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Germination involves highly dynamic transcriptional programs
as the cells of seeds reactivate and express the functions neces-
sary to establish in the environment. Individual cell types have
distinct roles within the embryo, so must therefore have cell-type
specific gene expression and gene regulatory networks. We can
better understand how the functions of different cell types are
established and contribute to the embryo by determining how
cell-type specific transcription begins and changes through ger-
mination. Here we describe a temporal analysis of the germinat-
ing Arabidopsis embryo at single-cell resolution. We define the
highly dynamic cell-type specific patterns of gene expression and
how these relate to changing cellular function as germination
progresses. Underlying these are unique gene regulatory net-
works and transcription factor activity. We unexpectedly dis-
cover that most embryo cells transition through the same initial
transcriptional state early in germination, after which cell-type
specific gene expression is established. Furthermore, our analy-
ses support previous findings that the earliest events leading to
the induction of embryo growth take place in the vasculature.
Overall, our study constitutes a general framework to charac-
terise Arabidopsis cell states through embryo growth, allow-
ing investigation of different genotypes and other plant species
whose seed strategies may differ.

Arabidopsis | seed germination | embryo | single-cell RNA-seq | regulatory
network | atlas
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Introduction

Germination is the process through which seeds begin to
grow and establish in their environment, which is funda-
mental to agricultural production. Success requires that the
seed monitor both its internal resources and surrounding,
external conditions, then co-ordinate appropriate responses
based upon this information to ensure that the time and place
are suitable for future plant growth. Germination and early
seedling growth are consequently plastic, dynamic processes.
The seed is a complex structure comprised of many tissues
and cell types [1-3]. These have individual functions and bio-
chemistry that enable tight spatiotemporal control of growth
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and development. Variation in temperature is sensed and in-
terpreted as a signal to germinate by just tens of cells in the
embryonic radicle of dormant Arabidopsis seeds, in conjunc-
tion with the monolayer of cells in the endosperm [4, 5].
Growth is then driven by cell expansion once germination
commences, with both spatial and temporal variation in ex-
pansion rates. Initially, growth occurs in cells adjacent to
the radicle tip, then proceeds to include cells further along
the radicle and in the hypocotyl [6]. The end of germination
is defined by the emergence of the radicle through the testa
(seed coat), following which the cotyledons emerge and the
seedling transitions from heterotrophic to photoautotrophic
growth [7].

Spatiotemporal control of growth and development requires
correspondingly precise regulation of gene expression. The
nuclei of mature Arabidopsis embryo cells condense and
transition to a heterochromatic state by the end of seed devel-
opment, repressing gene expression [8—10]. This is thought
to be an adaptation to tolerate the desiccation of seeds that
occurs at the end of seed development [9]. The nuclei then
reverse this process as the seed imbibes water and germina-
tion commences, decondensing and transitioning to the eu-
chromatic state required for gene transcription [9, 11]. How-
ever, germination considered in the strict sense (i.e. to the
point of radicle protrusion) is thought to be dependent only
on translation, whereas de novo transcription during germi-
nation is non-essential [12]. Consistent with this, mature
Arabidopsis seeds contain populations of stored transcripts
that were transcribed during seed development, a subset of
which are translated early in germination [12—-14]. During
this time the developing embryo draws upon stored energy
reserves, primarily in the form of lipids but also from cell
wall carbohydrates [8, 15-18]. Nonetheless, transcription
and de novo gene expression occur relatively early in ger-
mination, within 1-2 hours of imbibition [19, 20]. A cascade
of transcription factors regulate gene expression at this time,
which influences the speed at which germination progresses
and is essential for a successful transition to post-germination
seedling establishment [5, 13, 19, 21, 22]. Temporal changes
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occur in DNA methylation and small RNA abundance during s
germination, both of which are likely to be involved in gene 13
regulation [13, 23, 24]. Gene expression also varies spatially 137
within seeds, reflecting the different functions of tissues and s
cell types [1, 4, 25-27]. However, the resolution of spatial 1as
studies, and consequently the insight they provide, have been 140
limited by the precision and scale achieved by the predomi- 11
nant methods of hand isolation or laser capture microdissec- 14
tion [1, 25, 26]. 143
By understanding the spatiotemporal regulation of gene ex- 14
pression in seeds we can better understand how the functions 14
of different cell types are specified, and how these contribute 14
to the functions of the seed as a whole. To this end, we in- 147
vestigated gene expression dynamics in the Arabidopsis em- 14
bryo over the first 48 hours of germination, as it transitions 14
into a seedling, at single-cell resolution. We then interro- s
gated the data to understand how the transcriptional identity s
of cells was established and how gene expression was reg-

ulated. We observed that most cells pass through a shared e
early transcriptional state, before transitioning to their cell- N
specific transcriptional states. Once established, these cell- s
specific transcriptional states were dynamic over germina- .
tion and reflected changing functional properties of cells. o
We constructed gene regulatory models for each cell type, e
from which we predicted key transcription factors active in .
individual cell types. This study provides unprecedented in- .
sight into the different regulatory mechanisms operating as a ;
seedling establishes itself within the environment.

1
162
163

Results

164

Generating a single-cell gene expression atlas of ger- '®
minating embryos. The major goals of our study were to '®
characterise how gene expression differs between the cell ™
types that constitute germinating Arabidopsis embryos and '*
to determine how these patterns of gene expression may be '*
regulated. To this end, we generated a single-cell RNA-seq
(scRNA-seq) atlas of germinating Arabidopsis embryos (Fig. '
1). Three time points post-stratification were selected for '
analysis (12, 24 and 48 hours), corresponding to early, mid "
and the end of germination in our conditions (Fig. 1a) [13]. "™
Seeds were harvested at each time point and embryos were 175
released from the seed coat by physical disruption. Proto- 17
plasts were then isolated and enriched to high purity in order 177
to physically separate the cells from one-another and make 17s
them amenable to microfluidic handling. 179
Isolation of protoplasts affects gene expression in sampled 1s
cells, creating a technical effect that must be controlled for in +e1
subsequent analyses [28]. To enable this correction we anal- 12
ysed the effect of protoplast isolation on embryo transcrip- 1ss
tomes using bulk RNA-seq (i.e. not scRNA-seq). We com- s
pared transcriptomes in whole, isolated embryos with those s
of our protoplast preparation, finding that 1,202 genes were 1ss
differentially expressed between them (1% FDR, log2 fold- 1
change greater than 1.5, Fig. 1b-c, Supplementary Table 1). 1ss
The genes responsive to protoplast isolation responded con- 1ss
sistently across all time points (Fig. 1b). These genes were s
excluded from our subsequent scRNA-seq data analyses. 191

