UC Davis
UC Davis Previously Published Works

Title

Molecular Mechanisms Driving Switch Behavior in Xylem Cell Differentiation

Permalink

Ihttps://escholarship.org/uc/item/1dn83541{

Journal

Cell Reports, 28(2)

ISSN
2639-1856

Authors

Turco, Gina M
Rodriguez-Medina, Joel
Siebert, Stefan

Publication Date
2019-07-01

DOI
10.1016/ j.celrep.2019.06.041

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/1dn8354r
https://escholarship.org/uc/item/1dn8354r#author
https://escholarship.org
http://www.cdlib.org/

Cell Reports

Molecular Mechanisms Driving Switch Behavior in

Xylem Cell Differentiation

Graphical Abstract

xylem
K % non xy/em @%
Cg%%% expression

7

>Bj:>

Highlights
e VND7 modulates switching to xylem fate, as observed in
whole roots and single cells

e Single-cell sequencing reveals xylem cell subtypes

e lIdentification of genes and the network capable of generating

a switch to xylem fate

Turco et al., 2019, Cell Reports 28, 342-351
July 9, 2019 © 2019 The Authors.
https://doi.org/10.1016/j.celrep.2019.06.041

Authors
Gina M. Turco, Joel Rodriguez-Medina,
Stefan Siebert, ..., Diane E. Dickel,

Michael A. Savageau, Siobhan M. Brady

Correspondence
sbrady@ucdavis.edu

In Brief

Turco et al. demonstrate that VND7
initiates sharp switching of root cells to
xylem cell identity. The authors identify
four candidate VND7 downstream target
genes capable of generating this switch.
This work provides a framework for
models that give rise to totipotency
relative to terminal differentiation.

Cell


mailto:sbrady@ucdavis.edu
https://doi.org/10.1016/j.celrep.2019.06.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2019.06.041&domain=pdf

Cell Reports

Molecular Mechanisms Driving Switch
Behavior in Xylem Cell Differentiation

Gina M. Turco, Joel Rodriguez-Medina, Stefan Siebert,* Diane Han,' Miguel A. Valderrama-Gémez,2 Hannah Vahldick,’
Christine N. Shulse,® Benjamin J. Cole,® Celina E. Juliano,* Diane E. Dickel,® Michael A. Savageau,?°

and Siobhan M. Brady'-7-*

1Department of Plant Biology and Genome Center, University of California, Davis, Davis, CA 95616, USA

2Department of Microbiology & Molecular Genetics, University of California, Davis, Davis, CA 95616, USA

3Department of Biomedical Engineering, University of California, Davis, Davis, CA 95616, USA

4Department of Molecular and Cellular Biology, University of California, Davis, Davis, CA 95616, USA

5Department of Energy Joint Genome Institute, Walnut Creek, CA 94598, USA

8Environmental Genomics and Systems Biology Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

“Lead Contact
*Correspondence: sbrady@ucdavis.edu
https://doi.org/10.1016/j.celrep.2019.06.041

SUMMARY

Plant xylem cells conduct water and mineral nutri-
ents. Although most plant cells are totipotent, xylem
cells are unusual and undergo terminal differentia-
tion. Many genes regulating this process are well
characterized, including the Vascular-related NAC
Domain 7 (VND7), MYB46, and MYBS83 transcription
factors, which are proposed to act in interconnected
feedforward loops (FFLs). Less is known regarding
the molecular mechanisms underlying the terminal
transition to xylem cell differentiation. Here, we
generate whole-root and single-cell data, which
demonstrate that VND? initiates sharp switching of
root cells to xylem cell identity. Based on these
data, we identified 4 candidate VND7 downstream
target genes capable of generating this switch.
Although MYB46 responds to VND7 induction, it is
not among these targets. This system provides an
important model to study the emergent properties
that may give rise to totipotency relative to terminal
differentiation and reveals xylem cell subtypes.

INTRODUCTION

Xylem cells are critical for the transport of water, sugars, and
mineral nutrients from the soil to the aboveground tissues of
the plant. The development of these xylem vessels and tracheary
elements has facilitated the evolution of vascular plants from
bryophytes, which need to grow on or near the surface of water,
to trees, allowing the transport of water over 100 meters (Raven,
19983). This essential role has led to the secondary cell wall (SCW)
surrounding xylem cells comprising most terrestrial biomass.
The xylem SCW is composed primarily of polymers: cellulose,
hemicellulose, and lignin, which provide the structural support
needed for long-distance transport. In addition, these polymers
determine both cell shape and cell specialization. Xylem vessel
type can be distinguished by SCW deposition patterns. Protoxy-
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lem cells have spiral and annular thickenings, while metaxylem
cells have pitted thickenings.

In the Arabidopsis root, the xylem developmental trajectory
can be separated into 3 distinct stages. First, xylem vessels
are specified by positional signals from stem cell precursor cells
(De Rybel et al., 2014). They then undergo proliferation and elon-
gation and finally enter the differentiation zone, where they un-
dergo SCW deposition and programmed cell death to form a
long, hollow vessel (Déjardin et al., 2010; Fukuda, 1996).
Although most plant cells are totipotent, meaning that they can
differentiate into any other cell type within the organism, xylem
cells are unusual in that they undergo a unidirectional develop-
mental trajectory, ending with terminal differentiation and pro-
grammed cell death. This is required for function—that is, its abil-
ity to conduct water and nutrients. This raises an important
question: what molecular mechanisms facilitate the commitment
to terminal cell differentiation in xylem cells, and how are these
mechanisms distinct from the differentiation of plant cells that
retain totipotency?

