B-Venus levels. Scale bars, 100 pm. (D) UMAP of 52,921 cells across 6 time points of a scRNA-seq BL treatment
time course. Mock BRZ control represents time 0. Colors indicate cell type (E) or developmental stage annotation (F). Density plot showing cell wall gene expression score.
The shaded region with cell wall expression scores >1 indicates “Cortex Cell Wall+” cells. (G) Bar plot showing the percentage of Cell Wall+ cells in the cortex versus other
cell types over the time course. Color indicates developmental stage annotation, also depicted in root schematic. lllustration adapted from the Plant lllustrations repository.
Only transition and elongation zones are plotted as other zones represent less than 2% of cell wall + cells. (H) WaddingtonOT (WQOT) probabilities for cortex cell wall+ state
along the BL time course. The BL 2 hour time point was used as a reference, therefore all cells have a probability of either 1 or 0 at this time point. (I) Expression trends for
select TFs differentially expressed along WOT cortex cell wall+ trajectories.
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opmental stages identified were logically arranged in 2D uni-
form manifold approximation and projection (UMAP) space
as previously described for root datasets (fig. S3A-B) (21,
23). Marker genes characteristic of cell types and develop-
mental stages remained enriched, suggesting that although
BRs alter the expression of thousands of genes, cell identities
can be successfully aligned through integration (fig. S3C).
scRNA-seq captures spatiotemporal patterns of BR-
responsive gene expression

Previous studies have profiled BR-responsive gene expres-
sion in bulk tissue or in a handful of cell types, conflating
cell type and developmental stage (24—26). To obtain better
spatiotemporal resolution, we performed differential expres-
sion analysis for each combination of cell type and develop-
mental stage using pseudobulk expression profiles (see meth-
ods). We identified over 8,000 differentially expressed genes
(DEGs; Fold-change >1.5, False discovery rate <0.05; Fig.
1A and fig. S4A-B), which were enriched in BES1 and BZR1
targets and had significant overlap with previously identified
BR-regulated genes (fig. S4C and Data S3).

Strikingly, we found that 37% of DEGs were significantly
altered in a single cell type/developmental stage and more
than 82% were differentially expressed in 5 or fewer cell
type/developmental stage combinations (fig. S4B). This in-
dicates that although BRs broadly influence gene expression,
they modulate distinct sets of genes in different spatiotempo-
ral contexts.

Among the tissues with many DEGs was the epidermis, as
previously described (7, 17, 24, 25, 27). Atrichoblasts, or
non-hair cells in the epidermis were particularly affected,
showing marked changes across both the meristem and elon-
gation zone. Unexpectedly, our data also indicated that BRs
strongly influence gene expression in the cortex, especially
in the elongation zone (Fig. 1A and fig. S4A). The cortex
has been linked to plant environmental interactions, includ-
ing response to water limitation (28) and hydrotropism (29),
but it is not known how BRs modulate gene expression in
this tissue nor what processes are affected. To address these
questions, we focused on BR-mediated gene expression in
the elongating cortex.

Cell wall-related genes are up-regulated by BRs in the
elongating cortex

We found that BR treatment led to approximately 1,000
up-regulated genes and about the same number of down-
regulated genes in the elongating cortex (Fig. 1B and
fig. S4A). Gene ontology (GO) analysis indicated the up-
regulated genes were strongly enriched for genes related
to “cell wall organization or biogenesis”’, which is intrigu-
ing given the role of BRs in promoting cell elongation (fig.
S4D). The cell wall-related DEGs included CELLULOSE
SYNTHASES (CESAs), CELLULOSE SYNTHASE INTER-
ACTIVE] (CSII), and cell-wall loosening enzymes such as
EXPANSINS and XYLOGLUCAN ENDOTRANSGLUCOSY-
LASES. Cell-wall-related genes such as CESAs have been
demonstrated to be direct targets of BES1 and BZR1 (14, 15,
30), but their spatiotemporal regulation, especially in the cor-
tex, has not been reported.
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To monitor their responsiveness to BRs, we generated tran-
scriptional reporters for three of the DEGs with distinct spa-
tiotemporal patterns (Fig. 1C and fig. S5A-E). For exam-
ple, CELL WALL/VACUOLAR INHIBITOR OF FRUCTOSI-
DASE 2 (C/VIF2) was enriched in the transition domain and
elongation zone of the cortex and induced by BL (Fig. 1C).
These results confirm that our differential expression analysis
captures spatiotemporal BR responses and raise the possibil-
ity that BR induction of cell-wall-related genes is associated
with cortex cell elongation.

Waddington optimal transport identifies BR induction of
cell wall genes in the cortex associated with the switch to
elongation

A recently developed analytical approach for analyz-
ing expression trends over a scRNA-seq time course is
Waddington-OT (WOT), which connects snapshots of gene
expression to facilitate trajectory reconstruction (37). WOT
identifies putative ancestors for a given set of cells at earlier
time points and descendants at later time points (37).

To better understand how BRs influence cell wall-related
gene expression we performed scRNA-seq at six time points
beginning with BRZ treatment (time 0) and BL treatments
for 30 minutes, 1 hour, 2 hours, 4 hours or 8 hours (Fig. 1,
D and E). These time points capture the rapid root elongation
triggered by re-addition of BRs (24).

To examine the trajectories leading to activation of cell wall-
related genes in the elongating cortex, we applied WOT (31)
and created a cell wall gene signature using 107 cell wall-
related genes that were induced by BL in the elongating cor-
tex (Data S4). We monitored the relative expression of these
genes, resulting in a “cell wall score” for each cell in the time
course (see methods). Cortex cells had a higher cell wall
score compared to other cell types, which increased with BL
treatment (Fig. 1F-G and fig. S6A-B), confirming that the
cell wall score represents a BR-responsive module in the cor-
tex. At the 2 hour BL time point, more than 20% of cortex
cells had a cell wall score greater than 1, whereas only 5% or
fewer cells in other cell types exhibited scores this high (Fig.
1F). We therefore designated cells with a cell wall score of at
least 1 as “cortex cell wall+” to indicate their exceptional BR
response (Fig. 1, F and G).

An advantage of WOT analysis is that it does not rely on
pre-specified boundaries between developmental zones. We
used this property to examine the relationship between devel-
opmental stage annotation and cell wall score. Under BRZ
treatment, cortex cell wall+ cells were sparse and predomi-
nately annotated as transition domain. Upon BL treatment,
the annotation of cortex cell wall+ cells shifted to the elon-
gation zone (Fig. 1G). These results suggest that BRs are
involved in initiating elongation of cortex cells via activation
of cell wall genes.

Differential expression along WOT trajectories identifies
BR-responsive transcription factors

Using the cells at the 2 hour time point as a reference, we
looked at the probability of cells being ancestors or descen-
dants of cortex cell wall+ cells (Fig. 1H). We also constructed
a similar trajectory for the remaining cortex cells, which were
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Fig. 2. Triple receptor mutant bri1-T gene expression changes in cortex and distinct patterns in pGL2-BRI1-GFP/bri1-T. (A) 7-day old WT, bri1-T and pGL2-BRI1-
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designated “cortex cell wall-”. To reveal potential regula-
tors of cell wall-related genes in the cortex, we performed
probabilistic differential expression analysis along WOT tra-
jectories, contrasting cells assigned to cortex cell wall+ ver-
sus cortex cell wall- states at each time point (see methods).
Among the DEGs identified were known TFs in the BR path-
way including BESI (12), BIM1 (32), and IBLI (33); Fig.
1I and Data S4). We also identified additional TFs includ-
ing JACKDAW (JKD), which is involved in ground tissue
specification (34), the class I HD-ZIP TF HAT7 (35, 36) and
GTLI. Because JKD was uniquely identified in this analy-
sis, we confirmed its BR-responsiveness (Figures S6, C and
D). These results indicate that WOT trajectories can identify
BR-responsive TFs that may be involved in regulating cell
wall-related genes in the cortex.

