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Cell identities are laid down during plant embryogenesis

Plants are complex, multi-cellular organisms that continuously adapt to their environment. 
While they look extremely different from animals, on a molecular level they undergo similar 
developmental processes, such as organogenesis, and use similar tools to control these transi-
tions, such as cell-cell communication (Wolpert 2011). All land plants reproduce sexually 
and subsequently use embryogenesis to lay down a basic body plan. While after embryogen-
esis most, though not all, animals stick to the same body plan without major changes, plants 
continuously develop new organs and tissue types, some as a part of regular development, 
some in response to the environment (Raven et al. 2005). They retain the ability to regener-
ate and have groups of cells that have stem cell properties (Heidstra & Sabatini 2014). The 
mechanisms plants use to build and develop their body plan are in some ways similar to 
those used by animals. Plant cells communicate with hormones and other signaling com-
pounds and they use intricate signaling pathways to control development and response to 
external stimuli (Beck 2010). 

 During animal embryogenesis the body plan is laid down in great detail: signaling 
gradients are interpreted and inform on cell position and identity (Rossant & Tam 2009, 
Stathopoulos & Levine 2002). Cells that previously were naive transition to a specific iden-
tity with an attached future function and developmental trajectory. Similarly, during plant 
embryogenesis cells start as naive before adopting a specific identity. Because plant cells are 
immobilized by their rigid cell walls, in the Arabidopsis embryo their division patterns are 
highly reproducible (Scheres et al. 1994). As a result researchers were able to trace back the 
origins of the three major plant cells identities in the embryo: vascular, ground tissue and 
epidermal cell identities are first separated when the embryo contains 32 cells, at early globu-
lar stage. In this thesis we focus on the vascular cells that are specified during embryogenesis: 
what defines their identity and how is this identity initiated? We will look at vascular genes, 
hormone signaling, regulatory proteins and the interactions between these components.

The development of a vascular bundle employs a series of regulatory modules

The innovation of lignified vascular tissues around 425 million years ago resulted in in-
creases in plant body size and complexity (Beck 2010, Raven et al. 2005). The woody vas-
cular tissues transport liquids through the plant, redistributing water and the solutes within: 
minerals, sugars, signaling compounds and so forth. With these transport abilities plant 
size was able to increase and dedicated tissues such as roots developed. The woody nature 
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of vascular cells provided plants with rigidity, further enabling increases in plant size and 
complexity. Today plant species that lack differentiated vascular tissues - mosses, liverworts, 
hornworts - remain small. In contrast, vascular plants can grow to greater heights than any 
other organism and their body structures can develop into large, intricate 3D shapes. The 
vascular tissues themselves are similarly complex: after initiation vascular cells proliferate, 
develop into different types of transport cells and differentiate to develop thick secondary 
cell walls. Each of these steps needs to be initiated multiple times during a plant’s life and is 
controlled by multiple signals.

 The size of vascular bundles influences its transport and support capabilities, there-
fore it is under strict control. Cell proliferation in the vascular bundle is regulated by a 
series of developmental modules. Different sets of transcription factors and associated gene 
products have been identified that control the width of vascular bundles across plant species 
and tissues. TARGET OF MONOPTEROS 5 (TMO5) is a basic helix-loop-helix (bHLH) 
transcription factor that together with its partner, the bHLH LONESOME HIGHWAY 
(LHW), forms dimers in the centrally located xylem and induces the expression of genes 
that control cytokinin production (De Rybel et al. 2013, 2014; Ohashi-Ito et al. 2014). 
Cytokinin signaling then promotes periclinal cell division in the neighboring cambium cells, 
acting in part through action of the DOF2.1 transcription factor (Mähönen et al. 2006, 
Smet et al. 2019). In addition, a separate regulatory module acts in the phloem: PHLOEM 
EARLY DOFs (PEARs) and their homologs regulate proliferation of phloem-adjacent cells 
and their activity is balanced by xylem-expressed Class III Homedomain leucine zipper 
(HD-ZIP III) transcription factors (Miyashima et al. 2019). A final module, in the stem 
cambium, was shown to depend on the phloem-derived tracheary element differentiation 
inhibitory factor (TDIF) peptide which controls PHLOEM INTERCALATED WITH 
XYLEM (PXY) signaling. Downstream of PXY signaling, Wuschel-like homeobox 4 and 
14 (WOX4/14) activity initiates cambial divisions that separate xylem and phloem (Etchells 
et al. 2013, Fisher & Turner 2007, Hirakawa et al. 2010). These modules are likely tightly 
connected and they are specifically activated in the vascular cells. 

 In concert with proliferation, cells in the vascular bundle develop a pattern of dis-
tinct sub-identities. In most tissues a centrally located xylem domain is surrounded by phlo-
em with (pro)cambial cells in between (Raven et al. 2005). The meristem-like, dividing (pro)
cambium contributes to both the xylem and the phloem cell populations (Smetana et al. 
2019). Xylem development is associated with high auxin and its further development into 
proto- and metaxylem depends on a combination of cytokinin response and the activity of 
HD-ZIP III transcription factors (Baima et al. 2001, Bishopp et al. 2011, Carlsbecker et al. 
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2010, Mähönen et al. 2006, McConnell et al. 2001). In normal development, cytokinin re-
sponse is blocked in the outer xylem cells by Arabidopsis Histidine Phosphotransfer Protein 
6 (AHP6) but general reduction of cytokinin response results in diminished proliferation 
and increased differentiation into protoxylem (Mähönen et al. 2006). In addition, HD-ZIP 
III levels are regulated by a gradient of  microRNA 165/166 (miR165/6) originating from 
the endodermis (Carlsbecker et al. 2010, Di Laurenzio et al. 1996). The interplay of these 
pathways allocates proto- and metaxylem cell identity. Conversely phloem development is 
generally associated with high cytokinin activity and the presence of ALTERED PHLOEM 
DEVELOPMENT (APL): without either phloem development is impaired (Bonke et al. 
2003). The further subspecification of phloem cell types depends on both a set of membrane 
localized polar proteins and on a peptide receptor module: membrane localized OCTOPUS 
(OPS) and BREVIX RADIX (BRX) proteins promote protophloem development (Bauby 
et al. 2007, Mouchel et al. 2006) and the binding of peptide CLAVATA 3/EMBRYO SUR-
ROUNDING REGION 45 (CLE45) to the BARELY ANY MERISTEM 3 (BAM3) recep-
tor inhibits protophloem development (Depuydt et al. 2013). All in all, vascular develop-
ment relies on a series of regulatory modules, many of which can be individually switched on 
or off. It is the regulation of these modules that develops and patterns the vascular bundle.

Auxin is the key to vascular development

The development of vascular tissues depends on and can be initiated by auxin. Mutants in 
auxin production, transport or signaling have vascular defects and application of exogenous 
auxin can induce new vascular bundles. Early experiments with auxin have shown that auxin 
can induce the formation of new vascular bundles and affects the formation of vascular 
connections upon wounding (Jacobs 1952; Sachs 1969, 1975). This strong link between 
auxin and vascular development was further underlined by mutants in auxin production, 
transport and signaling that each displayed vascular defects. The production of auxin requir-
ing YUCCA (YUC) proteins (Cheng et al. 2006), subsequent polar transport mediated by 
PIN-FORMED (PIN) (Ga lweiler et al. 1998) and final translation to transcriptional out-
put by AUXIN RESPONSE FACTORS (ARFs) such as MONOPTEROS (MP) were each 
described with mutants that had strong vascular defects (Guilfoyle & Hagen 2007, Hardtke 
& Berleth 1998). Lack of MP activity results in aberrant vascular development during the 
embryo which leads to a rootless seedling (Mayer et al. 1991) and MP was found to control 
a variety of vascular specific genes and pathways (De Rybel et al. 2013, Donner et al. 2009, 
Möller et al. 2017, Schlereth et al. 2010, Yoshida et al. 2019). However, disruption of auxin 



12

Chapter 1

1

production, transport and signaling output did never affect only the vascular tissues: the 
outputs of auxin signaling are diverse and ubiquitous, ranging from floral development to 
gravitropism (Bennett et al. 1996, Cheng et al. 2006, Marchant 1999, van den Berg & ten 
Tusscher 2017). This variety of outputs can only in part be explained by the different expres-
sion patterns of the 23 ARF proteins (Rademacher et al. 2011). Specificity could come from 
cell specific ARF composition and function, but it appears that ARF proteins do not bind 
distinct motifs (Boer et al. 2014, O’Malley et al. 2016, Ulmasov 1997), instead it could 
be their protein interactions that set them apart (as reviewed in Roosjen et al. 2018). This 
suggests that the response to auxin depends on developmental context. However, vascular 
development appears to be the dominant response to an auxin maximum. Application of 
exogenous auxin induces vascular bundles and auxin maxima are often associated with vas-
cular development (Miyashima et al. 2019, Sachs 1969, Scarpella et al. 2006, Wabnik et 
al. 2013). In this thesis we investigate the role that auxin signaling plays in the initiation of 
vascular identity.

Specification of vascular identity is best studied during Arabidopsis embryogenesis

The initiation of vascular identity occurs many times during plant development. New vas-
cular connections need to be formed as old tissues are damaged or new tissues are formed. 
However, it is challenging to focus on the initiation of vascular identity during wounding, 
grafting or organ development as these each employ a variety of developmental programs 
(León et al. 2001, Melnyk et al. 2015, Yin et al. 2012). During embryogenesis, the devel-
opmental context is relatively simple with only several cells participating in limited de-
velopmental pathways (Palovaara et al. 2016). In addition, the Arabidopsis embryo has a 
predictable division pattern where vascular development can be traced back to early globular 
stage (Scheres et al. 1994). Recent transcriptomic work has suggested we can find the first 
vascular cells one cell division earlier, at dermatogen stage (Palovaara et al. 2017). Modeling 
and auxin reporters have indeed suggested that the inner cells at dermatogen stage already 
accumulate auxin which is then correlated with emergence of vascular identity (Wabnik 
et al. 2013). Auxin has been compared to the morphogens that have been described in 
animal embryogenesis (Bhalerao & Bennett 2003), gradients of such morphogens provide 
positional information that informs cell fate (Ashe 2006, Lawrence & Struhl 1996, Turing 
1952). One major difference between Arabidopsis and animal embryogenesis is the size of 
the embryo at the moment gradients are employed to instruct distinct cell identities. While 
morphogen gradients during animal embryogenesis usually cover more than a dozen of cells 
or nuclei, an auxin gradient in the early Arabidopsis embryo would form a peak over only a 
few cells (Lawrence & Struhl 1996, Möller et al. 2017, Scheres et al. 1994, Stathopoulos & 
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Levine 2002). It is difficult to imagine such a short gradient as being informative, irrespec-
tive of whether it is the absolute or relative amount of signal that is interpreted.

Scope of this thesis

Early on during Arabidopsis embryogenesis, the three major cell identities are laid down. 
The centrally located vascular cells will subsequently divide and pattern to form a vascular 
bundle that provides the plant with transport capabilities and structural integrity. While 
vascular development has been a popular field of study, it remains unclear how vascular 
identity is initiated. In this thesis we focus on the specification of the first vascular cells dur-
ing embryogenesis. 

Chapter 2 outlines the role auxin plays during embryogenesis. In the early embryo local 
auxin production and directional transport result in auxin maxima that are interpreted. We 
describe how auxin then controls division orientation and cell-type specific expression of 
target genes. Both MP and its targets control the shape and development of the embryo. 
Despite recent advances it remains unclear how auxin signaling specifically triggers vascular 
identity in the inner cells in the early embryo.

Our goals of tracking vascular identity and determining factors that control it can not be 
accomplished without first describing vascular identity in detail. In Chapter 3 we first de-
termine the expression patterns of previously described vascular marker genes in the early 
embryo. Next we use the embryo transcriptome atlas to identify novel marker genes to 
track vascular identity. This unbiased approach allowed for the identification of new vascular 
genes independent of MP.  The expression of many vascular genes starts in the inner cells of 
dermatogen stage, indicating that vascular identity is initiated as soon as there is an inner 
and outer cell layer. One division later it becomes clear that many vascular genes are not 
restricted to the vascular cells in the globular stage embryo. 

These tools to track vascular identity then help in Chapter 4 with identifying the role that 
auxin signaling plays in the initiation of vascular identity. In the root, auxin treatment can 
increase expression of vascular genes but cannot expand their expression domain. In the 
embryo, we demonstrate that auxin signaling is needed for vascular identity but that MP 
activity is not sufficient for expanding the expression domains of vascular marker genes. In 
addition, auxin signaling reporters indicate there is no difference in auxin signaling between 
inner and outer cells at dermatogen stage. This suggests that additional factors are needed to 
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create new vascular cells.

In Chapter 5 we try to find such additional factors that might control vascular identity. Us-
ing a Yeast One Hybrid approach we identify DNA-binding proteins that interact with vas-
cular specific promoter sequences. Next we apply an unbiased selection algorithm to select 
23 candidate regulators of vascular identity. 10 of these candidates are expressed at the time 
and location of vascular initiation during embryogenesis and as such could play a role. All 
of these are expressed broadly at the moment of specification, indicating that it is not their 
presence but their local acitvation that might provide cell type specificity.

The ability to bind vascular promoters and the localization of these 10 candidate regulators 
indicates a potential function in vascular development. When overexpression at the start of 
Chapter 6 does not result in strong developmental defects we hypothesize that these factors 
act in parallel with auxin signaling in controlling vascular identity. Indeed misexpression 
of several candidate regulators alters root growth and gene expression in response to auxin. 
In addition, we describe the interaction between MP and G-BOX BINDING FACTOR 
(GBF) proteins and hypothesize that they could cooperate in the control of vascular gene 
expression. Indeed AuxREs and Gboxes often co-occur and in vascular promoters their pres-
ence contributes to both the amplitude and expression pattern of vascular promoters.

Chapter 7 aims to connect the mechanisms of vascular development found in the Arabi-
dopsis embryo to Cucumber grafts. After finding that early vascular genes are similarly in-
duced in Arabidopsis embryos and grafts, we want to use the graft as an additional model 
for following vascular specification. After testing compatible and incompatible Cucumber 
grafting combinations, an RNAseq experiment comparing the two reveals that upon graft-
ing, compatible grafts express additional genes in their rootstock. Among the Arabidopsis 
homologs of these Cucumber genes are targets of auxin signaling and regulators of develop-
ment, confirming the parallels between both processes.

Finally in Chapter 8 the findings of this thesis are discussed and the newly gained insights 
are placed in a broader perspective. This chapter also suggests approaches for further research 
into the mechanisms that specify vascular cell identity.
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Abstract

Pattern formation of the early Arabidopsis embryo generates precursors to all major cell 
types, and is profoundly controlled by the signaling molecule auxin. Here we discuss recent 
milestones in our understanding of auxin-dependent embryo patterning. Auxin biosynthe-
sis, transport and response mechanisms interact to generate local auxin accumulation in 
the early embryo. New auxin-dependent reporters help identifying these sites, while atomic 
structures of transcriptional response mediators help explain the diverse outputs of auxin 
signaling. Key auxin outputs are control of cell identity and cell division orientation, and 
progress has been made towards understanding the cellular basis of each. Importantly, a 
number of studies have combined computational modeling and experiments to analyze the 
developmental role, genetic circuitry and molecular mechanisms of auxin-dependent cell 
division control.  
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Introduction

Elucidating the mechanisms that underlie the control of pattern formation and the establish-
ment of cell identity remains a key challenge in plant development. Most plant organs are 
composed of multiple, functionally distinct cell types, which are each genetically instructed. 
Because plant development is continuous and iterative, the study of pattern formation and 
cell identity is served by simple, predictable model systems. Here, we will focus on the 
Arabidopsis embryo in which, during less than 10 cell division cycles, the zygote generates 
an embryo that carries dedicated precursors to all major cell types in the seedling (Scheres 
et al. 1994, ten Hove et al. 2015; Figure 1). A great deal has been learnt about early embryo 
patterning (Dolan et al. 1994, Mayer et al. 1991, Wendrich & Weijers 2013), and perhaps 
unsurprisingly, the plant signaling molecule auxin has repeatedly surfaced as a key regula-
tor (Friml et al. 2003, Hamann et al. 2002, Möller & Weijers 2009). We will review recent 
insights into how this molecule controls different aspects of embryo development, with an 
emphasis on vascular tissue development, a well-known auxin-dependent process (De Rybel 
et al. 2014b, Hardtke & Berleth 1998). First however, we will discuss new findings that lead 
to a better understanding of the molecular basis for cellular auxin response.

Strategic auxin production and relocation

Auxin production and perception mutants often have severe, sometimes lethal phenotypes, 
indicating the critical role auxin plays in development (Mayer et al. 1991, Zhao et al. 2001). 
Auxin signaling output depends on the combination of biosynthesis, inactivation, transport, 
perception and transcriptional response. In addition to transcriptional auxin response, the 
ABP1 (AUXIN BINDING PROTEIN 1) protein likely perceives extracellular auxin, and 
feeds into a non-transcriptional response (Chen et al. 2014, Grones & Friml 2015, Grones 

Figure 1: Stages of Arabidopsis embryogenesis
Cross-sections of a developing Arabidopsis embryo during the stages where major patterning events occur. 
Cells are colored according to cell identity/lineage as specified in key.
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et al. 2015, Tromas et al. 2013, Xu et al. 2014). However, while earlier reports showed 
dramatic phenotypes upon ABP1 downregulation, recent work suggested that ABP1 is not 
required for normal development, as the abp1-5 mutant contains many additional SNPs 
(Enders et al. 2015) and new pair of knockout mutants does not show any of the previ-
ously described phenotypes (Gao, Y., Zhang, Y., Zhang, D., Dai, X., Estelle 2015). As these 
conflicting reports have not yet been reconciled, we will focus only on the well-established 
nuclear auxin response.

 Recently, a combined modeling/experimentation effort revealed how auxin biosyn-
thesis and transport interact to promote local auxin accumulation in the early embryo (Rob-
ert et al. 2013, 2015; Wabnik et al. 2013). The most abundant auxin, IAA (Indole-3-Acetic 
Acid), is produced using the amino acid tryptophan as a substrate (Zhao et al. 2001), pre-
dominantly via the IPyA (indole-3-pyruvic acid) pathway in two enzymatic steps that are 
mediated by the TAA1 (TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1) 
and YUC (YUCCA) enzymes (Mashiguchi et al. 2011, Stepanova et al. 2011), respectively. 
By systematically determining YUC gene expression patterns, Robert et al. showed that 
auxin is initially synthesized in suspensor cells, and transported into the embryo through the 
efflux regulator PIN7 (PIN-FORMED 7) (Robert et al. 2013). Once the embryo reaches 
about 32 cells, a new auxin source is created at its apex, mediated by TAA1 and later YUC 
gene expression. This new auxin source is required for establishing polar localization of 
PIN1 in the provascular cells and thus directed auxin transport towards the future root tip 
(Robert et al. 2013, Wabnik et al. 2013). Importantly, simulation of these auxin sources 
and transport routes on embryo templates showed that a biosynthesis-transport connection 
could account for the dynamic properties of auxin accumulation in the embryo (Wabnik et 
al. 2013). How auxin biosynthesis and PIN protein polarization are mechanistically linked 
remains an open question.

 Furthermore, while efflux proteins have been show to play a dominant role in di-
rectional auxin transport during embryogenesis (Friml et al. 2003), it was recently shown 
that also auxin influx proteins are required for normal embryo development. Without AUX/
LAX (AUXIN/LIKE AUX1) auxin influx proteins embryos show developmental defects in 
shoot and root pole (Robert et al. 2015), similar to those observed in mutants with reduced 
efflux activity (Friml et al. 2003). The same study also showed that auxin signaling influences 
auxin transport, as the expression of influx and efflux proteins is altered in response to auxin 
signaling (Robert et al. 2015).
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Tuning auxin regulatory output

Auxin promotes the degradation of the Aux/IAA (AUXIN/INDOLE-3-ACETIC ACID) 
transcriptional repressor proteins (Ulmasov et al. 2007), which otherwise bind to and in-
hibit DNA-binding AUXIN RESPONSE FACTORs (ARFs) (Figure 2). ARFs bind Auxin 
Response Elements (AuxREs) in promoters and promote or inhibit target gene transcrip-
tion (Boer et al. 2014, Ulmasov et al. 2007). Auxin facilitates the binding of Aux/IAAs 
to an SCF (SKP1-CUL1-F box) complex which results in ubiquitination and subsequent 
degradation of the Aux/IAA proteins (Kepinski & Leyser 2005). The auxin ‘receptor’ in this 
scenario is a TIR1/AFB (TRANSPORT INHIBITOR RESPONSE 1/AUXIN-BINDING 
F-BOX) protein that is the part of the SCF complex that can bind to Aux/IAA via auxin. 
This complex perception mechanism allows for many levels of signal modification, as there 
are 6 TIR1/AFB proteins, 29 different Aux/IAA proteins and 23 ARF proteins (Peer 2013).  
The dazzling complexity that arises from combinations of components likely contributes to 
generating diverse auxin responses. Differential TIR/AFB-Aux/IAA interactions were shown 
(Calderón Villalobos et al. 2012), while Aux/IAA-ARF interactions may also have some 
specificity (Nanao et al. 2014, Stewart et al. 2014)  and ARFs are expressed in discrete pat-
terns, especially in the embryo (Rademacher et al. 2011).

 Molecular and biochemical properties of the auxin signaling pathway have been 
described in detail (Calderón Villalobos et al. 2012, Lau et al. 2008), but until very recently, 
the structural basis of Aux/IAA and ARF function were not known. Several recent papers 

Figure 2: Auxin signaling in the early embryo. 
(left) Aux/IAA (red) and ARF (blue) simplified protein structures and interactions as described in main text. 
ARF proteins bind to AuxRE inverted repeats as dimers, interacting via both their DNA Binding Domain 
and Domain III/IV. In the absence of auxin, Aux/IAA oligomers inhibit ARF’s effect on transcription. In 
the presence of auxin, Aux/IAA proteins are degraded and ARFs can influence transcription. (right) Cross 
section showing DR5v2 reporter activity in the lower tier of the early globular embryo . DR5v2 signal is 
displayed on a false color scale and indicates higher levels of auxin signaling in the inner four cells.
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have now revealed protein structures that illuminate the atomic basis of protein-protein and 
protein-DNA interactions within this network, and these can help explain interaction speci-
ficity. It was long recognized that ARFs and Aux/IAA proteins share homologous C-terminal 
domains, which mediate both homotypic and heterotypic interactions (Lau et al. 2008, 
Ulmasov et al. 2007)(Figure 2). Crystal and NMR structures now reveal that this domain 
adopts a PB1 fold, and can form head-to-tail oligomers in vitro (Han et al. 2014, Korasick et 
al. 2014, Nanao et al. 2014). Interactions depend on oppositely charged residues, and mu-
tagenesis suggests that these residues are indeed required for interactions in vivo (Korasick 
et al. 2014, Nanao et al. 2014). Importantly, kinetic interaction analysis showed that Aux/
IAA-ARF interactions have higher affinity than the homotypic interactions, which explains 
the efficiency of auxin response inhibition by Aux/IAA proteins.

 Finally, structural analysis of ARF DNA-binding domains (DBD) provided a struc-
tural basis for the recognition of DNA elements (Boer et al. 2014). Investigated ARF pro-
teins (ARF1 and ARF5) have very similar intrinsic DNA specificity; yet have different in 
vivo functions (Boer et al. 2014, Rademacher et al. 2011) which suggests distinct sets of 
target genes. Interestingly, ARF DBD’s dimerize to bind complex sites with an inverted 
repeat of the AuxRE (Figure 2). Different ARF homodimers were shown to allow for differ-
ent spacing between AuxRE’s, likely due to variation in ARF structure flexibility (Boer et al. 
2014). With the added potential for heterodimerization this suggests a new level of target 
gene specificity, and a key future question will be if and how this mechanism selects target 
sites in vivo.

Auxin building blocks defining the embryo pattern

Genetic interference with auxin action in embryogenesis has two clear effects: changes in cell 
division plane and defects in cell identity (Hamann et al. 2002, Hardtke & Berleth 1998, 
Yoshida et al. 2014). Clearly, these two processes are connected as different cell types have 
unique cell division planes. Yet auxin action on each might also be direct and independent.

 Auxin-dependent reporters such as DR5 (Ulmasov et al. 2007), DR5v2 (Liao et 
al. 2015), DII-Venus (Brunoud et al. 2012) or R2D2 (Liao et al. 2015) indicate sites of 
accumulation and/or action in the embryo, while the biological significance is known only 
for some of these. Particularly the earliest auxin “maxima” have long remained unconnected 
to cellular responses. By generating a complete 4D reconstruction of Arabidopsis embryo-
genesis, including cell segmentation, it was suggested that the majority of the cell divisions 
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in the embryo occur according to a simple rule that is approximated by the shortest wall 
going through the center of the cell (Besson & Dumais 2011, Errera 1888, Yoshida et al. 
2014). However, some cells, most notably the hypophysis, deviate from this rule and divide 
asymmetrically (Yoshida et al. 2014). Strikingly, expression of the mutant iaa12/bdl protein, 
which cannot be degraded and constitutively inhibits ARF proteins (Hamann et al. 1999), 
caused a marked change to the 3D cell division pattern (Yoshida et al. 2014). Upon ARF in-
hibition, all cells divided according to the simple, shortest wall rule. Importantly, this auxin-
dependent control of cell division plane appears independent of cell identity regulation as 
differential cell specification only occurs after the normally asymmetric division (Scheres et 
al. 1994, Yoshida et al. 2014). Thus, through as yet unknown mechanisms, auxin influences 
cell division orientation away from a default rule.

 Differential establishment of cell identity is essential in plant shape and function 
and is a fundamental principle in pattern formation. The three major tissue identities; vas-
cular, ground and epidermal identity; are established during early embryogenesis with each 
identity following distinct cell division patterns and differentiation during subsequent de-
velopment (Figure 1) (Scheres et al. 1994). Likewise, precursors to the root stem cells and 
quiescent center (QC; its precursor is called hypophysis) are established early during em-
bryogenesis (Dolan et al. 1993, Schlereth et al. 2010, Weijers et al. 2006). At least some 
of these early patterning events depend strongly on auxin activity, notably involving the 
ARF5/MONOPTEROS (MP) transcription factor (Hardtke & Berleth 1998, Schlereth et 
al. 2010). Mutations in ARF5/MP impair vascular tissue and hypophysis development, and 
cause a rootless phenotype (Berleth & Jürgens 1993, Hardtke & Berleth 1998). In recent 
years, several direct transcriptional targets of ARF5/MP have been identified (De Rybel et 
al. 2013, Konishi et al. 2015, Schlereth et al. 2010), and these appear to mediate specific 
ARF5/MP functions. These can be loosely divided into genes affecting hypophysis division/

Figure 3: Auxin production, transport, reporter and output components in the early globular embryo. 
Colors indicate expression domains or localization of components according to accompanying keys.
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stem cell niche establishment and genes affecting vascular patterning.