Other plant single-cell gene expression studies have also used
protoplast isolation to separate cells [28-34]. Approaches
to correct for the effect of protoplast isolation have var-
ied; some studies have applied bulk RNA-seq in the same
manner as ourselves, whilst others have either used a sin-
gle previously-generated reference set of protoplast-isolation
responsive genes [28] or reported no correction at all. It is
possible that the population of protoplast isolation respon-
sive genes varies dependent upon experimental conditions,
growth stage and other factors. We tested this by determining
how many of the responsive genes were shared between our
analysis and the previously generated reference set. Only 75
of our 782 upregulated protoplast isolation responsive genes
were shared between the two datasets (Fig. 1d, Supplemen-
tary Table 1). This indicates that it is important the effects of
cell or protoplast isolation are analysed and controlled for in
parallel when conducting scRNA-seq.

Transcriptomes of germinating embryo protoplasts were
analysed using the 10x Genomics Chromium platform in or-
der to produce a single-cell atlas (Fig. 2, Extended Data Fig.
1). Two biologically-independent replicates were conducted
per time point. This yielded a total of 12,798 cells, with an
average 1,025 expressed genes per cell (Extended Data Fig.
la,b). Cell recovery and the number of detected genes in-
creased with time of germination, though equal numbers of
cells were loaded per sample (Extended Data Fig. 1la). It
is likely this occurred because the amount of transcripts per
cell was low in the early stages of germination, affecting the
detection of true cells from background [13]. We integrated
data from all samples to minimize technical effects, then clus-
tered cells according to their transcriptional profiles, and vi-
sualised the resulting clusters in two dimensions with UMAP
(uniform manifold projection) to assess consistency between
replicates and time points (Fig. 2a, Extended Data Fig. 1c-e).
Cells from independent replicates of individual time points
were co-located in the analysis, indicating replicates were
consistent with one another after data integration (Extended
Data Fig. 1d). Fifteen distinct clusters of cells with simi-
lar transcriptional profiles were resolved amongst these data,
which likely represent different cell types and states (Fig. 2a).

The cell clusters detected within embryos differed markedly
between the 12, 24 and 48 h time points (Fig. 2c, d, Extended
Data Fig. 1f). No cell division occurs in embryos during ger-
mination, so no new cells arise in the time-period studied [6].
Consequently, the differences in cell clusters between time-
points indicate that the transcriptional states of individual cell
types within the embryo change over time during germina-
tion, even when considering that we did not capture a subset
of transcript-poor cells at the early timepoints. This means
that the cell clusters defined in our experiment correspond to
‘cell states’ adopted by the various cells and tissues through
the timecourse of germination, rather than to cell types di-
rectly. The consistency between replicates at individual time
points was considered (Fig. 1d,f). Largely the same clusters
were present in each replicate, but the proportions of cells in
those clusters varied. As gene expression is highly dynamic
at this time, even a very small shift in harvest time or envi-
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Fig. 1. Germinating embryo scRNA-seq experimental design and impact of protoplast isolation on the transcriptome.a, Germination procedure and sampling
for transcriptomic analyses. (1) RNA-seq of whole isolated embryo without protoplast isolation; (2) RNA-seq of embryo protoplasts; (3) scRNA-seq of individual embryo
protoplasts. b,c Expression changes of 1,202 genes in response to protoplast isolation (log-fold changes). The transcriptional response to protoplast isolation was consistent
across time-points. d, Limited overlap in upregulated genes upon protoplast isolation between this study and a previous study by Birnbaum and colleagues [28].
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Fig. 2. Annotation of germinating embryo cell types using literature curated marker transcripts. a, UMAP dimensional reduction and visualisation of 12,798 cells in
15 clusters. b, Spatial distribution of cell clusters in the Arabidopsis embryo. ¢, Bubble plots showing enrichment of expression of representative cell-type specific marker
transcripts in 15 clusters and the percentage of cells from the two biological replicates within each cluster at each time point. Marker transcripts were identified from published
studies d, UMAP dimensional reduction and visualisation of cells across three time points, 12 h, 24 h and 48 h, showing the temporal changes in cell and cluster detection.

4 Liew etal. | Establishment of cell transcriptional identity during seed germination


https://doi.org/10.1101/2023.01.21.523180
http://creativecommons.org/licenses/by-nc-nd/4.0/

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

212

213

214

215

216

217

218

219

220

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.21.523180; this version posted January 22, 2023. 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-NC-ND 4.0 International license.

ronmental conditions might cause differences between repli- ¢
cates. Overall, however, the replicates corresponded well 2s0
with one another. 251