In contrast to plants, totipotency is not a feature of most an-
imal cells. Instead, as animal cells continue along their develop-
mental trajectory, their ability to switch fates becomes progres-
sively reduced. Most examples of cell-fate determination that
have been well characterized at the molecular level in organ-
isms from microbes to mammals involve bistable hysteretic
switches. Examples include the lysis-lysogeny decision in the
A virus, tracheal cell specification from a field of progenitor cells
in Drosophila melanogaster, gut differentiation from the endo-
derm in Caenorhabditis elegans, differentiation of the Veg, line-
age in Strongylocentrotus purpuratus embryos, and switching
of neural progenitor cells to oligodendroglia in the brains of Rat-
tus norvegicus (Ptashne, 2004; Fukushige et al., 1998; Lai et al.,
2004; Maduro and Rothman, 2002; Marshall and McGhee,
2001; Metzger and Krasnow, 1999; Zelzer and Shilo, 2000;
Zhu et al., 1997). A bistable hysteretic switch facilitates this
developmental commitment by creating a sharp threshold
value that a developmental signal must first exceed to switch
fates and a buffer zone that would discourage inappropriate
commitment or reversal of commitment in the presence of
noise.
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Figure 1. VND7 Expression Stimulates a
Sharp Switch in Xylem Cell Differentiation

(A) Here VND?7 is turned on in response to a stim-
ulus (S), where solid lines indicate known binding
and regulation of a transcription factor (T;) to the
promoter region of indicated targets (R) (marked
by the directionality of the arrow) and dotted lines

represent inferred interactions.

(B) Xylem cell differentiation was measured in the
root elongation zone. Image of Arabidopsis root
(Frédéric, 2017).

(C) Differentiation was measured using calcofluor
white and fuchsin to image cellulose (white) and
lignin (pink) as hallmarks of xylem cell differentia-
tion.

(D) Each X mark represents an individual root’s
xylem phenotype and its estimated VND7 fold
change, inferred from RNA extracted in bulk from
the plate of origin. Plates are grown at varying
estradiol concentrations, each containing at least
3 biological replicates (separate plates). The per-
centage of xylem cells is represented in log format
for a log-log comparison to VND7 log fold change
in response B-estradiol induction.

(E) To plot variance as a function of VND7 fold
change, the SEM was calculated for each VND7
log fold change (n data points > 10).

independent of its developmental
state—into xylem cells can be estab-
lished through the addition of phytohor-
mones (auxin, cytokinin, and brassinoste-
roids) (Fukuda, 1992; Fukuda and
Komamine, 1980; Roberts, 1976; Sachs,
1969). Alternatively, xylem transdifferen-
tiation can be induced by the Shaggy/

Glycogen synthase kinase Il inhibitor bi-
kinin (Kondo et al., 2015). A hormone-
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Whether plants differ in a major way from other organisms
with regard to developmental switches is unclear, because com-
parable molecular studies have not been carried out. One sug-
gestion comes from Cruz-Ramirez et al. (2012), who demon-
strated that the potential for an asymmetric cell division state
was linked via mathematical modeling to bistability of nuclear
localized SHORT-ROOT and SCARECROW transcription factor
levels generated through feedback within feedforward loops
(FFLs). Bistable hysteretic switches require positive feedback;
monostable graded switches do not. But in the presence of suf-
ficient error and with sufficient sensitivity, monostable graded
mechanisms might provide an alternative to account for devel-
opmental switching in plants.

Genes involved in xylem cell differentiation have been identi-
fied through transdifferentiation experiments. Transdifferentia-
tion of non-xylem cells—that is, any cell without xylem identity,

mediated transdifferentiation study led
to the identification of the transcription
factors Vascular-related NAC Domain
proteins 6 and 7 (VND6 and VND?7) as be-
ing sufficient to drive xylem cell differenti-
ation (Kondo et al., 2015; Kubo et al., 2005; Yamaguchi et al.,
2010); thus, these genes are considered master regulators of xy-
lem differentiation. Transdifferentiation studies were also used to
identify direct downstream targets of VND7; the transcription
factors MYB83 and MYB46 are suggested to act redundantly
in the second tier of a transcriptional cascade controlling xylem
SCW biosynthesis (McCarthy et al., 2009; Yamaguchi et al.,
2011) through a series of FFLs (Figure 1A) (Mangan and Alon,
2003; Mangan et al., 2003; McCarthy et al., 2009; Taylor-Teeples
et al., 2015).

Here, we generate whole-root and single-cell transcription
data, formulate a quantitative method (separation score) to
screen for potential VND7 downstream target genes capable of
generating the developmental switch to xylem cell identity, and
apply this screening method to identify 4 candidate genes.
Although MYB46 responds to VND?7 induction, it does not
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display the switching behavior required to be among the candi-
date genes. We describe the necessary conditions for the reali-
zation of alternative switching mechanisms. These data provide
insight into a design principle that underlies the formation of a
cell type critical for plant growth and development and the tran-
sition of plants from water to land.

RESULTS

Xylem Formation in the Whole-Root Exhibits a Distinct
Switching Pattern in Response to VND7 Expression

To investigate how VND7 influences xylem differentiation, we
used B-estradiol-VND7-inducible transgenic Arabidopsis plants
(Coego et al.,, 2014). This two-component system drives
expression of VND7 in all cell types under the G10-90 constitu-
tive promoter (Zuo et al., 2000). We varied the expression of
VND7 in a dose-dependent manner (using estradiol as the
inducer) and then quantified the number of xylem cells in the
elongation zone of the root, where protoxylem differentiation
typically occurs (Figures 1B and 1C) (Benfey and Scheres,
2000; Esau, 1977). Roots were stained with calcofluor white
to stain for cellulose and with basic fuchsin to mark lignin depo-
sition, both a hallmark of xylem differentiation associated with
SCW biosynthesis (Figure 1C) (Ursache et al., 2018). The ratio
of cells with spiral patterning to the total number of cells in
each root image was used as a measure of the percentage of
transdifferentiation to xylem and ranged from 0% to 100% (Fig-
ures 1C and 1D; Table S1). When VND7 expression was
increased approximately 5-fold, a dramatic jump in xylem cell
differentiation was observed. Cell types closer to the root
vascular tissue were more likely to transdifferentiate into xylem
cell types upon B-estradiol treatment, suggesting these cells
may have more plasticity in their response to VND7 induction
(Figure S1).

The observed relationship between VND7 and xylem differen-
tiation (Figure 1D) exhibited 3 distinct regions: a region of minimal
(wild-type, uninduced) levels of xylem cell differentiation when
the value of VND7 expression is below a lower threshold
(5-fold change, region 1); a region of fully induce xylem differen-
tiation, when the value of VND7 expression is above an upper
threshold (7-fold change, region 3); and a region in which xylem
differentiation is at its maximum or minimum, with few intermedi-
ate points, when VND?7 expression is between the upper and the
lower thresholds of VND7 expression (region 2).