 Hypophysis division and subsequent distal stem cell fate involves the basis helix-
loop-helix protein (bHLH) TMO7 (Schlereth et al. 2010) and the recently described NTT 
transcription factor (Crawford et al. 2015) . TMO7 is directly activated by ARF5/MP in 
provascular cells, but the protein moves to the hypophysis, where it contributes to the highly 
asymmetric division that generates the QC (Schlereth et al. 2010)(Figure 3). An analysis of 
the NO TRANSMITTING TRACT (NTT) protein and its two close homologs identified 
these as important mediators of auxin-dependent root formation (Crawford et al. 2015). 
Triple mutants of NTT and its two closest homologs (nww; ntt wip4 wip5) have hypophysis 
division defects and rootless seedlings, resembling the mp phenotype (Crawford et al. 2015). 
Furthermore, NTT expression in the hypophysis is absent in the mp mutant, indicating 
NTT functions downstream of MP. Given that ARF5/MP activity in the proembryo itself 
is sufficient for normal function (Schlereth et al. 2010, Weijers et al. 2006), it remains to be 
seen if NTT regulation by ARF5/MP is direct, or involves auxin action in the hypophysis 
itself. An interesting question is how the multiple ARF5/MP-dependent outputs converge 
upon hypophysis specification and division.

 Vascular patterning is regulated early on during embryogenesis by another MP 
target, TMO5 (De Rybel et al. 2013, Ohashi-Ito et al. 2013). This bHLH transcription 
factor is active in the (pro)vasculature, where together with its interaction partner LONE-
SOME HIGHWAY (LHW) it induces periclinal cell divisions (De Rybel et al. 2013, 2014a; 
Schlereth et al. 2010)(Figure 3). While the dimer has the ability to induce these divisions in 
other cell types, its function is restricted to the provasculature by the combined expression 
patterns of TMO5 and LHW (De Rybel et al. 2013). Recent analysis showed that these divi-
sions are induced through increased cytokinin signaling. Several of the dimer’s target genes, 
LONELY GUY 3 and 4 (LOG3 and LOG4), catalyze the final step of cytokinin biosynthesis 
resulting in a cytokinin maximum in the future xylem cells with diffusion to surrounding 
cells. Cytokinin signaling is however inhibited in these xylem cells by another direct target 
of the dimer: AHP6 (ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 
6) (Mähönen et al. 2006, Ohashi-Ito et al. 2014), resulting in maximal cytokinin signaling 
in the cells directly adjacent. In this way auxin and cytokinin signaling closely interact to 
control which cells divide and at what rate, shaping the vascular bundle. 

 This was confirmed in silico: a model containing only these genetic components 
and basic information on auxin and cytokinin dynamics was able to reproduce vascular 
pattern formation in the early embryo (De Rybel et al. 2014a). One additional component 
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was needed in the process: unequal distribution of auxin in the four provascular cells at the 
early globular stage. This underlines that seemingly minor differences in auxin signaling can 
have large developmental consequences. The results of this work indicate that only a small 
number of components is indispensable to create a complex pattern (De Rybel et al. 2014a).

The more the better, or enough is enough?

Auxin directs cell division orientation, vascular tissue formation and hypophysis establish-
ment, and likely several other developmental processes in the embryo. A key question is 
what the principal mode of action is. Conceptually, auxin could act similar to animal mor-
phogens, eliciting unique responses at discrete concentrations (Lawrence & Struhl 1996). 
Alternatively, auxin may trigger cellular responses above a certain concentration threshold, 
and cellular context defines the exact output. We here discuss this problem taking the speci-
fication of vascular tissue as an example. Can differences in auxin signaling between cells in 
the embryo alone control local establishment of vascular identity? 

 Throughout plant development, auxin levels strongly correlate with vascular identi-
ty (Bennett et al. 2014, Ohashi-Ito & Fukuda 2010). Classical experiments by Sachs showed 
that application of auxin results in the formation of new vascular bundles in competent tis-
sues (Sachs 1969). In leaves auxin signaling was repeatedly shown to precede the expression 
of vascular marker genes (Lee et al. 2014, Scarpella et al. 2010). Furthermore, a recent paper 
on graft formation showed that auxin signaling is necessary for and precedes the formation 
of new vascular bundles (Melnyk et al. 2015). Nonetheless, it is unknown whether a suf-
ficiently steep gradient of auxin signaling can be formed to allow only central cells of the 
embryo to become specified (Figure 1). Improved versions of auxin reporters now allow to 
semi-quantitatively assess the auxin signaling output on a single cell level (Liao et al. 2015). 
The DR5v2 reporter shows that the provascular, innermost cells indeed have slightly higher 
levels of auxin signaling (Figure 2B; Liao et al. 2015). However, while the provascular cells 
contain more auxin than the ground tissue cells, this difference is small. The question is 
thus how the auxin signal is read and processed such that only the four inner cells become 
provascular. At this point it is not known whether also ground tissue specification depends 
on auxin input, and if this represents a quantitatively different output.

 If an auxin signaling gradient indeed directly leads to different identities based on 
direct readout with identity-specific thresholds, then cells should be able to detect small dif-
ferences in auxin signaling. This appears possible, as slightly higher auxin levels in two out 
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of four provascular cells contribute to the formation of a xylem axis (De Rybel et al. 2014a). 
The molecular underpinnings of auxin signaling also suggest that small differences in auxin 
levels may be non-linearly processed. TIR1/AFB-Aux/IAA interactions depend on auxin 
level (Calderón Villalobos et al. 2012), ARF DBD dimerization allows high-affinity co-
operative DNA binding, and Aux/IAA-ARF interactions generate complex concentration-
dependent dynamics (Boer et al. 2014, Farcot et al. 2015, Korasick et al. 2014, Nanao et 
al. 2014). A difficulty in this model is that auxin signaling levels may only vary very little. 
While developmental control is generally strict and redundant, slight variation between em-
bryos should be expected.

 Alternative to a purely concentration-based mode of action, a single threshold level 
might result in vascular specification. Part of the response may then include cell-cell signal-
ing to either prevent neighboring cells from adopting vascular identity or promote ground 
tissue fate. Provascular cells engage in several cell-cell communication pathways. Transport 
of auxin and the TMO7 protein to the hypophysis both contribute to correct division of 
the hypophysis and are both induced by auxin-ARF5/MP signaling (Schlereth et al. 2010). 
Similarly, SHR is produced in the provascular cells and is translocated to the ground tissue 
(Nakajima et al. 2001). 

It will be interesting to determine which model best explains auxin action in embryo pattern 
formation. Key to our understanding will be the identification of more ARF target genes, 
as well as a detailed characterization of the auxin/ARF-dependent activation of such targets.

Conclusions 

The past few years have seen several important milestones in our understanding of pattern 
formation in the embryo, in particular in the action of auxin through controlling cell divi-
sions and cell identity. Auxin is produced at specific locations in the early embryo (Robert 
et al. 2013, Wabnik et al. 2013), with both efflux and influx proteins playing a crucial role 
in auxin distribution (Robert et al. 2015). Detailed insight in transcriptional auxin response 
was gained through identification of protein-protein and protein-DNA interactions and 
the unraveling of ARF and Aux/IAA protein structures (Boer et al. 2014, Dinesh et al. 
2015, Korasick et al. 2014, Nanao et al. 2014). Downstream of auxin signaling new factors 
were described that link auxin to vascular and stem cell niche development (Crawford et 
al. 2015) and to cell division via cytokinin signaling (De Rybel et al. 2014a), while factors 
controlling cell division plane remain elusive (Yoshida et al. 2014). Important questions 
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remain, particularly pertaining to whether auxin acts in controlling multiple cell fates in a 
concentration-dependent manner. Together with new tools for visualizing auxin and auxin 
signaling (Liao et al. 2015), these studies pave the way to understanding the diverse func-
tions auxin has in early development.
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Abstract

Vascular tissues perform essential functions in plant development; they are required for fluid 
transport and structural support. The study of vascular development has previously focused 
on cell proliferation, patterning and differentiation with less attention for the initiation of 
vascular bundles. In this chapter we use vascular marker genes to describe the specification 
of vascular identity in the early Arabidopsis embryo. Previously described vascular marker 
genes and new vascular marker genes reveal that vascular identity is initiated at dermatogen 
stage and that the initially diffuse identity becomes restricted to the vascular cells around 
transition stage. The initial vascular cells have unique identity characteristics that are not 
found in the adult plant; they co-express phloem and xylem markers and are surrounded 
by the expression of vascular inverse markers. The differences between root and embryo are 
not restricted to the vascular cells: genes expressed in other cell types also show discrepan-
cies between embryo and root. All in all, vascular identity is initiated during embryogenesis 
at dermatogen stage and while this identity is largely conserved post-embryonically, gene 
expression patterns reveal that certain traits are lost after early embryogenesis.
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Introduction

Vascular cells play a central role in land plant development. Land plants rely on the fluid 
transport by these cells for their growth, and the erect nature of plant structures is facilitated 
by the mechanical support provided by vascular bundles, which are located in the center of 
all plant tissues. Because of their key role in plant growth, the vascular tissues have been a 
popular field of study. Vascular research has focused on vascular differentiation (Kondo et al. 
2014, Rodriguez-Villalon et al. 2014, Yamaguchi et al. 2010), cell proliferation (De Rybel 
et al. 2014, Ohashi-Ito et al. 2014), patterning (Mähönen et al. 2000, 2006; Rodriguez-
Villalon et al. 2014) and the initiation of new vascular bundles (Donner et al. 2009, Kondo 
et al. 2016, Mattsson et al. 2003, Sachs 1969). During a plant’s life new vascular bundles 
are initiated with the formation of new tissues, such as lateral roots or leaves. However, 
new vascular bundles can also be induced independently of organogenesis in the event of 
grafting or application of exogenous auxin (Mattsson et al. 2003, Melnyk et al. 2015, Sachs 
1969). Thus, there are several developmental paths to establishing vascular tissue, either 
during regular development or as part of a response to injury. No matter the origin of the 
vascular tissue induction, it must start with the reprogramming of an undifferentiated or dif-
ferentiated cell type towards vascular identity. Strikingly, while later steps in vascular tissue 
establishment have been studied in some detail and key regulators have been identified, this 
first step of commitment towards vascular identity has remained elusive. One difficulty with 
defining vascular tissue specification and identifying its regulators is the often complex tissue 
context in which the specification occurs, and the lack of predictability of which cells will 
form vascular tissue (e.g. in grafts). Here, we use the early Arabidopsis embryo as a model to 
describe the molecular ontogeny of vascular tissue specification. The embryo is a relatively 
simple model in which identity specification is not accompanied by wound response or or-
ganogenesis. Through both lineage tracing (Scheres et al. 1994), and 3D reconstruction of 
embryo cells (Yoshida et al. 2014), it has become clear that 4 dedicated vascular precursors 
can be identified in the early globular embryo. Their identification however, has been prin-
cipally by their position, and a molecular characterization of the vascular lineage has been 
lacking. Cell identities are essentially a product of the genes that are expressed, and differ-
ences between cell types are reflected in unique expression patterns of lineage-specific genes. 
As such, cell identity can be described by the expression of a set of marker genes, unique to 
that cell type. Conversely, cell lineage ontogeny can be inferred from the dynamic expression 
of a set of such marker genes. Here, we aimed to describe the specification of vascular tissue 
identity in the early Arabidopsis embryo using a set of marker genes.

 A number of marker genes has been shown to follow vascular development in root 
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and leaf. The expression patterns of these marker genes at the time of vascular specification 
during embryogenesis is only known for a few. When we started this study, the expression 
patterns during early embryogenesis were reported for IQ-DOMAIN15 (IQD15; Möller et 
al. 2017), SOSEKI1 (SOK1; Yoshida et al. 2019), TARGET OF MONOPTEROS5 (TMO5; 
Schlereth et al. 2010), TMO6 (Schlereth et al. 2010), SHORT-ROOT (SHR; Möller et al. 
2017), WRKY17 (Möller et al. 2017), ZWILLE (ZLL; Moussian et al. 1998) and PHLOEM 
EARLY DOF1 (PEAR1)/DOF6 (Miyashima et al. 2019). Because most of these genes were 
initially identified due to their regulation by auxin (Schlereth et al. 2010), we additionally 
used the Arabidopsis embryo transcriptome atlas (Palovaara et al. 2017) to select potential 
vascular markers in an auxin-independent manner. Here, we describe the dynamic expres-
sion patterns of this panel of vascular-specific or vascular-enriched genes, and draw con-
clusions on the process of vascular specification during embryogenesis, on its timing, its 
specificity and its parallels to root development.

Results

Vascular identity is a diffuse trait in the early Arabidopsis embryo

Several vascular-specific genes have been used to track vascular identity in tissues such as 
root and leaf (Gardiner et al. 2010, Melnyk et al. 2015). To determine whether these genes 
also mark vascular tissue in the early embryo, we re-examined their expression patterns in 
detail. If these genes mark all vascular cells, expression is expected to start in the vascular 
initials at early globular stage. Surprisingly, we found that expression of many of these vas-
cular marker genes was not tightly restricted to the vascular cells. Here we show their root 
and embryo expression patterns according to their transcriptional reporters (except for SHR 
and TMO6 for which translational fusions were used). The vascular genes examined here 
are described starting with those least restricted to the first vascular cells in the embryo and 
ending with those whose expression is most specific.

 Least strict in their expression, timing-wise, were TMO5-LIKE1 (T5L1) and 
TMO6; their expression was not foud in the early globular (EG) embryo. T5L1 is a ho-
molog of the basic helix-loop-helix (bHLH) transcription factor TMO5 and contributes 
to vascular proliferation by stimulating cytokinin biosynthesis through the transcriptional 
activation of LONELY GUY 3 and 4 (LOG3/4) genes (De Rybel et al. 2014, Ohashi-Ito et 
al. 2014). TMO6 is a Dof transcription factor that also contributes to regulation of vascular 
proliferation (Miyashima et al. 2019). Both genes were identified as targets of auxin signal-
ing through the AUXIN RESPONSE FACTOR (ARF) MONOPTEROS (MP; Schlereth 
et al. 2010) during embryogenesis but we did not detect their expression in the vascular 
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cells of the EG stage embryo (Figure 1-1). T5L1 and TMO6 expression was first seen in the 
vascular cells of the late globular stage embryo.

Figure 1-1: Expression of established early vascular genes in root and early embryo. 
Genes are organized roughly from least (left) to most (right) specific in the embryo. For genes not yet 
vascular-specific at early globular stage, the first stage where expression is vascular-specific is included: 
late globular stage (EPM, PED1, T5L1, TMO6), transition stage (ZLL) or early heart stage (ATHB8, 
WOL). Transcriptional reporters are shown where available, translational reporters are shown for gSHR 
and gTMO6. Gene expression is in green regardless of fluorophore, magenta counterstaining is Propidium 
Iodide for root or Renaissance for embryo. Root scale bars represent 50 micrometer, embryo scale bars 
represent 10 micrometer.
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 In contrast, ARABIDOPSIS THALIANA HOMEOBOX8 (ATHB8) expression did 
commence earlier but showed a diffuse expression pattern at these early stages. ATHB8 is a 
procambial gene that is often used to track vascular identity in the leaf (Gardiner et al. 2010, 
2011). It is a member of the Homeodomain Leucine Zipper Class III (HD-ZIPIII) tran-
scription factor family and plays a role in vascular proliferation and differentiation (Baima 
et al. 2001). ATHB8 was also identified as a target of MONOPTEROS (MP)(Donner et 
al. 2009, Mattsson et al. 2003). We first observed ATHB8 expression at 8-cell stage in all 
cells of the proembryo (data not shown). At early globular stage expression shifted to the 
lower tier of the proembryo and the upper cell of the suspensor (Figure 1-1). Afterwards, it 
took several more divisions before, around heart stage, ATHB8  expression was confined to 
vascular cells.

 Vascular specificity during embryogenesis was reached earlier by WOODEN-LEG 
(WOL), ZLL, PEAR1 and DOF6. WOL encodes for a histidine kinase receptor for cyto-
kinin in vascular cells, and thereby controls the size and composition of the vascular bundle 
(Mähönen et al. 2000, Scheres et al. 1995). The ZLL protein is known to sequester Micro-
RNA156/166 (miR165/166) and thereby plays a key role in shoot apical meristem develop-
ment (Roodbarkelari et al. 2015, Zhou et al. 2015, Zhu et al. 2011). In addition, we know 
the ZLL expression domain since the Q0990 GAL4/UAS enhancer trap line, which confers 
vascular expression of GAL4 and the GAL4-responsive GFP, was found to be carry its insert 
upstream of the ZLL gene (Radoeva et al. 2016). PHLOEM EARLY DOF 1 (PEAR1) and 
DOF6 were identified as regulators of vascular bundle size (Miyashima et al. 2019). To-
gether with other Dof transcription factors they were shown to promote cambial divisions 
from the phloem poles. WOL, ZLL, PEAR1 and DOF6 were all four previously seen to play 
roles in vascular development and are expected to show vascular specific expression patterns. 
In the root and later embryonic stages these four genes were present exclusively in the vascu-
lar cells (Figure 1-1; Figure 1-2). However, at early globular stage all four were expressed at 
similar levels in the vascular and ground tissue precursors (Figure 1-1; Figure 1-2). One stage 
earlier, in the dermatogen embryo, we found that all 4 were expressed in the inner lower 
tier cells but not, or with lower expression levels, in the outer cells. Summarizing, these four 
genes already exhibit cell type specific expression at dermatogen stage but this specificity is 
not confined to the vascular cells until later stages.

 IQD15 and SOK1 are both enriched in the vascular cells at early globular stage. 
These genes were identified as targets of MP signaling in the embryo (Schlereth et al. 2010). 
Recent work indicates that SOK1 plays a role in cell polarity while IQD15 appears to play 
a role in auxin and calcium signaling (Wendrich 2016, Yoshida et al. 2019). At dermatogen 



35

Molecular characterization of vascular tissue ontogeny in the Arabidopsis embryo

3

stage both IQD15 and SOK1 are expressed in the inner lower tier cells (Figure 1-2; Figure 
1-3). After the periclinal division of these cells, the inner daughter cells show the highest 
expression levels, but fluorescence can also be found in the surrounding ground tissue cells. 
As such, these genes mark the vascular cells with their peak expression but are not exclusively 
present in the vascular cells until later in development.

Figure 1-2: Expression of established early vascular genes in root and early embryo. Full description at 
Figure 1-1.
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 The distinction between ground tissue and vascular cells was most clear in the 
expression domains of SHR and TMO5. SHR encodes a GRAS-type transcription factor 
which is transported to the neighboring ground tissue cells where it triggers division to form 
the endodermis and cortex layers (Nakajima et al. 2001). TMO5 encodes a basic Helix-
Loop-Helix (bHLH) type transcription factor that together with LONESOME HIGHWAY 
(LHW) coordinates cytokinin accumulation in the vascular cells, causing them to undergo 
periclinal divisions (De Rybel et al. 2014, Ohashi-Ito et al. 2014). We found that both genes 
were always expressed in a strictly vascular specific manner in the lower tier, showing no sig-
nal in surrounding cells (Figure 1-3). SHR and TMO5 were both expressed in the vascular 
cells at early globular stage. However, SHR expression started before that of TMO5: all EG 
embryos showed TMO5 expression in the upper inner cells but a large amount of these em-
bryos did not show TMO5 promoter activity in the lower vascular cells. This indicates that 
its activity in the vascular cells starts later during early globular stage and thus follows after 

Figure 1-3: Expression of established early vascular genes in root and early embryo. Full description at 
Figure 1-1.
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SHR, which is active in the vascular cells and in the upper inner cells in all EG embryos. At 
dermatogen stage, SHR and TMO5 are expressed but in the inner upper tier cells. This sets 
them apart from the other markers which all show expression in the inner lower tier cells.

 A unique expression pattern was seen for WRKY17. This transcription factor was 
found as a target of MP in the embryo but its function during embryogenesis remains un-
known (Möller et al. 2017). In the adult plant WRKY17 was shown to play a role in basal 
resistance to Pseudonomas (Journot-Catalino et al. 2006). WRKY17 was expressed broadly 
in the root meristem but in the embryo its expression was seen in all cells except for the 
vascular cells (Figure 1-3). We decided to coin this an inverse marker of vascular identity. Ex-
pression of WRKY17 is highest in the protoderm cells and absent from the vascular cells and 
the upper inner cells. This pattern was already found at dermatogen stage where WRKY17 
expression was lower in the inner cells compared to the protoderm.

 In summary, from this panel of established vascular marker genes, it appears that 
vascular genes are often first expressed in the inner cells of the dermatogen stage embryo. 
Subsequently, in the early globular stage embryo, most markers are not restricted to vascular 
cells. Expression then becomes restricted to the vascular cells within the next few cell divi-
sions. In addition, the first vascular cells co-express marker genes that later in development 
are strictly separated. In the root, DOF6 and PEAR1 are expressed exclusively in the phloem 
and TMO5 and T5L1 are only present in the xylem (De Rybel et al. 2013, Miyashima et al. 
2019), but in the embryo their expression patterns overlap. This unique identity is further 
underlined by the inverse marker WRKY17, whose pattern shows that some aspects of vas-
cular identity might change or be lost during subsequent development as its exclusion from 
the vascular cells is embryo-specific. In conclusion, this set of genes marks diverse aspects of 
vascular identity during embryogenesis. 

Novel vascular-enriched marker genes corroborate vascular origin and diffuseness

While the previously described vascular genes help us track vascular identity, this set of 
genes has several shortcomings. In addition to not only marking the vascular cells during 
embryogenesis, most vascular marker genes are known targets of auxin signaling through 
MONOPTEROS (MP). IQD15, SOK1, TMO5, T5L1 and TMO6 were all first investi-
gated because they are direct targets of MP. This leads to a biased view of vascular identity. 
More vascular genes are therefore necessary to describe vascular identity in a more precise 
and unbiased manner.
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 We used the cell type-specific embryo transcriptome atlas to select potential vas-
cular marker genes (Palovaara et al. 2017). This atlas was generated by Isolation of Nuclei 
TAgged in specific Cell Types (INTACT), followed by a comparison of transcripts from 
these tissue-specific nuclei to transcripts from all nuclei of the early embryo (Palovaara et al. 
2017). By comparing transcripts isolated from IQD15-expressing nuclei to those from either 
the entire embryo, or to those from other cell types, we selected genes whose transcripts were 
enriched in the first vascular cells. We then added transcriptomics data from embryo (Bel-
monte et al. 2013), root (Brady et al. 2007), leaf disk (Kondo et al. 2015), and graft junction 
(Melnyk et al. 2018) to select genes that were likely expressed during embryogenesis and 
during vascular development (Figure 2). 

Figure 2: Schematic overview of transcriptomic data sources used in the selection pipeline for poten-
tial vascular marker genes. 
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 These datasets were used in two steps. The first step was to select genes enriched in 
the vascular cells at dermatogen, early globular or late globular stage using the cell type-spe-
cific transcriptome atlas. For selection, a gene should be either enriched in the vascular cells 
compared to the whole embryo or enriched in the vascular cells compared to the ground tis-
sue cells. The second step was to add the additional four datasets. In this step a gene should 
be enriched in the target tissue of at least one of the four datasets. This method yielded 36 
potential marker genes for which we generated transcriptional reporters by fusing 1.5-3.3 kb 
of promoter sequence upstream of the start codon to a sensitive nuclear 3xGFP, and checked 
their expression in root and embryo (Table 1;Supplementary Table 4).

Table 1: Expression pattern overview of potential vascular marker genes in root and embryo. 
Schematic overview of the expression pattern analysis of 36 potential vascular marker genes. For simplicity 
only presence and vascular specificity of expression are indicated (O = no, X = yes).
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 Of the 36 genes that were examined, no signal could be found in root or embryo 
for 5 transcriptional reporters (Table 1). In addition, for 9 genes expression was seen in the 
root but not in the embryo (Supplementary Figure 1). For the remaining 22 genes, promot-
ers were active during embryogenesis and were further examined to determine their expres-
sion pattern during vascular tissue specification.

 Expression of ABI3, ATHB31, bHLH117 and MBF1C was absent in the root but 
could be found in the embryo. All 4 were expressed as early as early globular stage, but none 
were vascular specific at that stage or later in embryo development (Figure 3-1)(Table 1).

 18 other genes were expressed in both root and embryo. Of these, expression for 7 
was not vascular-enriched in the root. A20AN1, MYB44 and SR45A were expressed in all 
cell types of the root and this pattern was conserved in the embryo (Figure 3-2; Figure 3-3). 
In contrast, the genes DREB2A, GH17, HSP70 and MSS3 each showed cell type specificity 
in the root, but this specificity was not vascular. These four were expressed in the outer tis-
sues of the root: the columella and/or lateral root cap (LRC). For DREB2A and HSP70 this 

Figure 3-1: Expression of embryo expressed potential vascular marker genes in root and early embryo. 
Genes are organized as described in the main text, based on expression pattern: roughly from least (left) to 
most (right) vascular specific in the embryo. Expression of the transcriptional reporter is shown in green, 
magenta counterstaining is Propidium Iodide for root or Renaissance for embryo. Root scale bars represent 
50 micrometer, embryo scale bars represent 10 micrometer.
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specificity was not replicated in the embryo where we saw either random or broad expression 
(Figure 3-2; Figure 3-3). GH17 and MSS3 did also show cell type specific expression in the 
embryo. GH17 was present in the columella in the root and in the embryo was seen in the 
columella precursors. MSS3 was found in the columella and LRC of the root and in the em-
bryo was similarly expressed in the outer cell layer. However, two aspects of MSS3 expression 
stand out. Firstly, in the root MSS3 is also expressed in two vascular cell files away from the 
stem cell niche (SCN) (Figure 3-3). Secondly, MSS3 expression in the embryo is also present 
in the ground tissue. This means that during embryogenesis the MSS3 promoter is active in 
all cell types but the vascular cells, which means that MSS3 can be used as an inverse marker 

Figure 3-2: Expression of embryo expressed potential vascular marker genes in root and early embryo. 
Full description at Figure 3-1.
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of vascular identity during embryogenesis.

 Of the potential vascular markers selected, 11 genes showed vascular expression 
in the root. However, their embryo expression patterns were highly diverse. ANAC091 and 
HSFA2 are present in the root within the vascular cells and in some cells of the lateral root 
cap and columella (Figure 3-3). However, in the early embryo these genes displayed broad 
expression, indicating that the expression of these genes is not regulated in a vascular-specific 
manner in early development. The next two genes, ERF4 and CRK30 were expressed in the 
vascular cells and some surrounding cells in the root and a similar pattern was seen in the 
embryo where promoters of both were active in the future root stem cell niche, showing 

Figure 3-3: Expression of embryo expressed potential vascular marker genes in root and early embryo. 
Full description at Figure 3-1.



43

Molecular characterization of vascular tissue ontogeny in the Arabidopsis embryo

3

broader but similar expression (Figure 3-4; Figure 3-5). In contrast, the three other genes 
in this group showed clear differences in expression between root and embryo. In the root, 
HSP20 was expressed in the vascular bundle, starting at approximately the 4th cell from the 
QC (Figure 3-3). In the embryo, no vascular specificity was seen, expression started in seem-
ingly random cells around globular stage before becoming restricted to the future cotyledon 
regions. MYB112 and UNE10 displayed the most dissimilar patterns of expression between 
root and embryo (Figure 3-4). In the root these genes were expressed in the vascular cells 
but in the embryo they were expressed in different cell types: MYB112 in and below the 
hypophysis and UNE10 late in embryogenesis at the SAM-cotyledon boundary.  