252

Annotation of cell types in the germinating embryo
single-cell gene expression atlas. We annotated the clus- ,,
ters within the embryo single-cell atlas so that we could inter-
pret the changes occurring amongst them during germination
(Fig. 2¢). Annotation of single-cell data is often achieved by ,,,
reference to an existing ground-truth dataset of manually dis-
sected or sorted cells from the organ of interest [28, 30-32].
A comprehensive ground-truth dataset does not exist that de- ,,
scribes all cell types of the embryo during germination. To

overcome this we investigated the published literature and 2
identified relevant marker genes from several studies, then 2
compared them to genes expressed specifically in one or a2
small number of clusters (Supplementary Table 2). 264
We were able to infer identities for thirteen of the fifteen s
clusters (Fig. 2c). We detected the most abundant cell 2s
types of the cotyledon (mesophyll, clusters 3, 13), hypocotyl 27
(cortex, clusters 1, 5, 7; epidermis, 6; cortex/endodermis, s
2) and radicle (epidermis, 10, radicle apical meristem, 14; 26
quiescent centre/columella, 4). Cell-type markers were ex- zno
pressed clearly by cluster 2 (cortex/endodermis) and clus- 27
ter 10 (epidermis), but we could not distinguish whether 27
these were resident in the hypocotyl or radicle, likely re- 27
flecting that these cell types are continuous between the two 274
organs at this developmental stage. Cells of the provascu- zrs
lature (protophloem, 15; protoxylem, 9; provascular cells, 27
12) were mostly detected at the 48 h time point. Identi- 277
ties could not be assigned to clusters 8 and 11 because they 27s
did not show clear enrichment of expression for any marker 27
genes from the literature, indicating the clusters may repre- 2s
sent some uncharacterised cell state or type. Clusters strongly zs:
expressing the marker transcripts of the shoot apical meris- 2s
tem WUSCHEL (WUS, AT2G179500), CLAVATA3 (CLV3, 2
AT2G27250), SHOOT MERISTEMLESS (STM, AT1G62360) 254
and KNOTTEDI-LIKE HOMEOBOX GENE 6 (KNATO, 2ss
AT1G23380) were not detectable in the dataset. Some enrich- s
ment of KNAT6 and STM was detected in clusters 4 and 10, zs
suggesting that these clusters might include the small num- 2ss
ber of shoot apical meristem cells. The absence of a clear s
shoot apical meristem cluster likely occurred because these 2s0
cells are very rare (approximately 8 cells) relative to the total 2o
number of cells in the embryo. 202
We first validated annotations for clusters 9 and 14 by RNA s
in situ hybridisation. We annotated cluster 9 as protoxylem 2s
within the provasculature, and present only at 48 h. The 205
scRNA-seq analysis indicated that AT/G55210 expression zs
was an independent marker for cluster 9, which had not been 257
used in the initial literature-based annotation of the cluster, zss
so we determined the location of its transcripts by RNA in 2e
situ hybridisation (Fig. 3a, Supplementary Tables 3, 4, Ex- a0
tended Data Fig.2). Correspondingly, a signal was detected sos
specifically within the protoxylem at 48 h, but was not de- s
tected at 24 h. We also validated the annotation of cluster 14 s
as radicle apical meristem cells, present only at 48 h. The lo- s
cation of the independent marker transcript AT3G20470 was aos

258

Liew etal. | Establishment of cell transcriptional identity during seed germination

examined. A signal was specifically detected in cells of the
radicle apical meristem region and only at 48 h, but with the
signal weaker in the radicle cortex cells (Fig. 3b, Supple-
mentary Tables 3, 4, Extended Data Fig. 2). This observation
corresponded with our annotation of cluster 14 from known
marker transcripts, which indicated the presence of epider-
mis, endodermis, atrichoblast and root cap marker transcripts
(Fig. 2¢). The marker gene validation results for both clusters
were also consistent with the changes in detection of clusters
over time described above, further illustrating the dynamic
nature of cell transcriptomes during germination (Fig. 2c,
Extended Data Fig. le).

An initial cell transcriptional state is established early
in germination. We sought next to understand how initial
cell transcriptional states are established as cells commence
activity. The earliest germination time point, 12 h, was dom-
inated by cells of clusters 8 and 11 (cluster 8, 26.74%, and
cluster 11, 37.27%, of cells captured at 12 h) (Fig. 4, 1f).
Like many other clusters, the presence of clusters 8 and 11
was dynamic across germination, being greatest at 12 h, and
with the clusters being almost entirely absent by 48 h (Fig.
4a). We were unable to identify known cell-type marker tran-
scripts from published literature with which clusters 8 and
11 could be annotated. Cluster 8 did express marker tran-
scripts of mature embryos/dry seeds, suggesting that it might
be comprised of cells in an early germination state that has
not previously been characterized (Fig. 2¢) [35]. To test this
idea we assessed the similarity of the cluster 8 and 11 tran-
scriptomes with the transcriptomes of whole seeds at earlier
germination time points (Fig. 4b). To do so we used a dataset
of whole (bulk) seed RNA-seq that included 1, 6 and 12 h
germination time points, earlier than in our scRNA-seq, and
calculated identity (module) scores between each cell and
the bulk seed transcriptomes [13]. Cluster 8 cells identified
strongly with transcriptomes of 1 and 6 h bulk seeds, more
strongly than all other clusters, whilst cluster 11 did not. This
suggests that the biological properties of clusters 8 and 11 are
distinct.

The physical locations of cells in clusters 8 and 11 were
determined in order to better understand their biological
properties. We examined the localisation of two marker
transcripts for each cluster using RNA in situ hybridisa-
tion. Expression of cluster 8 marker transcripts (AT4G25140,
AT5G35660) was detected throughout the whole embryo
(cotyledon, hypocotyl, radicle, and provasculature) at 12 h
(Fig. 4c, Supplementary Table 4, 5, Extended Data Fig.
3). Contrastingly, both marker transcripts of cluster 11
(AT5G10520 and AT1G27130) were detected only at the
provasculature cells (Fig. 4d, Supplementary Table 4, 5, Ex-
tended Data Fig. 3). The expression domain of cluster 11
marker transcripts corresponds to a defined region of abscisic
acid and giberellic acid signalling that are proposed to regu-
late the decision to germinate in dormant seeds, an event that
precedes the germination events covered by our experiments
[4]. Considered together, these data indicate that cluster 8
represents a general cell transcriptional state through which
most cells of the embryo pass early in germination. By con-
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Fig. 3. Validation of cell type annotation using RNA in situ hybridization. Expression domains of independent marker transcripts of a, cluster 9 and b, cluster 14
confirmed the physical location of the cells in these clusters. Signals were detected at 48 h, but not at 24 h, confirming also the temporal detection of these clusters in
scRNA-seq data. At each timepoint the left panel shows the results of hybridization with antisense probes (i.e. the test), whilst right panels show the results of hybridization

with sense probes (negative control). Scale bars indicate 200 pm.