We used a sliding window to determine the variance in xylem
formation via SEM for each binned VND?7 fold change expression
value (Figure 1E). A sharp increase in variance was observed
within the middle bin between values of 5- and 7-fold change
(Figure 1E). Altogether, these data provide evidence that
VND7 is a sufficient input stimulus for the switch in xylem
differentiation.

Single-Cell Sequencing Reveals Switching to Xylem Cell
Identity in Response to VND7 Expression
Transdifferentiation is the process by which differentiated cells
transform into different cell types. In the root elongation zone,
we observed evidence of a distinctive pattern of switching
among the population of cells. To test how VND7 changes
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the transcriptional and developmental trajectory of individual
cells with different identities, we carried out single-cell RNA
sequencing (RNA-seq) profiling using Drop-seq at the minimum
and uninduced (0 pM B-estradiol) and at the maximum and
induced (20 uM B-estradiol) concentrations (Macosko et al.,
2015), where 100% conversion was observed (Figure 1D).
From Drop-seq, 250 cells were collected for each of the two
conditions (Figure 2A; Table S2), and 374 transcriptomes
were obtained. Cell identity was determined in an unsupervised
manner and then compared between the minimum and the
maximum VND7 expression levels to determine how VND?7 in-
fluences the transformation of cell identity. To determine iden-
tity, cells were clustered using a shared nearest-neighbor-
based algorithm in Seurat (Satija et al., 2015). The identities
of the 11 resulting clusters (Figure 2A) were determined by their
average gene expression profiles using a predefined index of
cell identity (ICl) algorithm for Arabidopsis roots (Figures 2A
and 2B; Table S2) (Birnbaum et al., 2003; Birnbaum and Kus-
sell, 2011; Brady et al., 2007; Dinneny et al., 2008; Efroni
et al., 2015; Gifford et al., 2008; Lee et al., 2006; Nawy et al.,
2005). As expected, a significant increase in the number of
maturing xylem cells (protoxylem identity) was observed in
the VND7-induced cell population (adjusted p < 2.2 x 1079).
A less dramatic although significant increase was observed in
the number of phloem cells (adjusted p = 0.0002) (Figures 2A
and 2B). VND7 is also expressed in a subset of procambium
cells (Yamaguchi et al., 2008). Procambium cells can differen-
tiate into either phloem or xylem cells depending on positional
signals, including brassinosteroid, auxin, and cytokinin (De Ry-
bel et al., 2014; Kondo et al., 2015, 2016). These results sug-
gest that VND7 is sufficient to drive xylem cell differentiation
and potentially vascular initial cell specification as an intermedi-
ate step during VND7-mediated root cell transdifferentiation. In
comparison, the numbers of cortex, trichoblast, and endo-
dermis cells were significantly reduced in the 20 uM B-estra-
diol-treated cells relative to the uninduced cells (Figures 2A
and 2B). Based on this change in cell proportions, we can infer
that cortex, trichoblast, and endodermis cells are more likely to
transform into differentiating xylem cells. This would need to be
confirmed by measurement of VND7 expression or protein
levels in these cell types after induction.

The single-cell transcriptomes of these 374 cells provide a
higher resolution (relative to whole-root expression profiling)
to quantify the switching threshold in relation to VND7 expres-
sion. Using this increased power to quantify the cell identity
switch, we calculated the ICI score for each cell’s transcrip-
tome (Figures 2C and S2). We then plotted VND7 gene expres-
sion relative to the p value associated with an individual xylem
cell ICI score (Figure 2C). The number of cells with a significant
protoxylem ICI score is very low for normalized VND7 levels
below a relative log, value of 2, either very low or very high
for VND7 levels between 2 and 3.5, and very high for VND7
levels above 3.5, consistent with the pattern and thresholds
of switching in the whole root (Figure 2C). A similar switch
was observed in the native context using 12,000 Col-0 single-
cell sequences (Shulse et al., 2019) (Figure S3A) and in native
xylem temporal data of the Arabidopsis root (Cartwright et al.,
2009) (Figure S3B).
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Figure 2. Evidence for a Transcriptional Switch in Single-Cell Sequencing Profiles

(A) t-distributed Stochastic Neighbor Embedding (t-SNE) clustering of 374 single cells from Arabidopsis roots either overexpressing VND? (triangle) or with wild-
type levels of VND7 expression (+). Clusters are labeled according to their cell identity score (ICI).

(B) Quantification of cell type with cell identity determined from (A) in the induced population (20 pM B-estradiol, denoted as VND7 overexpression [OE]),
compared with the total number of cells with that identity in the uninduced cells (0 M B-estradiol, denoted as control). ***adjusted p < 0.0001, **p < 0.001, *p <
0.05, as determined by a Fisher’s exact test with Benjamini-Hochberg correction.

(C) Significant protoxylem ICI scores determined for individual cells for induced (+) and uninduced (triangle) populations, plotted against VND7 normalized

expression data.

A Separation Score to Identify Candidate Genes
Downstream of VND7 that Participate in the
Developmental Switch

If VND7 stimulates a switch in xylem differentiation, then we
expect to observe similar switching of some downstream tar-
gets as an emergent property of the network. In an effort to
link the switching pattern in the whole root, as well as in the
single-cell transcriptome data, to the underlying molecular
mechanisms, we introduced a quantitative method (separation
score, with values between 0 and 1) to identify candidate
target genes with a similar pattern of switching in response
to VND7 (STAR Methods). A separation score near 1/3 is indic-
ative of a uniform distribution, whereas the distinctive pattern
of switching observed would produce larger scores. Applica-
tion of this method to Figure 1D shows that at low expression
of VND7 (1-4 fold change [FC]), the separation score is 0; at
moderate VND7 expression (4-7 FC), the separation score is

0.82; and at high VND7 expression (7-10 FC), the separation
score is 0.4. The separation scores in the single-cell data
show a similar pattern. The score for low (0-2) and high (4-
6) VND7 expression levels was 0, while for middle VND?7 levels
(4-6), the score was 0.98.