Figure 3-4: Expression of embryo expressed potential vascular marker genes in root and early embryo. 
Full description at Figure 3-1.
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 The final four genes were the most specific to the vascular cells. AP2B3 and GATA20 
were both expressed exclusively in the vascular cells in the root and in the embryo they were 
strongly enriched in the vascular cells (Figure 3-5). However, AP2B3 expression was not vas-
cular-enriched until late globular stage. Thus, while it specifically marks vascular cells later, 
its expression is broad at the initiation of vascular identity. In contrast, GATA20 expression, 
which started at dermatogen stage, was at each stage specifically marking the vascular cells. 

 In addition to these conventional vascular marker genes, two more inverse vascular 
markers were identified. MEE45 and MIR171B were expressed in the vascular cells of the 
root but in the embryo showed the opposite expression pattern (Figure 3-5). Expression 

Figure 3-5: Expression of embryo expressed potential vascular marker genes in root and early embryo. 
Full description at Figure 3-1.
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of both genes was present in all cells except for the vascular cells and was strongest in the 
protoderm. As a result, MEE45 and MIR171B can be used as vascular marker genes during 
embryogenesis despite showing the opposite of what was expected based on the embryo 
transcriptome atlas and root expression.

 This set of reporter lines shows a variety of expression patterns in root and embryo 
from which we can infer general patterns. In general, gene expression patterns in the root 
seem to be poor predictor of the expression in the early embryo. If a gene is also expressed 
during embryogenesis, it often shows a broader expression pattern in the early embryo and 
some even show different cell type specificity. These new vascular genes also affirm that at 
dermatogen stage the inner cells have vascular identity. From the potential marker genes we 
selected 6 genes that can help describe vascular identity: MSS3, ERF4, AP2B3, GATA20, 
MEE45 and MIR171B. Not all vascular genes become restricted to the vascular cells at the 
same point in development and this set of genes reflects those findings.

Discussion

In this chapter, we set out to better describe vascular identity in the Arabidopsis embryo 
using transcriptional reporters of both previously identified and novel vascular genes. We 
found that expression of most genes was not limited to the vascular cells at the early stages 
of embryogenesis. In this chapter we use these findings to describe the development of vas-
cular identity over time. It should be noted however, that this broad pattern could also be 
the result of technical artefacts. We have examined the expression patterns of transcriptional 
reporters. While a promoter of 3 kb is generally more than sufficient to report genuine gene 
activity (Maher et al. 2018, Medford et al. 2007, Yu et al. 2016), additional factors includ-
ing regulation sites within or downstream of the gene and post-transcriptional modification 
can contribute to the localization of the transcript. However this is difficult to check as for 
most vascular markers no in situ hybridization data is present for the embryo, and when it 
is available this data closely corroborates the transcriptional reporter (Schlereth et al. 2010) 
or does not provide information on the earliest stages of embryogenesis (Baima et al. 1995). 
In addition, fluorophore stability could result in signal being present in daughter cells that 
themselves no longer have promoter activity. This could potentially explain low levels of 
fluorescence in the ground tissue cells for IQD15 and SOK1 after the periclinal division in 
the 16-cell stage, but is unlikely the cause for the level of fluorescence found in ground tissue 
cells for genes such as ZLL and PEAR1 (Figure 1). To circumvent this problem, it is pos-
sible to decrease fluorophore stability: adding destruction boxes can decrease GFP half-life 
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in mammalian cells from about 26 hours to about 5,5 hours (Corish & Tyler-Smith 1999). 
This would eliminate nonrelevant signal, but it would also reduce the reporter signal such 
that imaging in the embryo would likely become challenging. Finally, the broad embryo 
expression patterns seen for many of the new reporter genes could be caused by the method 
of selection. The embryo transcriptome atlas we based our selection on uses enrichment 
of transcripts in vascular nuclei compared to nuclei of the entire embryo (Palovaara et al. 
2017). Given that enrichment does not mean exclusive expression in vascular cells, selecting 
for vascular-enriched transcripts using this dataset therefore does not exclude genes which 
are present in more cell types in the embryo. The additional datasets we used to add vascu-
lar specificity did result in many reporters that were vascular-specific in the root, but this 
specificity was evidently often not shared in the embryo (Figure 3; Supplementary Figure 1). 
Lastly, the embryo transcriptome atlas used for selection of new marker genes is constructed 
using nuclear extraction (Palovaara et al. 2017). Recent work has highlighted the differences 
between nuclear and cytosolic transcripts, most notably the distribution of transcripts with 
different half-lives between the two compartments, with nuclear transcripts having on aver-
age shorter half-lives (Palovaara & Weijers 2018). As a result, genes with vascular specific 
transcripts in the cytosol were missed in our selection. Altogether, keeping in mind the 
limitations of transcriptomics data and transcriptional reporters, we believe that the genes 
we selected provide a good tool for tracking and understanding the development of vascular 
identity.

 Many of the vascular genes we looked at in this chapter start cell type-specific 
expression at dermatogen stage. At dermatogen stage these genes are expressed in the inner 
cells, most of them in the inner lower tier but several (SHR and TMO5) in the inner upper 
tier. The inverse markers for their part have reduced expression in the inner cells compared 
to the protoderm (Figure 1 and 3). This observation indicates that the gene expression pro-
gram that marks future vascular cells is first present one stage earlier than was previously 
reported based on lineage tracing (Scheres et al. 1994). This matches the results of Palovaara 
et al 2017 who performed GO term analysis on their embryo transcriptome atlas (Palovaara 
et al. 2017). This analysis showed that the inner lower tier cells at dermatogen stage closely 
resemble the vascular cells one stage later, but that the ground tissue cells have undergone 
significant changes, making them distinct from the inner lower tier and vascular cells. These 
findings suggest that the most central cells at any stage of Arabidopsis embryogenesis have 
(pro)vascular identity and that during embryogenesis ground tissue identity arises from vas-
cular identity. The presence of a large number vascular genes in surrounding cells at globular 
stage could reflect that after the initiation of vascular identity, further development and re-
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striction takes place until several divisions later, when vascular genes are no longer observed 
in ground tissue cells. These findings indicate that during embryogenesis, vascular identity is 
initiated at dermatogen stage after which vascular genes step by step become excluded from 
surrounding cells until identities are completely separated around transition stage. From a 
biological perspective it is plausible that one or several gradients first select the first vascular 
cells in a quantitative fashion but that feedback through gene regulatory networks is then 
needed to convert identity into a qualitative trait (Ashe 2006, Briscoe & Small 2015, Law-
rence & Struhl 1996, Turing 1952).

 The broad expression in the embryo of many genes that are vascular specific in the 
root could reflect the likely continuous process of vascular development in the embryo. It 
appears that identity is not laid down in one step but takes several steps before being strict 
and complete. However, the differences in expression patterns between root and embryo are 
larger than could be explained this way. While many vascular genes are simply expressed in 
additional cells early on, a large number of genes that are vascular-specific in the root are 
expressed in all cells of the embryo, showing no specificity (Figure 3). In addition, we now 
have four inverse vascular markers (WRKY17, MIR171B, MEE45, MSS3). Each of these 
is excluded from the vascular cells in the embryo but show unrelated patterns in the root. 
MIR171B and MEE45 are even present in what seem to be the opposite cell types in the 
root as compared to the embryo (Figure 3). It appears that the embryo is not simply a min-
iature version of the root. This is further underlined by several non-vascular markers that 
show different cell type specificity between root and embryo (SR45A, DREB2A, HSP20). In 
addition to these findings, the first vascular cells seem to have an identity that is unique to 
the embryo. These cells express both xylem (TMO5, T5L1) and phloem (DOF6, PEAR1) 
marker genes and thus have a mixed identity that is unique to the embryo. The differences 
between root and embryo we describe here do make it more difficult to extrapolate findings 
from one to the other but do better explain the development of vascular identity during 
embryogenesis.

 In conclusion we have added to the collection of genes that can be used to iden-
tify and track vascular cells. In addition, we show that vascular identity is first initiated at 
dermatogen stage and that the specification process is not complete until about transition 
stage. The development of vascular identity is likely started through signaling gradients at 
dermatogen stage but then likely takes several steps to become a specific trait, likely through 
feedback and feedforward regulation. With this increased understanding of the development 
of vascular identity we can now take steps to better understand its regulation.
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Material and methods

Plant material and growth conditions

Arabidopsis seeds were surface-sterilized and plated on ½ MS plates with or without antibi-
otic. After 2 days of stratification they were grown at 21 ºC under standard long-day (16:8h 
light:dark) conditions. If antibiotics selection was used seedlings were transferred to plates 
without antibiotics after 7 days of growth. After the appearance of the first true leaves the 
seedlings were transferred to soil and grown under the same conditions.

Reporter lines for DOF6, PEAR1 and TMO6 were previously published in (Miyashima et 
al. 2019). Transcriptional reporters for targets of MP: IQD15, SOK1, T5L1, TMO5 and 
WRKY17 were previously published (De Rybel et al. 2013, Möller et al. 2017, Schlereth et 
al. 2010). The reporters for ATHB8 and SHR were previously published (Donner et al. 2009, 
Nakajima et al. 2001). Reporters generated for WOL and ZLL using primers documented in 
Supplementary Table 4 reproduce previously described expression patterns (Mähönen et al. 
2000, Radoeva et al. 2016).

Cloning and plant transformation

Transcriptional fusion constructs were created by first amplifying 1.5-3.3 kb upstream of 
the start codon using Phusion Flash DNA polymerase (Phusion Flash PCR Master Mix; 
Thermo Scientific) and the primers listed in Supplementary Table 4. Promoter fragments 
were cloned into the pPLV04_v2 vector (De Rybel et al. 2011, Wendrich et al. 2015) using 
the Seamless Ligation Cloning Extract (SliCE) method (Zhang et al. 2014b). All constructs 
were confirmed by sequencing before transformation into Col-0 wildtype Arabidopsis plants 
by simplified floral dipping (De Rybel et al. 2011). 

Microscopy, selection and sample preparation

Sample preparation for imaging of roots consisted of a brief incubation of roots from 5-10 
day old seedlings in a solution containing 10 µg/ml propidium iodide (PI) for counterstain-
ing. For embryo imaging, ovules were isolated and embryos were squeezed out by applying 
slight pressure on the coverslip. Ovules and embryos were imaged in a solution containing 
10% glucose and 0,01% SCRI Renaissance Stain 2200 (R2200; Renaissance Chemicals, 
UK) for counterstaining. Expression patterns were deemed reliable if roots of more than 
3 transformants showed the same expression pattern after which embryo expression was 
checked for 2 lines with similar root expression.
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Confocal imaging was performed on a Leica SP5 II system equipped with Hybrid Detectors 
(embryos, roots) or on a Leica SP8 X SMD confocal microscope equipped with a hybrid 
(HyD) detectors and a pulsed white-light laser (roots). Both systems were used for the detec-
tion of GFP and PI which were excited at 488 and 514 nm, and detected between 500-535 
nm and 630-700 nm, respectively. On the SP5 system R2200 was visualized by excitation at 
405 nm and detection between 430-470 nm.
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Supplementary figure 1: Root expression patterns for potential vascular markers not expressed in the 
embryo. 
Expression of the transcriptional reporter is shown in green, magenta counterstaining is Propidium Iodide 
and scale bars represent 50 micrometer. Second picture of pPK2-n3GFP is higher up in the root.

Supplementary figures and tables
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Supplementary table 4: Primers used for cloning promoter fragments.
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Abstract

Auxin plays a central role in plant development, regulating a variety of processes throughout 
a plant’s life. Perhaps the most studied function of auxin is in initiating vascular develop-
ment. Auxin maxima correlate with future vascular development and exogenous auxin can 
induce ectopic vascular development in adult tissues. In this chapter, the role of auxin in in-
ducing vascular gene expression and vascular identity is investigated. We confirm that auxin 
treatment increases the promoter activity of vascular marker genes in the root but we find 
that this expression increase is limited to the vascular bundle. In the root auxin is thus not 
able to induce vascular identity outside its existing domain. This confirms previous findings 
that not all cells can be reprogrammed to vascular identity. This inability could be caused 
by the differentiated nature or limited auxin susceptibility of those tissues. To circumvent 
these limitations we ectopically expressed an unrepressable version of the MONOPTEROS 
(MPΔPB1) protein in the early embryo, increasing auxin signaling output in all cells of the 
embryo. This led to abnormal cell divisions in the protoderm but was not able to expand the 
expression domain of vascular marker genes, indicating that auxin signaling through MP is 
not sufficient for establishing vascular identity. However, we did confirm that auxin signal-
ing is necessary for establishing vascular identity. Blocking MP activity by the expression of 
the undegradable bdl in the vascular cells abolished expression of several vascular markers. 
However, vascular identity was not completely lost as reported by other markers. Thus that 
MP activity is required for the initiation of the complete vascular identity but that MP alone 
is not sufficient for this initiation. Other yet unknown factors are required for initiating 
vascular identity.
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Introduction

Auxin was one of the first plant hormones to be extensively studied, largely because of its 
pronounced effects on growth and development (Went & Thimann 1937). A strong link 
between auxin and vascular development has been described where auxin application to the 
stem of pea plants resulted in the formation of vascular bundles (Sachs 1969). This link was 
later underlined in many studies showing that auxin production and signaling are necessary 
for vascular development and that auxin maxima precede the formation of vascular tissues 
(Fukuda & Ohashi-Ito 2019, Scarpella 2017). Strong vascular defects were seen in mutants 
where the activity of one of the transcription factors mediating auxin response - AUXIN 
RESPONSE FACTOR5/MONOPTEROS (ARF5/MP) - was impaired, either because the 
locus was disrupted or because the ARF-inhibitor BODENLOS was prevented from auxin-
dependent degradation (Hamann et al. 1999, Hardtke & Berleth 1998). Thus, suppression 
of auxin signaling results in plants with vascular defects and high auxin is associated with 
vascular bundle formation. These findings indicate that auxin signaling, primarily through 
MP, is a key factor in vascular development. But it still remains an open question whether 
auxin response on its own is sufficient to confer vascular identity to non-vascular cells.

 The transcription of vascular genes is tightly connected to auxin activity. Several 
vascular-specific genes were identified as transcriptional targets of auxin signaling through 
MP (Möller et al. 2017, Schlereth et al. 2010), while others were identified for their in-
volvement in vascular development and later linked to MP activity (Donner et al. 2009). 
Although dependence on auxin signaling was not tested for all vascular marker genes, it ap-
peared that auxin signaling is a major driver of vascular gene expression.

 When auxin is applied to stems, vascular bundles are formed, but not all cells re-
differentiate to form vascular cells (Sachs 1991, 2000). Similarly, not all tissues and cell types 
are equally competent to undergo auxin-induced reprogramming. Wounding events such as 
grafting or root tip regeneration result in the formation of new vascular bundles, and as such 
wounding might aid reprogramming (Efroni et al. 2016, Jacobs 1952, Melnyk et al. 2015). 
However, even in wounded tissues, auxin signaling only triggers vascular development in a 
subset of cells. Which cells are susceptible to auxin-induced vascular development and what 
molecular factors contribute to this susceptibility remains to be discovered. In adult tissues, 
canalization of auxin appears to be the key step in focusing auxin signaling to a specific set 
of cells which form vascular bundles (Rolland-Lagan & Prusinkiewicz 2005, Sachs 1981). 
Canalization depends on polar auxin transport facilitated by PIN efflux proteins (Ga lweiler 
et al. 1998), and is responsible for the proper layout of the vascular network in the leaf. Thus, 
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canalization creates auxin maxima in specific cells which then adopt vascular identity. This 
brings up the question: what are the limits to the capabilities of auxin in inducing vascular 
identity?

 The tight correlation between auxin and vascular development is compromised by 
the fact that auxin triggers numerous other responses unrelated to vascular development. 
Auxin maxima do not precede only vascular development, they are also correlated with 
processes such as apical dominance, meristem maintenance and organ initiation (reviewed 
in Roosjen 2018). In addition, it is not just the maximum of auxin that is informative: in 
valve margin cells, an auxin minimum seems to inform cell identity (Sorefan et al. 2009). 
Therefore, it appears that different levels of auxin may have different effects on cell identity. 
These differences across plant tissues indicate that additional information is likely necessary 
to provide the context for establishing vascular identity. Given that in some contexts, vas-
cular development can be initiated by the application of exogenous auxin, it may override 
other developmental programs. 

 In this chapter, we explore the capacity of auxin signaling to induce vascular cell 
identity. In auxin-treated roots, transcription of vascular genes is increased but remains lim-
ited to the vascular cells. To limit confounding factors, we next turn to the embryo where 
the very first auxin maxima induce vascular identity and manipulate auxin signaling to de-
termine whether MP activity is necessary and sufficient in inducing vascular identity.

Results

Increased auxin levels do not induce ectopic vascular identity in the Arabidopsis root mer-
istem

Vascular development can be triggered in the stem by application of exogenous auxin (Sachs 
1969). Indeed, a large number of vascular genes was identified as targets of MP or of auxin 
signaling in general (Donner et al. 2009, Möller & Weijers 2009, Schlereth et al. 2010). To 
confirm that regulation by auxin occurs in large part via changes in transcription, transcrip-
tional reporter lines of vascular genes were tested for auxin-responsiveness. Roots from a 
panel of reporters (Chapter 3) were treated with 1 µM IAA for 1 hour after a pretreatment 
with the auxin transport inhibitor NPA to suppress transport and remove existing auxin 
maxima (Liao et al. 2015, Scanlon 2003). qRT-PCR was subsequently used to quantify 
the transcript level of the fluorescent protein, as a direct readout of promoter activity. Ex-
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pression of the sensitive primary auxin responsive gene GH3 was used as a control to con-
firm the effectiveness of the auxin treatment (Ulmasov et al. 1995). Compared to DMSO-
treated roots, IAA-treated roots showed a 7- to 37-fold increase in GH3 expression, which 
confirmed that auxin response was successfully induced (Figure 1A). Expression of a large 
number of vascular promoters was likewise induced by IAA treatment. Fluorescent protein 
transcript levels were increased in transcriptional reporter lines of ATHB8, ERF4, GATA20, 
PEAR1, T5L1, TMO5 and WRKY17 (Figure 1A). Induction was strongest for the ATHB8 
promoter: in the pATHB8-H2B-YFP reporter line, YFP transcript levels were increased 41-
fold upon IAA treatment. Expression of the other induced reporters was increased between 
1.4- and 4.5-fold (Figure 1A). In contrast, fluorescent protein transcript levels were not in-
creased in reporter lines for DOF6, IQD15, MIR171B and SOK1. This indicates that expres-
sion of these genes is not increased by high auxin levels. All in all, we find more than half of 
the tested vascular reporter lines have increased reporter expression in response to a 1-hour 
auxin treatment. However, several of these show only marginal increases in expression and 
four other vascular reporter lines show no increase in expression in response to auxin treat-
ment. This indicates that short auxin treatment increases expression levels of many but not 
all vascular genes.

 The next question is where in the root this increase in expression occurs. Is the 
induction of vascular genes limited to the vascular bundle, or can auxin treatment result in 
expansion of the vascular domain? Confocal microscopy of roots of each vascular reporter 
line revealed that prolonged auxin treatment (6 and 24 hours at 0.1 and 1 uM 2,4-D) was 
able to induce ERF4 expression outside vascular cells (Figure 1B). ERF4 expression was 
induced in the entire root apical meristem. This response is likely the result of the existing 
low activity of the ERF4 promoter in nonvascular cells in the absence of external auxin that 
is amplified upon auxin treatment. The other vascular genes showed no change in expression 
pattern in the root meristem in response to 2,4-D treatment. These other vascular reporters 
were vascular-specific and did not show any expression in non-vascular cells. In addition, we 
could not see clear increases in fluorescence levels in the vascular bundle either: the variation 
in fluorescence between root for most reporters was too large to draw definitive conclusions 
on the effect of auxin treatment on fluorescent protein levels. The largest increase of fluo-
rescence had been expected for ATHB8 whose transcript was induced 41-fold after 1 hour 
of IAA treatment. But surprisingly, little change in fluorescence was observed in the root 
meristem after 6 hours of 2,4-D treatment. This could be either because roots were observed 
later, whilst ATHB8 response had already declined due to feedback inhibition, or because 
ATHB8 expression was induced away from the meristematic zone where it was not observed. 
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Figure 1: Auxin treatment on roots and monitoring of vascular gene expression. 
(A) Normalized cDNA levels of fluorophores (purple) and GH3 (grey) in vascular transcriptional reporter 
lines after 1 h treatment with 1 µM IAA following pretreatment with NPA. Fluorophore cDNA detected: 
ATHB8, DOF6, PEAR1: YFP; ERF4, GATA20, IQD15, MIR171B, SOK1, TMO5, WRKY17: GFP; 
T5L1: tDT. (B) Vascular transcription domains before (left) and after (right) treatment with 2,4-D. The 
top 3 rows contain the 11 reporter lines used in (A) while the bottom row contains 3 additional vascular re-
porters, 2 of which are translational fusions. All roots were treated for 6 hours with 1 µM 2,4-D or DMSO 
except for pT5L1-tdT, pWRKY17-n3GFP and gTMO6-YFP roots which were treated for 17 hours with 
0.1 µM 2,4-D. Scale bar (top left) represents 50 µm in every picture.
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Irrespective of the scenario, auxin treatment was not able to stably expand the expression 
domain of vascular reporter genes in the meristem. The lack of domain expansion seen for 
most vascular genes could indicate either that cells in the root meristem are not able to gain 
a new identity or that the increased auxin levels are only effective in the vascular cells, where 
MP is expressed, and the ARFs expressed in other cell types can not induce the expression of 
vascular genes (Rademacher et al. 2011, 2012).

In the embryo, auxin levels and signaling are high in the vascular cells

Any time vascular tissues are initiated postembryonically, their initiation is preceded by the 
creation of an auxin maximum (De Rybel et al. 2016, Fukuda & Ohashi-Ito 2019, Sachs 
2000, Scarpella 2017). However it remains unclear whether it is the absolute amount, rela-
tive amount or flux of auxin that results in the initiation of vascular development. In the em-
bryo, it was recently shown that not just the auxin maximum provides information (Möller 
et al. 2017). When auxin signaling is blocked using the undegradable bdl not only known 
vascular genes but also markers of the adjacent ground tissue are repressed. However auxin 
levels and response in the ground tissue are significantly lower than those in the vascular cells 
(Figure 2B,D; Möller et al. 2017). This indicates that different relative levels of auxin could 
lead to discrete responses. 

Figure 2: Auxin levels and signaling output in the early embryo. 
Dermatogen (A,C) and early globular (B,D) stage embryos reporting the relative amount of auxin or auxin 
signaling per cell. (A,B) Relative amount of auxin signaling per cell output as reported by pDR5-n3GFP 
(left) or pDR5v2-ntdT (right). (C,D) Relative amount of auxin per cell as reported by R2D2. Left: over-
lay of signals from undegradable pRPS5A-mDII-tdT (red), degradable pRPS5A-DII-3xVenus (green) and 
Renaissance (white). Right: difference between DII signal and mDII signal per pixel. All images are stacks 
and all scale bars represent 10 µm.
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The vascular cells at early globular stage exhibit an auxin maximum, thus potentially provid-
ing the spatial information required for vascular cell specification. Since we now know that 
vascular identity is initiated one stage earlier (Chapter 3), we sought to confirm a similar 
auxin signaling maximum in the inner cells of the dermatogen stage embryo. Such a maxi-
mum was previously modeled and reported (Wabnik et al. 2013). However, we were unable 
to convincingly confirm increased auxin signaling in the inner cells at dermatogen stage us-
ing the ratiometric version of 2 D2’s (R2D2) to determine auxin levels and using the DR5v2 
reporter to measure auxin signaling output (Figure 2; Liao et al. 2015). R2D2 and DR5v2 
indicate no difference between inner and outer cells while the “classical” DR5 reporter does 
reveal slightly higher levels of signaling in the inner cells. This indicates that at the timepoint 
where vascular identity is initiated during embryogenesis, auxin is not necessarily providing 
spatial information via a local maximum. A temporal maximum could of course be more 
abrupt. This leads to the question as to what kind of information auxin signaling provides in 
the initiation of vascular development in the early embryo.

Ectopic MONOPTEROS activity across the embryo does not lead to ectopic vascular iden-
tity

Increased auxin levels in the root tip were not able to expand vascular identity to other cells. 
This could be because tissue identity is already fixed at this stage; because MP is not present 
outside the vascular domain; or because the competence to respond to auxin is limited. To 
circumvent such restrictions, we made use of an unrepressable MP protein (MPΔPB1) to 
ectopically activate auxin-responsive genes. Under normal circumstances, auxin levels and 
signaling are highest in the vascular cells of the early globular stage embryo (Figure 2). In ad-
dition, at this stage MP expression is strongest in the lower tier of the proembryo (Crawford 
et al. 2015, Rademacher et al. 2011). Because auxin treatment on embryos is difficult and 
MP expression is not uniform we instead aimed to directly induce auxin signaling output 
across all cells via increased MP activity. To see if MP activity is sufficient to confer vascular 
identity, a constitutively active version of MP (MPΔPB1; Krogan et al. 2012) was misex-
pressed in the entire embryo. Because this misexpression will cause developmental defects, 
it was achieved via two-component gene activation. A line containing a pRPS5A-GAL4 
transgene as well as a fluorescent vascular reporter, was crossed with a second line containing 
the UAS-MPΔPB1 transgene. The GAL4-dependent UAS promoter is only active in the F1 
embryo, where the promoter is broadly activated in the RPS5A expression domain (Weijers 
et al. 2001, 2003). Crosses of the same pRPS5A-GAL4 lines with Col-0 were performed as 



65

Auxin signaling is necessary but not sufficient for establishing vascular identity

4

Figure 3: Embryo-wide expression of MPΔPB1 does not alter vascular reporter expression. 
Embryos resulting from crosses between lines containing pRPS5A-GAL4 and a vascular reporter (rows) and 
either Col-0 plants (left column) or plants containing UAS-MPΔPB1 (right column). Stars mark altered 
divisions caused by MPΔPB1, ## indicates images that are stacks, all scale bars represent  10 µm.
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a control. Embryos with ectopic MP activity often showed altered division planes in epider-
mal cells and occasionally in the hypophysis (Figure 3, green asterisks). In these embryos, 
expression of vascular genes (GATA20, SHR, SOK1) remained restricted to the vascular cells, 
inverse markers were still expressed in the surrounding cells (MIR171B, MSS3, WRKY17) 
and the ground tissue marker OFP8 was still expressed in the ground tissue (Figure 3). Ex-
pression levels between embryos varied and as a result we could not determine with certainty 
if expression was higher or lower in the regular expression domains of these genes. Nonethe-
less, it is clear that ectopic MP activity was not able to induce expression of vascular genes 
throughout the embryo. It was able to cause changes in cell division orientation but did not 
lead to major cell identity defects, at least none observed until transition stage. Therefore we 
conclude that auxin signaling via MP activity is not sufficient for triggering vascular identity, 
even in young embryonic cells.