Analysis of the triple receptor mutant bril-T reveals
changes in cortex expression

Since our results indicated that exogenous BRs lead to acti-
vation of cell wall-related genes in the elongating cortex, we
asked if this is also the case for endogenous BRs. A gradient
of BRs is present along the longitudinal axis of the root, with
low BR levels in the proliferation domain (37). BR biosyn-
thesis increases as cells enter the transition domain and peaks
in the elongation zone, shootward of which is a BR signal-
ing maximum (24, 37). Interpretation of this endogenous
BR gradient requires receptor BRI1 and its close homologs
BRLI1 and BRL3 (9, 38, 39).

To identify differentially expressed genes, we performed two
replicates of scRNA-seq on the BR-blind brilbrlibri3 triple
mutant (bril-T) along with paired wild-type controls (Fig.
2A-C). A previous study profiled single cells from bril-T,
suggesting potential BR-responsiveness of the cortex (40),
but these data were from a single replicate, were compared
to a wild-type sample from a different study, and could not
resolve developmental stage-specificity. In contrast, our anal-
ysis across both cell types and developmental stages identi-
fied the elongating cortex as exhibiting substantial differen-
tial gene expression (Fig. 2, D and E, fig. S7A and Data
S3). The genes down-regulated in the elongating cortex of
bril-T were enriched for the GO term “cell wall organiza-
tion or biogenesis” (Figure S7B). These data indicate that en-
dogenous BR signaling promotes the expression of cell wall-
related genes in the elongating cortex.

The epidermis is widely described as the major site for BR-
promoted gene expression in the root (7, 8, 17, 24, 25, 41).
Previous studies showed that epidermal expression of BRI1
was sufficient to rescue morphological phenotypes including
meristem size of bril-T (7, 17, 42). To determine the ex-
tent to which BR-regulated gene expression is restored, we
performed scRNA-seq on pGL2-BRI1-GFP/bril-T - aline in
which BRI is expressed in atrichoblast cells of the epider-
mis of bril-T (7, 25, 42). We identified over 8,000 DEGs in
comparison with wild type (Fig. 2F) and in comparison with
bril-T (Fig. 2G-I and fig. S8A-F), indicating that gene ex-
pression remains dramatically perturbed and that this is far
from a complete rescue of the bril-T phenotype.

Tissue-specific CRISPR of BRI1 confirms a role for the
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cortex in BR-mediated cell expansion

Characterization of cell-type-specific BR signaling has relied
on tissue-specific complementation lines, which led to con-
flicting results and overlooked the role of BR signaling in the
cortex (7, 17,24, 25, 40, 42, 43). To selectively block BR sig-
naling in cell types of interest we performed tissue-specific
CRISPR (5) of BRI1. We used a bril mutant complemented
with pBRI1-BRI1-mCitrine (Fig. 3A) into which we intro-
duced Cas9 driven by tissue-specific promoters to knock out
BRII either in the epidermis and lateral root cap (pWER-
BRI1-CRISPR) or in the cortex (pCO2-BRI1-CRISPR). mC-
itrine signals were absent in the expected locations of the
tissue-specific CRISPR lines, confirming their efficacy and
specificity (Fig. 3A-C and fig. S9A-C).

Since our scRNA-seq data indicated that BRs promote the
expression of cell wall-related genes in the elongating cortex,
we hypothesized that loss of BR signaling in the cortex would
affect final cell size. Indeed, pCO2-BRI1-CRISPR lines dis-
played significantly shorter mature cortex cells, while meris-
tematic cortex cell length was relatively unaffected (Fig. 3C-
E).

In contrast, epidermal knockout of BRIl in pWER-BRI1-
CRISPR lines resulted in both reduced meristem cell size and
reduced mature cortex cell length (Fig. 3C-E), which is con-
sistent with the reported role of epidermal BR signaling (7,
18, 24, 25, 41) and BR-responsiveness across developmental
zones of the epidermis in our scRNA-seq data. These results
indicate that in addition to the epidermis, BR signaling in
the cortex is required to promote cell expansion in the elon-
gation zone. The cortex could instruct anisotropic growth
through its physical connection with the epidermis, but as the
outermost tissue, relaxation of the epidermis appears to be
required to allow for cell elongation (44, 45). This may ex-
plain the apparent widening of cortex cells in pWER-BRI1-
CRISPR lines.

BRIl was also reported to rescue bril-T morphology when
expressed in the developing phloem using the CVP2 pro-
moter (40, 42, 43), but gene expression was not fully restored
to wild-type levels in either epidermal or phloem rescue
lines. Our scRNA-seq of epidermal pGL2-BRII-GFP/bril-
T lines showed patterns of gene expression distinct from ei-
ther wild type or bril-T. Similarly, scRNA-seq of pCVP2-
BRII-CITRINE/bril-T indicated an intermediate state be-
tween wild type and bril-T (40). Notably, BRI driven by
its native promoter was still present in the stele of our tissue-
specific CRISPR lines when we observed phenotypic defects,
suggesting that, unlike pCVP2-BRII, native expression of
BRII in the stele is not sufficient for BR-induced cell elon-
gation and root growth. These results confirm the role of the
epidermis in BR-regulated root growth and reveal the func-
tion of cortex in BR-mediated cell expansion, demonstrating
how scRNA-seq can identify a new spatiotemporal context
for hormone signaling.

HAT?7 and GTLI are BR-responsive regulators along cor-
tex trajectories

To define a core set of genes associated with BR response
along cortex trajectories we first compared genes induced in
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individual roots starting from the quiescent center. Control indicates pBRI1-BRI1-mCitrine/bri7 complemented line. (E) Quantification of mature cortex cell length. For (D)
and (E), all individual data points are plotted. Magenta horizontal bars represent the means and error bars represent s.d. Significant differences between each line and wild
type were determined by one-way ANOVA and Dunnett’'s multiple comparison tests. *** P<0.001, ** P<0.01 and * P<0.05. n.s. not significant. Scale bars, 50 um. TSKO,
tissue-specific knockout.
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the cortex by BL treatment with those down-regulated in the
cortex of bril-T. Of the 768 genes in common, we then asked
which vary along developmental time in wild-type cortex tra-
jectories (21). The intersection of these three lists identified a
core set of 163 BR responsive DEGs (Fig. 4A and Data S3).
Consistent with regulation by BRs, 69% of the core DEGs are
BESI1 and BZR1 direct targets from ChIP experiments (/4,
15, 46). Expression along cortex pseudotime illustrates in-
duction by BL treatment and down-regulation in bril-T (Fig.
4B). HAT7 and GTLI were induced along these trajectories,
suggesting a potential role for these TFs in controlling BR-
regulated gene expression in the cortex (Fig. 4C-E and fig.
S10A).