trast, cluster 11 likely represents the set of cells where the a3
decision to germinate was made, which appear to have a dif- s
ferent transcriptional state during early germination than all ss
other cells.
As clusters 8 and 11 represent two different populations of a0
cells, we expected that active biological functions would dif- s
fer between their respective cells. We investigated these bi- s
ological functions by assembling the cluster 8 and 11 cells s«
onto pseudotime trajectories and analysing the functions of s
the genes expressed in each cluster using an approach called ass
Continuous-State Hidden Markov Models TF (CSHMM-TF) s
(Fig. 4e, Extended Data Fig. 4, Supplementary Tables 6, s
7) [36]. The CSHMM-TF method assigns activation time ass
of TFs based on both their expression and the expression of ass
their target genes. Not all cells become active at the same s
time during germination, and there is variability in the pre- ss1
cise time of germination between genetically identical seeds ss2
[5, 37, 38]. Consequently, the cells will be spread across a s
developmental trajectory of gene expression, with each cell ss4
in a slightly different expression state. Assembly of the cells sss
onto a pseudotime trajectory arranges the cells according to s
their expression states, and thereby developmental progres- as7
sion, enabling more precise examination of how gene expres- ass
sion changes during germination. CSHMM-TF also identi- s
fies where gene expression of groups of cells diverge sub- ss
stantially during pseudotime, splitting cells with different ex- s
pression states onto different paths. 362
Cells of cluster 8 first expressed genes involved in utilisa- as
tion of energy resources (ATP, oil bodies, path P0O), followed e
by RNA processing, translation and hypoxia (P1) (Fig. 4e, sss

339

Extended Data Fig. 4, Supplementary Tables 6, 7). The ex-
pression of energy biology functions earliest likely indicates
the initiation of metabolism, whose resumption in low oxy-
gen conditions would result in the observed hypoxia response
at this phase of germination [39]. Cells then split along two
gene expression paths (P2 and P3/4). In both paths, cells
expressed genes involved in mRNA metabolism and energy
biology, but path P3/4 cells expressed more protein process-
ing and translation functions. The pattern of gene expression
differed in cluster 11 cells compared with cluster 8 (Fig. 4e,
Extended Data Fig. 4, Supplementary Tables 6, 7). Genes
associated with hypoxia were already expressed at the ear-
liest phase of the model, which would be consistent with
metabolism in these cells having become active earlier or
more rapidly than cells of cluster 8 (P1). Cluster 11 cells
then split along three gene expression paths (P1, P2/3 and
P4). Expression of functions involved in translation and ri-
bosome biogenesis featured in two cluster 11 paths (P1 and
P2/3), and overall more clearly so than in the cluster 8§ model,
suggesting translational activity may be greater in cluster 11
cells. For both cluster 8 and 11, the pseudotime arrangement
was consistent with the actual germination time of cells (Fig.
4e). Overall, these analyses may indicate that cells of cluster
11 have progressed to a more advanced stage of germination
than cells of cluster 8.

Gene expression is regulated by the action of transcription
factors that form gene regulatory networks. The differing
patterns of gene expression between cells of clusters 8 and
11 indicate different gene regulatory networks act within
the clusters. We examined these gene regulatory networks

Liew etal. | Establishment of cell transcriptional identity during seed germination
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by identifying candidate transcription factors active in cells ¢
of either cluster (Fig. 4e, Supplementary Tables 6, 7). s
CSHMM-TF models also predict which transcription factors «2s
are active within each gene expression path of the pseudo- 4
time trajectories. This is achieved by integrating transcrip- «27
tion factor binding data, here provided as experimentally- «2s
validated target genes for >500 Arabidopsis transcription fac- «2
tors from genome-wide in vitro protein-DNA binding assays <o
[40]. Twenty-two predicted regulatory transcription factors 4ss
were unique to one cluster (7 in cluster 8, 15 in cluster 11), s
whilst 8 were shared between both clusters. Known regula- <
tors of brassinosteroid hormone responses were amongst the s
transcription factors shared between clusters (BIM2, BEH3, 4
BEH4), which is notable because brassinosteroid has an im- s
portant role in cell division and growth [41]. Two tran- 4
scription factors specific to cluster 8 may have functions in s
embryo development, seed maturation and lipid accumula- «s
tion (AREB3, FUSCA3) [41-43]. Another cluster 8 spe- 4o
cific transcription factor (GT-1) may promote light respon- s
sive gene expression, consistent with the recent exposure of a2
the seeds to light as a germination trigger [44]. A cluster 11- 4
specific transcription factors has a role in mucilage produc- s
tion (DF1), which occurs early in germination [45]. Other 4s
cluster 11-specific transcription factors are involved in cal- 4s
cium signalling (CAMTALI, 5) and auxin-mediated morpho- s
genesis (HAT?2), both signalling pathways that influence seed s
development and germination [46—50]. These analyses indi- a4
cate that cells of cluster 8 and 11 are executing distinct gene «so
regulatory programs, involving different sets of transcription s
factors. 452

453

Embryo cells undergo extensive transcriptional repro- .,
gramming as germination progresses. The growth prop- ,,,
erties and development of individual cells within the embryo
change as germination progresses [5, 6]. We investigated
how underlying dynamic gene expression might contribute to
changes in the functional properties of cells during this time.
We focused on the hypocotyl cortex cells because these were
detected as three distinct clusters (1, 5, 7) present in differ-
ent proportions at each timepoint across germination (Fig. 5). ,,,
Cells of cluster 5 were the most abundant at 12 h, accompa-
nied by a small number of cluster 1 cells (Fig. 5a). Cells
of 1 and 7 were most abundant at 24 h, whilst at 48 h very .,
few cells were detected from any of the clusters but cells of .,
cluster 1 were most abundant. The existence of three distinct

clusters of hypocotyl cortex cells indicated that there were 7
populations of hypocotyl cortex cells whose transcriptomes s
differed. It was not possible to identify single marker tran- s
scripts clearly specific to individual clusters, suggesting that 470
the differences between clusters were relatively subtle and re- «71
lated to quantitative differences in expression of many genes «72
rather than complete presence/absence of certain transcripts «7
(Extended Data Fig. 5, Supplementary Table 8). However, 47
marker transcripts strongly specific to all three clusters 1, 5, 475
7 combined were readily identified (Extended Data Fig. 6, 47
Supplementary Table 9). AT4G16410 was a specific marker «77
transcript of clusters 1, 5 and 7 at 12 h and 24 h time points «7s
in our scRNA-seq data. Expression of the transcript was 7

456

457

458

459

463

detected by RNA in situ hybridisation in lower and middle
hypocotyl cortex cells at at 12 h and 24 h, confirming the cell
type annotation of clusters 1, 5, and 7 (Fig. 5b, Extended
Data Fig. 7).