Blocking ARF/MP activity in vascular cells leads to reduced induction of vascular genes

If MP activity is not sufficient for initiation of vascular identity, is it required for vascular 
development? Previous studies have shown that mp mutants do not develop a root and lack 
expression of MP targets, and the roles of targets of MP in vascular proliferation and root 
apical meristem development have been studied intensively (De Rybel et al. 2014, Hardtke 
& Berleth 1998, Möller et al. 2017, Ohashi-Ito et al. 2014). Without MP activity, the vas-
cular bundle does not develop properl, but the question remains whether cells not acquire 
vascular identity, or if they acquire some but not all traits required for further vascular 
development. The non-degradable bdl protein can be used to block ARF/MP activity (Ha-
mann et al. 1999, Weijers et al. 2006a). Because bdl expression in the entire embryo leads 
to early developmental defects  (Rademacher et al. 2011, Yoshida et al. 2014), we selectively 
expressed bdl only in the vascular cells. By crossing lines containing a Q0990-GAL4; UAS-
erGFP transgene and a vascular reporter, with a second line containing UAS-bdl, we could 
observe the effect of blocking MP signaling in the vascular cells on vascular gene expression. 
Again, crosses of the same Q0990-GAL4 lines with Col-0 were used as a control. In these 
embryos, green fluoresence in the nucleus is provided by the vascular reporter, while green 
fluorescence in the endoplasmatic reticulum reports on Q0990 promoter activity. Embryos 
where bdl was present in the vascular cells sometimes showed altered ground tissue division 
orientation as previously reported (Möller et al. 2017; Figure 4, green asterisks). Inhibition 
of MP activity led to 96% (n=24) of the embryos lacking SOK1 expression. As SOK1 is a 
target of MP (Möller et al., 2017; Yoshida et al., 2019), this further confirms the repression 
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of MP activity. In Q0990>>bdl embryos, GATA20 expression is absent in about half (54%, 
n=13) of the embryos, but remains present in the other half, indicating that in many embry-
os, repression of vascular identity is incomplete. Expression of the inverse marker MIR171B 
remains mostly unchanged: in Q0990>>bdl embryos, expression gradients remained similar 
to those found in WT embryos (Figure 4). In 1 out of 16 embryos, MIR171B expression was 
seen in the vascular cells but this expression was still lower than in adjacent cells and thus 

Figure 4: Vascular expression of bdl partly represses vascular identity. 
Embryos resulting from crosses between lines containing Q0990-GAL4, UAS-erGFP and a vascular re-
porter (rows) and either Col-0 plants (left column) or plants containing UAS-bdl (right columns). For 
UAS-bdl crossed plants the dominant pattern is shown, if the nondominant pattern is abnormal this is also 
shown and marked with an arrow. Stars mark altered divisions caused by bdl, ## indicates images that are 
stacks, all scale bars represent 10 µm.
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maintained a gradient. The ground tissue marker OFP8 remained limited to ground tissue 
cells in most embryos, but could also be found at low levels in some vascular cells in 8% 
of embryos (n=24; Figure 4). This indicates that the mechanisms that separate vascular and 
surrounding cell identities depend in part on auxin signaling. In conclusion, MP activity is 
needed to initiate complete vascular identity but several vascular markers do show cell type 
specific expression even when MP activity is blocked in the vascular cells.

Discussion

Auxin is intimately linked to vascular tissue development, but direct and causal links remain 
questionable. Here, we manipulated auxin levels and signaling activity in the Arabidopsis 
root and embryo to determine whether auxin is necessary and sufficient in controlling vas-
cular development. In the root, short auxin treatment resulted in increased expression for 
the majority of vascular markers tested (Figure 1A). Among these, ATHB8 and TMO5 are 
confirmed direct targets of MP (Donner et al. 2009, Schlereth et al. 2010) and their promot-
ers respond as expected, with increased expression upon auxin application. Two other targets 
of MP, IQD15 and SOK1 (Möller et al. 2017, Yoshida et al. 2019), do not show increased 
expression after auxin treatment. Presumably, their induction occurred either before or after 
the 1-hour time point that was used. Oddly enough, several genes, which are normally not 
associated with high auxin were also induced: in the embryo, WRKY17 expression is low-
est in the cells with high auxin activity, while PEAR1 and GATA20 expression in the root 
is in the phloem cells, away from the high auxin containing xylem axis (Brady et al. 2007, 
Miyashima et al. 2019; Chapter 3). These findings show that expression domain is a poor 
predictor of auxin inducibility, at least after an 1-hour treatment.

 The auxin-inducibility of promoter expression appears to be limited to the exist-
ing expression domains of the genes tested here. Treatment with 2,4-D did not change the 
domains of expression of these vascular genes, indicating that auxin is unable to impose 
vascular identity within the root meristem. In addition, the increases in expression found 
with qPCR could not be observed when looking at fluorescence in the root. That difference 
was most striking for ATHB8, whose promoter activity was increased 41-fold after 1 hour 
of IAA treatment, but whose fluorescence readout appeared unchanged in root tips upon 
2,4-D treatment. This could be either because a different time point was chosen for observa-
tion, 6 hours instead of 1 - to allow for translation and folding of the fluorescent protein - or 
because expression was not induced in the root meristem but in the elongation or differen-
tiation zone. In addition, differences could be the result of the different treatments, cDNA 
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levels were measured after NPA treatment followed by 1 hour of treatment with IAA but 
fluorescence was observed after 6 or more hours of 2,4-D treatment. 2,4-D was used because 
it generally causes a stronger response due to slow degradation and lack of transportability 
(Eyer et al. 2016, Hošek et al. 2012). However 6 or more hours of 2,4-D treatment without 
NPA pretreatment could lead to different output, especially if transcriptional changes are 
caused by auxin flux instead of level, or if activation is transient. Of course, reprogramming 
of identity is expected to be a permanent output rather than a temporary change. Another 
confounding factor was the variation in expression levels between roots (about 20-40%), 
even in homozygous reporter lines. This made it difficult to draw conclusions on changes in 
expression level. The only clear change in root fluorescence was that of ERF4, whose expres-
sion was increased both in the vascular bundle and in surrounding cells. This is however 
not interpreted as a domain expansion as low levels of fluorescence were already observed 
in those cells before treatment. Taken together, it appears that in the root meristem auxin 
treatment can increase the level but not the domain of vascular gene expression.

 The inability of auxin treatments to trigger vascular identity in roots could be either 
because these cells are differentiated to such an extent that they cannot be reprogrammed, 
or because they are less responsive to auxin in general. In the root tip, MP is expressed in 
the vascular bundle (Rademacher et al. 2011) and while other ARFs are expressed in the 
neighboring cells, these might not be able to induce the same set of vascular genes. However, 
even within the vascular bundle, vascular gene expression domains were not expanded, genes 
expressed in the xylem or phloem did not become expressed in the entire domain of MP 
expression (Figure 1B).

 To circumvent the limitations of auxin treatment on a postembryonic tissue we 
instead focused on the output of auxin signaling at the stage where identities are first laid 
down: the early embryo. Relative amounts of auxin and auxin signaling were previously 
reported for early globular stage embryos (Möller et al. 2017) but not for dermatogen stage 
embryos, where we found vascular identity is originated (Chapter 3). Using sensitive auxin 
reporters we were not able to conclusively determine if auxin signaling in the dermatogen 
stage embryo formed a maximum in the inner cells (Figure 2A,C; Liao et al. 2015). A key 
question therefore remains whether this maximum is present and if auxin levels provide the 
spatial information that leads to vascular specification.

 Embryo-wide ectopic activity of MP resulted in changes in cell division orienta-
tion in the protoderm and hypophysis, which suggested that MP was indeed active in those 
cells. But these changes in division pattern were not accompanied by changes in cell identity 
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as reported by transcriptional reporters of several vascular genes. Expression of GATA20, 
SHR and SOK1  was still limited to the inner cells, while MIR171B, MSS3 and WRKY17 
were still expressed surrounding the inner cells (Figure 3). The opposite experiment, where 
MP activity in the inner cells was blocked by the expression of the bdl protein, showed that 
MP activity is needed to establish complete vascular identity. Reducing MP activity in the 
vascular cells led to abnormal divisions in the ground tissue and resulted in the loss of expres-
sion of some vascular genes. Expression of a target of MP, SOK1, was absent in almost all 
embryos when bdl was introduced. Other vascular markers indicated that the loss of vascular 
identity was not complete in all embryos. In addition, in several embryos the ground tissue 
marker OFP8 could even invade the vascular domain, indicating substantial transcriptional 
reprogramming. The (lack of ) changes in vascular gene expression in the embryo indicate 
that MP activity in the inner cells is needed to establish vascular identity but that MP 
activity in other cells is not able to induce complete vascular identity. Thus even early in 
embryogenesis, either not all cells have the necessary competence or additional signals are 
needed to induce vascular identity. This indicates that the lack of competence in postem-
bryonic tissues is not merely a result of age and differentiation, other properties and factors 
determine which cells can become vascular. The finding that tissue maturity is not always the 
limiting factor for vascular initiation is consistent with the finding that application of auxin 
to mature stems could induce vascular bundles (Sachs 1969, 2000). However, given that 
early embryonic cells are considered to have broad developmental potential in both plants 
and animals (Heidstra & Sabatini 2014), it is surprising that no ectopic vascular fate could 
be induced by MPΔPB1. 

 The finding that MP activity is not sufficient for vascular fate does indicate that an 
additional signal may be needed to trigger vascular identity. MP activity at early globular 
stage peaks in the vascular cells as these have the highest amount of auxin and could thus 
potentially provide spatial information. Auxin here could act as a morphogen in delimiting 
cell identity, but the presence of a second morphogen that results in a second, inverted sign-
aling gradient would cause a much more robust control of cell identity (Turing 1952). Such 
a second signaling gradient is hypothetical at present, and could take any shape: peptide, 
hormone, metabolite, output of mechanical stress or any other factor that can affect gene 
expression. Without knowing the kind of signal that is needed, its identification is challeng-
ing. Integration of signaling will most probably occur at the DNA where the output of auxin 
is mediated by ARFs such as MP. DNA-binding proteins such as transcription factors can 
provide a starting point to uncover the mechanisms that control vascular identity.
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Materials and methods

Plant material and growth conditions

Vascular reporter lines were obtained or generated as described in Chapter 3. Q0990-GAL4 
UAS-erGFP, pRPS5A-GAL4 and UAS-bdl lines were previously described (Rademacher et 
al. 2011, Radoeva et al. 2016, Weijers et al. 2003, 2006b) and UAS-MPΔPB1 seeds were a 
gift from Gerd Jürgens (Tübingen). After surface-sterilization, Arabidopsis seeds were plated 
on ½ MS plates. After 2 days of seed stratification plates were placed at 21 ºC under stand-
ard long-day (16:8h light:dark) conditions. After 2 weeks of growth seedlings were trans-
ferred to soil. Lines containing a GAL4 driver and a vascular reporters were generated via 
crossing and double homozygous F3+ plants were used for experiments. Homozygosity was 
confirmed by monitoring the segregation of fluorescence for Q0990-GAL4 UAS-erGFP 
and vascular reporters or by genotyping of the pRPS5A-GAL4 insert using primers listed in 
Supplementary Table 1.

RNA isolation and qRT-PCR

For expression analysis seedlings were grown for 5 days on ½ MS plates with mesh. Seedlings 
were then transferred to plates containing 10 µM NPA for 12 hours and subsequently placed 
on plates containing  10 µM NPA and 1 µM IAA. Roots were flash frozen in liquid nitrogen 
and ground using a Retch machine. RNA isolation was performed using TRIzol reagent 
(Invitrogen) and the RNAeasy kit (Qiagen). cDNA synthesis was performed on 0,5 µg total 
RNA using the iScript cDNA Synthesis Kit (Biorad). Each qRT-PCR reaction was per-
formed in triplicate using iQ SYBR Green Supermix (Biorad) and measured on a CFX384 
RT-PCR detection system. qBase software was used for data analysis and gene expression 
levels were normalized using CDKA and GAPC expression (Hellemans et al. 2008). Primers 
used for qPCR are listed in Supplementary table 1.

Microscopy and sample preparation

Reporter roots were moved to plates containing either 0.1 or 1 µM 2,4-D and imaged 6, 17 
and 24 hours later. Roots were counterstained using 10 µg/ml propidium iodide (PI) and 
imaged on a Leica SP8 X SMD confocal microscope equipped with hybrid (HyD) detectors 
and a pulsed white-light laser. GFP, YFP, tDT and PI were excited at 488, 504 or 561 nm, 
and detected between 500-535 nm, 525-600 nm, 570-600 nm or 630-700 nm, respectively. 
Embryos were imaged 4 days after crossing, for counterstaining they were briefly incubated 
in 10% glycose and 0,01% SCRI Renaissance Stain 2200 (R2200; Renaissance Chemicals, 
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UK). Embryos were extracted from ovules by applying slight pressure on the coverslip of 
slides containing ovules. Confocal imaging of embryos was performed on a Leica SP5 II sys-
tem equipped with Hybrid Detectors (embryos, roots). On this system in addition to GFP 
and YFP, the R2200 stain could be visualized by excitation at 405 nm and detection between 
430-470 nm. For embryos or roots of the same construct, the same settings were used for all 
pictures and to allow signal comparison no brightness or contrast adjustments were made.
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Supplementary information

Supplementary Table 1: Genotyping and qRT-PCR primers used in this chapter.
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Abstract

Vascular tissues play a central role in plant development. The search for regulators of this 
tissue has identified factors that play key roles in vascular proliferation and patterning but 
no genes whose mutants are defective in vascular initiation. Auxin signaling through the 
AUXIN RESPONSE FACTOR5/ MONOPTEROS has been shown to be key in the de-
velopment of vascular tissues but it is not sufficient for inducing identity. In this chapter 
we use a Yeast One Hybrid screen to search for candidate regulators that might contribute 
to the establishment of vascular identity during embryogenesis. Transcription factors that 
bind to and thus potentially regulate multiple vascular specific genes could be contributing 
to the regulation of vascular identity. After screening the promoter sequences of 16 vascular 
marker genes, we have used a rational selection pipeline to select 23 DNA-binding proteins 
as candidate regulators of vascular identity. Translational fusions reveal that 10 of these are 
present at the moment and location of vascular specification. These 10 are present in all cells 
of the proembryo, indicating that their activity, not protein localization could be the deter-
mining factor contributing to vascular regulation. An assay designed to determine the effect 
of individual candidates on vascular gene expression suffers from silencing of the vascular 
reporter genes but is successful in misexpressing SRDX-fused candidate genes which results 
in moderate phenotypes in adult plants.
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Introduction

The development of vascular tissues was a key step in plant evolution around 425 million 
years ago (Raven 2005). Mutant plants that are defective in vascular development are at a 
major disadvantage: if defects do not arrest growth they result in plants that are smaller and 
produce reduced offspring. Because of their central role in plant development, vascular tis-
sues have been the subject of intense study. The regulation of cell proliferation (De Rybel et 
al. 2014, Hirakawa et al. 2010, Miyashima et al. 2019, Ohashi-Ito et al. 2014, Vera-Sirera et 
al. 2015), vascular patterning (Etchells & Turner 2010, Fàbregas et al. 2015, Mähönen et al. 
2006) and differentiation (Baima et al. 2001, Rodriguez-Villalon et al. 2014, Yamaguchi et 
al. 2010) are each understood in some detail. In addition, the first step in vascular develop-
ment, the formation of new vascular bundles, is a major field of study. However, this process 
has for a large part been investigated during a plant’s postembryonic life. New vascular bun-
dles in adult plants emerge whenever new connections need to be formed and research has 
focused on vascular initiation in leaves (Donner et al. 2009, Scarpella et al. 2006) and the 
formation of vascular connections in graft junctions (Melnyk et al. 2015, 2018).

 The formation of new vascular tissues is strongly linked to auxin. The plant hor-
mone auxin is known to play a key role in vascular development and often precedes the 
formation of new vascular tissues (De Rybel et al. 2013, Donner et al. 2009, Melnyk et al. 
2015, Sachs 1969). Application of exogenous auxin to receptive tissues can also induce the 
formation of vascular tissue (Sachs 1969, 1991). As a result, auxin is thought to be essential 
and sufficient in initiating vascular tissues. However, in Chapter 4 we have shown that 
blocking auxin signaling in the future vascular cells of the early embryo does not completely 
prevent expression of vascular identity markers. In the reverse experiment, high auxin lev-
els in the root or ectopic activity of AUXIN RESPONSE FACTOR 5/MONOPTEROS 
(ARF5/MP) in the embryo was not able to confer vascular identity characteristics to other 
cells. These findings suggest that while auxin signaling is a key player essential in vascular 
development, it is not sufficient to instruct vascular identity. This is further underlined 
by the diverse roles auxin plays in development: it appears that auxin can trigger a variety 
of processes but relies on additional pathways for creating receptive tissues and specificity 
(Sachs 2000).

 Next to auxin signaling, it is likely that there are additional regulatory pathways that 
control the initiation of vascular development. Our goal is to find such additional regula-
tors. Most probably, such regulators act either in parallel to or together with auxin signaling 
pathways. Integration of signaling is likely to occur at the DNA, where most downstream 
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effects are regulated. We expect that transcription factors or other DNA-binding proteins are 
the next step in unraveling the mechanism of vascular specification.

 To search for regulators of vascular identity, the set of vascular marker genes estab-
lished in Chapter 3 was used. A Yeast One Hybrid screen was performed to test protein-
DNA interactions between vascular promoters and DNA-binding proteins. 16 bait yeast 
strains were created to be screened against a collection of 2037 unique prey. After perform-
ing Yeast One Hybrid experiments we selected candidate regulators of vascular identity and 
tested if they could meet the base requirements of regulating vascular identity: timing, loca-
tion and function.

Results

A Yeast One Hybrid screen identifies hundreds of transcription factors that can bind vascu-
lar promoters

An enhanced Yeast One Hybrid (eY1H) screen was performed to find candidate regula-
tors of vascular genes. Using a semi-automated approach, thousands of transcription factor-
promoter interactions could be screened efficiently (Gaudinier et al. 2011, Reece-Hoyes et 
al. 2011). From the vascular genes tested in Chapter 3, 16 vascular promoters were selected 
to be screened: 12 vascular genes that had been previously used to mark vascular cells and 4 
newly identified vascular genes (Table 1). Using a custom collection we screened these vas-
cular promoters against a collection of 2037 transcription factors and other DNA-binding 
proteins (Figure 1)(Supplementary Table 1). On average each promoter interacted with 77 
proteins in the screen (Table 1). Of the 16 promoters, 13 screened well in both the LacZ 
and His3 test but 3 promoters (DOF6, IQD15 and WOL) did not show any activation in 
the LacZ assay. As a result, less interactors could be identified for these promoters and they 
are dissimilar in interaction number and pattern (Table 1).

 From the individual interactions recovered in the eY1H screen, an interaction net-
work was constructed. The network with all 16 promoters contained 397 transcription fac-
tors that bound to one or more vascular promoters in 1228 interactions (Figure 2). In the 
network overview in Figure 2-1, the transcription factors in the network are grouped by 
outdegree (the number of promoters bound by each transcription factor). Transcription fac-
tors binding to one promoter are on the periphery near their target while those that could 
bind to multiple promoters are in the center, grouped by their outdegree. A high outdegree 
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could be indicative of preference for vascular promoters but could also indicate promiscu-
ity. Certain transcription factors can bind to numerous promoters and are found in a large 
number of unrelated eY1H screens (Brady lab; Gaudinier et al. 2018, Sparks et al. 2016, 
Taylor-Teeples et al. 2015). These transcription factors are unlikely to specifically regulate 
vascular genes. To test whether the transcription factors that bind to many vascular promot-

Figure 1: Schematic overview of Yeast One Hybrid method. After generation of bait and prey yeasts in 
different yeast strains, a and α (Top), mating was performed for each promoter-transcription factor (TF) 
combination. Diploid yeasts containing both promoter and (TF) constructs were then used to check inter-
actions. TF binding to a promoter will lead to the activation of the LacZ and His3 reporter gene (Middle). 
This activation was tested using an Xgal assay and growth on 3AT (3-amino-1,2,4-triazole) and interactions 
were called if both duplicates for each interaction were positive in either of the tests (Bottom).
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ers do so in a specific manner the frequency with which each transcription factor bound to 
promoters in unrelated screens was visualized (Figure 2-2). From this it appears that the ma-
jority of the transcription factors that can bind to a large number of vascular promoters, do 
so in a vascular-specific manner. Finally, visualizing the family to which each protein belongs 
reveals some interesting properties (Figure 2-3). For some families, their members show a 
strong preference for certain promoters: the WRKY17 promoter is bound by a large num-
ber of GATA transcription factors and the TARGET OF MONOPTEROS LIKE1 (T5L1) 
promoter similarly by MYB transcription factors. These properties are specific to these pro-
moters and do not inform us on the regulation of vascular identity. In contrast, members of 
other families (GeBP, Trihelix) can bind to many different vascular promoters, this could be 
of interest in identifying regulators of vascular identity. In general, within the network some 
transcription factor families are significantly overrepresented (G2-like, GATA, MYB) while 
others are underrepresented (bHLH, CO-like, MADS; Figure 3A). This could reflect either 
differences in ability to bind in eYIH experiments or differences in preference for vascular 
promoters. In the latter case, members of these families could play a role in identity regula-
tion. 

Table 1: Vascular promoters screened using Yeast One Hybrid. 
Locus and name of each of the 16 promoters screened. Per promoter the number of interactors found is 
indicated. Promoters of IQD15, DOF6 and WOL have lower numbers of interactors as they showed no 
activation in the Xgal assay.
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Figure 3: Analysis of transcription factor family enrichment, promoter clustering and feedforward 
loops. 
(A) Analysis of transcription factor family enrichment or depletion in the network compared to the entire 
TF collection. P-values were calculated using a hypergeometric test. Enriched (light grey) or depleted (light 
blue) families are marked. (B) Dendrogram resulting from hierarchical clustering of promoters by inter-
actor set. Branch length indicates distance/similarity in interactor set. Two promoters from an unrelated 
screen (TCA1/2) were included as an outgroup. (C) Feedforward loops in the network. Three promoters 
screened were also active as TF in the network Y binding to another promoter Z, creating feedforward loops 
when these two were also regulated by the same upstream TF X. Not all feedforward loops are shown, only 
those involving an upstream TF X that was in the initial selection of 50 TFs.
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 Next, we focused on the promoters. Clustering based on their interactors resulted 
in several unexpected associations (Figure 3). IQD15, DOF6 and WOL were excluded from 
clustering because of their lack of LacZ activation and low number of interactors. The re-
maining 13 promoters could be divided into three groups with the promoters of T5L1 and 
TMO6 being outliers. These two promoters end up outside the three groups and instead 
more closely resemble the two unrelated TCA cycle (also citric acid cycle) promoters that 
were included as an outgroup (Li and Tang, unpublished)(Figure 3B). This finding under-
lines an observation made in Chapter 3: the T5L1 and TMO6 promoters did not mark the 
earliest vascular cells but instead become active later, at late globular stage. In addition, the 
clustering was expected to reveal differences between the vascular specific and vascular in-
verse promoters, as these have opposite expression patterns in the embryo. However, neither 
the network nor the clustering revealed such differences. The promoters of WRKY17, MSS3 
and MIR171B were bound by a similar set of transcription factors compared to the rest of 
the promoters and as such do not form a separate group in the clustering. 

 A third observation is that the network contains several promoters involved in 
feedforward loops (Figure 3C). These network structures arose because three of the pro-
moters that were screened also had a corresponding transcription factor in the database 
that could bind to another promoter. The DOF6 protein could bind the TMO6 promoter, 
the GATA20 protein interacted with the ZLL promoter and the ERF4 protein bound to 
the TMO5 promoter (Figure 3C). Each of these combinations was in addition bound by 
transcription factors that bound to both promoters, this resulted in many feedforward struc-
tures. Interestingly, the three target promoters in these structures (TMO6, ZLL, TMO5) are 
all grouped in the minor groups of the promoter clustering (Figure 3B).

 Summarizing, using enhanced Yeast One Hybrid screening we identified 397 tran-
scription factors that can bind to one or more of the 16 vascular promoters. The overall net-
work and clustering of promoters based on their interactions reveals that vascular promoters 
have a large amount of their potential interactors in common and that vascular specific and 
vascular inverse markers have highly similar interactors. 

Rational selection of candidate regulators of vascular identity from the eY1H network

The goal of performing the eY1H screen was to find regulators of individual vascular genes 
but more importantly, to identify transcription factors that could regulate a large number of 
vascular genes and as such, vascular identity. We next aimed to select transcription factors 
from the network that could be regulators of vascular identity during embryogenesis. The 
selection process, which consists of two phases, is described below.
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 In the first phase, transcription factors were selected that met the base requirements 
for being a candidate regulator. These requirements were:

- Outdegree of 4 or more

- ‘False positive score’ of 8% or lower

- Expression in the early globular stage embryo

 The first requirement ensured that all transcription factors selected could bind to at 
least 4 of the 16 promoters screened, because a regulator of vascular identity is expected to 
interact with multiple vascular promoters. The ‘false positive score’ requirement was based 
on data from previous screens using the same transcription factor library (Li and Tang, 
unpublished; Gaudinier et al. 2018, Sparks et al. 2016, Taylor-Teeples et al. 2015). Several 
transcription factors bind to a large number of the promoters, not just in this set of screens, 
but in all Yeast One Hybrid screens. As the goal was to identify vascular-specific regulators, 
the most ‘sticky’ transcription factors should be excluded. Lastly, only genes expressed in 
the early globular stage embryo were considered, since we searched for transcription factors 
that can regulate vascular identity around this stage. This criterion was not strict: in a wild 
type early globular stage embryo the transcription factor should be expressed in the top 
80% based on the data available. By excluding the bottom 20% proteins not expressed at 
this stage were eliminated. This filtering step narrowed the list of transcription factors down 
from 397 to 50, for these 50 it was possible to perform more detailed scoring. 

 The next phase in selecting candidate regulators of vascular identity was to use 
binding and transcriptomics data to find transcription factors that might play a role in 
the development of vascular identity. For this purpose a scoring matrix was designed that 
weighed data from different sources to rank the 50 remaining transcription factors according 
to their likelihood of regulating vascular identity. In the scoring matrix each transcription 
factor was assigned points based on a combination of eY1H and transcriptomics data instead 
of eliminating candidates for not meeting one of the conditions (Figure 4). 