Depending on the network topology, we may also observe a
subset of VND7 targets that do not participate in the switch,
because these possibilities are not mutually exclusive. To deter-
mine the downstream targets exhibiting a switch-like behavior,
we took advantage of the single-cell variance in VND7 expres-
sion. The distribution of VND7 expression levels across cells is
not bimodal (Figure S2D), and its separation score in induced
cells with a xylem identity is 0.34, which is the expected for a uni-
formly random response. Thus, there is no evidence of a sharp
increase in VND7. We used these data to examine the relation-
ship between VND7 and potential target genes among 203
correlated genes (r > 0.5) to identify candidate genes with the
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(+). Clusters are labeled according to their cell identity score (ICl) and corresponding cluster number.

(B) Heatmap showing enrichment for ICl scores within each cluster, with the 3 protoxylem clusters highlighted.

(legend continued on next page)
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distinctive pattern of switching observed at the population and
single-cell identity.

Given these 3 expression bins (low, middle, and high), 116 of
the 203 positively correlated genes had significantly different
VND?7 induction at middle and high levels of induction relative
to that in uninduced cells. If a gene was responding to VND?7,
but not participating in the switch mechanism, target gene
expression should increase in a graded manner concomitant
with an increase in VND7 expression and should have a low sep-
aration score. If participating in the switch, the target gene
should change its expression suddenly and dramatically be-
tween the low and the middle levels of VND7 expression, but
there should be little difference in the expression of the target
gene between the middle and the high VND7 expression values
(STAR Methods). 161 genes changed their expression in a
graded fashion, as determined by a statistically significant differ-
ence between the middle and the high expression bins (Table
S38). In comparison, 15 genes showed a dramatic increase in
expression between the low and the middle VND7 expression
bins but no statistically significant change between the middle
and the high bins, and they are candidate genes that participate
directly in the switch (Figure S3C; Table S3). No defined gene
ontology (GO) terms were significantly over-represented in the
switch-responsive category. GO terms associated with SCW
synthesis were identified for the non-switch categories (Table
S3). VND7, MYB46, and VND7/MYB46 joint direct targets were
not enriched in the switch gene set (Kim et al., 2013; Ko et al.,
2009; Yamaguchi et al., 2010, 2011). Given that MYB46 expres-
sion is not switch-like, and the lack of enrichment of the direct
targets in the switch gene set, the VND7-MYB46 FFL is not
directly involved in generating the switch observed. Further-
more, given that MYB83 expression is not induced in response
to VND7 induction (greater than r = 0.5), the VND7-MYB83 FFL
is also likely not involved in xylem cell transdifferentiation.

Single-Cell Sequencing Identifies Cohorts of Cells that
Are Targets of VND7-, MYB46-, and MYB83-Dependent
Vascular Processes

MYB83 is sufficient to drive lignin biosynthesis associated with
the xylem SCW and shares many targets with MYB46 (McCarthy
et al., 2009). These data suggest that MYB83 acts in a partially
redundant manner to MYB46 and in a parallel FFL. However,
unlike MYB46, MYB83 expression is not induced upon VND7
induction (Table S2). To further explore the role of these
transcription factors in VND7-dependent xylem transdifferentia-
tion, we carried out Drop-seq experiments on MYB46 and
MYBS83 B-estradiol-inducible plants. The transcriptomes of 776
MYB46-induced cells and 989 MYBS83-induced cells were
collected (Table S2), and the extent of transcriptome variation
was determined by combining the MYB46-, MYB83-, and
VND7-induced cell transcriptomes and their corresponding con-
trols in Seurat (Figure 3A). Within the 11 resulting clusters (Fig-
ures S2A-S2C), 3 clusters with a high protoxylem ICI score

were identified (Figures 3A, 3B, and S4). To assess whether
these clusters could be used to differentiate VND7-MYB46 FFL
and VND7-MYB83 FFL regulation, we quantified the number of
cells originating from each overexpression experiment within
the 3 protoxylem clusters (Figure 3C). Clusters were labeled
accordingly: mixed (cluster 7, containing induced and uninduced
cells from VND7, MYB83, and MYB46 overexpression experi-
ments), VND7 primary (cluster 10), or MYB46 primary (cluster
5) (Figure 3C). Single-cell sequencing has been used to classify
novel cell subtypes (Macosko et al., 2015), and we propose
that these 3 clusters represent subtypes of xylem cells.
To confirm that these xylem subtypes occur in natural cell pop-
ulations, we included 67 native xylem cell transcriptomes from
Arabidopsis root cells (Shulse et al., 2019). Each of our 3 xylem
cell subtypes show expression similarity to native xylem cell
populations (Figures S4C and S4D; Table S2). To determine
the molecular function of each cluster/cell subtype, a range of
xylem-related gene sets was assessed for over-representation
(Figure 3D; Table S4).

The VND7-primary xylem cell subtype contains an over-repre-
sentation of genes associated with cells undergoing late stages
of xylem development, including programmed cell death marker
genes, protoxylem cell identity genes (Figures 3B and 3C) and
genes defined by the GO terms “cell wall polysaccharides”
and “xylem” (Table S4). The MYB46-primary xylem cell subtype
showed similar patterns of enrichment for programmed cell
death marker genes but also more extreme enrichment in genes
associated with lignin biosynthesis than the VND7-primary clus-
ter (Figure 3D). The MYB46-primary xylem cell subtype differs
from the mixed and the VND7-primary xylem cell subtypes in
the absence of enrichment of developmental genes, including
auxin-responsive genes and genes associated with cell expan-
sion (Figure 3D). In contrast, genes of the mixed xylem cell sub-
type showed significant enrichment in developmental categories
such as auxin response (including PIN3 and PIN7), cell expan-
sion, and pattern specification (Figure 3D; Table S4). In addition,
a significant increase in expression was observed for the early
vascular development genes TMO5 and WOL in the mixed clus-
ter (Cano-Delgado et al., 2000, 2010; De Rybel et al., 2013; Ma-
honen et al., 2000). Altogether, these distinct molecular signa-
tures reflect unique aspects of transcription factor-mediated
regulation of vascular cell development and SCW biosynthesis.