We conducted a detailed analysis of the transcriptomes of
cells within each of the three hypocotyl cortex clusters (1,
5, 7) to understand their similarities and differences. We re-
clustered and plotted only cells annotated to hypocotyl clus-
ters (1, 2, 5, 6, 7, 10) to remove the influence of the large
transcriptional differences from cells of other organs/tissues,
thereby allowing us to focus on the smaller differences be-
tween hypocotyl cells (Fig. 5c). Cells of the hypocotyl cortex
clusters formed a contiguous group even at this focused scale,
which transitioned (top to bottom) from cluster 5, through
cluster 7 to cluster 1 and indicated that the clusters’ transcrip-
tomes were highly similar (Fig. 5c). There was a correspond-
ing temporal order to the group, transitioning from cells har-
vested at 12 h (cluster 5), through 24 h (clusters 7 and 1) to
48 h (cluster 1) (Fig. 5a). These observations suggested that
clusters 1, 5 and 7 represent hypocotyl cortex cells transi-
tioning through different transcriptional states over time dur-
ing germination. Reconstruction of a pseudotime trajectory
across the clusters supported this proposal, with pseudotime
following a similar path to the true time of germination.

The dynamics observed in transcriptomes across hypocotyl
cortex cell clusters indicated that the functional properties
of these cells change during germination. To examine this
we identified modules of genes that are co-expressed across
cells, and assessed their functions and timing of expression.
There were 25 distinct modules of co-expressed genes across
the pseudotime trajectory of clusters 1, 5, and 7 (5d, Supple-
mentary Table 10). These were broadly categorised as early
(modules 4, 6, 11, 12, 14, 15, 17, 24), mid (1, 2, 5, 19, 20,
22) and late (3, 7, 8 , 9, 10, 13, 16, 18, 21, 23, 25) on the
pseudotime trajectory, which can be considered as equiva-
lent to early, mid and late germination. Genes co-expressed
during early germination were enriched for functions related
to chromatin accessibility, transcription, RNA splicing, and
translation. During mid germination, functions related to
translation, protein maturation and photosynthesis were more
strongly evident, and in late germination photosynthesis was
the dominant function. These analyses indicate that dynamic
gene expression drives functional changes in hypocotyl cor-
tex cells across germination.

Individual gene regulatory programs are active in each
cell type of the germinating seed. The many cell types of
an embryo each have different roles and contribute at differ-
ent times to the success of germination [1, 4, 5, 27]. This
is achieved by cell types having distinct functional proper-
ties, which must be determined by the particular comple-
ment of genes these cells express. Consequently, each cell
type of the germinating embryo should have a unique and
dynamic gene regulatory program. We examined the prop-
erties of these gene regulatory programs by reconstructing
pseudotime trajectories, using CSHMM-TF, for each clus-
ter identified from our scRNA-seq dataset (Fig. 6, Extended
Data Fig. 8, Extended Data Fig. 9, Extended Data Fig.

Liew etal. | Establishment of cell transcriptional identity during seed germination
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Fig. 5. Clusters 1, 5, 7 define a trajectory of hypocotyl cortex cell states. a, UMAP dimensional reduction and visualisation of clusters 1, 5, 7 cells across three timepoints,
12 h, 24 h and 48 h. b, Confirmation of the location of clusters 1, 5, 7 using RNA in situ hybridisation of a marker transcript specific to these clusters at 12 h and 24 h. UMAP
dimensional reduction plot of expression of the marker transcript of AT4G16410 across all cells at each time point. Scale bar = 200 pm. ¢, Cells of clusters 1, 5, 7 form a
contiguous group together. They sit upon a temporal trajectory from 12 h to 24 h to 48 h, which corresponds to the transition from cluster 5 cells, through cluster 7 to cluster
1 cells. Reconstruction of pseudotime follows a trajectory that corresponds to the real time of germination. d, Co-expressed gene modules across the pseudotime trajectory
of cluster 1, 5, 7 cells. Early pseudotime is equivalent to early germination. Module annotations are major representative gene ontology terms associated with modules,
assessed using gene ontology term reduction. Complete lists of enriched gene ontology terms are given in Supplementary Table 9.
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10, Supplementary Tables 6, 7, 11-13). Gene expression ss
was dynamic and complex across germination in all clusters, ss
with each cluster presenting several modules of co-expressed s
genes. For example, 13 modules of co-expressed genes were sa
detected in cotyledon mesophyll cells (cluster 13), with a s«
temporal structure of the modules apparent (Fig. 6a). The s«
enriched functional annotations differed between modules, s
indicating temporal transitions in expressed biological func- s
tions. These included translation and chromosome organisa- s«
tion (early pseudotime), hypoxia and photosynthesis (mid), ,,.
and protein transport/modification (late) (Fig. 6b). Some .
gene ontology terms were shared between different modules
(e.g. modules 3 and 8), reflecting sequential activation of ,,,
multiple groups of genes that contribute to the same pro- .
cess. The gene regulatory programs of other clusters were
different, though they did have similarities. For example, 5
modules of co-expressed genes were detected in protophloem
(cluster 15) (Fig. 6¢). These modules were associated with
translation and temperature/water responses (early pseudo- .,
time), hypoxia and photosynthesis (mid), followed by chro-
mosome organisation (late) (Fig. 6d). 56
Differing gene regulatory programs would require the activ-
ity of different transcription factors. Ten active transcription .,
factors were predicted in the cotyledon mesophyll cell (clus-
ter 13) gene regulatory program, compared with 15 active .
transcription factors in protophloem cells (cluster 15) (Fig.
6a, b, Supplementary Table 13). Only one of these transcrip- ,
tion factors was shared between the two cell types, indicating
how the differences in the cell types’ gene regulatory pro- .,
grams may arise. A total of 81 transcription factors were pre-
dicted to be active across all cell types (Fig. 6e, Supplemen-