 First, each transcription factor was awarded points based on the number of pro-
moters it could bind to in the eY1H screen: the higher the amount of promoters it bound, 
the more points awarded (‘Outdegree’; Supplementary Table 2). Apart from the number of 
promoters bound, it was also significant with which of the promoters a transcription factor 
interacted. To select transcription factors that could regulate the breadth of vascular identity, 
points were also scored for the diversity in promoters bound (‘Binding pattern’; Supplemen-
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tary Table 2). This diversity was determined by looking at (1) the expression pattern of a pro-
moter in the embryo and (2) the clustering of promoters based on their interactors. Binding 
to more restricted expression patterns and binding to promoters dissimilar in interactor set 
were prioritized. In addition to the eY1H, available DAPseq data (O’Malley et al. 2016) was 
used to check if each transcription factor could bind to vascular promoters in a different 
experimental setup. Unfortunately, this information was only available for several of the can-
didates (‘DAPseq’; Supplementary Table 2). In addition to binding data, we used expression 
data to select transcription factors that were predicted to be expressed during embryogen-
esis and in vascular cells. To determine if a transcription factor was likely expressed during 
embryogenesis, transcriptomics datasets on isolated wildtype embryos was used (‘Embryo 
transcriptome’; Supplementary Table 3; Möller et al. 2017). Here these datasets could be 
used to estimate if a transcription factor was expressed at the moment of characterization. 
Because in Chapter 3 we found that vascular identity is first present at dermatogen stage, 
we used data from 8-cell, dermatogen and early globular stage embryos as we expected regu-
lators of vascular identity to be expressed around these stages. In addition, the expectation 
was that a regulator of vascular identity could be expressed in vascular and adjacent cells but 
that ubiquitous expression was unlikely. Therefore, the embryo expression atlas was used 

Figure 4: Schematic overview of the procedure to select candidate regulators of vascular identity. 
Starting with 50 transcription factors (TFs) that met the criteria for the initial cutoff (lef ’), each TF was 
then scored according to 7 characteristics. These scores were combined then ranked in four separate totals. 
The final selection of 20 candidate regulators was based on the average of the four rankings (right).



88

Chapter 5

5

Figure 5: Network characteristics of the 23 candidate regulators of vascular identity. 
(A) The complete network with the 23 selected transcription factors and interactions marked in dark blue. 
(B, C, D) Partial overview of the network, containing only the 23 selected TFs and 16 promoters. Nodes 
are colored according to TF family (B), Outdegree (C), or False Positive Rate (D).
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to score embryo expressed transcription factors that showed enrichment in the provascular 
cells (‘Embryo atlas transcriptome’; Supplementary Table 3; Palovaara et al. 2017). Lastly, 
transcriptomics datasets on postembryonic tissues were used to select genes expressed in 
general vascular development: the root map transcriptome was used to score root vascular 
expressed genes (‘Root map transcriptome’; Supplementary Table 4; Brady et al. 2007) and 
the leaf disk transcriptome was used to select genes expressed during reprogramming of leaf 
cells (‘Leaf disk transcriptome’; Supplementary Table 4; Kondo et al. 2016).

 To prevent a single characteristic from dominating the scoring outcome, four dif-
ferent scores were calculated: all categories combined; all binding categories; all embryo 
categories; and all vascular categories. The 50 transcription factors were ranked according 
to each score separately and finally an average ranking was used for the selection of the 20 
highest ranked transcription factors overall (Supplementary Table 5). Afterwards 3 more 
transcription factors were added that could bind to vascular specific promoters but to none 
of the inverse promoters (bZIP4, ERF15, ATHB34).

 The 23 transcription factors that were selected as candidate regulators of vascular 
identity could be found in different columns of the degree-organized network (Figure 5A). A 
closer look reveals that the selection contains transcription factors from 11 different families 
with the bZIP (5) and GeBP (4) families contributing the largest numbers of candidates 
(Figure 5B). In addition, candidates can bind many of the vascular promoters but do not 
indiscriminately bind in all eY1H screens, this results in a high outdegree and low ‘False 
positive rate’ (Figure 5C, D). We next characterized this core set of 23 candidate regulators.

10 Candidate regulators of vascular identity are present in all cells of the early embryo

In order to play a role in establishment of vascular identity, a candidate regulator needs to 
be present in the correct location at the correct time. To determine whether each candidate 
regulator was present at vascular specification, translational fusions were generated for each. 
The genomic fragment including a 2.1-3.0 kb promoter was C-terminally tagged with YFP 
and protein localization was checked in root and embryo.

For 20 of the 23 transcription factors, a translational fusion was successfully cloned and of 
these 20, 10 transcription factors were observed at the moment and location of vascular 
specification. Another five were not expressed at all during embryogenesis: RAP2.11, ERF15 
and bZIP4 could not be observed in any of the roots or embryos screened. WRKY44 and 
AT3G12730 were observed in the root but the protein was not found in the embryo (Sup-
plementary Figure 1). Another five transcription factors were confirmed to be present during 
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embryogenesis but not at the correct time or place to be involved in vascular specification. 
The CUC2 protein was not present until heart stage where it was present in the future shoot 
apical meristem (Supplementary Figure 1). DEWAX was observed early on during embryo-
genesis but there was no consistent pattern of expression, the protein was seen in single cells 
in an apparently random pattern. bZIP44, bZIP11 and GeBP were present starting before 
specification but their presence was limited to the suspensor at the moment of vascular 
specification (Figure 6-1;Figure 6-3). GeBP expression did later expand to the proembryo 
but not until after vascular specification. The remaining 10 transcription factors were pre-
sent in the proembryo at the moment of vascular specification. All 10 were present in the 
nuclei of all cells of the proembryo and in some cases in the suspensor as well. None of the 
transcription factors showed either enrichment or depletion in the vascular cells compared 
to the rest of the embryo (Figure 6). With the exception of AT3G53680, all 10 proteins 
had similar expression levels in all cell types observed in root and embryo. AT3G53680 was 
expressed only in several vascular cells close to the QC in the root, but no cell type specificity 
or enrichment was seen in the embryo (Figure 6-2).

 Translational fusions showed that the majority of the candidate transcription fac-
tors were present homogeneously in the nucleus, only excluded from the nucleolus, but the 
four members of the GeBP transcription factor family showed abnormal localization. They 
were present in spots in the nucleus, similar to previous observations in tobacco (Figure 6; 
Curaba et al. 2003). Each nucleus contains approximately 4-8 spots of protein but because 
of the low amount of fluorescence, the exact number could not be determined. For two 
other candidates: GBF1 and GBF2, previous reports had suggested that protein localization 
depends on exposure to light (Terzaghi et al. 1997). The proteins were reported to move 
into the nucleus upon exposure to light. However, both in the embryo and in the root and 
hypocotyl of dark grown seedlings, GBF1 and GBF2 were found exclusively in the nucleus 
(Figure 6-3; Supplementary Figure 2).

 Summarizing, 10 of the 20 transcription factors for which translational fusion lines 
were created could be found at the moment and location of vascular specification during 
embryogenesis. All 10 were broadly expressed in the embryo with none showing either pro-
tein enrichment or depletion in the vascular cells. Thus, 10 of the selected transcription fac-
tors are in the correct location at the critical time to regulate vascular identity. An important 
question is whether they can regulate the expression of vascular genes.
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Figure 6-1: Protein localization of the candidate regulators in root and embryo. 
In each panel localization in the root is shown at the top, followed by localization in dermatogen stage, early 
globular stage and one later stage. For dermatogen and early globular stage, false color images (fire LUT) 
are included to show the homogeneity in expression level across cell types. ## Indicates where zstacks are 
shown, scale bar indicates 50 µm in roots or 10 µm in embryos. (1) Protein localization of the 4 members 
of the GeBP family in the selection: GEBP, GLP3, STKL1 and STKL2. 
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Misexpression of candidates fused with SRDX results in mild phenotypes and reporter si-
lencing

To investigate the function of the candidate regulators and to test their ability to bind vascu-
lar promoters, each candidate was fused to an SRDX motif and misexpressed in meristems. 
The SRDX motif confers transcriptional repression activity, and can act as dominant-nega-

Figure 6-2: Protein localization of the candidate regulators in root and embryo. 
(2) Broad protein localization of 5 candidate regulators.
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tive when misexpressed (Hiratsu et al. 2003). By introducing this misexpression construct 
into a line containing two vascular transcriptional reporters it was possible to determine 
changes in vascular gene expression. The parental line used for this experiment contained 
a single transgene insertion with two transcriptional reporters: pTMO5-tdTomato and 
pWOL-sYFP (Figure 7E). In addition it contained a pRPS5A-GAL4 driver. Constructs 

Figure 6-3: Protein localization of the candidate regulators in root and embryo. 
(3) Protein localization of 5 candidate regulators.



94

Chapter 5

5

with each candidate regulator, fused to SRDX, and driven by the UAS promoter, were trans-
formed directly into the parental line but also into a wildtype, Col-0, in case misexpression 
would cause lethality and no transformants could be recovered. The expectation was that 
if a candidate regulator could bind to either the TMO5 or WOL promoter or to both, the 
fluorescence signal would decrease. This would enable quick screening to be followed up by 
expression quantification.

 Misexpression of SRDX fused candidates did not cause major growth defects dur-
ing the seedling stage but for several candidates the misexpression resulted in phenotypes 
such as changes in leaf shape and in some cases reduced size and fertility (Figure 7A-D; data 
not shown). These findings indicate that the transcription factors were misexpressed but did 
not severely deregulate vascular development. Adult phenotypes were often accompanied by 
reduced tdTomato and YFP expression in the root, as was expected for transcription factors 
binding to vascular promoters. However, a much higher incidence of reduced expression 
was found than was expected. A larger portion of T1 roots for each candidate had reduced 
fluorophore levels. Oddly, pWOL-YFP signal appeared linked to pTMO5-tdTomato sig-
nal: roots either had normal YFP levels but reduced tdTomato signal or both signals were 
decreased. No roots with normal pTMO5-tdTomato and reduced pWOL-YFP signal were 
found. In the next generation, the offspring of parents with reduction of only tdTomato sig-
nal included both roots lacking only tdTomato signal and roots lacking tdTomato and YFP 
signal (Figure 7G).

 To confirm that our results were caused by changes in vascular gene regulation and 
not an artefact, negative control constructs were created using 4 transcription factors that 
were unlikely to regulate vascular genes: MGP, WER1, MUTE and SEP3. Surprisingly, in-
troduction of these SRDX-fused candidates also resulted in fluorescence reduction (Figure 
7F). Subsequent qPCR on homozygous T3 seedlings of SRDX-fused candidates containing 
plants confirmed that the reduction of fluorescence was not accompanied by reduction in 
endogenous gene expression (Figure 7H). While the candidate gene was misexpressed com-
pared to the parental line, endogenous vascular genes including TMO5 and WOL were not 
misregulated.

 Thus, while the misexpression of candidates with SRDX tags was successful, arte-
factual reduction of fluorescence reporters meant that these lines could not be used as a tool 
to screen candidate binding to vascular promoters in plants. The lines could however still 
be used to further investigate the function of the candidate regulators of vascular identity in 
future experiments.
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Figure 7: Misexpression of SRDX fused candidates leads to phenotypes in adult plants and reduction 
in vascular reporters is unrelated to this misexpression. 
(A-D) Adult phenotypes resulting from misexpression of candidate regulators with SRDX tags. Triangles 
indicate abnormal leaf shapes. (E-F) Expression patterns of pTMO5-tdT and pWOL-sYFP in the root 
tip of WT (E) and MGP-SRDX misexpressing (F) roots. (G) Fluorescence signals in T2 roots of STKL2-
SRDX misexpressing roots. Parental line showed reduced tDT signal but regular sYFP signal. (H) qPCR on 
STKL2-SRDX misexpressing T3 roots reveals STKL2 transcripts are increased but expression of vascular 
genes including TMO5 and WOL is not reduced. Expression was normalized using the parental line.



96

Chapter 5

5

Discussion

In this chapter, candidate regulators of vascular identity were identified using enhanced Yeast 
One Hybrid screening. 16 vascular promoters were screened against a collection of tran-
scription factors and other DNA-binding proteins (Gaudinier et al. 2017; Supplementary 
Table 1). This eY1H screen yielded a tightly connected network in which 397 transcription 
factors were identified to bind one or more vascular promoters. Transcription factors that 
could bind to a large number of vascular promoters in the screen were often not able to bind 
to many promoters in unrelated screens and as such might be specific to vascular regulation. 
All vascular promoters were tightly connected in the network except for the promoters of 
IQD15, DOF6 and WOL. For these promoters, yeast did not show any activation in the 
LacZ assay and as a result they have less interactions recorded. When the remaining promot-
ers were clustered based on the proteins that could bind them, several patterns emerged. A 
separation was visible with the promoters of T5L1 and TMO6 not clustering with any other 
promoter in the screen, this dissimilarity reflects the difference in the timing of promoter 
activity found in Chapter 3. In addition, promoters of vascular-specific and vascular-inverse 
genes were not separated by clustering, which indicates that these promoters are bound by 
similar sets of proteins in the screen. Their opposite expression patterns could be caused by 
the same regulators potentially interacting with different cofactors or DNA-binding proteins 
not picked up in this screen. 

 In addition, three of the transcription factors that corresponded to promoters in 
our screen were able to bind to other vascular promoters. DOF6, ERF4 and GATA20 could 
bind to the promoters of TMO6, TMO5 and ZLL respectively but not to other vascular pro-
moters. This underscores the multiple levels of regulation that are expected to play a role in 
vascular development. However, none of the three can bind to multiple vascular promoters 
which makes them unlikely master regulators of vascular identity. These three pairs do share 
a large number of interactors, creating a large number of feedforward loops in our network. 
Looking at the transcription factors found in our screen we see that several transcription fac-
tor families are overrepresented in our network and others are underrepresented. This could 
be the result either of the preference of certain families for vascular promoters or a result of 
poor performance of specific families in our experimental setup. Transcription factors that 
require heterodimerization with other family members or interaction with unrelated cofac-
tors do not perform well in Yeast One Hybrid screens in general (Deplancke et al. 2004). 
One example of a family that is underrepresented likely due to this effect is the basic He-
lix Loop Helix family whose members often form heterodimers (Jones 2004). In contrast, 
members of other families were overrepresented in our network. The cause of this is still 
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unknown but could be related to the mechanisms of vascular identity regulation.

 The next step was to select transcription factors from the network that could regu-
late  vascular identity. To avoid bias we employed a rational scoring mechanism to select 
candidate regulators of vascular identity. For 10 of these candidates translational fusion lines 
showed that the protein was present in the proembryo at dermatogen and early globular 
stage and thus could regulate the initiation of vascular identity. However, none showed 
tissue-specific or enriched localization. While a regulator can be broadly expressed and then 
locally active, we were surprised that none showed cell type-specific protein localization. 
This indicates that posttranscriptional regulation of RNA and posttranslational regulation 
protein stability do not lead to cell type specific differences in protein level for these proteins. 

 In addition, no differences were found in subcellular localization across cell types. 
Within the nucleus most candidates were present homogeneously, only excluded from a 
region that is likely the nucleolus, but members of the GeBP family were present in ap-
proximately 4-8 spots in the nucleus. This localization was previously reported in transient 
expression in tobacco (Curaba et al. 2003) but is now confirmed in Arabidopsis root and 
embryo. Likewise for GBF1 and GBF2 previous studies had investigated their location. 
Those reports had indicated that GBF1 and GBF2 were transported into the nucleus under 
the influence of blue light (Terzaghi et al. 1997). Interestingly, this could not be confirmed: 
in dark grown seedlings and dark grown cell cultures both proteins kept nucleus-specific 
localization (Supplementary Figure 2). Instead, signaling and subsequent protein modifica-
tion could alter DNA-binding and activity as is the case for key regulators in other processes 
(Hamann et al. 2002, Kepinski & Leyser 2005). Indeed, redox potential has been shown 
to affect GBF-DNA binding (Klimczak 1992, Shaikhali et al. 2012). For other candidate 
regulators, similar mechanisms could also exist but remain unknown.

While eY1H is an excellent method for identifying transcription factors that can bind spe-
cific promoters, an interaction found in yeast requires confirmation in a plant system. Ec-
topic activation of vascular genes upon misexpression of individual candidate regulators 
was expected to be difficult as their regulation likely integrates multiple cues, so instead 
it was decided to aim at repressing expression instead. The effect of candidate regulators 
on vascular development was instead tested through misexpressing an SRDX fusion in the 
RPS5A expression domain, encompassing all meristematic cells. However, it appears that the 
locus containing both reporters was often silenced upon the introduction of an additional 
construct. This was confirmed by including transcription factors unlikely to regulate vascu-
lar genes as negative controls and by checking TMO5 and WOL transcript levels through 
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qPCR. The silencing is likely the result of the introduction of a third pGREEN backbone 
containing vector (Martin Bayer, personal communication). Fortunately, the phenotypes 
observed and the qPCR results indicate that the introduced construct is active and the 
SRDX-fused candidates are expressed.

 Misexpression of SRDX-fused candidate regulators at most led to developmental 
phenotypes in the adult plant, in some cases even leading to loss of fertility (GBF2, STKL2). 
This is the opposite of what was expected, as it was predicted that misregulation of vascular 
identity regulators would result in strong phenotypes that would affect early development. 
One explanation is that direct transformation into the pRPS5A-GAL4 containing line re-
sulted in embryo lethality for candidates that play key roles in vascular development. In that 
case we would however expect to find very few transformants, but for all constructs similar 
numbers of transformants were found. However, the alternative of crossing the pRPS5A-
GAL4 containing line with UAS-candidate-SRDX plants, to avoid embryo lethality, proved 
too laborious to be feasible. Another explanation for the lack of striking developmental 
defects is that these candidate regulators alone cannot change the development of vascular 
identity. Establishment of vascular identity likely depends on several cues and signaling 
pathways being integrated and high levels of redundancy are to be expected (Barolo & 
Posakony 2002, Niwa 2018, Sachs 2000, Sparks et al. 2016). However it is clear that these 
factors are unlikely to play a role as central as MONOPTEROS (MP) whose absence or 
inhibition has strong developmental repercussions (Hamann et al. 1999, Hardtke & Berleth 
1998). The next step in understanding roles for the candidate regulators discovered in this 
chapter will be to understand the developmental interactions with auxin signaling in vascu-
lar development.

Material and methods

Yeast One Hybrid

Enhanced Yeast One Hybrid screens were performed as described in Gaudinier et al. 2017. 
The promoter used for the yeast reporter constructs (pMW2 and pMW3) was the same as 
the promoter used for reporting localization in Arabidopsis (except for PEAR1, where an 
1.3 instead of 1.6 promoter was used for the eY1H). After yeast transformation, bait yeast 
was selected by testing auto-activation of both reporters and by genotyping. Auto-activation 
testing determined the concentration of 3-amino-1,2,4-triazole to be used in the screen. The 
prey collection used was the complete Arabidopsis transcription factor collection available at 
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the Brady lab in July 2016 (Supplementary Table 1). After yeast mating and diploid selec-
tion, growth on 3-amino-1,2,4-triazole containing plates and an X-gal assay were used to 
determine activation of reporter genes. Positives were scored if both duplicates showed acti-
vation in either assay. Network analysis was performed in Cytoscape (Shannon et al. 2003). 
Promoter clustering was performed by hierarchical clustering in R (Team & R Development 
Core Team 2016). TF family enrichment or depletion was calculated using the Hyperge-
ometirc distribution Calculator (https://keisan.casio.com/exec/system/1180573201).

Plant material and growth conditions

All constructs for plant transformation were cloned using SliCE cloning into previously 
published LIC vectors (Wendrich et al. 2015, Zhang et al. 2014b). Translational fusion 
constructs were generated by amplifying up to 3 kb of the promoter and the gene up to 
but not including the stop codon and introducing this sequence into pPLV16_v2 using the 
primers listed in Supplementary Table 6 (Wendrich et al. 2015). Misexpression constructs of 
SRDX fused candidates were created by cloning the coding sequence of each candidate and 
introducing this fragment into a modified pPLV32_v2 backbone containing the SRDX tag. 
Translational fusion constructs were introduced into Columbia (Col-0) while misexpression 
constructs were introduced into the double activation line containing pRPS5A-GAL4 and a 
double vascular reporter construct (pTMO5-tdTomato, pWOL-sYFP).

 All plants were grown at 21 ºC under standard long-day (16:8h light:dark) condi-
tions. Arabidopsis seeds were surface-sterilized, plated on ½ MS plates and underwent 2 
days of stratification. For antibiotic selection seedings were initially grown on plates con-
taining phosphinotricin and transferred to plates without antibiotics after 7 days of growth. 
Seedlings were transferred to soil after emergence of the first true leaves and then continued 
growth under the same conditions.

Microscopy and sample preparation

To counterstain roots and embryos they were briefly incubated in either 10 µg/ml propidi-
um iodide (PI) or 10% glycose with 0,01% SCRI Renaissance Stain 2200 (R2200; Renais-
sance Chemicals, UK) respectively. Embryos were extracted from ovules by applying slight 
pressure on the coverslip of slides containing ovules. Confocal imaging was performed on a 
Leica SP5 II system equipped with Hybrid Detectors (embryos, roots) or on a Leica SP8 X 
SMD confocal microscope equipped with Hybrid (HyD) detectors and a pulsed white-light 
laser (roots). Both systems could be used for the detection of YFP, tDT and PI which were 
excited at 504 or 561 nm, and detected between 525-600 nm, 570-600 nm or 630-700 nm, 
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respectively. On the SP5 system R2200 could be visualized by excitation at 405 nm and 
detection between 430-470 nm.

Expression analysis

For expression analysis seedlings were grown for 5 days on  ½ MS plates with mesh. Roots 
were collected, frozen in liquid nitrogen and ground using a Retch machine. RNA was iso-
lated using TRIzol reagent (Invitrogen) and the RNAeasy kit (Qiagen). 0,5 µg total RNA 
was then used for cDNA synthesis with the iScript cDNA Synthesis Kit (Biorad). qRT-PCR 
was performed using iQ SYBR Green Supermix (Biorad) and measured on a CFX384 RT-
PCR detection system. Each reaction was performed in triplicate. Data analysis was per-
formed using qBase software and gene expression levels were normalized using CDKA and 
GAPC (Hellemans et al. 2008).
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Supplementary Figures and Tables

Supplementary Figure 1: Protein localization of candidate regulators not expressed in the early em-
bryo.
Green color represents YFP fused to candidate regulator protein, magenta color represents Renaissance 
staining, scale bar indicates 50 µm in roots or 10 µm in embryo.

Supplementary Figure 2: Proetin localization of GBF1 and GBF2 in dark grown root, hypocotyl and 
cell culture.
Yellow color represents YFP fused to candidate regulator protein, scale bars indicate 50 µm.
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Supplementary Table 1: Full list of transcription factors used as prey.
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Ranking of nodes
All awarded points

Outdegree
14+ = +4
12+ = +3 
9+ = +2
6+ = +1

DAPseq
in DAPseq = +4
high BS = -2  (>10000)

EMB
4 sets: 8-cell, 16-cell EMB, 16-cell nEMB, EG Q
per set:
top10% = -1
top40% = +1
total score = sum from 3 stages (average 16-cell)

INTACT
3 sets: ILT, EG, LG
more than 2 fold up vasc/inner cells= +2
more than 1.5 fold up vasc/inner cells = +1
more than 2 fold down vasc/inner cells = -1
total score = sum from 3 stages

VASC
2 sets: Kondo and Brady
Kondo
more than 2 fold up = +2
more than 1.5 fold up = +1
Brady, subsets for phloem, xylem, stele
top10% = +2
top30% = +1
bottom10% = -1 (only for stele)
total score = sum from each tissue (averages for phloem and xylem)

Binding
A: binding to ERF4/WOL (wider pattern) = +1 each
B: not binding to T5L1 or TMO6 = +1
C: not binding to TMO5 or ZLL = +1
D: not binding to WRK or GATA or SOK or MIR = +2
E: not binding to MSS or  EPM or ERF or ATHB or SHR  = +2
F: not binding to MP targets = +1
G: not binding to inverted pattern = +1
total score = sum of all categories

Total score
Create 4 rankings to prevent strong bias
A = sum of all – binding/2
B = EMB and INTACT only
C = VASC only
D = outdegree – binding/1,5
Use average position of 4 rankings for selection

Supplementary Information: Scoring algorithm for node scoring
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Supplementary table 2: Ranking of and scores awarded to the 50 initially selected transcription fac-
tors. Final results of the 4 scoring totals and average total ranking. * HTA2 and ESE3 were excluded.
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Supplementary table 3: Ranking of and scores awarded to the 50 initially selected transcription fac-
tors. Scores awarded based on binding pattern. Includes data on outdegree and binding pattern from the 
network and DAPseq data from O’Mally. * HTA2 and ESE3 were excluded.
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Supplementary table 4: Ranking of and scores awarded to the 50 initially selected transcription 
factors. Scores awarded based on embryo expression. Includes expression percentile data on embryo 
expression levels of whole WT embryos (Weijers lab) and fold changes from the embryo expression atlas 
(Palovaara). * HTA2 and ESE3 were excluded.
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Supplementary table 5: Ranking of and scores awarded to the 50 initially selected transcription 
factors. Scores awarded based on vascular expression. Includes expression fold changes from leaf disk 
(Kondo) and expression percentile data from root transcriptome atlas (Brady)(Phloem, Stele, Xylem). * 
HTA2 and ESE3 were excluded.
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Supplementary table 6: Primers used in this chapter for cloning promoter fragments and transla-
tional fusions. 
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Abstract

Initiation of vascular development requires auxin signaling but auxin is not enough for 
creating ectopic vascular identity. In the previous chapter we have identified transcription 
factors that can bind to vascular promoters in yeast and might play a role in the control 
of vascular gene expression. In this chapter we find that misexpression of single candidate 
regulators cannot induce vascular identity, probably because identity requires integration 
of multiple signals. Misexpression of three individual candidates (ASIL1, AT2G37520 and 
GLP3) does however affect auxin response: decreasing auxin sensitivity as measured by the 
inhibition of root growth and vascular gene expression. This suggests that candidate regula-
tors might act by modulating response to auxin, potentially through interaction with ARF 
proteins. Using split-YFP (BiFC) assays we confirm the interaction between two candidates 
(GBF1 and GBF2) with the ARF DNA-BINDING DOMAIN. We confirmed that GBF1 
and GBF2 can bind to G-box motifs in several vascular promoters and three of these pro-
moters contained G-boxes and AuxREs in close proximity. Truncated promoters where both 
the G-box and AuxRE motifs were missing displayed large decreases in expression level in 
the vascular bundle. In contrast, removal of only the G-box increased the variation in ex-
pression level between independent transgenic lines. These findings suggest a role for G-box 
binding proteins such as G-class bZIP proteins in modulating auxin-dependent gene expres-
sion. However, due to gene redundancy in the G-class of bZIP proteins we were unable to 
confirm a role for GBF1 and GBF2 in regulation of vascular identity.
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Introduction

Auxin plays a central role in plant development. Its effects on plant growth have been studied 
in a number of tissues and in a variety of plant species (Aloni et al. 2010, de Jong et al. 2009, 
Kato et al. 2017, Sachs 1969). A central question that emerges from its many functions 
is how auxin can control a wide variety of responses while triggering specific downstream 
effects for each response. In Arabidopsis, 23 AUXIN RESPONSE FACTORS (ARFs) 
interact with the DNA to control auxin-dependent gene expression. Diverse expression 
patterns among these ARF genes contribute to diversity in cellular auxin responses, since 
ARF proteins differ in function and are not all interchangeable, indicating specialized roles 
(Rademacher et al. 2011, 2012). This can in part be explained by differences in protein 
structure: within the ARF family, three distinct classes exist which appear to have different 
effects on gene regulation (Finet et al. 2013, Guilfoyle & Hagen 2007, Mutte et al. 2018, 
Okushima 2005). Intriguingly, it appears that the same ARF proteins can have either an 
activating or a repressing role, depending on developmental context (Brackmann et al. 2018, 
Guilfoyle & Hagen 2007, Zhang et al. 2014a), but mechanisms underlying this biochemical 
multifunctionality are unknown. 