Network Topology for Xylem Cell Differentiation

The morphological and molecular data presented here show that
xylem cell differentiation occurs via a switch-like mechanism
stimulated by VND7, but not MYB46 or MYB83. The single-cell
transcriptome data provide an opportunity to identify the
network topology needed for xylem cell differentiation using
the separation score. Of these 15 candidate switch genes, 4
are VND7 direct targets (class A), 1 is a MYB46 direct target
(class C), and 10 are neither VND7 nor MYB46 direct targets
(class B) (Figure 4A; Table S3). Thus, expression of a set of

(C) 3 protoxylem clusters and proportion of cells within each cluster that correspond to each overexpression experiment. Cluster numbers are the same as those
in (D). White boxes indicate no cells are present for the corresponding experiment. Clusters were also labeled based on their experimental distribution as mixed,

VND7 P (VND7 primary) or MYB46 P (MYB46 primary).
(D) Enrichment of xylem-related genes within the 3 protoxylem clusters.
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hypothetical genes X must respond to VND7 induction and pro-
vide the intermediary link to the 15 candidate switch genes.

Class C contains one gene with a MYB46 binding site, but no
VND?7 binding site, in its regulatory region (Figure 4B). Given that
MYBA46 transcriptionally responds in a non-switch fashion, the
response of the single gene in this class must be switch-like or
be receiving input from another candidate switch gene in class
A or B; alternatively, MYB46 may be post-translationally regu-
lated (Figure 4B). Class B contains 10 genes, which generates
too many possibilities to examine with the resolution of data
available. Thus, we have identified 5 candidate genes for partic-
ipation in the developmental switch to xylem cells that can be the
focus for more detailed molecular studies.

DISCUSSION

In this study, 65 of 195 xylem cells were observed upon induction
within the whole-root population (Figure 2B), which is less than
the 100% observed in the elongation zone using confocal micro-
scopy. The discrepancy is due to several factors, including dif-
ferences in the root spatiotemporal zone characterized, as well
as the developmental nature of xylem cells. Hair cells (tricho-
blasts), columella cells, and undefined cells were not imaged in
Figures 1C and 1D. However, when these cell populations
were removed from the single-cell sequencing experiment
demonstrated in Figure 2B, vascular cell types comprise
77.8% of induced cells in comparison to 14.6% in the controls.
This is well within the 70%-90% (log, 6-6.5) range seen in region
3 of Figure 1D. In addition, because xylem cells undergo pro-
grammed cell death, we are unable to sequence the transcrip-
tome of fully differentiated cells. Thus, we anticipate a decrease
in the number of xylem cells identified in Figure 2B relative to
Figure 1D.

Even when the underlying genes generate a switch in expres-
sion, there is no way for a population of cells acting indepen-
dently to show the results seen for the whole root. In a population
of hundreds of cells, some fully ON (nearly all differentiated) and
others fully OFF (a very small number of xylem cells), an average
somewhere between ON and OFF would occur at the level of the
whole population. This suggests that within the whole-root in-
duction experiment, there must be some mechanism that coor-
dinates the results for all cells in the population to behave iden-
tically in the root elongation zone—fully uninduced or induced
(Figure 1D). We propose that the first cells to produce levels of
transcription sufficient for cell differentiation are pacemaker cells
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Genes Identified from Single-Cell Transcrip-
tion Data

(A—C) Classes of switch genes: (A) 4 VND7 direct
targets, (B) 10 VND7 indirect targets, and (C) 1
MYBA46 direct target.

(D-G) Classes of non-switch genes: (D) 13 VND7
direct targets, (E) 5 VND7 and MYB46 direct tar-
gets, (F) 24 MYB46 direct targets, and (G) 37 VND7
indirect targets. Potential intermediate genes: X
(targets of VND7, signals for downstream switch
genes) and Y (targets of VND7, signals for down-
stream non-switch genes).
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that can facilitate the response of neighboring cells. This would
provide a mechanism to synchronize the population of cells
and potentially give the experimentally observed switch
response. Given that such behavior was not observed in the sin-
gle-cell profiling (all ON or all OFF), we predict that disruption of
the cell wall via protoplasting provides a hint that such a synchro-
nization mechanism will likely involve cell-cell signaling.

Many TFs involved in xylem differentiation form a series of
FFLs, including both MYB46 and MYB83 (McCarthy et al.,
2009; Taylor-Teeples et al., 2015). However, only MYB46
expression was induced in response to VND7 induction, and
common VND7 and MYB46 direct targets were not enriched
within the set of genes exhibiting switch behavior. These data
support our conclusion that the switch observed is not caused
by the VND7-MYB46 FFL. This reflects the observation that
MYB46 is sufficient to regulate ectopic SCW deposition
(including cellulose, xylan, and lignin), but not xylem cell transdif-
ferentiation (Zhong et al., 2007). Although MYB83 is also suffi-
cient to only regulate ectopic SCW deposition like MYB46, it is
only upon loss of both MYB83 and MYB46 function that a
SCW phenotype is observed (McCarthy et al., 2009).

In addition to those genes identified to act in a switch, several
genes in 4 classes (classes D-G) were identified as showing a
non-switch response upon VND7 induction (Figure 4A). Here,
expression of a set of hypothetical genes Y must respond to
VND7 induction and provide the intermediary link to 37 non-
switch genes. Although our data demonstrate that VND7 stimu-
lates genes participating in the xylem transdifferentiation switch,
the enrichment of these non-switch genes suggests that VND7
may have independent functions not associated with xylem
cell transdifferentiation.

The classification of cell identity from single-cell RNA-seq pro-
files in this study relied on methods previously employed to char-
acterize regeneration of a root stem cell niche (Efroni et al., 2015,
2016). The clusters obtained by combining cells from VND7,
MYB83, and MYB46 overexpression lines revealed molecular
differences that could not be completely differentiated given
the general vascular IClI classifications and suggest potential xy-
lem cell subtypes. Further characterization of the marker genes
that define these clusters would provide insight into the subtle
differences by which VND7 and MYB46 regulate xylem cell dif-
ferentiation. Enrichment of programmed cell death marker genes
and genes co-expressed with CESA4 and mild enrichment of
genes associated with lignin biosynthesis within the VND7-pri-
mary cluster suggest that the cells within this cluster represent



the end of the xylem cell transdifferentiation developmental tra-
jectory, which includes programmed cell death, but not neces-
sarily lignification (Figure 3D). The MYB46-primary xylem cell
subtype and associated enrichments show that MYB46 has
the capacity to regulate some aspects of xylem cell differentia-
tion or SCW synthesis distinctly from VND7 —specifically, genes
associated with hormone signaling and pattern differentiation
(Figure 3D). The mixed xylem cell subtype suggests that
MYB46, MYB83, and VND7 coordinately regulate earlier stages
of vascular development, because this cluster is enriched in mul-
tiple cell identities, in addition to the patterning genes and the
auxin-responsive genes (Figure 3D). However, the enrichment
of lignin biosynthesis genes is surprising and indicates that lignin
biosynthesis may occur in vascular cells earlier than previously
understood.