To gain insight into their roles, we generated translational re-
porter lines for HAT7 and GTL1. Under control conditions,
PpHAT7-HAT7-mCitrine lines showed expression in the tran-
sition domain and elongation zone of the cortex (Fig. 4F). We
also observed HAT'7 signals in the epidermis and endodermis,
in line with expression patterns in our wild-type scRNA-seq
atlas (27). HAT7 expression was decreased when BR biosyn-
thesis was inhibited with BRZ, and restored upon BL treat-
ment (Fig. 4F and fig. S10A).

pGTLI-GTLI-mCitrine was more broadly expressed, with in-
creasing levels in the cortex and epidermis as cells progress
from the transition domain to the elongation zone (Fig. 4G
and S10A). GTL1-mCitrine expression was reduced by BRZ
and increased by BL treatment (Figure 4G). These results
confirm that BRs promote the expression of HAT7 and GTL1
coinciding with the onset of cell elongation. Furthermore,
HAT7 and GTLI are direct targets of BES1 and BZR1 (/4,
15, 46), suggesting that they may be part of the BR-directed
GRN activated as cells progress from proliferation to elonga-
tion.

Previous studies inferred global (14, 15, 26, 47) or tempo-
rally resolved GRNs (/6) for BR response, but they lacked
cell type and developmental-stage specificity. To infer GRN
configurations across our BR time series we used CellOracle
(see methods; Data S8) focusing on BL DEGs and associated
TFs.

Analysis of network importance scores such as centrality
measures is a powerful approach to prioritize candidate regu-
lators among DEGs (48). Since the cell wall signature peaked
at 2 hours after BL treatment, we prioritized TFs with high
network centrality scores in the elongating cortex at this time
point. HAT7 was the top-ranked TF in terms of degree cen-
trality and three close homologs: HB13, HB20 and HB23
were also among the top 10 TFs (Fig. 5A-B and Data S8).
Together HAT7, HB13, HB20 and HB23 make up the alpha
clade HD-ZIP I TFs (35, 36).

We used CRISPR to generate hat7 loss-of-function mutants
but did not observe strong phenotypes in terms of cortex cell
elongation (Fig. S11A-C). Since HB13, HB20 and HB23 are
induced by BRs and predicted to regulate cell wall-related
genes in our GRNs (Fig. 5B, fig. SIOA-B and Data S10), we
next generated hat7 hbi3 hb20 hb23 quadruple mutants via
multiplex CRISPR. Mature cortex cell length was reduced by
approximately 25% in two independent quadruple mutants

Nolan, Vukasinovi¢, Hsu et al. etal. | Brassinosteroid gene regulatory networks at cellular resolution

(Fig. 5C-E and fig. S11A-C), providing strong evidence that
HAT7 and its homologs are required for cell elongation. De-
spite the decrease in final cell length, the root length of the
quadruple mutant was not dramatically reduced (Fig. S11A),
suggesting that the decrease in cell length is at least partially
compensated for by increased cell production.

We next investigated GTL1, which was the 5th highest-
ranked TF in the BL 2 hour elongating cortex GRN (Fig. 5A-
B). Given that GTL1 was shown to function redundantly with
its close homolog DF1 in terminating root hair growth (49),
we examined g#l/ dfl double mutants, finding significantly
shorter mature cortex cell lengths and shorter roots compared
to wild-type (Fig. 5C-E and fig. S11A-C). DFI was chal-
lenging to detect in scRNA-seq (fig. S10A) due to its low ex-
pression level (49), but we observed increasing trends of DF']
expression along WOT trajectories in the BL time course, es-
pecially in cortex cell wall+ cells (fig. S10B) which was ver-
ified using a pDFI-DFI-GFP reporter (fig. S10C). Together,
our genetic analysis of HAT7 and GTL1 family TFs illus-
trates the power of GRN-mediated discovery of regulatory
factors in spatiotemporal BR response.

BES1 and GTL1 physically interact and share a common
set of target genes

Since BES1 is known to interface with other TFs in con-
trolling BR-regulated gene expression, we compared target
genes for BES1 and BZR1 (14, 15, 46) to ChIP targets of
GTL1 and DF1 (49). BESI1 and BZRI1 share 3,020 com-
mon targets with GTL1, significantly more than expected by
chance (fig. S12A, P < 0.001, Fisher’s exact test). Similarly,
BES1 and BZR1 share 2,490 common targets with DF1 (Fig-
ure S12A, P < 0.001, Fisher’s exact test). When compared to
BR-regulated genes from scRNA-seq, BES1 and GTL1 tar-
gets showed the strongest enrichment in genes up-regulated
by BRs in the transition domain and elongation zone of the
cortex (fig. S12B), with 297 common targets of both BES1
or BZR1 and GTL1 being induced in the elongating cortex
by BL treatment.

Given the strong overlap between BES1 and GTL1 targets,
we hypothesized that these TFs physically interact to regulate
a common set of genes. Co-immunoprecipitation showed that
GTL1-FLAG pulled down BES1-GFP (fig. S12C). These
results suggest that BRs induce GTL1 and subsequently
BES1 and GTLI1 interact to control a common set of tar-
get genes. This type of feed-forward loop could provide a
mechanism to amplify the BR signal and/or to direct BES1
to drive tissue-specific gene expression by interacting with
other more specifically expressed TFs.

scRNA-seq reveals cell-type-specific expression underly-
ing gtll df1 phenotypes

Our results indicate that grl] dfl mutants have reduced cor-
tex cell elongation. On the other hand, gt/ dfl mutants have
longer trichoblasts (49). A downstream regulatory network
that enables GTL1-mediated growth inhibition has been dis-
sected in trichoblasts (49). To identify the cell-type-specific
changes in gene expression underlying g#// dfI cortex phe-
notypes we performed scRNA-seq on gt/ and dfI single mu-
tants, and on the gtl/ df1 double mutant. Using pseudobulk
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Fig. 4. HAT7 and GTL1 are BR responsive regulators along cortex trajectories (A) Upset plot showing a comparison of genes up-regulated by BL in the cortex, down-
regulated in the cortex of bri1-T, and differentially expressed along wild-type cortex trajectories. Red color indicates 163 genes common to all three sets. (B) Gene expression
trends for 163 core BR DEGs along cortex trajectories. Scaled expression along cortex pseudotime is plotted for each time point of the BR time series and for wild type
versus bri1-T. Lower bar indicates pseudotime progression calculated by CytoTRACE. (C-E) Gene expression trends for HAT7, GTL1 or C/VIF2 along the developmental
zones of the cortex (y-axis) for each time point of the BR time course (x-axis). Color bar indicates the scaled expression level in the cortex. (F-G) 7-day old roots expressing
PHAT7-HAT7-mCitrine (F) or pGTL1-GTL1-mCitrine (G) reporters under the indicated treatments. Control represents a mock DMSO solvent. For BRZ and BL treatments,
plants were grown on 1 pM BRZ for 7 days and transferred to 1 pM BRZ or 100nM BL for 4 hours. Propidium iodide-staining is shown in grey, with the color gradient indicating

relative mCitrine levels. Scale bars, 100 pm.
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Dunnett’s multiple comparison tests. ***P<0.001.
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differential expression analysis, we detected relatively subtle
changes in g#// or dfl single mutants compared to wild type
(Fig. 6, A and B). In contrast, over 8,000 genes were differ-
entially expressed in gt/ dfl double mutants versus wildtype
(Fig. 6C).