 Given the opposing action ARFs can have on gene expression, it remains difficult 
to predict ARF-dependent regulation of target genes. DNA motif specificity appears to have 
limited influence as divergent ARFs can bind to similar DNA elements (Boer et al. 2014). 
ARFs can bind to inverted repeats of Auxin Response Elements (AuxREs) in the DNA 
as homodimers (Boer et al. 2014, Franco-Zorrilla et al. 2014, O’Malley et al. 2016) and 
binding specificity in part stems from differences in preference for spacing between the 
AuxREs (Boer et al. 2014). Specificity might be further modulated via protein interactions 
and the resulting cooperative DNA binding or cooperative recruitment of cofactors. Several 
interactions between ARFs and other transcription factors have been identified (reviewed in 
Roosjen et al. 2018). Furthermore the co-occurrence of specific DNA motifs near AuxREs 
(Berendzen et al. 2012, Cherenkov et al. 2018, Weiste & Dröge-Laser 2014) indicates 
that specificity may be influenced by other transcription factors, whose binding sites are 
associated with an AuxRE in composite elements. 

 While auxin is involved in a wide range of processes, a long-recognized activity is in 
promoting  the formation of vascular tissues. Auxin maxima and fluxes are correlated with 
vascular development and exogenous auxin induces the formation of new vascular bundles 
(Lee et al. 2014, Sachs 1969, Smit & Weijers 2015). While it remains unclear whether it 
is the absolute level of auxin or the flux of auxin that determines cell fate, it is evident that 
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the auxin response machinery is critically required. Without ARF5/MP, root development 
is arrested and the vascular bundle does not develop (Hardtke & Berleth 1998, Mayer et 
al. 1991). The vascular role of MP is further underlined by the vascular specificity of many 
of its target genes (Möller et al. 2017, Schlereth et al. 2010; Chapter 3). Whilst MP is 
present in a broad domain (Crawford et al. 2015, Rademacher et al. 2011), it activates 
target gene expression in vascular cells, though not all targets are specific to vascular cells 
(Möller et al. 2017). Vascular development does not only depend on auxin: a dominant 
active version of MP can cause vascular defects in leaves (Krogan et al. 2012) but was not 
able to induce expression of vascular genes in the non-vascular cells of the embryo (Chapter 
4). This indicates that additional modifications or interactors restrict ARF activity to the 
vascular cells.

 In previous chapters we have searched for transcription factors that can bind to 
vascular promoters and affect their activity. In Chapter 5 we explored the function of these 
factors by misexpressing them while fused to an SRDX tag. While this experiment did 
produce abnormal phenotypes, no clear effects on vascular development were observed. 
This could be because the candidate does not function in vascular development; a result 
of embryo lethality; or an effect of the absence of additional components. We hypothesize 
that the initiation of vascular development depends on the integration of multiple signaling 
modules, including auxin response. In this chapter we test the relation between our 
candidate regulators of vascular identity (Chapter 5) and auxin response. Several candidates 
are found to affect auxin responsive root growth and the induction of vascular genes in 
response to auxin. In addition, we confirm the interaction between G-BOX BINDING 
FACTOR (GBF) proteins and ARFs and look at the role of ARF and GBF binding sites in 
the regulation of vascular gene expression.

Results

Overexpressing candidate regulators of vascular identity affects response to auxin

In the previous chapter, several candidate regulators of vascular identity were identified 
through screening a set of vascular-enriched promoters against a transcription factor library 
in yeast (Chapter 5). These candidates were able to bind to vascular promoters in yeast 
and 10 of them were found to be expressed during embryogenesis at the time and location 
where vascular identity emerges. To address the function of these candidate regulators, 
each was misexpressed in meristematic tissues using the RPS5A promoter (Weijers et al. 
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2001, 2003). The misexpression of most of the 10 candidate regulators did not lead to 
strong developmental phenotypes, but misexpression of AT3G53680 resulted in visible 
abnormalities. Adult plants showed retarded growth and abnormal leaf development (Figure 
1A). Since all 10 candidates are generally broadly expressed in the embryo (Chapter 5), it is 
plausible that their DNA binding or potential activity in regulating vascular gene expression 
would depend on additional signals that result in cell type-specific activity. 

Figure 1: Effects of overexpression of candidate regulators of vascular identity. 
(A) Overexpression of AT3G53680 causes slower development and altered leaf morphology in the adult 
plant. (B-D) overexpression of ASIL1 (B), AT2G37520 (C) and GLP3 (D) causes reduced sensitivity to the 
auxin 2,4-D as measured by root elongation. Roots were moved to plates containing different concentra-
tions of 2,4-D and increase in root length was measured 3 days later. Root growth on 0 nM 2,4-D is set to 
100% for each line.
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 One signal required for vascular development is auxin signaling. To test for 
interaction between the candidate regulators and auxin action, misexpression lines of the 
10 candidates were tested for their responsiveness to auxin by assaying root elongation on 
auxin. 4-day old seedlings were transferred to plates containing different concentrations 
of auxin and the increase in root length was measured after 3 days of growth. Increasing 
concentrations of 2,4-D resulted in reduction of root growth (Figure 1B-D). Misexpression 
of 3 candidates (ASIL1, AT2G37520 and GLP3) resulted in reduced auxin sensitivity: at low 
auxin concentrations root growth was less affected. We next tested if the altered root growth 
on auxin-containing media reflected a change in auxin-dependent gene expression. A short 
(1 hour) auxin treatment led to induction of vascular genes in wild-type, but the degree of 

Figure 2: Overexpression of candidate regulators reduced auxin induced expression. 
Expression levels of the auxin response gene GH3 and two vascular genes ATHB8 and TMO5 after 1 hour 
of 1 µM IAA after 12 hours of pretreatment with 10  µM NPA. (A) Overexpression of ASIL1 results in 
reduced induction of ATHB8 expression by auxin. (B) Overexpression of AT2G37520 results in reduced 
induction of TMO5 expression by auxin. (C) Overexpression of GLP3 results in reduced induction of 
ATHB8 expression by auxin. Dark grey and grey bars indicate two independent biological replicates.
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induction of the vascular genes ATHB8 or TMO5 was reduced in misexpression lines for 
ASIL1, AT2G37520 and GLP3 (Figure 2). In contrast, general auxin response, reported by 
the GH3 primary response gene (Ulmasov et al. 1995) remained unchanged in these lines 
(Figure 2). This indicates that these candidate regulators may modulate transcription of 
auxin-responsive vascular genes. 

LDB18 regulates vascular differentiation, but not vascular initiation

When constitutively misexpressing a candidate regulator, it is possible that strong expressors 
are selected against, when these would have strong, potential lethal phenotypes. In this 
case, a role in vascular development would go unnoticed. Therefore, we generated inducible 
misexpression lines for several candidate regulators. Glucocorticoid Receptor (GR) tagged 
versions of these candidate regulators were expressed in meristematic cells from the RPS5A 
promoter. By keeping the candidate protein contained in the cytoplasm with the GR 
domain, activity is suppressed. Treatment with dexamethasone (DEX) triggers nuclear 
translocation, allowing activity of the transcriptional regulator. Germination and growth 
on plates containing DEX did not visibly affect root or seedling development for most 
of the candidates tested. Only the induction of LBD18-GR caused severe developmental 
abnormalities (Figure 3). LBD18 was previously reported as a regulator of lateral root 
development and xylogenesis (Lee et al. 2009, Soyano et al. 2008) and indeed the induction 
of LBD18 led to lateral root and xylem-related phenotypes. Germination on plates containing 
DEX resulted in cells in the cotyledons transdifferentiating to xylem vessels with spiral cell 
walls (Figure 3A-B). In addition, the root meristem collapsed: ground tissue and epidermal 
cells disappeared and the remaining vascular cells were swollen (Figure 3C). Higher up in the 
root, the regions where LBD18 was not misexpressed appeared normal and at the transition 
we could see clear effects on cell size, shape and adhesion (Figure 3D). The different effects 
of LBD18 in the root and cotyledons indicates that LBD18 target regulation depends on 
tissue context. Nonetheless, in both tissues LBD18 induction led to impaired development. 
After 10 days of growth, many seedlings remained small and cotyledons largely lost their 
green color (Figure 3E-F).

 When seedlings were instead first grown without induction for 4 days and next 
transferred to DEX-containing plates, more subtle effects of LBD18 induction became 
clear. After 44 hours of growth on DEX, the cortical cells higher up in the meristem were 
swollen and altered division planes were observed in both cortex and epidermis (Figure 3G-
H). In addition, lateral roots no longer emerged, after initiation their development became 
disorganized and stalled (data not shown). 
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 While the induced xylogenesis indicated a role for LBD18 in vascular development 
it remained unclear at what stage of vascular development LBD18 acts. LBD18-GR roots 
were harvested after a short (1 hour) treatment with DEX and cycloheximide (CHX) to 
determine whether LBD18 directly controls expression of early vascular genes. If LBD18 
controls the expression of early vascular genes, one would expect expression levels of these 
genes to be altered after 1 hour of DEX treatment compared to the DMSO control. If this 
is caused by direct regulation by LBD18, the effect should persist even in the presence of 
CHX, which blocks translation and thus the activation of secondary target genes. DEX 
induction did not cause altered expression of vascular genes such as ATHB8, GATA20 and 
TMO5 (Figure 2I-K). CHX treatment did lead to induction of several vascular genes (Figure 
3). This is in line with expectations since these genes are activated by auxin (Chapter 4) and 
thus inhibited by Aux/IAA proteins. These are labile repressor proteins and inhibition of 
their synthesis by CHX would lift the repression of such target genes (Soeno et al. 2010). 
These results indicate that LBD18 does not directly control the expression of early vascular 
genes and it likely acts further downstream in vascular development. However, LBD18 is 
the first candidate resulting from the vascular Yeast One Hybrid screen to have a distinct 
vascular phenotype, indicating that we were able to find regulators of vascular development.

GBF proteins can heterodimerize and can interact with ARFs

To better understand the roles that some of our candidate regulators might play in vascular 
development, we next focused on protein interactions, searching for mechanisms that 
could be responsible for the integration with auxin signaling. Preliminary IP-MS/MS 
(Immunoprecipitation followed by tandem MS) data on ARF5/MP had indicated that 
G-BOX BINDING FACTOR 2 (GBF2) could interact with MP (Llavata-Peris 2013). 
GBF1 and GBF2 are two candidates that were selected from our Yeast One Hybrid screen 
that both are broadly expressed in embryo and root (Chapter 5). Both are G-class bZIP 
transcription factors of which Arabidopsis has five (Dröge-Laser et al. 2018, Jakoby et al. 

Figure 3: Misexpression of LBD18 can induce xylogenesis but does not induce expression of early 
vascular genes. 
(A-E) Germination of pRPS5A-LBD18-GR seeds on DEX plates causes strong developmental defects while 
seedlings grown on DMSO (F) look like wildtype. (A-B) Z-stacks of cotyledons with ectopic xylogenesis. 
(C,D) LBD18 degrades the root meristem (z-stacks), at the boundary of misexpression abnormal cell divi-
sions and cell shapes are observed. (E-F) pRPS5A-LBD18-GR seedlings 10 days after germination on DEX 
(E) or DMSO (F). (G-H) Roots of 5-day old seedlings 44 hours after being transferred to DMSO (G) 
or DEX (H). Panels are cross-sections through the vascular bundle (lef ), cortex (middle) and epidermis 
(right). Stars mark changed division planes. (I-K) Expression of ATHB8, GATA20 and TMO5 after 1 hour 
of treatment with DMSO, 20 µM DEX, 10  µM CHX or both DEX and CHX. All scale bars are 50 µm.
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2002). We next performed IP-MS/MS experiments on the GBF1-YFP and GFP2-YFP 
translational reporter lines (Chapter 5) to identify interaction partners and see if the GBF-
ARF interaction could be confirmed. Pull-downs on root material expressing GBFs under 
their native promoter did retrieve the bait GBF but enrichment was insufficient to identify 
interactors (Figure 4A-B). Therefore we generated plant cell cultures overexpressing GBF-
YFP under the control of the 35S promoter, and repeated the IP-MS/MS experiments on 
these cells cultures. With this setup, we identified other G-class bZIP transcription factors: 
next to GBF1 and GBF2, bZIP16 and bZIP68 were found in both pulldowns. GBF proteins 

Figure 4: IP-MS/MS experiments reveal GBF1 and GBF2 can heterodimerize with G-class bZIPs 
Results of immunoprecipitation followed by tandem MS (IP-MS/MS). Volcano plots show fold change 
(FC, x-axis) and significance (FDR, y-axis) of each detected protein. Proteins with a p-value below 0.05 
(-log(FDR)>1.301) and a fold change above 2.5 (A-B) or 5 (C-D) are marked and have their name dis-
played. (A-B) Plots generated from IP-MS/MS results on Arabidopsis roots expressing GBF1-YSP (A) or 
GBF2-YFP (B) under their native promoters compared to Col-0 seedlings. (C-D) Plots generated from 
IP-MS/MS results on Arabidopsis cell cultures expressing GBF1-YFP (C) or GBF2-YFP under the 35S 
promoter compared to wildtype (PSB-D) cell cultures.
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had indeed been shown previously to be able to heterodimerize (Menkens & Cashmore 
1994, Schindler et al. 1992). In addition, the pulldown of GBF1 also recovered HISTONE 
DEACETYLASE COMPLEX1 (HDC1), hinting at a function in regulating chromatin 
state (Perrella et al. 2016). Using the IP-MS/MS, no ARF proteins were identified as GBF 
interactors, perhaps because these proteins are not expressed or not abundant in cell cultures. 
Alternatively, the stoichiometry of GBF-ARF interaction may be substantially different from 
the heterodimeric nature of bZIP dimers. We therefore used a more direct approach to  
validate interactions between GBF proteins and MP.

Split-YFP (Bimolecular Fluorescence Complementation; BiFC) assays can reveal 
protein interactions (Ghosh et al. 2000, Horstman et al. 2014), by reconstituting the N- and 
C-terminal halves of YFP upon bringing both in close proximity through the interaction 
between the two proteins to which the YFP halves were fused. We expressed fusions of 
YFP halves to GBF1, GBF2 and MP in the Nicotiana benthamiana leaf epidermis and 
assessed fluorescence. Fluorescence complementation was observed when GBF1 or GBF2 
was combined with MP, indicating interaction, but not when either was combined with 
TMO5, another transcription factor (Supplementary Figure 1). This complementation did 
not depend on the location of the tag: both N-terminal and C-terminal fusions of GBF or 
MP with NtYFP or CtYFP resulted in YFP signal (Supplementary Figure 1). To determine if 
this interaction was specific to MP or more general with ARF proteins, interactions between 
GBFs and other ARFs were tested as well. Two ARFs from each of the 3 major classes 
(A, B and C; Finet et al. 2013, Mutte et al. 2018) were tested and all could interact with 
both GBF1 and GBF2 (Supplementary Figure 1). In addition, we found that the DNA-
binding domain of each ARF was sufficient for the interaction with the GBFs (Figure 5; 
Supplementary Figure 1). In summary, GBF1 and GBF2 can interact with other G-class 
bZIP transcription factors and directly interact with ARFs from all three major classes, likely 
by interacting with the ARF DNA-binding domain.

G-boxes modulate vascular gene activity

The direct interaction between GBFs and the DNA-binding domain of ARF proteins 
indicates that protein interactions potentially occur at the DNA and that GBF and ARF 
might bind DNA together. Furthermore, this result suggests that GBF’s may co-regulate 
auxin-responsive genes. DNA-binding motifs for ARFs and GBFs are known, identified 
both through protein binding microarrays and DAPseq experiments (Boer et al. 2014, 
O’Malley et al. 2016). In addition, AuxREs and G-boxes were shown to often co-occur in 
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auxin-dependent promoters (Berendzen et al. 2012, Cherenkov et al. 2018, Ulmasov et al. 
1995, Weiste & Dröge-Laser 2014). To confirm that ARFs and G-class bZIPs can indeed 
bind close to each other we applied the MCOT (Motif co-Occurrence Tool) to ARF5 and 

Figure 5: Split-YFP experiments confirm interaction of GBF1 and GBF2 with ARF5/MP. 
Selection of split-YFP experiments performed using Tobacco leaves to confirm GBF-ARF interactions. Up-
per panel shows complementation caused by interaction GBF1/2-CtYFP and ARF5dbd-NtYFP. TMO5 is 
used as a negative control while homodimerization for GBF and ARF was used as a positive control. LHW 
was used as a positive control for TMO5. Crosses indicate interactions that were not tested. Scale bars 
represent 10 µm.
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ARF2 peaks taken from Dap-Seq data (O’Malley et al. 2016). We then analyzed all possible 
combinations of the AuxREs (ARF2/5) and G-boxes (GBF3, bZIP16/68) with spacer 
lengths below 30 nucleotides across the genome. Indeed bZIP68 binding sites overlapped 
with ARF5 binding sites (Figure 6A-B). 

 We next selected four vascular promoters to confirm GBF binding: the GATA20, 
TMO5 and WRKY17 promoters each contain predicted G-boxes and AuxREs in close 
proximity, while in contrast the ERF4 promoter contains G-boxes without adjacent 
AuxREs. ChIP-qPCR on Arabidopsis cell cultures expressing a 35S-GBF1/2-YFP transgene 
revealed that both GBF1 and GBF2 can bind to the G-boxes in the ERF4 and WRKY17 
promoters (Figure 6C-D). Enrichment was however not found for the potential G-boxes in 
the GATA20 and TMO5 promoters (Figure 6C-D). It should be noted that misexpression 
of only a GBF proteins would be insufficient for binding if this relies on interaction with 
an ARF protein. Hence, we can conclude that GBF1 and GBF2 bind vascular promoters in 
vivo, but the interdependence between GBFs and ARFs remains to be tested. 

The role of the G-boxes and AuxREs in regulating gene expression was next 
investigated by removing these motifs from vascular promoters and determining the effect 
on expression pattern and level. Lines containing truncated promoters driving n3GFP 
expression were generated and compared to lines containing full length promoters. Because 
transgene insertion location can significantly affect expression intensity among transgenic 
plants, we measured fluorescence intensity in the vascular cells of various T1 roots. 

In the ERF4 promoter, two regions containing G-boxes were removed (Figure 
7-1A). Truncated ERF4 promoters did not result in clearly altered fluorescence in the young 
vascular cells compared to the full-length promoter. In contrast, removing two short regions 
in the WRKY17 promoter caused a significant reduction of fluorescence intensity in the 
vascular bundle (Figure 7-1F). However, the amount of fluorescence in surrounding cell 
types did not decrease as strongly. As a result, roots containing the truncated promoter on 
average had a different signal ratio in signal between the vascular and surrounding cells 
(Figure 7-1G). The vascular-specific decrease in WRKY17 expression suggests that the 
mutated elements act in vascular specific gene expression. Because the AuxRE and G-box 
overlap in the WRKY17 promoter and this truncated promoter also missed a predicted 
GATA binding site, it remains to be seen if the reduction in promoter activity is a result of 
the missing GATA binding site, AuxRE or Gbox. 

 The GATA20 and TMO5 promoters each have distinct G-boxes and AuxREs in 
close proximity. Truncated promoters where both binding elements had been removed 



130

Chapter 6

6

Figure 6: Gboxes occur close to AuxREs in vascular promoters and are bound by GBFs. 
(A-B) Distribution of potential ARF5/bZIP68 composite elements within ARF5 binding regions taken 
from Dap-Seq. Y axis numbers reflect number of nucleotides, F - full overlap, P - partial overlap, S - spacer. 
(A) ARF5/bZip68 everted composite element distribution.  (B)  ARF5/bZIP68 direct composite element 
distribution. (C) Schematic representation of control regions and regions containing Gboxes in the promot-
ers of ERF4, WRKY17, GATA20 and TMO5. (D) Relative enrichment of the BOX regions compared to 
CONTROL regions. Scale bars represent standard error.



131

Candidate regulators of vascular identity modulate auxin-dependent expression of vascular genes

6

Figure 7-1: AuxRE and Gboxes in vascular promoters control expression in the vascular bundle. 
Comparison of fluorescence signal in the early vascular cells of the root between T1 roots containing full 
length and truncated promoters driving n3GFP expression. Description continued on next page
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displayed significant and strong reductions in expression (Figure 7-2). In contrast, removing 
only the G-box led to a weaker reduction in average expression for GATA20 or no reduction 
for TMO5. While the effect on the mean expression was less pronounced, the variation 
between individual transgenics increased dramatically (Figure 7-2), suggesting that the 
G-box is required for stable expression of these genes. Altogether, it appears that G-box 
elements play a role in the expression level and pattern of vascular promoters, potentially 
through their proximity to AuxREs, perhaps facilitating interactions between ARFs and 
GBFs.

GBF overexpression affects leaf shape and results in delayed flowering

Given that GBF proteins interact direcly with ARFs and can bind vascular gene promoters, 
we next further explored their biological activity. Overexpression of GBF1 using the RPS5A 
promoter did not result in a visible phenotype. However, the RPS5A promoter is specific to 
young and dividing cells (Weijers et al. 2001, 2003), and perhaps GBF activity is not limiting 
in these cells. To test activity in more mature cells, we next overexpress the GBF proteins 
from the ubiquitous 35S promoter, and found this to induce changes in development. Early 
in development, leaves appeared rounder, having a smaller length/width ratio (Figure 8). 
Older leaves showed more pronounced serration and in addition the major veins could be 
clearly seen within the leaf blade (Figure 8). Nonetheless, direct observation of the venation 
pattern in cleared leaves did not reveal a remarkable change in venation pattern (Figure 8). 
35S::GBF1 plants developed leaves slower than wildtype Columbia and as a result flowered 
much later. These results indicate that GBF misexpression does affect plant development, 
but no distinct effect on vascular development was observed. 

Continued desxription Figure 7-1. In each panel (A&D) show the location of the deleted regions within the 
3 kb promoter. The pink bar marks the removed region (the outer two bases remain) while the other bars 
represent predicted and experimentally confirmed TF binding sites. Orange bars represent predicted GBF 
binding sites based on Position Weight Matrices (PWMs), brown bars represent predicted ARF binding 
sites based on PWMs. Dark blue, light blue and yellow bars represent predicted WRKY, bHLH and GATA 
binding sites respectively. Grey bars represent DAPseq confirmed G-class bZIP binding sites. (B&E) show 
the expression pattern of representative T1 roots, boxes indicate the region in which fluorescent signal was 
measured. (C&F) shows a plot comparing the mean fluorescence in the measured cells for T1 roots contain-
ing full length or truncated promoters, each point is the mean fluorescence measured from 1 independent 
T1 root. Boxplots are shown if n>10. For the WRKY17 promoter two areas were measured, the vascular 
bundle (white) and adjacent non-vascular cells (blue). (G) Ratio of WRKY17 driven GFP signal in the 
vascular cells compared to signal in the non-vascular cells.Scale bars represent 50 µm. * indicates p<0.05, ** 
indicates p<0.001 as calculated by a two-sided Student’s ttest.



133

Candidate regulators of vascular identity modulate auxin-dependent expression of vascular genes

6

Figure 7-2: AuxRE and Gboxes in vascular promoters control expression in the vascular bundle. 
Full description in figure 1-1.
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Figure 8: Overexpression of GBF1 results in abnormal leaf morphology. 
35S-GBF1 and Col-0 plants 38 DAG. 2 independent 35S-GBF1 lines show early leaves have increased 
width/length ratio and late leaves show increased serration, leaves have more pronounced veins and slower 
development resulting in delayed flowering. No obvious changes inveination pattern were observed.
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GBF double mutants do not display vascular defects

Because single GBF mutants did not show abnormalities in vascular development, double 
mutants were generated (Figure 9A-B). However, these double mutants similarly were 
not visibly affected in vascular development. This could be caused by the high homology 
between G-class bZIP transcription factors; the overlapping expression domains of GBF1 
and 2 (Chapter 5); and compensation by the increased expression of close family members 
upon the removal of one ore more homologs (Figure 9D). To determine if GBFs play a role 
in auxin-dependent vascular development we next tested the auxin-responsiveness of the 
GBF double mutants. The gbf1gbf3 double mutant shows less reduction in root growth in 
response to low levels of 2,4-D compared to the wildtype background (Figure 9C). This 
reduced auxin sensitivity was not found when we measured the transcriptional response to 
auxin: both single and double mutants showed increased induction of ATHB, GATA20 and 
TMO5 transcripts by auxin (Figure 9E). This indicates that gbf1gbf3 roots have increased 
response to auxin. Finally, ERF4 and WRKY17 transcripts are not differentially induced by 
auxin between mutant lines, but their expression is higher in the gbf1gbf3 double mutant 
(Figure 9E).  Altogether,  gbf1gbf3 double mutants have altered auxin response, both in 
root growth and regulation of vascular genes. While the exact role of GBF proteins in auxin 
response and vascular development remains unclear, they do appear to play a role in the 
regulation of vascular gene expression.

Discussion

In this chapter the function of candidate regulators that were identified in Chapter 5 is 
further investigated. Overexpression of candidates in meristematic cells using the RPS5A 
promoter did not result in vascular defects. This could be because these proteins do not 
play a role in vascular development; because high overexpression results in embryo lethality; 
or because an additional signal is needed to control protein activity. By creating GR-
fused overexpression lines we confirmed that embryo lethality is probably not the cause 
of the lack of developmental phenotypes. DEX induction of LBD18 activity resulted in 
ectopic xylogenesis in cotyledons but not in the alteration of early vascular gene expression, 
indicating that LBD18 is involved in vascular differentiation as described previously (Soyano 
et al. 2008), but not vascular induction. The option of an additional signal being required 
for candidate function is more challenging to test, but maybe the candidate regulators act 
in modulating auxin response. Overexpression of ASIL1, AT2G37520 and GLP3 indeed 
altered response to auxin. Root growth on low concentrations of the auxin 2,4-D is less 
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Figure 8: gbf1gbf3 double mutants have altered auxin response. Description on next page.
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reduced and auxin induction of some vascular genes is also cut back. This indicates that 
these candidate regulators share target genes with auxin signaling and potentially regulate 
gene expression together, with ASIL1, AT2G37520 and GLP3 negatively regulating auxin-
dependent gene expression. 

 Several candidate regulators of vascular development appeared to act in parallel 
to auxin signaling. These proteins affect vascular gene expression by binding to vascular 
promoters either close to or independently of ARFs. We find that one set of candidate 
regulators, GBF proteins, directly interact with MP.  GBF1 and GBF2 can interact with 
the DNA binding domain (DBD) of MP but also with the DBD of other ARFs. Previously 
interactors of ARF7 and ARF6/8 were found to affect auxin response by binding close to 
ARFs and interacting with the ARF PB1 domain (Ripoll et al. 2015, Shin et al. 2007, Varaud 
et al. 2011). In addition to the GBF-ARF interaction, G-boxes and AuxREs were found 
close together in several vascular promoters, indicating that these proteins could regulate 
expression together. Promoter truncations indeed indicated that these motifs contribute to 
expression level in the vascular bundle and hint that the G-box modulates gene expression. 
However, other bZIPs and bHLH transcription factors can also bind to the G-box motif 
(Kim et al. 2016, Oh et al. 2012). While ChIP-qPCR confirmed GBF binding to G-boxes 
in the promoters of ERF4 and WRKY17, we were not able to confirm GBF binding in 
TMO5 and GATA20 promoter sequences. In conclusion, GBF1 and GBF2 can interact 
with ARFs and can bind to G-boxes in some vascular promoters, these G-boxes together 
with AuxREs contribute to the vascular expression of these promoters.