tary Table 13). Thirty-nine transcription factors were unique .
to a single cluster, such as PEAR1 and PEAR2 which were 7
uniquely predicted to regulate the protophloem gene expres- °
sion modules (cluster 15) and are already known regulators e
of protophloem development [51]. By contrast, other tran- o
scription factors were shared between many cell types, such o
as BIM2 (a known regulator of brassinosteroid signalling and o
growth, 8 clusters) and MYBS2 (a known regulator of glu-""
cose and abscisic acid signalling, 9 clusters) [41, 52]. Over- o
all, these analyses indicate the different cell types of a germi- o
nating embryo express unique and dynamic gene regulatory e
programs that are likely governed by specific sets of tran- i

. . 578
scription factors.
579

580

Discussion s81

How cell type specific patterns of gene expression are estab- %
lished and change in individual embryo cells during germi-
nation are significant unanswered questions in seed biology. %
In this study we have comprehensively described gene ex- **
pression dynamics between 12 and 48 hours of germination **
in the individual cells of the Arabidopsis embryo. We ob- %7
serve that gene expression is highly dynamic within individ- 5%
ual cell types and that cells transition through distinct tran- sss
scriptional states as germination progresses. Almost all em- sso
bryo cells pass through the same, single, transcriptional state sos
early in germination, afterwards diverging to their cell-type se

specific patterns of gene expression. Gene expression dy-
namics within cell types relate to the functions operating in
those cells and are governed by cell-type specific gene reg-
ulatory networks. These findings significantly increase our
understanding of how gene expression commences during
germination. They also provide a general framework within
which to study cell-specific gene expression during germina-
tion of other Arabidopsis genotypes and plant species where
seed strategies differ.

An important insight provided by our study is that the same
initial transcriptional state is established in nearly all embryo
cells at the start of germination. This was evident from our
observations that more than a third of cells at 12 h of germi-
nation belonged to a single cluster (8), and that marker tran-
scripts for this cluster were broadly expressed across the em-
bryo when observed using RNA in situ hybridization. Sim-
ilar general transcriptional states through which many cell
lineages pass also exist in Drosophila melanogaster and hu-
mans. Undifferentiated cells in D. melanogaster transition
through a general transcriptional state in preparation for dif-
ferentiation [53]. Human cell types can be placed into 5 ma-
jor categories, each of which is defined by a shared broad
transcriptional program [54]. Subsequent highly-specific cell
types then arise from these basic programs. Our study indi-
cates that the earliest phase of widespread embryo cell ac-
tivity during germination is the expression of a shared tran-
scriptional program, from which the many cell-type specific
gene expression programs of the embryo emerge. Why cells
need to express this shared transcriptional program upon first
activity remains to be discovered.

Our study demonstrates that gene expression is highly dy-
namic and specific within individual cell types during germi-
nation. The transcriptomes of each embryo cell type changed
substantially as germination progressed, resulting in changes
to the molecular pathways and functions expressed by each
cell type over time. The hypocotyl cortex cells were an ex-
ample of this, expressing genes involved in mRNA splicing
and transcriptional functions early in germination, progress-
ing to protein maturation and establishment of photosynthe-
sis in mid-germination, and chloroplast organization and cell
growth in late germination when the seed-seedling transition
occurs. Similar dynamics were observed in every cell type,
but in each case the functions expressed and the sequence of
changes were specific to the individual cell type. This pre-
sumably reflects the unique role of each embryo cell type
during germination. Underlying these expression dynamics
were cell-type specific gene regulatory networks, defined by
groups of transcription factors. Whilst some transcription
factors were predicted to be active across multiple cell types,
a subset of transcription factors were specific to individual
cell types or transcriptional states. This indicates that distinct
groups of transcription factors govern the dynamic functional
changes of each embryo cell type as germination progresses.

Overall, we illustrate that the cells of the embryo progress
through specific transcriptional states as germination pro-
gresses. This enables individual cell types to express the
genes that define the changing functions of those cell types

Liew etal. | Establishment of cell transcriptional identity during seed germination
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at the appropriate time, thereby contributing to the success- s«
ful seed-seedling transition. Seed structures and resources es
vary remarkably between plant species, requiring different ess
cell types, functions and dynamics. Our study provides a eso
framework for analysis of functional variation in seeds be- es1
tween species and for investigation of how different species es
establish cell transcriptional states in the embryo. 653

654

Methods

Plant material and growth conditions. Col-0 and Cvi-0
seeds were sown on MS media plates (containing 3% su-°
crose). Seeds were sterilised and stratified for 48 h of cold **
(4°) dark stratification before being transferred to continuous 5%
light (at 22°), then collected after 12 h, 24 h and 48 h in the **
light. Two biological replicates were collected and analysed. *