Over 1,000 genes were up-regulated across all developmen-
tal stages of the cortex of gtll dfl, and an approximately
equal number of genes were down-regulated. The majority
of cortex DEGs were affected in the elongation zone (Fig. 6,
D and E, fig. S12D and Data S3). Of the down-regulated
genes in the cortex of the double mutant, 226 genes were
also up-regulated by BL treatment. Furthermore, 31.3% of
the core BR DEGs were down-regulated in the cortex of g#//
dfl, whereas only 6.8% were up-regulated (Data S3). These
results suggest that GTL1 and DF1 promote the expression
of a subset of BR-induced genes in the cortex.

Plotting g#/1 dfl DEGs along cortex pseudotime illustrated
the down-regulation of several genes involved in cell elonga-
tion including CESAS5 and AHA?2 (Fig. 6E). These genes were
significantly enriched for the GO term “cell wall organiza-
tion or biogenesis” (fig. S12E). We next examined C/VIF2,
because it is induced by BL in the cortex, but its expression
decreased in cortex cells of gt/ dfl (Fig. 6, F and G). A
pC/VIF2-H2B-Venus reporter showed expression of C/VIF2
in the transition and elongation zone of the wild-type cortex,
whereas its expression was reduced in the cortex of g#l/1 dfi
mutants (Fig. 6H and Movie S1). The reduced expression of
cell wall-related genes in gt/ dfl mutants validates our cell-
type-specific BR GRNs and identifies a function of GTL1 in
promoting cortex cell elongation in response to BRs.

Discussion

Understanding how hormone-mediated GRNs are controlled
in space and time has the potential to enable the engi-
neering of specific downstream responses to optimize plant
growth under a changing environment (8, 50). Plant hor-
mones including BRs, auxin, gibberellins, and abscisic acid
have been shown to exhibit tissue-specific responses (57—
54), but how the associated GRNs are modulated in different
cell types at particular developmental stages is largely enig-
matic. In this study, we profiled BR-responses across cell
types, developmental stages and time points of treatment us-
ing scRNA-seq, providing a high-resolution map of signaling
outputs. These data are publicly available as an interactive
browser (https://shiny.mdc-berlin.de/ARVEX/). We identi-
fied the elongating cortex as a spatiotemporal context for BR
signaling, where BRs activate cell wall-related genes and pro-
mote elongation. We further showed that HAT7 and GTL1
are BR-induced regulators along cortex trajectories that con-
trol cell elongation. These findings highlight the ability of
single-cell genomics to identify context-specific TFs, a ca-
pability that could be leveraged to precisely engineer plant
growth, development, and/or responses to stress. Our re-
sults reveal spatiotemporal BR responses and the underlying
GRNs at unprecedented resolution.
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Methods

Plant materials and growth conditions

Arabidopsis accession Columbia-0 (Col-0) was used as
a wild type. The following lines were previously de-
scribed: bril GABI_134E10 (55); bril-116brllbri3 triple
mutant (bril-T) (56); pGL2-BRII1-GFP/bril-T (25); gtll-1
(WiscDsLox413-416C9), dfI-1 (SALK_106258), and gtl-
1 dfi-1 (49); JKD-Ypet recombineering line (34). Seeds
were sterilized using 50% (v/v) bleach with 0.05% Tween-
20 for 10-15 minutes, plated on 1/2 Linsmaier and Skoog
(LSPO3-1LT, Caisson Labs; pH 5.7), 1% sucrose media, and
stratified 2-4 days at 4°C in the dark. Plates were kept ver-
tically in a Percival growth chamber set to 22°C, 16 hours
light/8 hours dark and grown for 7 days unless otherwise in-
dicated. Chemical treatments were conducted by cooling the
growth media to approximately 60°C after autoclaving and
adding DMSO (a mock solvent), 1 uM Brassinazole (BRZ,
SML1406, Sigma) or 100nM Brassinolide (BL, 21594, Cay-
man Chemical).

bril-T was maintained as a heterozygote for bril-116
and homozygous mutants were confirmed as previously
described (42). Primers listed in Data S11 were used to
amplify genomic DNA and the resulting 552bp amplicon
was digested with Pmel. The mutant bril-116 allele could
not be digested, whereas WT was cut into 314bp and 238bp
fragments.

Transgenic reporters

To generate new reporters for BR-responsive genes, we
first added the FASTRED seed coat selection cassette (57,
58) and a MoClo (59) Level 1 acceptor site to the binary
vector pICH86966 (Addgene plasmid #48075). pHAT7-
HAT7-mCitrine and pGTLI-GTLI-mCitrine were assembled
into this FASTRED destination vector using Level 1 Bsal
golden gate assembly. To facilitate one-step promoter-
reporter construction, we assembled an Aarl flanked RFP
dropout using the overhangs described in the Mobius (60) up-
stream of Venus-H2B followed by the Ubiquitin10 terminator
(tUBQ10), a plasma membrane marker (pUBQ10-mScarlet-
LTI6-tNos), and a constitutive histone maker (pUBQ10-
H2B-CFP-t19s). Promoters containing up to ~3kb of se-
quence upstream of the ATG start codon for the gene of inter-
est were PCR amilfied with Aarl containing primers and used
to replace the Aarl-RFP module in golden gate reactions to
generate Promoter-Venus-H2B constructs. Our Venus-H2B
reporter included a Ubiquitin tag to decrease reporter perdu-
rance. Although the plasma membrane marker and histone
marker were included as positive controls in the constructs,
they were not further analyzed in this study.

Assemblies were confirmed by restriction digestion and
sequencing, transformed into Agrobacterium, and used to
transform Arabidopsis via floral dip (67). FASTRED positive
T1 seeds were selected under a fluorescent dissecting scope
and only lines with 3:1 segregation of seed coat fluorescence
in the T2 generation were used. T2 lines with bright seed
fluorescence were typically homozygous in our conditions.
Therefore, we used bright T2 seeds or homozygous T3 seeds
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for experiments. We ensured that reporter signals were
consistent across at least three independent transgenic lines.

Generation of mutant lines using multiplex CRISPR

We produced hat7 single mutants and hat7 hb13 hb20 hb23
quadruple mutants using FASTRED multiplex CRISPR
constructs containing an intronized version of Cas9 (58, 62).
Two gRNAs were designed per gene using CHOP-CHOP
(63). gRNA containing oligos were hybridized and cloned
into pDGE sgRNA shuttle vectors using Bpil (Data S11).
Each of the gRNA containing shuttle vectors were then
assembled into pDGE666 (Addgene plasmid # 153231)
using Bsal golden gate assembly, sequence verified, and
transformed into wild-type Arabidopsis as described above.
We selected FASTRED positive T1 seeds and subsequently
screened FASTRED negative (putatively Cas9-free) T2 seeds
for frameshift mutations using Sanger sequencing coupled
with ICE analysis of CRISPR edits (64). The edits were
similarly confirmed in the T3 generation and at least two
homozygous alleles from independent lines were used for
experiments.