Molecular characterization of the total number of possible
gene circuits by which switch behavior could be achieved was
beyond the scope of this study. Thus, the regulatory logic that
determines the switch behavior of the 15 candidate genes re-
mains to be determined. The logic for the class C gene
(MYB46 direct target) is fairly straightforward in that it responds
to VND7 induction either by itself, generating switch behavior, or
by receiving input from another switch gene. The logic of the 4
class A genes also provides a tractable focus for future work. It
will be interesting to determine whether the mechanisms for
commitment to xylem cell development are similar to or different
from those of animal cells, for which commitment to a terminally
differentiated cell fate is common and totipotency is rare.

Finally, while our results do not distinguish between a mono-
stable graded switch and a bistable hysteretic switch, either of
these mechanisms could be consistent with our data and the
generation of a sufficiently sharp threshold as observed in the
middle bin. It is possible to predict the biophysical conditions
associated with both the monostable graded and the bistable
hysteretic mechanisms. The key biophysical parameter that
quantifies the sharp threshold is the Hill number n, which is the
maximum number of transcription factor (TF) binding events
involved with their target regulatory regions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

B-Estradiol Sigma-Aldrich E-8875

Critical Commercial Assays

Nextera XT DNA Library Prep (24 samples) lllumina FC-121-1030
ChemGene Barcoded Beads ChemGenes Corp. N/A

Macosko sequence B — N13V Beads LGC Biosearch N/A

Drop-seq Macosko et al., 2015 http://mccarrolllab.com/download/905/
Deposited Data

Raw and analyzed data This paper GEO: GSE114615
Arabidopsis Drop-Seq raw and analyzed data High-throughput single-cell GEO: GSE122687

transcriptome profiling
of plant cell types

Experimental Models: Organisms/Strains

Arabidopsis: pMDC7: AT1G71930 (VND7) TRANSPLANTA NASC code: 2101676 TPT_1.71930.1C)

Arabidopsis: pMDC7: AT5G12870 (MYB46) This paper N/A

Arabidopsis: pMDC7: AT3G08500 (MYB83) This paper N/A

Oligonucleotides

VND7_F: CGAAGGAACCTCAGTGTTCATCA This paper N/A

VND7_R: GGGAAGCATCCAAGAGAA This paper N/A

MYB46_F: GAATGTGAAGAAGGTGATTGGTACA This paper N/A

MYB46_R: CGAAGGAACCTCAGTGTTCATCA This paper N/A

MYB83_F: AGCAACAACCTAAACTTACAGGCC This paper N/A

MYB83_R: CCCAACACATTCCCTACCTT This paper N/A

Recombinant DNA

Plasmid: pMDC7 Zuo et al., 2000 N/A

Software and Algorithms

Seurat Butler et al., 2018 https://satijalab.org/seurat/install.html

Drop-seq_tools-1.13 Macosko et al., 2015 http://mccarrolllab.com/download/1276/

Cell Identity Score Efroni et al., 2015 https://www.ncbi.nim.nih.gov/pmc/
articles/PMC4354993/bin/
13059_2015_580_MOESM5_ESM.zip

Other

Arabidopsis Drop-seq analyses and modified code This paper https://github.com/gturco/xylem_scRNA/

for calculating cell identity

LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources and reagents should be directed to sbrady@ucdavis.edu.

Construction of Transgenic Lines

The VND7 B-estradiol-inducible line was acquired from the TRANSPLANTA collection (NASC code: 2101676 TPT_1.71930.1C)
(Coego et al., 2014). MYB83 and MYB46 TFs were cloned in the Gateway vector derived from the B—estradiol-inducible vector
PERS8 (Zuo et al., 2000). Arabidopsis plants (Col-0) were floral dipped in Agrobacterium tumefaciens strain GV3101 (Bechtold and
Pelletier, 1998). Transgenic plants were selected for on hygromycin and T3 homozygous plants were used for experiments. Increased
expression of transgenics was confirmed with estradiol induction followed by gPCR (Key Resources Table).
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Growth Conditions

Seeds were sterilized in a 50% bleach 10% tween solution and then stored at 4°C for 3 days. Sterilized seeds were germinated on
nylon mesh (100 uM) filters on square MS Petri dish plates and vertically grown at 22°C, 74% humidity in a 12 hr light cycle chamber at
a100-120 pmol m2s™" light intensity. Seeds were plated in rows with approximately 100 plants per row and two rows per plate. Plates
where randomized using a random block design where each tray contained an equal number of control and treatment plates. After
7 days of growth, plants were transferred by mesh filters to either MS plates buffered to pH 5.8 with KOH or MS containing estradiol
(0.01, 0.05, 0.075, 0.1, 0.13, 0.15, 0.175, 0.2, 1, 2, 10, 20uM) plates and grown for an additional 24 hours (induction). All induction
experiments were carried out at 7 am and collected at 7 am. Whole root samples were imaged, frozen for RNA extraction and
gRT-PCR or protoplasted for Drop-seq. In all induction experiments, we made the assumption that each cell within the root (the pop-
ulation of cells) encounters approximately the same mean concentration of B-estradiol and thus, VND7 expression.