No vascular defects were observed for either GBF overexpression lines or single or 
double knockout mutants. While p35S::GBF and pRPS5A>>GBF1-SRDX (Chapter 4) 
lines resulted in changes in leaf appearance, no clear vascular defects were found. Because 
of the already ubiquitous expression of GBFs, it is likely that overexpression does not equal 
overactivation and some signal might be required to induce ectopic GBF activity. The 
specifics of such a signal remain unknown but previous experiments indicated that redox 
potential affects GBF DNA-binding (Klimczak 1992, Shaikhali et al. 2012). It should be 
noted that in general, the processes that are regulated by auxin can not simply be induced 

Description figure 8. (A) Insert locations of the T-DNA lines used. (B) 24-day old plants of 3 sets of GBF 
double mutants, single mutants and background plants. (C) Relative root growth on auxin. Sensitivity to 
the auxin 2,4-D is measured by root elongation. Roots were moved to plates containing different concen-
trations of 2,4-D and increase in root length was measured 3 days later. Root growth on 0 nM 2,4-D is set 
to 100% for each line. (D) Relative expression levels of GBF1, GBF2 and GBF3 in the gbf1gbf3 double 
mutant and single mutants. (E) Relative expression levels of GH3, ATHB8, GATA20, TMO5, WRKY17 
and ERF4 under mock conditions (white-green) and fold induction upon when treated with IAA (grey). 
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by providing more external auxin. In part, this is probably due to the strong feedbacks in 
auxin-dependent gene regulation (Dreher 2006, Okushima 2005, Sauer et al. 2006). Auxin 
treatment will activate ARFs, but these in turn activate expression of their own Aux/IAA 
inhibitors. Therefore, an interesting future direction would be to test if GBFs and ARFs 
together are sufficient to induce vascular gene expression and vascular tissue specification. 
This could be achieved by misexpressing both GBF and e.g. MP, potentially even the auxin-
independent MPΔPB1 (Chapter 4). Similarly, for the obligate TMO5/LHW bHLH 
heterodimer, neither induces clear defects when misexpressed, but joint misexpression is 
highly potent in inducing cell divisions (De Rybel et al. 2013). 

The double loss of function mutants in GBF genes did not show defects beyond 
a very mild change in auxin-dependent root growth. Here, it is very likely that functions 
are obscured by genetic redundancy among the closely related G-class bZIP factors (Dröge-
Laser et al. 2018). Differential response to auxin was observed for one of the GBF double 
mutant s (gbf1gbf3), but only a marginal difference. In addition, in the gbf1gbf3 double 
mutant expression of ERF4 and WRKY17 is higher and auxin treatment increases ATHB, 
GATA20 and TMO5 expression levels more strongly than in the background. These findings 
suggests that GBFs contribute to the regulation of several vascular marker genes.  Mutation 
of several other G-class bZIP genes simultaneously could reveal a more distinct function in 
vascular tissue development.

In summary, the approach used in this thesis towards identifying new regulators 
of vascular gene expression succeeded in isolating proteins that bind vascular genes in vivo, 
and participate in auxin-dependent gene regulation. Their role in establishing vascular tissue 
identity however, remains to be established.

Material and Methods

Plant material, growth conditions and treatments

Misexpression lines were generated by introducting UAS-gene contructs into a background 
containing the pRPS5A-GAL4 driver. pRPS5A-gene-GR and promoter truncation 
constructs were transformed into the Col-0 wildtype background. Insertion lines (gbf1 
SALK_027691, gbf2-1 SALK_206654, gbf2-2, SALK_205706, gbf3 SALK_067963) were 
obtained from the Arabidopsis Biological Resource Center (ABRC).

 Plants were grown at 21 ºC under standard long-day (16:8h light:dark) conditions. 
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Arabidopsis seeds were surface-sterilized, plated on ½ MS plates and underwent 2 days of 
stratification at 4 ºC before being placed in the growth chamber. For antibiotic selection 
seedings were initially grown on plates containing phosphinotricin or kanamycin and 
transferred to plates without antibiotics after 7 days of growth. Seedlings were transferred 
to soil after emergence of the first true leaves and then continued growth under the same 
conditions. Leaves were cleared by incubation in methanol for several hours after which 
methanol was replaced by ethanol. Leaves were subsequently rehydrated and cleared with 
chloral hydrate.

 Dexamethasone treatment was performed either by letting seeds germinate on 
plates containing 20 µM DEX or by transferring 4 day old seedlings to DEX plates. Seedlings 
for expression analysis in response to DEX treatment were moved to plates containing 20 
µM DEX and/or 10 µM CHX or plates containing DMSO for 1 hour before material 
was harvested. Root growth in response to auxin was determined by transferring 4 day old 
seedlings to plates containing 0, 10, 20 or 40 nM 2,4-D. Root length at transfer was marked 
on the plate, after 3 days of growth pictures were taken of the roots and the NeuronJ plugin 
in ImageJ was used to trace root length (Popko et al. 2009, Schneider et al. 2012). Auxin 
treatment for expression analysis was performed by transferring seedlings to plates containing 
10 µM NPA for 12 hours of NPA pretreatment before transferring those seedlings to plates 
containing 1 µM IAA and 10 µM NPA for 1 hour after which root material was harvested 
(Liao et al. 2015). 

Cloning

All primers used for cloning can be found in Supplementarty Table 1. UAS overexpression 
constructs were cloned by introducing the amplified cDNA sequence without stop codon 
into a modified pPLV32_v2 backbone containing a Myc tag using SLICE cloning (Wendrich 
et al. 2015, Zhang et al. 2014b). DEX-inducible overexpression constructs were generated 
using stitch PCR to fuse the cDNA with the GR coding sequence and introducing the 
fragment into pPLV28 (Aoyama & Chua 1997, De Rybel et al. 2011). 35S overexpression 
constructs were generated by introducting the cDNA sequence into a modified pPLV26 
containing c-terminal YFP. Truncated promoters were introduced into the pPLV04_v2 
backbone. These beforementioned constructs were all introduced using the simplified 
flora dip method (De Rybel et al. 2011). BiFC constructs were generated by introducing 
amplified cDNA sequences into modified pPLV26 vectors containing NtYFP or CtYFP 
either before or after the insertion site.

Expression analysis
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Plant material for expression analysis was flash frozen in liquid nitrogen and ground using 
a Retch machine. RNA isolation was performed using TRIzol reagent (Invitrogen) and an 
RNAeasy kit (Qiagen). cDNA synthesis was performed on 0.5 µg total RNA using the 
iScript cDNA Synthesis kit (Biorad). iQ SYBR Green Supermix (Biorad) and a CFX384 
RT-PCR detection system were used to perform qRT-PCR. Each reaction was performed 
in triplicate and qBase software was used for data analysis, gene expression levels were 
normalized using CDKA and GAPC (Hellemans et al. 2008). Primers used for qPCR are 
listed in Supplementary Table 1.

Confocal microscopy and Split-YFP/BiFC assays

Confocal imaging was performed on a Leica SP5 II system equipped with Hybrid Detectors. 
Roots were counterstained with 10 µg/mL propidium iodide. GFP, YFP and PI were excited 
at 488, 504 and 514 nm, and detected between 500-535 nm, 525-600 and 630-700 nm, 
respectively.

 Split-YFP was performed by infiltrating Nicotiana bentamiana leaves with 
Agrobacterium tumefaciens. Agrobacterium containing BiFC plasmids were growth overnight 
in LB containing 20 mg/L gentamycin, 50 mg/L kanamycin, 25 mg/L rifampicin and 2 
mg/L tetracyclin. After centrifugation the bacterial pellet was resuspended in MMAi (5 g/L 
MS salts, 2 g/L MES, 20 g/L sucrose, pH 5.6, 0.2mM acetosyringone. Infiltration samples 
were mixed 1:1 at a total OD600 of 0.8 and then incubated at room temperature for 2 hours 
and subsequently infilitrated into the underside of tobacco leaves using a 1 mL syringe. 
Two days after infiltration leaf sections were cut and imaged using the confocal microscope. 
Positive controls were designed based on known interactions: GBF homodimerization, ARF 
homodimerization and interaction with IAA. Both empty vector controls and TMO5 were 
used as negative controls. LHW was included as a positive control for TMO5.

Arabidopsis cell suspension cultivation and transformation

Wild type Arabidopsis Landsberg erecta and transgenic PSB-D cell suspension cultures were 
weekly maintained in MSMO medium (4.43 g/liter MSMO (Sigma-Aldrich), 30 g/liter 
sucrose, 0.5 mg/liter  α-naphthaleneacetic acid, 0.05 mg/liter kinetin, pH 5.7, adjusted with 
0.1 M KOH)  in the dark at 25°C gently shaking at 130rpm. Cells were sub cultured every 7 
days in a 1:10 dilution. Transformations were conducted without callus selection as described 
by (Van Leene et al. 2007). In brief, Agrobacterium and PSB-D cells were co-cultivated in 
MSMO medium supplemented with 200 µM 4'-Hydroxy-3',5'-dimethoxyacetophenone 
(Sigma-Aldrich). After two days, PSB-D cells were washed twice in MSMO medium 
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containing 25 µg/ml kanamycin, 500 µg/ml carbenicillin, and 500 µg/ml vancomycin 
(MSMO-KVC) for 10 minutes at 800 rpm.  Cells were subsequently weekly maintained in 
MSMO-KVC. After two weeks cells were weekly maintained in MSMO containing only 25 
µg/ml kanamycin. Agrobacterium clearance was confirmed on a RGTK plate.

Affinity purification and sample preparation of mass spectometry

For affinity purification either 4 g root material or 50 ml of 3 day old transgenic PSB-D cell 
suspension cultures was used. Material was directly frozen in liquid nitrogen and ground 
to a fine powder. For protein extraction, ground cells were suspended in 2 volumes lysis 
buffer (50mM Tris pH8, 150mM NaCl, 2mM MgCl2, 0.2 mM EDTA, 0.2%NP40, 20% 
Glycerol, 10mM DTT and 1xCPI)  and sonicated in a Biorupter (Diagenode) at 4°C for 
three cycles (15s ON, 60s OFF). After sonication, lysate was spun down for 30 minutes 
at 14.000xg at 4°C. Supernatant was collected and protein concentration measured by the 
Bradford assay (Bio-rad).

 Affinity purifications were conducted in technical triplicate. For each reaction 50µl 
GFP-TRAP agarose beads (Chromotek) were equilibrated by washing beads three times 
in lysis buffer for 2min at 2000xg at 4°C. For each replicate 10mg of whole cell lysate was 
used and incubated with beads at 4°C while rotating head over tail. After 90 minutes beads 
were sedimented by centrifugation for 2min at 2000xg at 4°C, washed twice in lysis buffer, 
twice in lysis buffer without NP40 and trice in 50mM Ammonium Bicarbonate (ABC). 
After the last wash, bead precipitated proteins were alkylated in 50mM ABC supplemented 
with 50mM Acrylamide (Sigma-Aldrich) and incubated in the dark at 25°C for 30 minutes. 
After alkylation, on-bead trypsin digestion was performed by using 0.35µg trypsin (Roche) 
and incubated overnight at 25°C. After overnight digestion peptides were desalted and 
concentrated by C18 Stagetips as described previously (Rappsilber et al. 2007) with the 
modification that extra 1mg C18 Lichoprep beads were added. After C18 desalting peptides 
were vacuum dried and resuspended in 50µl 0.1% formic acid.

LC-MS/MS and data analysis

Peptides were applied to online nano LC-MS/MS mass spectrometer (Thermo Scientific) 
using a 60 minute acetonitrile gradient from 5-50%. Spectra were recorded on a LTQ-XL 
mass spectrometer (Thermo Scientific) and analysed according to (Wendrich et al. 2017). 
Maxquant output Proteingroups.txt was filtered in Perseus v1.6.2.3.. Volcano plots were 
generated in R and further visualized in Adobe Illustrator.
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Motif analysis

Analysis of potential binding sites presence was performed with position weight matrices 
taken from Plant TFDB database (Jin et al., 2017) for GBF3 (MP00318), bZip16 
(MP00291) and bZip68 (MP00173). According to their occurrence we checked if some of 
them could be ARF partners with the MCOT tool (Levitsky et al., 2018) using data on ARF 
binding regions from Dap-Seq analysis (O’Malley et al., 2016) for following transcription 
factors ARF2 (GSM1925138, GSM1925826) and ARF5 (GSM1925827). We took 
upstream regions [-1500;+1] of 27202 protein-coding genes including 16 vasculature-related 
genes and overlapped them with Dap-Seq peaks of mentioned above transcription factors 
(GSE60141). MCOT applies the recognition model of Position Weight Matrix for mapping 
motifs  in peaks. For each matrix, MCOT uses five thresholds {t1,...t5} according to the 
unified set of five expected false positive rates for a whole-genome dataset of promoters, 
{5E-4, 3.33E-4, 1.9E-4, 1.02E-04, 5.24E-5} . The profile of the most stringent hits contains 
matrix scores t≥ t1, the next profile comprises PWM scores in the range t2 ≥ t > t1, etc. 

ChIP-qPCR

ChIP-qPCR was performed on Arabidopsis cell cultures using a protocol adapted 
from (Gendrel et al. 2005). 3-4 grams of filtered cell culture material was used as input 
material. After crosslinking and DNA fragmentation, the sample was split and GFP-
Trap beads (Chromotek) were used to pull down GBF-YFP complexes while Myc-Trap 
beads (Chromotek) were used for the negative control sample. qRT-PCR was performed 
using primers listed in Supplementary Table 1. Ct values were then used to calculate fold 
enrichment and relative fold enrichment compared to the control regions.
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Supplementary Figures and Tables

Supplementary Figure 1-1 Split-YFP experiments confirm interaction of GBF1 and GBF2 with ARF5/
MP. Split-YFP experiments performed using tobacco leaves to confirm GBF-ARF interactions. Interactions 
GBF1/2-CtYFP and ARF-NtYFP. TMO5 was used as a negative control, homodimerization was used as a 
positive control for GBF and IAA33 was used as a positive control for ARFs. LHW was used as a positive 
control for TMO5. 
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Supplementary Figure 1-2 Split-YFP experiments confirm interaction of GBF1 and GBF2 with ARF5/
MP. Split-YFP experiments performed using tobacco leaves to confirm GBF-ARF interactions. Interactions 
GBF1/2-NtYFP and ARF-CtYFP. TMO5 was used as a negative control, homodimerization was used as a 
positive control for GBF and IAA33 was used as a positive control for ARFs. LHW was used as a positive 
control for TMO5. 
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Supplementary Figure 1-3 Split-YFP experiments confirm interaction of GBF1 and GBF2 with ARF5/
MP. Split-YFP experiments performed using tobacco leaves to confirm GBF-ARF interactions. Interactions 
GBF1/2-CtYFP and ARFXdbd-NtYFP. TMO5 was used as a negative control and homodimerization was 
used as a positive control for GBF and for ARFs. LHW was used as a positive control for TMO5. 
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Supplementary Figure 1-4 Split-YFP experiments confirm interaction of GBF1 and GBF2 with ARF5/
MP. Split-YFP experiments performed using tobacco leaves to confirm GBF-ARF interactions. Interactions 
GBF1/2-NtYFP and ARFXdbd-CtYFP. TMO5 was used as a negative control and homodimerization was 
used as a positive control for GBF and for ARFs. LHW was used as a positive control for TMO5. 
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Supplementary Table 1: Primers used in this chapter
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Abstract

Vascular development starts during embryogenesis but is reinitiated as the plant undergoes 
developmental transitions. New vascular bundles are formed when new organs develop 
but also in response to wounding. Studies in Arabidopsis have revealed parallels in the 
mechanisms that control vascular development. For example, several early vascular marker 
genes that are active in the embryo are also induced upon grafting. Separating the pathways 
that control vascular development from those that regulate other morphological transitions 
is challenging in most tissue contexts but can be done in the graft. While compatible grafts 
develop vascular connections, incompatible grafts lack or lag behind in this development. 
We have identified several compatible and incompatible grafting combinations in cucumber 
and used an RNAseq approach to identify transcriptome differences between a successful 
and an unsuccessful graft. Upon grafting genes are upregulated whose Arabidopsis homologs 
are involved in auxin response and developmental reprogramming. These findings further 
underline the parallels in vascular tissue specification across species. In addition we find that 
most graft-induced transcripts originate from the rootstock and that in incompatible grafts 
the rootstock appears to be contributing less to transcript abundance. Thus it appears that 
rootstock activation and grafting success are correlated. These results could form a starting 
point both for identifying factors that control vascular development and for developing 
molecular markers for grafting success. 
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Introduction

Plants have extraordinary developmental plasticity and, unlike most animals, they continue 
changing shape and growing new organs as they age. In this thesis, we have focused on 
embryogenesis, during which vascular identity is established for the first time. However, 
later during the plant life cycle, new vascular bundles are also formed. When new organs 
are initiated and grow, new vascular tissues connect these to the existing vascular system. 
Superficially, the de novo establishment of vascular tissue during the development of new 
organs appears to be similar to the formation of vascular tissues in the embryo, involving 
overlapping genetic pathways and gene expression markers (De Rybel et al. 2016, Scarpella 
2017). For example, new vascular networks in leaves rely on auxin flux and perception, and 
involve many of the same pathways and markers as vascular development in other tissues 
(Donner et al. 2009). However, development of vascular bundles during organogenesis is 
coordinated with many other morphological changes, which make it challenging to study the 
genetic components controlling of de novo vascular tissue formation during organogenesis. 
The new organ tightly controls its shape, expansion and differentiation, involving numerous 
gene activities. Because there are no mutants that form new organs that entirely lack vascular 
development, it is challenging to separate factors controlling vascular identity from those 
regulating other aspects of organogenesis. 

 An extreme case of the developmental flexibility typical for plants is the regeneration 
of tissues after injury. The ability to generate new tissues is also used agronomically, in the 
grafting process. Grafting is performed to combine a strong root system (rootstock) with a 
desirable shoot system (scion), for example to combine resistance to soil-borne pathogens 
from one species (or variety) with high fruit yield from another species or variety (Lee & 
Oda 2010). Critical to grafting success is the reconnection of the vascular systems of the two 
severed parts, for which cells need to be reprogrammed towards vascular identity, followed 
by the differentiation of new bundles. Therefore, grafting represents an interesting case of 
de novo vascular tissue formation, similar to vascular development in new organs and in the 
embryo. Indeed, analysis of gene expression markers and transcriptome analysis on graft 
junctions in Arabidopsis has shown that graft development involves the accumulation of 
auxin, similar to vascular patterning in other tissues (Melnyk et al. 2015). In addition, 
provascular (TMO6) and cambial (WOX4) genes were found to be induced during graft 
reconnection (Melnyk et al. 2018). Although additional processes, such as wound response 
and callus formation, do occur in the graft junction, the grafting process allows the separation 
of the process of vascular development from organogenesis. Given that incompatible grafts 
undergo wound response and callus formation without vascular development (Aloni et al. 
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2010, Jeffree & Yeoman 1983), one should be able to dissect these processes when compatible 
and incompatible grafts are compared. Such a comparison, on a transcriptome level, has not 
yet been performed, to our knowledge.

While grafting is often used in horticulture and crop production, it is still unclear what 
determines whether a graft will succeed (Aloni et al. 2010, Pina et al. 2012). As a rule of 
thumb, more closely related species are more likely to form successful grafts, but the precise 
determinants of grafting success remain elusive (Goldschmidt 2014, Moore & Walker 
1983).  Cucumber (Cucumis sativus) is one of the crops that is often grafted when grown in 
the greenhouse (Lee & Oda 2010) and for which grafting success is usually assumed, but 
not systematically explored. Understanding the genetic components that control vascular 
development, and as a result grafting success, can contribute to the increase of grafting 
efficiency. By investigating the parallels between vascular development in embryo and graft 
it will be possible to identify genes that are needed for vascular initiation and thus contribute 
to grafting success. Molecular markers linked to these vascular related genes, either their 
regulation or function, can in the future help identify compatible grafting combinations.

 In this chapter we start by focusing on the similarities in regulation of vascular genes 
in Arabidopsis embryos and grafts by looking at available transcriptomics data (Melnyk 
et al. 2018). After identifying such parallels, we perform RNAseq analysis of empirically 
defined incompatible and compatible grafts of cucumber to identify genes associated with 
the formation of vascular connections during graft development. We identify several genes 
that are differentially expressed between incompatible and compatible grafts. The expression 
origins of these genes and the developmental programs they potentially control point to 
parallels in Arabidopsis vascular development that can with future experiments be used to 
better understand and predict grafting success.

Results

Vascular markers are induced below the graft junction in Arabidopsis grafts

In Chapter 3, we have established a set of Arabidopsis genes that mark vascular cells 
during embryogenesis and in the root. To better understand the parallels between vascular 
initiation in an embryo and in a graft, we looked at the behavior of these genes during 
vascular reconnection in graft development. A valuable transcriptome dataset has previously 
been published, where grafted and ungrafted plants are followed over time (Melnyk et al. 
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2018). In this experiment, Arabidopsis seedlings were cut at the hypocotyl and grafted with 
plants of the same genotype. The top and bottom part of the graft were collected at regular 

Figure 1: Induction of vascular genes upon grafting. 
Expression profiles over time of vascular genes after cutting or grafting of Arabidopsis compared to intact 
seedlings (Melnyk et al, 2017). Genes are organized based on pattern and speed of induction. Expression of 
several auxin inducible vascular genes is found in graphs in the top half of cut or grafted seedlings (green) 
and graft specific induction of vascular genes was found the bottom half of grafted seedlings (pink).
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intervals over the next few days until after vascular connections were formed. As a control, 
samples were also collected from uncut seedlings and from cut but ungrafted seedlings, 
allowing for the separation of wound-induced and graft-induced gene activity. We explored 
the regulation of the set of “embryonic” vascular genes (Chapter 3) in this dataset and found 
that several early vascular genes are upregulated in the scion upon cutting: both grafted 
and ungrafted tops have increased vascular gene expression (Figure 1). This is likely the 
result of auxin accumulation above the graft, given that several of the vascular marker genes 
were originally identified as auxin-dependent genes (Donner et al. 2009, Schlereth et al. 
2010). The differences between the formation of a vascular connection and wound response 
become clear when comparing ungrafted and grafted bottoms. Most of the vascular marker 
genes that are induced by grafting were induced in the bottom half of the graft, but not or 
barely in the cut but ungrafted bottom half (Figure 1). While the timing on this response 
varies, the induction of most vascular genes occurs before xylem and phloem transport are 
re-established at 6-8 days and 3-4 days respectively (Melnyk et al. 2015). This indicates that 
the formation of vascular bundles in the graft is accompanied by the induction of genes, that 
start their vascular expression during early embryogenesis, in the bottom half of the graft. 
This demonstrates a parallel between the two processes and shows that a common genetic 
program may be shared by both.

Cucumber as a model for graft development

A successful graft requires that physical and vascular connections are established between 
rootstock and scion. Grafting success depends on many factors including plant age, fitness 
and growth conditions. In addition, success depends on compatibility between varieties 
or species (Irisarri et al. 2015, Moore & Walker 1983). The available Arabidopsis dataset 
did contain controls for the wounding response (cut, but not grafted), but not for an 
incompatible graft, analogous to those found in horticultural practice. To allow such an 
analysis, we explored grafting in cucumber. Ten genotypes of Cucumis sativus representing 
different types of cucumbers, gherkin or rootstock material from the breeder Rijk Zwaan 
were selected and reciprocal grafting combinations were made for varieties with similar stem 
diameter (Figure 2A,B). Most grafts had a high success rate, but several combinations were 
consistently unsuccessful, leading to wilting of the grafted scion (Figure 2C). Grafting of 
scion I on rootstock J (IJ) or scion E on rootstock G (EG) resulted in only 20% of grafted 
plants surviving (Figure 2B). This is not due to a principal incompatibility between these 
genotypes, because the reverse grafts between the same varieties led to a 70-80% success 
rate (n=20; Figure 2B). In the case of the EG graft, the incompatibility also did not reflect 
general poor performance of the E scion or G rootstock, because each performed well in 
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these roles when combined with variety A. Combinations EG and GE were selected for 
further analysis, to better understand what makes a successful graft (Figure 2C,D).

 While the timing of vascular reconnection in Arabidopsis grafts was reported in 

Figure 2: (In)Compatible of cucumber grafting combinations and speed of reconnection. 
(A) Overview of the hypocotyl diameter of the 10 cucumber varieties. (B) Grafting success of different com-
binations of cucumber varieties, n=20. (C-D) Grafted EG (C) and GE (D) seedlings 6 days after grafting. 
(E-G) Sections of GE graft junctions. (E) Graft junction 2 days after grafting, orange asterisk indicates new 
cell divisions above the graft junction, (E’) shows a detail of (E). (F) Graft junction 3 days after grafting, or-
ange asterisk indicates single differentiated xylem cells, (F’) shows a detail of (F). (G) Graft junction 4 days 
after grafting, orange asterisk and line indicate newly formed xylem bundle connecting scion and rootstock, 
(G’) is a different picture taken in the same graft junction that shows connected xylem cells.
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(Melnyk et al. 2015), it is not known when vascular tissues reconnect in a cucumber graft. 
To identify at which time point vascular connection was complete, junctions of EG and GE 
grafts were cleared and stained with toluidine blue before hand-sectioning. During sample 
preparation, older EG grafts often fell apart, likely a result of poor adhesion and connection. 
Sections of GE grafts revealed induction of cell division above the graft junction 2 days 
after grafting (Figure 2E). The first single differentiated xylem cells above the junction were 
observed at day 3 and at day 4 xylem bundles connecting scion and rootstock were visible. 
Thus, vascular reconnection is established earlier in cucumber grafts compared to Arabidopsis 
where xylem connections are completed after 6-8 days. This helps define a window for gene 
expression analysis prior to completion of the graft.

Transcriptome profiling reveals genes differentially regulated between compatible and 
incompatible cucumber grafts

To identify transcriptional differences between compatible and incompatible grafts, we 
performed an RNAseq experiment on EG and GE cucumber graft junctions. Compatible 
grafts such as GE undergo a typical wound response before and while forming vascular 
tissues. Therefore it is unclear which genes coordinate and reflect each of the two processes. 
In contrast, in EG grafts wound response occurs but vascular reconnection is absent. By 
comparing transcriptional changes in both types of grafts, it should be possible to identify 
genes associated with vascular reconnection. Graft junctions, spanning the hypocotyl of 
both rootstock and scion were collected 1, 2 and 3 days after grafting. RNAseq libraries 
were prepared for each, followed by next-generation sequencing. Reads were mapped to 
a cucumber reference genome (Chinese Long v2; (Huang et al. 2009)), followed by read 
counting per gene and normalization to Fragments Per Kilobase per Million (FPKM) values. 
To identify dominant expression profiles across samples, K-means clustering was performed 
using the FPKM values. Clustering revealed several groups of genes that were induced 
upon grafting (Figure 3A; Supplemetary Figure 1). Genes from clusters 1, 9 and 18 were 
selected for further analysis based on induction in GE grafts. Genes in cluster 1 were only 
upregulated in successful grafts while genes in clusters 9 and 18 were induced in both GE 
and EG combinations. Therefore we expected clusters 9 and 18 to contain genes mostly 
involved in wound response and callus formation while cluster 1 was expected to contain 
genes involved in vascular development. 