BRI1 tissue-specific CRISPR

Two gRNA-BRI1 were simultaneously expressed in a tissue-
specific manner (5). Primers used for cloning of gRNA
BRI1-2 (65) and gRNA BRII-3 can be found in Data S11.
The entry module pGG-B-AtU6-26-BRI1-2-C and pGG-A-
AtU6-26-BRI1-3-B were generated by annealing oligos for
each gRNA and ligating into Bbs/-digested (New England
Biolabs) Golden Gate entry vectors described in (66).
Next, gRNA modules were combined with pGG-C-linker-G
plasmid and cloned into pEN-R2-A-G-L3 by restriction-
ligation using Bsal enzyme (New England Biolabs) to obtain
pEN-R2- gRNA_BRI1-3-gRNA_BRI1-2-L.3. This plasmid
was combined with pDONR-LI1-Cas9p-tagRFP-L2 (67),
pDONRLA4-L1r carrying either WER or CO2 promoters
(68) and a destination vector pK8m34GW-FAST (69) in a
MultiSite Gateway LR reaction (Thermo Fisher Scientific)
to obtain expression clones. Expression clones were intro-
duced into Agrobacterium C58 strain and used to transform
PBRII-BRII-mCitrine/bril plants (55) by floral dip. T2
generation seeds were selected based on the presence of GFP
signal in the seed coat and 7-day-old seedlings were used for
phenotypic analysis. For each root used for quantitative anal-
ysis, BRI1-mCitrine signal was acquired in order to confirm
efficiency of the tissue-specific knockout system. Statisti-
cal analyses were conducted in GraphPad Prism v.9 software.

Confocal microscopy

Confocal imaging for the majority of experiments was per-
formed using a Zeiss 880 equipped with a 40X objective.
Excitation and detection were set as follows: Venus and mC-
itrine, excitation at 488 nm and detection at 499-571 nm;
GFP, excitation at 488 nm and detection at 493-558 nm; PI
staining, excitation at 561 nm and detection at 605-695 nm.
Confocal images were processed using the Fiji package of
ImageJ (70). Tile scans were stitched and representative me-
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dian longitudinal sections for each image are shown. Iden-
tical settings were used for images that were directly com-
pared.

For BRI1 TSKO confocal, roots were imaged between a
block of agar and cover glass in imaging chambers. Image ac-
quisition was performed with a FluoView1000 inverted con-
focal microscope (Olympus) equipped with a dry 20X objec-
tive (NA 0.75) using 514 nm laser excitation and a spectral
detection bandwidth of 500-530 nm for mCitrine and 535 nm
laser excitation together with a spectral detection bandwidth
of 570- 670 nm for PIL.

For the confocal time-lapse video, 7-day-old wild type
and grll dfl seedlings expressing pC/VIF2-H2B-VENUS
were placed on ¥2 MS agar blocks containing PI, placed
side-by-side in chambered coverglass (Nunc Lab-Tek,
ThermoFisher) and imaged under a vertical ZEISS LSM900
microscope equipped with a Plan-Apochromat M27 20x/
0.8 n.a. objective. The root tip was imaged every 12 min
and automatically tracked with the TipTracker software (71).
The excitation/emission wavelengths were 514 nm/530-600
nm for Venus and 535 nm/580-650nm for PI.

BES1 and GTL1 Co-Immunoprecipitation (Co-IP)

Co-IP experiments were conducted as previously described
(72). p35S-FLAG-GTL1 and a p35S-FLAG-GUS negative
control were cloned into pGWB412 (73) using gateway
LR reactions. The following construct combinations were
co-transformed into Arabidopsis mesophyll protoplasts-
p35S-BES1-GFP + p35S-FLAG-GUS; p35S-FLAG-GTL1
+ p35S-GFP-GUS; p35S-BES1-GFP + p35S-FLAG-GTLI.
After overnight incubation, transformed protoplasts were
harvested and homogenized in Co-IP buffer (50 mM Tris—
HCI, pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 0.1% (v/v)
Nonidet P-40, 1 mM phenylmethysulfonyl fluoride, 20 mM
MG132, and proteinase inhibitor cocktail) for 1 h at 4 °C
with rotation. 5 pg FLAG M2 antibody (F1804, Sigma) was
pre-bound to 40 pL protein G Dynabeads (10003D, Thermo
Fisher Scientific) for 30 min in phosphate-buffered saline
(PBS) buffer with 0.02% Tween 20 at room temperature.
The beads were washed once with the same PBS buffer and
resuspended in Co-IP buffer. After protein extraction, 10
pL of anti-FLAG pre-bound Dynabeads was added to each
sample for another 1.5 h incubation at 4 °C with rotation.
Dynabeads were precipitated using a DynaMagnetic rack
(12321D, Thermo Fisher Scientific) and washed twice with
Co-IP buffer with Nonidet P-40 and three times with Co-IP
buffer without Nonidet P-40. The IP products were eluted
in 2XSDS sample buffer and used for immunoblotting with
rabbit anti-GFP (A11122, Invitrogen) and rabbit anti-FLAG
antibody (F7425, Sigma—Aldrich) at 1:1,000 dilution.

scRNA-seq profiling of Arabidopsis root protoplasts us-
ing the 10X Genomics chromium system

scRNA-seq experiments were performed as previously de-
scribed (27) with minor modifications. Plants were grown
for 7 days as described above with the addition of 100 pm
nylon mesh (Nitex 03-100/44) on the plates to facilitate root

Nolan, Vukasinovi¢, Hsu et al. etal. | Brassinosteroid gene regulatory networks at cellular resolution


https://doi.org/10.1101/2022.09.16.508001
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.16.508001; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

collection. For each sample, ~0.5cm root tips were harvested
from 1000-3000 roots and placed into a 35mm petri dish con-
taining a 70 um cell strainer and 4.5mL enzyme solution
(1.5% [w/v] cellulase [ONOZUKA R-10, GoldBio], 0.1%
Pectolyase [Sigma P3026], 0.4 M mannitol, 20 mM MES (pH
5.7), 20 mM KCl, 10 mM CaCl2, 0.1% bovine serum albu-
min, and 0.000194% (v/v) beta-mercaptoethanol). The diges-
tion was incubated on an 85 rpm shaker at 25°C for one hour
with additional stirring every 15-20 minutes. The resulting
cell solution was filtered twice through 40 pm cell strainers
and centrifuged for 5 minutes at 500g in a swinging bucket
rotor. The pellet was washed with 2mL washing solution (0.4
M mannitol, 20 mM MES (pH 5.7), 20 mM KCI, 10 mM
CaCl2, 0.1% bovine serum albumin, and 0.000194% (v/v)
beta-mercaptoethanol), centrifuged again at 500g for 3 min-
utes, and the pellet resuspended in washing solution at a con-
centration of ~2000 cells/uL. We loaded 16,000 cells, with
the aim to capture 10,000 cells per sample with the 10X Ge-
nomics Chromium 3° Gene expression v3 or v3.1 kits. Cell
barcoding and library construction were performed following
the manufacturer’s instructions. cDNA and final library qual-
ity were verified using a Bioanalyzer High Sensitivity DNA
Chip (Agilent) and sequenced on an Illumina NextSeq 500
or NovaSeq 6000 instrument to produce 100bp paired-end
reads.

For BL scRNA-seq, we first grew plants on 1 uM BRZ to
deplete endogenous BRs, then transferred plants to either a
fresh BRZ plate or 100nM BL. We monitored the efficacy of
these treatments using a constitutively expressed 35S-BES1-
GFP line. In agreement with previous reports (12, 74, 75),
BES1-GFP was predominantly present in the cytoplasm un-
der low BR conditions resulting from BRZ treatment but ac-
cumulated in the nucleus following BL treatment (Fig. S1).
We performed two separate BL scRNA-seq treatment experi-
ments. The first consisted of a BRZ and 2 hour BL treatment.
The second experiment included two additional replicates of
BRZ and BL 2 hours along with the other time points in our
time course (BL 0.5, 1, 4, and 8 hour treatments). Each of
the BL treatments was staggered so that all samples were col-
lected simultaneously. A total of 70,223 cells were recovered
from the BL treatment scRNA-seq experiments.