METHOD DETAILS

Histology and Confocal Microscopy

Seven-day-old VND7 overexpression roots were stained following a modified version of the ClearSee protocol (Kurihara et al., 2015;
Ursache et al., 2018). Following 1 hour fixation with 4% paraformaldehyde in 1 x PBS, roots were transferred to the ClearSee solution
overnight. Basic Fuchsin dye was used to mark lignified cells for identification of fully differentiated xylem. Roots were stained over-
night in Basic Fuchsin followed by one ClearSee wash and an additional hour in the ClearSee solution. Roots were stained for an
additional for 45 mins with Calcofluor White to stain the cellulose of the primary cell wall as well as the emergence of cellulose in
SCWs, allowing us to count the total number of cells in each image. Roots were visualized on the Zeiss LSM780 microscope: Basic
Fuchsin: 550-561 nm excitation and 570-650 nm detection and Calcofluor White: 405 nm excitation and 425-475 nm detection. Z
stack images were collected from the start of the elongation zone.

Confocal Laser Scanning Microscopy Analysis

The total number of cells was determined by the presence of an outline of a Calcofluor White stained cell. The Basic Fuchsin dye was
used to mark lignified cells for identification of fully differentiated xylem. The percentage of cells experiencing transdifferentiation into
protoxylem cells was determined by drawing a box around each cell in Imaged and color coding based on presence or absence of a
helical pattern (marked by Calcofluor or Fuchsin) as observed in Figure 1C. For each root, the area for each xylem marked cell was
summed and divided by the total area of all cells. The percentage of cells experiencing transdifferentiation into protoxylem was deter-
mined for each estradiol concentration with 10-20 roots per concentration. Xylem differentiation was quantified for z stacks
throughout the entire root (Table S1).

RNA extraction and qRT-PCR

Whole roots were separated from shoots and collected in bulk from each plate for RNA extraction. RNA for gRT-PCR was extracted
using Trizol reagent (Life Technologies, USA) according to the manufacturer’s instructions. RNA was DNase treated prior to cDNA
synthesis using M-MLYV reverse transcriptase (Invitrogen). cDNA was used as a template for real-time quantitative PCR analysis.
Each plate was considered an independent biological replicate with at least three biological replicates (same estradiol concentration
& grown same day) per dilution series. Log, Fold Change (FC) of VND7 varied 0.041 - 0.57 standard deviations (SD) among biological
replicates. The largest variance was observed under lower induction of VND7 (2-4 FC) with the SD ranging from 0.08-0.57 SD, in mid-
expression lines (5-7 FC) 0.041-0.064 SD. The 222°T method was used to measure relative transcript abundance (Schmittgen and
Livak, 2008). Three technical replicates were carried out and averaged for each plate. VND7 expression was normalized to Actin
to determine the delta CT and the delta delta CT was determined from uninduced roots grown on the same rack. Primers used
for RT-PCR are listed in the Key Resources Table.

Protoplasting and Drop-seq Assays

For Drop-seq runs, plants were grown as described above; the entire root was then separated and harvested for protoplasting (Ben-
fey and Scheres, 2000; Birnbaum et al., 2003). A single Drop-seq sample consisted of ten plates with ~200 roots per plate proto-
plasted in bulk as previously described. Individual cells were resuspended in Solution A containing: 600 mM Mannitol, 2 mM
MgCI2*6H20, 0.10% BSA, 2 mM CaCl2*2H20, 2 mM MES Hydrate, 10 mM KCI and pH to 5.5 with 1 M Tris. Each sample of cells
was filtered through a 40 uM Cell strainer (BD Falcon) into a 50 mL Falcon tube. Cells were then counted and diluted to 100-180 cells
per ul immediately before Drop-seq (Table S2). All Drop-seq steps followed the standard protocol outlined by the McCarroll Lab
(http://mccarrolllab.org/wp-content/uploads/2016/03/Drop-segAlignmentCookbookv1.2Jan2016.pdf). The droplet diameter
ranged from 0.78 - 1 nl, barcoded beads (Barcoded Beads SeqB; ChemGenes Corp., Wilmington, MA, USA or Macosko sequence
B - N13V, LGC Biosearch, Petaluma CA) and cells were loaded at concentrations specified in Table S2, with a collection target of
1 mL according to standard Drop-seq protocol. Compared to the ChemGene beads, the LGC Biosearch beads had a 13 bp UMI
as the only modification to the linker.
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Drop-seq was run with a collection target of 1 mL according to standard Drop-seq protocol. cDNA was amplified using 13-17 cy-
cles and double-purified in 0.6x volume of Agencourt AMPure XP beads. Tagmentation was carried out with 1200 pg of DNA as input.
Samples were run on the Bioanalyzer prior to NextSeq sequencing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Alignment and Normalization of Drop-seq Data

All Drop-seq data was pre-processed and aligned to the TAIR10 Arabidopsis genome with STAR (Dobin et al., 2013) via the Drop-seq
Tools v1.12 software (http://mccarrolllab.org/wp-content/uploads/2016/03/Drop-segqAlignmentCookbookv1.2Jan2016.pdf). Gene
expression matrices were further processed and normalized using the Seurat R package, with a cutoff of at least 500 genes/cell
and for genes seen in at least 3 cells (Satija et al., 2015). For each experiment the number of cells before and after processing are
reported in Table S2. When scaling the data in Seurat for downstream analysis, cells with a high percentage of mitochondrial, chlo-
roplast and protoplasting-induced genes were regressed out prior to clustering of cells (Birnbaum et al., 2003). Experiments in Fig-
ure 3A were merged using the MergeSeurat function, providing us more power to cluster cells but also the potential risk of clustering
by experiment. Overall, we observed no large batch effects (Figure 3A).

Determining Cell Identity

Clustering Analysis

Reducing data dimensionality and clustering cell types was performed as described by Andrews and Hemberg (2018). Code is pro-
vided in github. To identify cell types via clustering we first reduced the data to the top 1,000 highly variable genes across cell types.
We then further reduced the data dimensionality through principal component analysis (PCA). PCs 1-12 were used for further clus-
tering as determined by the elbow of the PC standard deviations plot. Clusters were then determined from these PCs using the
shared nearest neighbor modularity optimization based algorithm, Louvain clustering in FindClusters. To determine each cluster’s
cell identity, the average expression value of each cluster was determined using Seurat’s AverageExpression function, requiring
at least 25% of cells within the cluster to express each gene. These average expression profiles were then compared to ~100 pre-
defined markers for cell identity in the Arabidopsis root and an ICl score calculated (Birnbaum and Kussell, 2011; Efroni et al., 2015).
Tissues with significant p values (< 0.01) for cell identity were used to define the corresponding clusters and cells within clusters.
VND7, MYB83 and MYB46 were not among the 100 predefined markers for protoxylem identity in the ICI algorithm and therefore
did not bias assignment of cluster identity. To preserve the original data structure tSNE was used for plotting with cells color coded
by cluster identity.