655
656

57

662

Dissociation of Arabidopsis thaliana embryos into sin-
gle cells. Seeds were sandwiched between two glass slides **
and embryos were released mechanically from seed coats by ***
pressing the slides together. Ruptured seed coats and em- **®
bryos were collected into microcentrifuge tubes and sepa- **®
rated from each other using a Percoll gradient. In brief, the *’
samples were resuspended in MC buffer (10 mM potassium **
phospate pH7.0, 50 mM NaCl, 0.1 M sucrose) and loaded **®
onto a 1 ml 60% Percoll cushion. The tubes were then cen- *"°
trifuged at 800 g for 5 min and the embryo fraction (at the "'
bottom of the tubes) was collected and re-suspended in 0.6
ml MC buffer. A second Percoll gradient was repeated to ob- *®
tain pellets of embryos without any seed coats. Enriched em- **
bryos were cut with razor blades and digested in protoplas- *°
ting buffer (2% w/v Cellulase, 3% w/v Macerozyme, 0.4 M ®"°
D-mannitol, 20 mM MES, 20 mM KCl in milli-Q water with *”
the pH adjusted to 5.7 with 1 M Tris/HCL pH7.5, 0.1% w/v
BSA, 10 mM CaCl2, and 5 mM [3-mercaptoethanol). After 3
hour of digestion, protoplasts were filtered through a 70 um°
cell strainer, followed by a 40 um cell strainer to remove de- **
bris, and centrifuged at 500 g for 5 min. The supernatant was *'
removed and the pellet was washed with 2 ml protoplasting **
buffer without enzymes or mercaptoethanol and centrifuged
at 500 g for 5 min. The pellet was resuspended in 50 pl proto- ***
plasting buffer without enzymes and mercaptoethanol. Pro- *
toplasts were counted using hemocytometer and adjusted to **°
final concentration of 800—1200 protoplasts per pl. o

678

79

688

Bulk RNA-seq library preparation. Col-0 seeds were ®°
sown and collected at the 12 h, 24 h and 48 h time points as 6
above, in three independent replicates (batches) of the exper- &
iment. Embryos were released from seed coats and enriched &2
by doing Percoll gradient. For bulk RNA-seq, embryos ei- ¢
ther collected without protoplasting (np) or with protoplas- %
ting (p). RNA were extraction using Qiagen RNeasy Plant ¢
Mini Kit. RNA quality and integrity were determined us- ¢
ing Qubit fluorometer. Libraries were prepared using TruSeq 7
Stranded mRNA Library Prep kit and sequenced by Illumina 6%
sequencer Nextseq500 using 75 bp single end kits. 699

700
Bulk RNA-seq analysis. Raw Illumina reads were trimmed 7ot
for quality and adapter sequences with Trimgalore v0.4.5. 72

Trimmed fastqs were quality checked with FastQC [55],
and aligned to the Arabidopsis thaliana Col-0 TAIR10 as-
sembly with hisat2 v2.1.0 [56]. Exonic counts aggre-
gated by genes were calculated with FeatureCounts [57]
using the Araportll annotation [58]. Differential expres-
sion analysis between the dissociated and non-dissociated
embryos was performed in R 3.5.1 [59] with the edgeR
package [60, 61]. The design matrix was defined as
model .matrix (~ time + protoplast), and glms
for each gene were fit with g1lmFit. Genes differentially ex-
pressed by the dissociation treatment were identified by per-
forming a likelihood ratio test on the protoplast factor
with g1lmLRT. We imposed a 1% FDR and a minimum ab-
solute log2-fold change of 1.5 to call genes as significantly
induced or repressed by the dissociation.

Single-cell RNA-seq library preparation. 6,000 proto-
plasts per time point and replicate were loaded onto a
Chromium Single Cell instrument (10x Genomics, Millen-
nium Science Australia Pty Ltd, Australia) to generate single-
cell GEMs. Single-cell RNA-seq libraries were generated
with the Chromium Single Cell 3’ Library and Gel Bead Kit
v2 (10x Genomics, Millennium Science Australia Pty Ltd,
Australia) according to user guide (Chromium Single Cell 3’
Reagent Kits v2). The resulting libraries were checked on an
Agilent 2100 Bioanalyzer, and quantified with the KAPA Li-
brary Quantification Kit for Illumina Platforms (Millennium
Science Australia Pty Ltd, Australia). The libraries were se-
quenced on an [llumina Nextseq500 using two 150 bp paired-
end kits with 15% PhiX. The raw scRNA-seq dataset was
comprised of 26 bp Readl, 116 bp Read2 and 8 bp i7 index
reads.

Single-cell RNA-seq analysis. CellRanger count (v1.3.0)
was used to generate raw UMI-count matrices for each
sample separately, mapping to the TAIR10 Arabidopsis
thaliana genome masked for Cvi-0 SNPs with STAR options
——alignIntronMin=10 ——alignIntronMax=5000
——scoreDelOpen=-1 ——scoreDelBase=-1
—--scorelInsOpen=-1 --scorelnsBase=-1 and
using the Araportl1 AtRTD2 GTF file.

Single cells for the first replicate, containing Cvi-0
and Col-0 cells, were genotyped by first counting the
UMIs containing Col-0 or Cvi-0 SNPs for each cell
barcode, followed by density-based clustering with DB-
SCAN. These steps are included in the sctools package
(https://github.com/timoast/sctools). The clustering param-
eters were optimised for each sample: €pockground =
0.5 and €margin = 0.3 for 12 h repl, €packground = 0.4
and €mnargin = 0.3 for 24 h repl, €packground = 0.4 and
€margin = 0.15 for 48 hrepl. Cells genotyped as Col-0 were
retained for further analysis.

We applied emptyDrops [62] from the DropletUtils package
(v1.6.1) following the guide to distinguish real cells. Further
quality control was performed using scater (v1.14.6) [63] to
remove cells with 1) more than three median absolute de-
viations (MADs) of the log10 read counts below the median
values; 2) more than three MADs of the log10 genes detected