Wild type Col-0, bril-T, and pGL2-BRII-GFP/bril-T were
similarly profiled in a side-by-side scRNA-seq experiment
under control conditions with two replicates per genotype,
resulting in 34,861 cells. Lastly, scRNA-seq was performed
on Wild type Col-0, gtll, dfl, and gtll dfl in duplicate
under control conditions, resulting in 74,810 scRNA-seq
expression profiles.

scRNA-seq data pre-processing

Raw sequencing reads were demultiplexed from Illumina
BCL files to produce FASTQ files for each sample using
CellRanger mkfastq (v3.1.0, 10X Genomics). Reads were
then aligned against the Arabidopsis TAIR10 reference
genome to generate a gene-by-cell matrix using the scKB
script (https://github.com/ohlerlab/scKB), which incorpo-
rates kallisto (76) and bustools (77, 78). Quality filtering
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of cells was performed using the R package COPILOT
(Cell preprOcessing Plpeline kaLlistO busTools) (21, 79).
COPILOT uses a non-arbitrary scheme to remove empty
droplets and dying or low-quality cells. We used one
iteration of COPILOT filtering, which adequately separated
high-quality cells from the background in our samples based
on an examination of barcode rank plots. To address issues
with doublets and outliers, the resulting high-quality cells
were further filtered to remove the top 1% of cells in terms
of UMI counts, and putative doublets were removed with
DoubletFinder(80) using the estimated doublet rate from the
10X Genomics Chromium Single Cell 3' Reagent Kit user
guide.

Normalization, annotation, and integration of scRNA-seq
datasets

Downstream analysis were carried out using Seurat version
3.1.5. Samples were first individually processed and exam-
ined. Data were normalized using SCTransform (87) and all
detected genes were subsequently retained for analysis, ex-
cept those from mitochondria, chloroplasts or those affected
by protoplasting (absolute log2 fold-change >= 2) (21, 23).
Principal component analysis (PCA) was performed by cal-
culating 50 principal components using the RunPCA function
(with approx=FALSE). UMAP non-linear dimensionality re-
duction was next calculated via the RunUMAP function us-
ing all 50 principal components with parameters n_neighbors
= 30, min_dist = 0.3, umap.method = * ‘umap-learn’’, met-
ric = ‘ ‘correlation’ ’. These processing steps have been pre-
viously described (27) and are documented in jupyter note-
books as part of the COPILOT workflow.

To follow the developmental progression from the meristem
to the elongation zone more closely, we updated the root at-
las (21) developmental annotation to subdivide the meristem
into the proliferation domain and transition domain as pre-
viously defined (22). The previous meristem annotation of
the root atlas was based on correlation annotation by com-
paring each cell from scRNA-seq to bulk data from morpho-
logically defined sections (82). On the other hand, HIGH
PLOIDY?2 was used to mark the meristem in a second bulk
expression profile (83), which corresponds to the prolifera-
tion domain defined by Ivanov and Dubrovsky. Therefore,
we leveraged correlation-based annotations derived from Li
et al., 2016 to re-label the meristem of the atlas. If cells were
defined as “meristem” by both Li et al., 2016 and Brady et al.,
2007, then they were re-labeled as the proliferation domain.
Those that were called elongation in the Li et al., 2016 anno-
tation, but meristem in the Brady et al., 2007 annotation were
re-labeled as the transition domain. Finally, cells labeled as
elongation in both Brady and Li datasets but annotated as
meristem in the root atlas were re-labeled as elongation zone.

Consistent with our annotation, we found that cell cycle-
related genes were enriched in the proliferation domain
of the atlas (fig. S2B), whereas SMRI (AT3G10525), a
marker of endoreduplication, increased in the transition do-
main (84). The developmental annotation of cortex mark-
ers CO2 (AT1G62500) and CORTEX (AT1G09750) also
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matched their expression patterns in the root (85, 86).

We used the receiver operating characteristic (ROC) test im-
plemented in Seurat FindMarkers to identify genes enriched
in each developmental zone. A largely distinct set of markers
was enriched in the transition domain (fig. S2C and Data S2).
These included genes involved in vesicle-mediated transport
(fig. S21D), in line with the observation that vesicle recycling
activity is highest in this region (87).

We transferred the cell type and developmental stage labels
from the wild-type atlas (27) to each sample using the Seurat
label transfer workflow (88, 89). To align corresponding cell
types and developmental stages, we integrated samples from
each experiment using the Seurat reference-based integration
pipeline (88, 89). A sample from the atlas with the highest
genes detected (sc_12) was used as a reference (2/) and
two previously described samples (dc_1 and dc_2) (23)
were also included in each integration. PCA and UMAP
were subsequently calculated for each integration object
using the batch-corrected “integrated” assay as described
above. Although sc_12, dc_1 and dc_2 were not used in any
subsequent analysis, their inclusion at the integration step
helped to generate a comparable UMAP projection among
different integration objects that facilitates interpretability.

Plotting gene expression values on the UMAP projection
We subsequently examined changes in cell state caused by
the BL treatments or in the mutants profiled by plotting
the log-normalized, ‘corrected’ counts produced by the
SCTransform function (Hafemeister and Satija, 2019) rather
than the batch-corrected “integrated” values when visualiz-
ing changes in expression.

Pseudotime estimation and heatmaps of gene expression
trends

Cortex cells were extracted from the integrated Seurat objects
(BR time course, bril-T vs wild type and g#/! dfl vs wild
type). Pseudotime was then inferred on the SCT assay of the
extracted cortex cells using CytoTRACE v0.1.0 (Gulati et
al., 2020). Once the pseudotime was calculated, the cortex
cells were converted into SingleCellExperiment objects (90)
before fitting a NB-GAM model (generalized additive model
with a negative binomial distribution) using fitGAM function
of tradeSeq R package v1.8.0 (97). The model-predicted
expression trends were plotted with ComplexHeatmap in R
(Guet al., 2016) (v2.10.0).

Pseudobulk differential expression analysis

Recent benchmarks point towards pseudobulk methods,
which aggregate cell level counts for subpopulations of
interest on a per-sample basis, as top performers for cross-
condition comparisons in scRNA-seq (92, 93). Therefore,
we employed a pseudobulk approach implemented in muscat
(Multi-sample multi-group scRNA-seq analysis tools) (92)
to examine changes in each combination of cell type and
developmental stage. Pseudobulk expression profiles were
aggregated for each of these subpopulations by summing
the raw counts using the aggregateData function. We then
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performed differential expression testing using the edgeR
method (94) incorporated in the pbDS function. A term for
the experimental batch and/or replicate was included in the
contrast to adjust for potential batch effects. A gene was
considered differentially expressed in a given subpopulation
if the false discovery-rate adjusted p-value was <=0.05,
absolute fold change was >=1.5 and detection frequency was
>=10% in one of the conditions. Gene ontology enrichment
analysis was conducted on the differentially expressed genes
using the R package “gprofiler2” (95). Comparisons between
DEQG lists were performed using the GeneOverlap package
(version  1.12.0; http://shenlab-sinai.github.io/shenlab-
sinai/). p-values for intersections between gene lists were
computed using Fisher’s exact test. Visualizations were
generated using Seurat (88), ComplexHeatmap (96), and
ggplot2 (97).