The number of cells in each DropSeq experiment before and after induction that could be assigned an individual cell identity given a
significant ICl score are quantified in Table S2.

The accuracy of cluster assignment was determined with the R Classification And REgression Training package; caret (Kuhn,
2008). First, the single cell data was resampled using cross validation, with 10 resampling iterations resulting in 10 training and 10
testing splits. The data was then trained using the support vector machine with linear kernel algorithm (svmLinear), as used by Seurat,
to predict cluster identity given the expression of a subset of genes. Specifically, we focused on those with the strongest contribution
to the first twelve principal components. After ten iterations of resampling the model prediction, accuracy and kappa were reported.
When applied to the three protoxylem clusters in Figures S4A and S4B we observed 90% accuracy with clustering of only protoxylem
cells and 99% accuracy in calling the protoxylem cluster when using all the data in Figure 3A.

Cluster accuracy was also determined by applying two clustering algorithms - Smart Local Moving (SLM) and Louvain clustering.
When applied to the three protoxylem clusters of Figures S4A and S4B the two clustering algorithms agreed 100% of the time indi-
cating that these three clusters indeed have distinct transcriptome profiles which is unbiased by the clustering algorithm used.
The cells within these three clusters show 92% similarity to those seen in Figure 3A. Cluster 2 shows 100% similarity to cluster 10
of Figure 3A (the VND7 primary xylem cell sub-type), and cluster 1 showing the largest deviation from clusters of Figure 3 with
90% similarity to cluster 7 (Mixed). Note that the cluster numbering here ONLY refers to that of Figures S4A and S4B.

Clustering of Protoxylem Cluster Sub-Types with Native Cells

Cells were identified as protoxylem cells based on the ICl scores of clustered cells from Figure 3A (Birnbaum and Kussell, 2011; Efroni
et al., 2015). To determine if these protoxylem subtypes from Figure 3A (clusters 5, 7 and 10) occur in native protoxylem populations
we used 67 native protoxylem cells (cells with a protoxylem ICI score < 0.01) independently identified in the Arabidopsis root (Shulse
et al., 2019). The induced and native protoxylem cell type populations were merged into a single dataset and scaled as described
above with cells with a high percentage of mitochondrial, chloroplast and protoplasting-induced genes were regressed out. Variable
genes were re-identified, and PCs 1-12 were used for Louvain clustering. All clustering was performed with forced recalculation of
clusters, resulting clusters are reported in Figures S4C and S4D and Table S2.

Enrichment of Vascular Categories

Marker genes for each cluster were identified using Seurat with a log fold change threshold of plus two. Marker genes were compared
globally using GO enrichment analysis in python (https://github.com/tanghaibao/goatools) or with predefined gene lists. In both
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cases a Fisher’s exact test was carried out comparing the study (marker genes of a cluster) to the population (all genes expressed in
the single cell experiment), and p values were adjusted with Benjamini-Hochberg. Gene lists were obtained from previously published
work: lignin biosynthesis genes (Raes et al., 2003), CESA co-expressed genes (Persson et al., 2005), PCD (Olvera-Carrillo et al., 2015)
and early vascular markers (Cano-Delgado et al., 2010). Genes related to auxin, cell size and patterning were determined by GO
annotation.

Identification of switch-like behavior - the Separation Score

The separation score is defined as the 2/3 y axis tercile value - 1/3 y axis tercile value divided by the difference between the maximum
and minimum y axis values. Our null hypothesis is that the mean separation score should be 1/3 if all data is evenly distributed. To
determine VND7 downstream targets exhibiting switch versus non-switch behavior we took advantage of the variance in VND7
expression observed within single cell types. VND7 expression was ”binned” into three groups: low (0-2), middle (2-4) and high
(4-6) VND7 normalized expression values. For the whole root data in Figure 1D, or the single cell data in Figure 2C, we measured
the spread of xylem cell differentiation or of ICI score determination, respectively, by grouping these y-axes data into thirds. We
next calculated a “separation score” for each of these measures.

In order to identify genes that respond to VND7 expression as a switch or non-switch, we identified genes from the single cell data
which had a positive Pearson correlation with VND7 (r > 0.5). Next, we divided cells into “xylem” cell populations (as determined using
significant ICl scores) and non-xylem cells. Using custom scripts in R, we interrogated the correlated genes with VND7 expression by
two means: a) compared expression of these genes in protoxylem induced cells against all uninduced cells on a bin-by-bin basis
using the base R function t.test(). Next, we selected genes that were significantly different (p < 0.05) in the medium and high bins
but not in the low bin (p > 0.05). For further classification, the absolute difference between the mean expression of the middle and
high bins was taken and the first (25%) quartile was selected (n = 29 genes) (i.e., genes with minimal difference between the middle
and high bins in the protoxylem induced cells, but significantly different between induced and uninduced). b) comparison between
the middle and high bins using the 203 set of VND7 correlated genes, only in protoxylem induced cells; genes with no significant dif-
ference (t test, p > 0.05) were selected (n = 43 genes); The overlap between the sets in a) and b) was taken for further analysis as the
set of potential switch genes (n = 15 genes). Conversely, the overlap between genes in the rest of the quartiles from a) and genes with
significant difference (p < 0.05) in b) were selected as potential non-switch genes. Enrichment of the clusters 5, 7 and 10 as well as the
targets of VND7, MYB46 or VND7/MYB46 was done using the fisher.test() function in R with the non-switch and switch sets as
defined above. GO enrichment was done using the gene list analysis tool in TAIR powered by PANTHER (https://www.
arabidopsis.org/, Mi et al., 2013). AME (McLeay and Bailey, 2010) was used for motif enrichment of the switch gene set.

DATA AND CODE AVAILABILITY
The accession number for the raw and processed Drop-seq data of VND7, MYB83 and MYB46 overexpression lines reported in this

paper is GEO: GSE114615. Code for determining cell identity from Drop-seq data and determining cell clusters were made available
on github (https://github.com/gturco/xylem_scRNA).
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