Liew etal. | Establishment of cell transcriptional identity during seed germination
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below the median. Then, calculateAverage was used to re- ss
move low-abundance genes with an average count below 0. 75
Genes induced during protoplast isolation were removed be- 760
fore applying the normalization method calculateSumFactors 7
with pool-based size factors used from scran [64]. Highly 7
variable genes (HVGs) were selected by modelGeneVar and 7
getTopHVGs with biological variance threshold set as 0. 7es
FastMNN [65] was then performed using HVGs to integrate 7s
data sets from each sample. MNN dimension reductions were 7es
applied to construct a shared nearest neighbour graph with 7
the function provided in scran, and the Louvain algorithm s
from igraph [66] was followed to group cells into clusters. 7
MNN dimension reductions were also applied to generate a 77
two-dimensional UMAP for visualization. I
772
Cluster and cell type annotation. To identify cluster-
enriched genes, genes upregulated in each cluster were cal-
culated using FindMarkers from Seurat (4.0.5) with the P-
value < 0.01 [67] (Supp Table 2). The cell type of each clus- 774
ters was manually annotated and assigned using known cell- 775
type marker genes from the literature (Supp Table 3). Well- 77
characterised endosperm and seed coat marker genes were 777
included to show exclusion of these two tissues and enrich- 77s
ment of embryos in current data. 779
780
Comparison to bulk RNA-seq data. We also compared ;
the scRNA-seq data to the published time-series sequenc- 7
ing bulk RNA-seq profiles of seed germination [13]. The 7s
samples used for bulk RNA-seq were collected after 48h of 74
dark stratification, followed by 1 h, 6 h, 12 h, and 24 h of 7
exposure to continuous light. Differential expression analy- 7g
sis between samples from specific time point to others was 7,
performed with the limma package [68]. With design ma- 7g
trix defined asmodel .matrix (~ 0 + time), precision g
weights are calculated by voom [69], and used in eBayes
for statistical testing. The contrasts were made between data
from every time point to the average of data from other time 7s0
points. Genes that are differentially expressed with the 1og2- 71
fold change above 1.5 and FDR < 5% are retained as DE 7
genes. We then filtered out genes that are regarded as DE e
genes at more than one time point. Then the lists of unique 7s
DE genes of individual time points are used in the SCRNA- 705
seq data to calculate their average expression in each of the 7
cells with the function AddModuleScore [70]. 797
798
RNA in situ hybridisation. Seeds were harvested and fixed 7
in ice-cold Farmer’s fixative (3:1 ethanol:acetic acid). The gy
samples were placed in the cold room (4°) overnight. The g
following day, the fixed tissues were dehydrated using the Le- g
ica Semi-Enclosed Benchtop Tissue Processor TP1020 (Le- g
ica Biosystems, Mount Waverley, Australia) at room tem-
perature in a graded series of ethanol (1 h each 75%, 85%,
100%, 100%, and 100% v/v). The tissues were then trans- so
ferred to a graduated ethanol:xylene series (1 h 20 mins each sos
75%:25%, 50%:50%, 25%:75% v/v), finished with a xylene sos
series (1 h each 100% and 100% v/v). Tissue was then added sor
to molten Surgipath Paraplast® Paraffin (Leica Biosystems) sos
for 2 times for 2 h each at 65°. Paraplast blocks were then sos

Liew etal. | Establishment of cell transcriptional identity during seed germination

prepared with dozens of seeds in each block using the Le-
ica Heated Paraffin Embedding Module EG1150 H with the
added Leica Cold Plate for Modular Tissue Embedding Sys-
tem EG1150 C (Leica Biosystems) with vacuum infiltration.
Embedded tissues were cut at eight-micrometer sections and
in situ hybridization was carried out according to a modified
protocol from Jackson (1991): 50°hybridization temperature
and 0.2x SSC washes [71]. Transcripts of interest were am-
plified using designed primers (Supplementary Table 4) and
cloned into pPGEMT-Easy vector (Promega). Digoxigenin-
labelled antisense and sense RNA probes were transcribed
from T7 or SP6 promoter of pGEMT-Easy vector (Promega)
according to manufacturer’s instructions. All hybridization
results were observed and photographed using a Zeiss Axio
Observer Al microscope (Carl Zeiss AG).

Trajectory inference analysis. Monocle 3 (1.0.0) [72] was
used to construct single-cell trajectories. Cells from anno-
tated hypocotyl clusters were extracted and re-processed (in-
cluding normalization and batch effect correction [65], di-
mensionality reduction, and clustering) with Monocle 3. This
resulted in three distinct partitions, and we learned the trajec-
tory for each of the partitions. We selected the beginning
nodes of the trajectory where more adjacent cells come from
12 h. Modules of co-regulated genes were then calculated
using Louvain community analysis based on genes with the
function find_gene_modules. Aggregated expression of all
genes in each module across cells along pseudotime was plot-
ted in a heatmap. After grouping modules based on their ex-
pression pattern according to the pseudotime stage, we as-
sessed enriched gene ontology terms using all genes from
each stage. Gene Ontology analysis was performed using the
topGo package [73].

Inferring TF activation order with CSHMM-TF. CSHMM-
TF [74] was used to analysis of time series single-cell expres-
sion data with information about transcription factors (TFs)
provided (TF binding data from [40]). Cells from each clus-
ter were extracted separately and their raw count matrix and
information about their collected time were used as input.
find_gene_modules was used to find gene modules across
individual clusters. Aggregated expression was then calcu-
lated based on assigned time blocks of activation along the
learned path by CSHMM-TF. GO analysis was performed in
each module of genes separately, and the results are shown
in dot plots with size denoted by the ratio of provided genes
by all genes in a specific term and color denoted by adjusted
enrichment P-values.

GO analysis. Gene Ontology analysis was performed using
the topGO package [73]. Whole gene sets without protoplas-
ting genes were used as the background. Adjusted P values
of genes enrichment were obtained by multiple P values gen-
erated from topGO with the number of tests run in each en-
richment analysis.
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Extended Data Fig. 5. Identification of marker transcripts for clusters 1, 5 and 7. a, UMAP dimensional reduction and visualisation of cells at three individual time points, 12 h,
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Extended Data Fig. 6. Identification of combined marker transcripts for clusters 1, 5 and 7. a, UMAP dimensional reduction and visualisation of cells at three individual time
points, 12 h, 24 h, 48 h, and at all time points together. b, Most highly specific marker transcripts for clusters 1, 5, 7 combined. Marker transcripts identified were more highly
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Extended Data Fig. 7. RNA in situ hybridization of marker transcripts specific to clusters 1, 5, 7 combined.
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Extended Data Fig. 9. CSHMM-TF models for clusters 2 (hypocotyl/radicle endodermis), 4 (radicle quiescent centre - QC, shoot apical meristem - SAM, columella), 10
(hypocotyl/radicle epidermis, and 14 (radicle apical meristem region).
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