WOT differential expression along cortex cell wall + tra-
jectories

WOT constructs trajectories of cells from a reference time
point by minimizing the difference over all genes (37). The
algorithm requires as input the expression profiles of cells as
well as an estimation of their proliferation rate. We estimated
proliferation rates using imaging data (98), as previously de-
scribed (99). As only the bottom 0.5 cm of each root was
observed at each time, we expect some cells to exit the ob-
served section due to proliferation. We estimated the number
of cells that should exit the observed section based on the
growth rate with the assumption that the section of root stays
in equilibrium and assigned the calculated number of cells
with the highest pseudotime a growth rate of zero so that they
have no descendents in the observed root section at the next
time point. We constructed trajectories using full gene ex-
pression profiles and evaluated the quality of the trajectories
by checking the proportion of cells whose highest fate proba-
bility matched the annotation. We found that for 90% of cells
the largest fate assigned by WOT matched the annotation, ris-
ing to 97% in the maturation zone where we have the greatest
confidence in the annotation.

The cell wall signature was calculated for each cell by tak-
ing the sum of Z-scores for each of the 107 BR-induced cell
wall-related genes in the signature (GO:0071554), truncated
to [-5,5]. We defined the cortex cell wall+ subset as cor-
tex cells with a cell wall score greater or equal to 1. This
threshold was chosen as it selected less than 5% of cells from
other lineages while still retaining >20% of cortex cells at
the 2 hour time point. Any cortex cell that did not belong
to the cortex cell wall+ group was labelled as “cortex cell
wall-". We performed differential expression on the cortex
cell wall+ and cell wall- subsets at 2 hours, using WOT lin-
eages to also perform differential expression on their putative
ancestors and descendants. Statistical significance was evalu-
ated using Welch’s t-Test with adjusted p-values for multiple
tests, requiring tppr < 0.01. Results were ranked by the ad-
justed expression ratio

pmax

Pmin + €
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with € = 0.1, where larger £ puts more emphasis on genes
with non-zero expression in both groups. To generalize
our WOT analysis we also constructed trajectories for
each combination of cell type and developmental stage and
performed differential expression analysis between each
time point using the same process (Data S5).

Gene regulatory networks

In order to construct GRNs, we used CellOracle (v0.7.0) for
single-cell GRN inference (48). In the first stage of the Cel-
I0racle pipeline, a base GRN is defined, representing a global
set of biologically plausible Transcription factor-Target in-
teractions. We used publicly available scATAC-seq data
from Arabidopsis roots (100) GSE155304:GSM4698760;
(100) to determine regions of open chromatin. Cell Ranger
ATAC (v1.2.0) was used to process raw scATAC seq data
to call a peak-by-cell matrix. Cicero (v1.11.1) (/0]) was
implemented to infer a co-accessibility map of chromatin
regions. Transcription start sites were then annotated based
on the Arabidopsis TAIR10 genome assembly. Finally,
peaks with weak co-accessibility scores were filtered
following instructions of CellOracle manual (https://morris-

lab.github.io/CellOracle.documentation/tutorials/base_grn.html).

To expand the number of TFs present in the base GRN we
also included TF-Target interactions from DNA affinity
purification sequencing (DAP-seq) (/02) and a previously
constructed integrative gene regulatory network (iGRN)
(103). Our resulting base GRN contained 11.7 million
interactions between 1,601 transcription factors and 31,019
target genes.

In the second step of the CellOracle pipeline, a regularized
machine learning approach is used to define active edges
and their regulatory strength in clusters or subpopulations of
scRNA-seq data. In this process, the expression of target
genes is predicted based on regulatory transcription factor
levels from the base GRN. Inactive edges with low predic-
tive ability are pruned from the base GRN, revealing context-
specific GRN configurations (48).

To test CellOracle on Arabidopsis root data, we first inferred
GRN configurations for each of the 36 cell type and devel-
opmental stage combinations in our WT atlas (27) using the
SCT normalized counts. We limited the base GRN to genes
dynamically expressed along pseudotime for each cell type
plus associated transcription factors (/04). Each cell type
GRN was then constructed with default parameters follow-
ing the CellOracle manual. To filter network edges with the
“filter_links” function, we retained the top 20,000 edges (p-
value <=0.01) for each subnetwork. This recovered known
developmental regulators (Data S6 and Data S7) including
MYB36 in the endodermis (/05) and BRN1/BRN2 in the root
cap (/06), confirming that CellOracle analysis of Arabidop-
sis root sScRNA-seq data can infer GRNs configurations for
particular cell identities and states.

We implemented similar procedures to infer context-specific
GRN configurations for each cell type, developmental stage
and time point of the BR time course samples (sc_43-50).
We used transcription factors plus DEGs from BL 2 hour vs.

Nolan, Vukasinovi¢, Hsu et al. etal. | Brassinosteroid gene regulatory networks at cellular resolution

BRZ pseudobulk analysis of each cell type/developmental
zone combination. The resulting set of 201 GRN configu-
rations spanned 767,970 edges between 1,164 transcription
factors and 7,135 targets (Data S8). Network centrality
measures were calculated using the built-in functions of
the CellOracle pipeline (Data S9). The data needed to
reproduce our results and jupyter notebooks demonstrating
the processes are available on ARVEX (https://shiny.mdc-
berlin.de/ARVEXY/).

Data and code availability

Single-cell RNA-seq data have been deposited at
GEO: GSE212230. All original code is available
at https://github.com/tmnolan/Brassinosteroid-gene-
regulatory-networks-at-cellular-resolution.
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p35S-BES1-GFP 1t " v p35S-BES1-GFP

Fig. S1. A sensitized system to study spatiotemporal brassinosteroid response. Plants were grown for 7 days on 1 uM Brassinazole (BRZ) to deplete endogenous
BRs, then transferred plants to either a fresh BRZ plate or 100 nM Brassinolide (BL) for 2 hours. p35S-BES1-GFP was used to monitor the efficacy of the sensitized system
for BL scRNA-seq. BES1-GFP was predominantly present in the cytoplasm under low BR conditions resulting from BRZ treatment but accumulated in the nucleus following
BL treatment.
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Fig. S2. Updated developmental annotation distinguishes between the proliferation domain and transition domain of the meristem. (A) Wild-type atlas of the
Arabidopsis root from (27) showing updated developmental stage annotation in which the meristem is separated into the proliferation domain and transition domain. (B)
Expression of markers in wild-type atlas supporting the developmental stage annotation. The color scale on the UMAP projection represents log normalized, corrected UMI
counts. In dotplots, the size of the dot represents the percentage of cells in which the gene is expressed. (C) Comparison of the number of shared markers for each of the
developmental zones in the wild-type atlas. Color represents log10 p-values from the indicated overlaps calculated from Fisher’s exact test by GeneOverlap. The number of
genes in each intersection is indicated inside each box. (D) Enriched GO terms for markers of each developmental zone in the wild-type atlas.
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Fig. S4. scRNA-seq identifies the elongating cortex as a site of BR-response. (A) Number of DEGs for each cell type/developmental stage combination in BL 2 hour
scRNA-seq. Color indicates the number of up-regulated vs down-regulated genes. (B) The number of cell type/developmental stage combinations (subpopulations) in which
each BL DEG is differentially expressed. 3,071/8,286 DEGs were significantly altered in only a single sub-population. (C) Comparison of BL 2 hour DEGs from scRNA-seq
to BES1 and BZR1 ChIP targets and previous bulk BR RNA-seq datasets. Color represents log10 p-values from the indicated overlaps calculated from Fisher’'s exact test
by GeneOverlap. The number of genes in each intersection is indicated inside each box. (D) Top 10 GO terms in terms of p-value among BL up-regulated DEGs from
scRNA-seq. Note the strong enrichment for cell wall-related GO terms in BL up-regulated genes in the elongating cortex.
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Fig. S7. Analysis of the triple receptor mutant bri1-T reveals endogenous regulation of cell-wall-related genes by BRs in the elongating cortex (A) Number of
DEGs for each cell type/developmental stage combination in bri7-T scRNA-seq compared to WT. Color indicates the number of up-regulated vs down-regulated genes. (B)
GO enrichment of bri1-T vs wild-type DEGs. Note the strong enrichment for cell wall-related GO terms in bri1-T down-regulated genes in the elongating cortex.
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Fig. S8. Distinct gene expression patterns of pGL2-BRI1-GFP/bri1-T. (A) Number of DEGs for each cell type/developmental stage combination in pGL2-BRI1-GFP/bri1-T
scRNA-seq compared to WT. Color indicates the number of up-regulated vs down-regulated genes. (B) GO enrichment of pGL2-BRI1-GFP/bri1-T vs wild-type DEGs. (C)
Number of DEGs for each cell type/developmental stage combination in pGL2-BRI1-GFP/bri1-T scRNA-seq compared to bri1-T. Color indicates the number of up-regulated
vs down-regulated genes. (D) GO enrichment of pGL2-BRI1-GFP/bri1-T vs bri1-T DEGs. (E) Multidimensional scaling (MDS) analysis of cortex cells from scRNA-seq. Note
that replicates from the same genotype group together, but genotypes are well separated. (F) Multidimensional scaling (MDS) analysis of atrichoblast cells from scRNA-seq.
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Fig. S9. BRI1 CRISPR tissue-specific CRISPR. (A) Two individual transgenic lines for pWER-BRI1-CRISPR and pCO2-BRI1-CRISPR exhibiting similar BRI1-mCitrine
expression patterns. Scale bars, 50 um. (B) Seven-day-old BRI1-CRISPR transgenic seedlings with roots shorter than those of the wild-type (Col-0) control and complemented
pBRI1-BRI1-mCitrine/bri1. Scale bar represents 1 cm. (C) Quantification of the root length of transgenic lines shown in (B). All individual data points are plotted. Red
horizontal bars represent the means and error bars represent s.d. Significant differences between transgenic lines and the WT control were determined by one-way ANOVA
and Dunnett’s multiple comparisons tests. ***P<0.001, **P<0.01, *P<0.05. n.s. not significant.

26 | bioRxiv Nolan, Vukasinovi¢, Hsu et al. et al.

Brassinosteroid gene regulatory networks at cellular resolution


https://doi.org/10.1101/2022.09.16.508001
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.16.508001; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A BRZ BL 0.5 hour BL 1 hour BL 2 hour
c
L2 3
2 .
\ H
g \3 s i
g \¥ } 5 x
< /
I
c
2
@ ¥
g Ak
ﬁ n"’ [ y A
o £ e Jii
E £ \ /
T
s 1 173
2 §
@ 45y L &Y i
2 \i\ \3 TALY
X \7A X ‘A i \¥ A
w 1 [} 1} )
S / A S
8 N
RS
c
o
7]
0 - 7
e \¢\|
= :
2 X
w 4
™
N -
Q
ES
c
o ’
[ 1 3
3 \%
" A
S LTV
x o : 1 A
w { % { K
- A
= ™
(O]
c
L}
I3
0
[
e
o
x
i
Iy
Qg
<
=
3
UMAP 1
HB13 HB20
Conen s
B . orex- | 10
PpDF1-DF1-GFP
g 04 08
?
2
8 os os
5
%
W oz 04
01
0z
3 P S I
HB23 DF1

Expression

001

0012

0010

0.008

0.006

0.001

0002

p ) G 5 3
BL Treatment Time

z i 3 5
BL Treatment Time

BL 4 hour

o

¥

)

BL 8 hour

NormExp

B 2o
15
1.0

0.5
0.0

NormExp
16
1.2
0.8
0.4
0.0

NormExp

! 15
1.0
0.5
0.0

NormExp
1.2
0.8
0.4
0.0

NormExp

! 15
1.0
0.5
0.0

NormExp

Bos
0.4
0.2
0.0

Fig. S10. HAT7 and GTL1 family TFs are BR responsive regulators along cortex trajectories. (A) UMAP projections showing expression levels of HAT7 and GTL1 family
transcription factors over the BR time series scRNA-seq experiment. The color scale represents log normalized, corrected UMI counts. (B) Expression trends for indicated
transcription factors along WOT cortex cell wall + (cortex +) vs cortex cell wall - (cortex -) trajectories. (C) pDF1-DF1-GFP grown on 1 uM BRZ for 7 days and transferred to
1 uM BRZ or 100nM BL for 4 hours. Inset shows DF1 signals in the elongating epidermis and cortex that increase with BL treatment. Propidium iodide-staining is shown in
grey, with the color gradient indicating relative DF1-GFP levels. Scale bars, 100 um.
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Fig. S11. HAT7 and GTL1 family TFs affect cortex cell elongation. (A) Quantification of the root length in the indicated mutants. hat7 hb13 hb20 hb23 1-2 and hat7 hb13
hb20 hb23 9-9 represent two independent CRISPR mutants of. hat7 hb13 hb20 hb23 1-2 is used as a representative allele throughout this study unless otherwise indicated.
(B) Quantification of meristematic cortex cell length, defined as the first 20cells of individual roots starting from the quiescent center. (C) Quantification of mature cortex cell
length. All individual data points are plotted. Red horizontal bars represent the means and error bars represent s.d. Significant differences between mutants and the wild-type
control were determined by one-way ANOVA and Dunnett’s multiple comparisons tests. ***P<0.001, **P<0.01, *P<0.05.
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Fig. S12. BES1 and GTL1 interact and share a common set of target genes. (A) Comparison of BES1 or BZR1, GTL1, and DF1 ChlP targets showing an overrepresenta-
tion of shared target genes. (B) Comparison of ChlP targets from (A) with BL 2 hour vs BRZ DEGs. The top 20 cell type/developmental stage combinations that are enriched
for BES1 or BZR1 and GTL1 shared targets are shown. For (A) and (B) color represents log10 p-values from the indicated overlaps calculated from Fisher’s exact test by
GeneOverlap. The number of genes in each intersection is indicated inside each box. (C) Co-Immunoprecipitation demonstrating BES1 interaction with GTL1. GTL1-FLAG
immunoprecipitaed with anti-FLAG beads pulled down BES1-GFP, whereas a GUS-FLAG negative control did not. (D) Number of DEGs for each cell type/developmental
stage combination in gt/1, dff or gt/1 df1 scRNA-seq compared to WT. Color indicates the number of up-regulated vs down-regulated genes. (E) GO enrichment of DEGs in
gtl1, dft or gtl1 dff scRNA-seq compared to WT.
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