 A closer look at the types of genes in these clusters revealed parallels with graft 
formation in Arabidopsis. GO term analysis revealed that clusters 9 and 18 are enriched 
for genes with functions in oxidation-reduction processes. Wound response and grafting 
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were previously reported to result in the accumulation of ROS, supporting the need for 
oxidoreductase activity (Irisarri et al. 2015, León et al. 2001). In contrast, cluster 1 was 
not enriched for GO terms involved in gene regulation or vascular development, only for 
genes in the extracellular region and genes involved in flavonoid production. Particularly the 
latter may be linked to auxin accumulation, as several Arabidopsis flavonoids were shown 
to inhibit auxin transport (Brown 2001). From the three clusters we have selected several 
genes that are likely involved in vascular reconnection based on the prior knowledge. These 
include transcription factors and auxin-related genes found in each cluster (Supplementary 
Table 2-4). Based on their Arabidopsis homologs, we identified several genes of interest 
including: homologs of targets of auxin signaling (SOK4 and PIN2 in cluster 1; IQD17 in 
cluster 18)(Adamowski & Friml 2015, Möller et al. 2017, Schlereth et al. 2010, Yoshida et 
al. 2019); transcription factors regulating cell proliferation (FEZ in cluster 1 and 18; SMB 
and BBM in cluster 9)(Boutilier 2002, Willemsen et al. 2008), and transcription factors 
regulating patterning and boundary formation (MNP/HAN in cluster 1; PLT2 in cluster 18; 
BIB in cluster 9)(Aida et al. 2004, Long et al. 2015, Zhao 2004)(Table 1-3). These indicate 
that similar developmental programs seem to be recruited in the formation of a vascular 
connection in both cucumber and Arabidopsis.

 We next asked if transcription of the genes selected from the clusters was induced 
in the scion or in the rootstock of the cucumber grafts. In Arabidopsis grafts, it is clear 
that auxin accumulation in the top half induces expression of genes in both grafted and 
ungrafted (cut) plants, but the differences between grafted and ungrafted plants are most 
clear in the bottom half of the graft, where vascular genes were only induced in grafted 
plants (Melnyk et al. 2018)(Figure 1). For several cucumber genes, we could infer their 
expression origin through polymorphisms (SNP’s) between variety E and G. Some sequence 
information of the two genotypes was available (Rijk Zwaan, unpublished), and this 
information was used to identify SNP’s in the genes in cluster 1, 9 and 18. Based on the 
differential abundance of polymorphic sequences, we concluded that most of the grafting-
induced genes were exclusively induced in the bottom half of the graft, both in graft EG 
and in GE (Figure 3A). We were interested in genes that behaved differently between EG 
and GE grafts. Several genes were induced only in the rootstock, but this induction was 
often larger in graft GE compared to graft EG (cluster 1: Csa1G427480, Csa5G646750). 
In contrast, Csa1G469740 and Csa4G312300 (cluster 1) were induced in both the top 
and bottom of both grafts, while in GE a much higher percentage of transcripts was found 
to originate from the rootstock than in EG (Figure 3A). As an exception: Csa3G895680 
(cluster 18) was only found in the rootstock in EG grafts, while in GE grafts, more than half 
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of the transcripts on day 1 originated from the scion, at day 3 this contribution was close 
to none. A clear trend we found was that transcripts that derive mainly from the rootstock 
have a higher scion contribution in the EG graft compared to the GE graft. This difference 
in contribution is most apparent on day 3, indicating reduced activation of the rootstock of 
EG grafts. Contrary to all other genes, transcripts from Csa4G051470 and Csa5G223070 
(cluster 9) originate primarily from the scion at all time points. The dominance of scion-
derived transcripts for these genes is stronger in GE grafts compared to EG grafts (Figure 
3B). Summarizing, scion and rootstock both contribute transcripts in the grafts but most 
genes are induced specifically in rootstock. This mirrors similar findings in Arabidopsis. 
Furthermore, when GE and EG grafts are compared, we find differences between scion and 
rootstock contribution indicating that graft compatibility affects rootstock activation and 
scion response.

 The next question was whether the Arabidopsis homologs of the cucumber genes 
for which the origins could be tracked, behaved in a similar matter in Arabidopsis. Many of 
the orthologous genes showed induction in the upper half of Arabidopsis ungrafted samples, 
similar to some vascular marker genes (Supplementary Figure 2). Only two Arabidopsis 
homologs were induced in the lower half of grafted samples, and those were both induced 
in the upper half of cucumber samples. These findings indicate that while in grafts of both 
species induction of genes in the bottom half is key, homologous protein sequences do not 
infer homologous regulation.

Discussion

Vascular development in a graft starts after auxin accumulates above the graft junction 
(Melnyk et al. 2015, Yin et al. 2012). In Arabidopsis, this accumulation of auxin is 
accompanied by the induction of auxin-responsive genes above the graft junction, followed 
by graft-specific induction of vascular genes below the graft junction (Figure 1). However, 
the timing of induction of vascular genes varies. Some are induced quickly after grafting 
(TMO6, WRKY17) while expression of others is not induced until vascular connections are 
established (WOL, TMO5). These differences highlight that while vascular establishment 
in embryo and graft use similar components, their regulation is dissimilar and details from 
either process cannot be extrapolated. However, it is expected that key factors and regulatory 
steps, such as an increase in auxin signaling, are conserved between the processes.

 The comparison of incompatible grafts, where no vascular connection is formed, 
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with compatible grafts allowed us to focus on the genetic components involved in vascular 
development. Analysis of cucumber RNAseq data comparing the compatible GE graft with 
the incompatible EG graft was the starting point to finding genes associated with grafting 
success and thus vascular development. Gene clustering identified several groups of genes 
induced by grafting. When it came to distinguishing between a successful and failed graft, 
several genes induced in rootstocks in cluster 1 were the best predictors of a future vascular 
connection (Figure 3A). These genes were induced to a higher degree in compatible GE 
grafts than in incompatible EG counterparts, suggesting that these genes are involved in 
(or reporting on) vascular development and graft connection. Similar to vascular genes in 
Arabidopsis grafts, graft-responsive genes in cucumber were induced predominantly in the 
bottom half of the graft. The reduced contribution of the rootstock in incompatible EG 
grafts indicates that grafting success is correlated with rootstock activation. This activation 
occurs before vascular connections are formed, indicating that it is not a result of long-
distance transport. However, it remains unclear what causes rootstock activation. A future 
challenge would be to determine if the types of genes induced during graft formation can 
help us understand the regulation that is needed to form a vascular connection.

 A closer look at the genes in the three induced clusters revealed that the two clusters 
upregulated in both compatible and incompatible grafts are enriched with genes associated 
with oxidoreductase activity according to GO term analysis (Supplementary table 1). The 
activation of such genes in both types of grafts indicates that these are involved in regular 
wound response (León et al. 2001). However these clusters also contain several genes that are 
spatially differently regulated in compatible and incompatible grafts (Figure 3). Therefore, 
while these genes are not exclusive to successful grafts, their location and exact degree of 
induction appears to be compatibility-dependent. GO term analysis in addition revealed 
that the compatible-specific cluster 1 was enriched with genes encoding proteins with  
extracellular localization. The function of this remains unclear but could be related to the 
finding that adhesion of incompatible EG grafts decreased quickly while GE graft junctions 
remained strong even before vascular connections were established. In addition, looking at 
individual genes in all three clusters reveals homologs of genes that in Arabidopsis either are 
targets of auxin signaling or that play key roles in regulating patterning and proliferation. 
This could point to the mechanisms recruited in the process of graft vascular connection 
but without experimental validation it is unclear if these factors determine grafting success 
or merely report on it. However, the patterns and genes identified in this experiment could 
form a starting point for future experiments. 

 Additional experiments can help identify genes robustly associated with grafting 
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success. The first step would be to determine how reproducible the results found in this 
chapter are. By repeating this same experiment with more grafting combinations, genes 
consistently associated with grafting success can be identified. By also comparing the IJ 
and JI grafting combination (Figure 2) a similar dataset can be generated and genes that are 
induced in both GE and JI could be regarded as more general markers of grafting success. 
In addition, mis-sense SNPs in coding regions could point to proteins whose activity 
might be impaired in incompatible grafts while SNPs in regulatory regions could point 
to regulatory elements that are needed for the induction of genes that determine grafting 
success. Furthermore, a wider dataset involving more grafting comparisons would with 
more certainty point to molecular markers of grafting success that could potentially predict 
grafting success. In addition, mapping populations of ExG or IxJ crosses could lead to the 
identification of Quantitative Trait Loci (QTLs) responsible for grafting success. In this 
chapter we raise the question as to which part(s) of the graft determines compatibility. Does 
the scion or the rootstock determine success or are specific combinations incompatible? 
Grafting the scions E and I with a variety of rootstocks and the rootstocks G and J with a 
variety of scions can get us closer to unraveling those mechanisms and to genes involved in 
this process.

 All in all, in this chapter we have identified parallels between vascular specification 
in embryo and grafts and we have used cucumber grafting combinations to identify genes 
associated with grafting success. These findings can form a starting point for both the 
identifications of molecular markers and QTLs associated with grafting success and for the 
unraveling of molecular mechanisms that control vascular development in the graft.

Materials and methods

Plant materials, growth, sectioning and staining

Cucumber varieties were selected by Rijk Zwaan and experiments were performed at the 
breeding company’s location in Fijnaart. Plants were grown under regular greenhouse (soil 
blocks covered with vermiculite) conditions. Seedlings were grafted 9 days after germination 
and kept together with soft plastic clips. Graft junctions for imaging were collected 2, 3 and 
4 days after grafting. After fixation in 4% paraformaldehyde, grafts were staining using 0.1% 
of toluidine blue and hand-sectioned.

RNAseq: material collection and data analysis
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Samples for RNA extraction were collected 1, 2 and 3 days after grafting and consisted of 
20 graft junctions. Each graft junction was about 1 cm with equal contributions from top 
and bottom. Quality check for the raw RNAseq reads was performed using FastQC (www.
bioinformatics.babraham.ac.uk/projects/fastqc). Illumina adapters at the 3’end of the reads 
and the biased 5’end (10 bp from start) were cleaned up using TrimGalore (v0.5.0; https://
github.com/FelixKrueger/TrimGalore). The cleaned FASTQ reads were mapped onto the 
Cucumber genome (Chinese Long v2; http://cucurbitgenomics.org/) using HISAT2 (v2.1.0; 
Kim et al. 2015) with default parameters. The obtained mapping (SAM) files were converted 
to binary (BAM) format and further indexed using SAMTOOLS (v1.9; Li et al. 2009). 
FeatureCounts (v1.6.2; Liao et al. 2014) was used to count the raw reads corresponding to 
each gene, with the parameters “-t ‘exon’ -g ‘gene_id’ -Q 30 -p --primary”. These raw counts 
were normalized using Fragments Per Kilobase per Million (FPKM) metric. The normalized 
data was used for generating 25 clusters using k-means clustering in R (v3.5; www.r-project.
org). Plots were generated using ‘ggplot2’ module in R. GO term enrichment was performed 
with a Bonferroni correction for p-values and a cutoff of 0.05 (http://cucurbitgenomics.org/
goenrich). To identify the corresponding Arabidopsis homologs of the cucumber genes, the 
aminoacid sequences of cucumber genes were matched against the Arabidopsis proteome 
using ‘blastp’ with the parameters “-max_target_seqs 1 -evalue 0.001” to identify the best hit 
in Arabidopsis.

http://cucurbitgenomics.org/goenrich
http://cucurbitgenomics.org/goenrich
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Supplementary Figures and Tables

Supplementary figure 1: Expression profiles of the 25 clusters. 
Clusters were generated by k-means clustering. Clusters 1, 9 and 18 were selected for further analysis.
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Supplementary figure 2: Expression profiles of Arabidopsis homologs of Cucumber graft induced 
genes. 
Expression after grafting in Arabidopsis of homologs of the cucumber genes of which expression origin 
could be determined.
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Supplementary table 2: Selected genes from cluster 1. 
A list of cucumber genes related to transcriptional regulation and auxin response and their Arabidopsis 
homologs.
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Supplementary table 3: Selected genes from cluster 18. 
A list of cucumber genes related to transcriptional regulation and auxin response and their Arabidopsis 
homologs.
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Supplementary table 4: Selected genes from cluster 9. 
A list of cucumber genes related to transcriptional regulation and auxin response and their Arabidopsis 
homologs.
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Early during plant embryogenesis, cells acquire one of three distinct cell identities, each 
contributing unique cell types that, upon differentiation, contribute to plant development, 
adaptation and survival. The dominant presence of multi-cellular organisms - such as land 
plants - in ecosystems, is likely aided by their ability to form specialized tissues. Instead of each 
cell acting alone, large collectives of cells act together to ensure their survival, with groups 
of cells adopting fates dedicated to a singular task. The division of labor in multicellular 
organisms however, needs to be under tight control. In plants, three overarching tissue 
identities exist: epidermal identity, ground tissue identity and vascular identity are each 
first specified during embryogenesis and will each contribute to all tissues and organs the 
plant will form during its life. Each of these three cell identities will give rise to several sub-
identities (cell types), and mutations that result in the impaired development of a single 
tissue sub-type can cause aberrant development and reduced fertility (MacAlister et al. 2007, 
Mähönen et al. 2000, Mayer et al. 1991, Okada et al. 1991). This suggests that failure to 
initiate a major cell identity, and as a consequence the loss of all its sub-types, will be lethal. 
While it is known that the specification of cell identity during plant embryogenesis is crucial, 
at this moment the mechanisms responsible remain elusive, and the genetic master switches 
are unknown. In this thesis we started unraveling the mechanisms that are responsible for 
the specification and development of vascular identity in the Arabidopsis embryo.

Vascular identity establishement is a multi-step process

The origin of the first vascular cells in Arabidopsis have been traced back to the early 
globular stage embryo using lineage tracing (Dolan et al. 1993, Scheres et al. 1994). This 
stage corresponds to the one where a dedicated tissue layer is formed that will only later 
generate the pericycle, xylem, phloem and cambium. In Chapter 3, we concluded that 
vascular identity is instead laid down one stage earlier: in the dermatogen stage embryo, 
where a large number of vascular marker genes start showing cell-type specific expression. 
This finding confirms an earlier report that made this same suggestion based on global tissue-
specific transcriptome analysis (Palovaara et al. 2017): those findings had indicated that the 
vascular cells at early globular stage are highly similar to the inner dermatogen stage cells 
(16-cell stage) in their transcriptome, as measured by GO term analysis. This is surprising, 
since the inner cells at 16-cell stage will not only generate vascular cell types, but are also the 
precursor to the ground tissue, from which endodermis and cortex differentiate (Raven et 
al. 2005, Scheres et al. 1994). The genetic regulation responsible for this specification step 
is unknown, nor have models been proposed for the establishment of other tissue identities 
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during early embryogenesis. In this respect, there is more information on metazoan 
embryogenesis. Single cell sequencing of mouse embryos has revealed that gaining cell type 
specificity commonly occurs through the local repression of cell identity markers (Guo et al. 
2010). During mouse embryogenesis at 32-cell stage the trophectoderm (TE) and inner cell 
mass (ICE) are specified (Rossant & Tam 2009). TE-specific transcription factors are first 
expressed equally across all cells, before their expression is inhibited specifically in the inner 
cells (Guo et al. 2010).  Similarly, in the Arabidopsis embryo, the inverse markers of vascular 
identity start expression before the distinction between vascular and non-vascular cell sis 
made, and gain specificity to non-vascular cells at dermatogen stage, potentially through 
repression in the inner cells. In contrast, the vascular-specific genes are not expressed 
before the first vascular cells are specified. These observations indicate that vascular identity 
probably arises through a combination of both location-specific activation and location-
specific repression of transcription. 

 The quick and local distinction between the inner and outer cells of the Arabidopsis 
embryo might depend on the differential activation of components that are already present, 
rather than through the slower induction of newly synthesized components. In Chapter 5 
we found that the 10 candidate regulators of vascular identity, identified using Yeast One 
Hybrid, were expressed at similar levels across the embryo and their expression precedes 
vascular initiation. Similar patterns exist in the Drosophila embryo where the TEAD4 
transcription factor is present in all cells (Nishioka et al. 2009). Here, cell-specific activity is 
caused by differential localization of the TEAD4 co-activator: YAP (Nishioka et al. 2009). 
YAP localization is nuclear in the outer cells but cytoplasmic in the inner cells as a result 
of differential phosphorylation (Nishioka et al. 2009). A similar mechanism in the embryo 
Arabidopsis could allow a broadly expressed regulator to restrict vascular fate through cell-
specific differences in activity. An important future question therefore is if any of these 
potential regulators of vascular tissue specification is regulated in its activity by cofactor 
binding or post-translational modification.

 A second step in the establishment of discrete cell identities entails the transition 
of vascular identity from a diffuse to a discrete trait. Since ground tissue identity appears 
to arise from a prior vascular-like identity (Chapter 3; Möller et al. 2017, Palovaara et al. 
2017), vascular marker genes will need to be suppressed in several cells just one division 
after their activation. However, it appeared that this is not an instant change. Many vascular 
marker genes remained active in ground tissue cells until several cell divisions later, around 
transition stage (Chapter 3). The subsequent step-by-step restriction of vascular markers 
to the vascular cells indicates that the emergence of discrete cell identities may depend on 
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feedback mechanisms. Indeed, gene regulatory networks involving extensive feedback were 
found to be necessary for creating discrete cell fate outputs across multicellular organisms 
(Briscoe & Small 2015, Rossant & Tam 2009, Stathopoulos & Levine 2002, ten Tusscher 
2013). While the existence of such a gene regulatory network restricting vascular identity 
in the Arabidopsis embryo remains unconfirmed, the components and outputs identified in 
this thesis indicate that a broadly present set of regulators can modulate the response to a 
signaling molecule, auxin, which then over the course of several divisions could help create 
discrete cell identities.

The role of auxin in vascular tissue specification

The plant hormone auxin instructs and drives a broad variety of responses in plant development 
and adaptation (Roosjen et al. 2018, van den Berg & ten Tusscher 2017). A strong link exists 
between auxin signaling and vascular development: auxin maxima are strongly correlated 
with vascular initiation and were suggested to trigger vascular development (Ohashi-Ito & 
Fukuda 2010, Sachs 1969, Scarpella 2017, Weijers et al. 2006). In Chapter 4 we found that 
auxin levels and signaling are unlikely to be only the spatial cue that limits vascular identity 
to the inner cells at dermatogen stage. Both inner and outer cells have high levels of auxin as 
measured by the R2D2 and DR5v2 reporters (Chapter 4; Liao et al. 2015). The notion that 
auxin triggers vascular identity comes largely from experimental work that links high auxin 
to vascular development (reviewed in De Rybel et al. 2016, Fukuda & Ohashi-Ito 2019, 
Scarpella 2017). Induction of vascular development in grafts (Melnyk et al. 2015), after 
wounding (Efroni et al. 2016, Jacobs 1952), or upon application of auxin to the stem (Sachs 
1969), all underline the link between auxin signaling and vascular development. Yet, in each 
of these experiments vascular cells originate not from the existing tissues but from the de-
differentiated (callus) tissue that is formed whenever a plant is wounded. It is clear that auxin 
is needed for the formation of vascular bundles in these situations and auxin maxima caused 
by canalization do indeed overlap with the future location of vascular bundles. However, our 
attempts in Chapter 4 to induce vascular identity in the root and embryo showed that auxin  
alone is not able to confer vascular identity during regular development. 

 In the embryo, we found that while ectopic MONOPTEROS (MP/MPΔPB1) 
activity could trigger cell divisions, it could not induce vascular identity outside its regular 
domain. However, previously the expression of MPΔPB1 under the MP promoter was 
shown to cause ectopic and aberrant vascular development in leaves (Krogan et al. 2012). 
It can be argued that in this case ectopic auxin signaling did result in ectopic vascular 
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development, but only in the context of the developing leaf. The MP promoter is active 
outside the vascular domain in the embryo and root (Rademacher et al. 2011) but in both 
tissues no ectopic vascular development was reported when MPΔPB1 was introduced in 
this domain. Instead of auxin triggering vascular development it is imaginable that both 
transdifferentiation caused by wounding and organogenesis result in the formation of naive 
cells that will then use auxin as a positional cue to create centrally located vascular tissue. 
Indeed, blocking auxin signaling in the inner cells of the embryo resulted in incomplete 
establishment of vascular identity (Chapter 4) which will then cause in aberrant vascular 
development (Hamann et al. 1999, Schlereth et al. 2010). Since auxin is not the spatial cue 
that limits identity, the question remains which factors add to auxin signaling response to 
provide spatial specificity during the initiation of vascular development.

Modulation of auxin response

As auxin response is needed for the initiation vascular identity during embryogenesis, but is 
not sufficient to induce ectopic vascular identity, it might instead be the differences in response 
to the same level of auxin that limit identity. Cell-specific responses to auxin could be caused 
by protein interactions that alter AUXIN RESPONSE FACTOR (ARF) DNA binding or 
activity at the DNA. In addition to ARF homo- and heterodimerization, members of other 
transcription factor families were found to interact with ARF proteins (reviewed in Roosjen et 
al. 2018). Interactions with MYB DOMAIN PROTEIN77 (MYB77), FRUITFULL (FUL) 
and BIGPETAL (BPE) occur via the PB1 domain of ARFs and appear to modulate response 
to auxin in the context of lateral root development (MYB77-ARF7) and fruit morphogenesis 
(FUL-ARF6/8 and BPE-ARF6/8) (Ripoll et al. 2015, Shin et al. 2007, Varaud et al. 2011). 
In Chapter 6, we find that the bZIP transcription factors G-BOX BINDING FACTOR 1 
and 2 (GBF1 and GBF2) can interact with the DNA-binding domain of ARFs, including 
MP. The expression of GBF1 and GBF2 during embryogenesis (Chapter 5) nominates these 
transcription factors as potential contributors to auxin response in vascular specification. 

 In Chapter 6 we found that several vascular promoters contained both putative 
Auxin Response Elements (AuxREs) and G-boxes.  G-boxes are often found in the promoters 
of auxin response genes and appear close to AuxREs (Chapter 6; Berendzen et al. 2012, 
Cherenkov et al. 2018, Menkens et al. 1995, Ulmasov et al. 1995). Removing the putative 
AuxREs and flanking G-boxes from the promoters of GATA20, TMO5 and WRKY17 
resulted in large decreases in root promoter activity. The separate removal of G-boxes 
did not result in similarly strong decreases in promoter activity but instead increased the 
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variation in expression level between transformants, indicating a role for these elements in 
stabilizing expression. The removal of a combined AuxRE/G-box motif in the WRKY17 
promoter resulted in a vascular-specific reduction of expression, indicating that this motif 
confers vascular-specific gene expression. In both cases, it appears that the presence of G-box 
elements near AuxREs in vascular promoters contributes to vascular expression, specifically 
to the stabilization of expression levels in the vascular bundle. Stabilization of expression 
levels in response to signal fluctuations plays a key role in patterning and is essential in 
maintaining patterning (Briscoe & Small 2015, ten Tusscher & Scheres 2011). On the 
protein level, G-class bZIPs could alter binding of ARF proteins to the DNA or be involved 
in the recruitment of specific cofactors and in these ways help restrict vascular specific gene 
expression. It will be interesting to find if and how these factors contribute to vascular 
identity specification during embryogenesis. However, we were unable to determine the role 
of GBFs during vascular specification.

 G-class bZIPs can  bind G-box motifs in vascular promoters (Chapter 6; Giuliano 
et al. 1988, Schindler et al. 1992), but other bZIP family members and bHLH transcription 
factors can bind to the same G-box motif (Berendzen et al. 2012, Kim et al. 2016). Thus, 
using promoter truncations it was not possible to separate the role of GBF in vascular 
specific gene expression from that of other G-box binding transcription factors. Knockout 
of one or two G-class bZIPs only caused marginal changes in development or auxin response 
(Chapter 6). This may in part be due to the redundancy that likely exists in the G-class of 
bZIP transcription factors, and in part to the lack of knowledge on factors that regulate 
GBF activity. Arabidopsis has 5 G-class bZIP transcription factors (Dröge-Laser et al. 2018, 
Jakoby et al. 2002) and a knockout of one member results in upregulation of others (Chapter 
6). While overexpression of GBFs using the 35S promoter altered leaf shape, overexpression 
from the RPS5A promoter caused no observable effect on development (Chapter 6) unless 
fused to an SRDX repressor domain (Chapter 5). This indicates that unmodified GBF 
alone cannot activate or repress vascular identity. A higher order GBF knockout mutant or a 
constitutively active version GBF would allow to help elucidate the role of GBF proteins in 
vascular development. Creating a constitutively active version of GBF requires understanding 
of the factors that regulate GBF activity. Theoretically, mechanisms altering GBF activity 
might be the result of differential protein localization as reported for cell specification in 
Drosophila (Nishioka et al. 2009), but we found that GBF1 and GBF2 were present in the 
nucleus in all cells. However, previous work has shown that GBF DNA-binding is redox-
dependent (Klimczak 1992, Shaikhali et al. 2012) and this could contribute to cell type-
specific GBF activity. Additional work is needed to the determine what role, if any, GBFs 



180

Chapter 8

8

play in the initiation of vascular identity.

 In addition to the GBFs we were able to link several other candidate regulators to 
modulation of auxin response. ASIL1, AT2G37520 and GLP3 can bind to vascular specific 
promoter sequences in yeast (Chapter 5) and their misexpression can affect auxin response 
in Arabidopsis (Chapter 6). The mechanisms that these genes use to modulate auxin 
responsive gene expression remain unclear as their binding sites and protein interactions 
remain obscure. However, their effects appear to be context-dependent, as overexpression 
did not result in strong developmental phenotypes. All in all, the search for the master 
regulator of vascular identity is not yet concluded.

Is there a master regulator of vascular identity?

In this thesis we aimed to identify a master regulator that is both necessary and sufficient 
for the initiation of vascular tissue identity. Our search has not yielded a master identity 
regulator. While there can be many technical reasons why the strategy chosen did not deliver 
a master regulator, an important question is whether such a regulator exists. An important 
assumption was the existence of a unifying vascular identity. The three major tissue types 
(vascular, ground, epidermis), which are initiated during embryogenesis, are thought to be 
distinct identities that persist post-embryonically (Raven et al. 2005). It is possible to induce 
aspects of vascular tissue development or differentiation, such as periclinal cell division or 
xylogenesis, in other cell types through misexpression of their key regulators (Chapter 6; 
De Rybel et al. 2013, Kondo et al. 2014, Smet et al. 2019, Soyano et al. 2008). Thus, 
aspects of vascular tissue development are indeed under control of master regulators, but this 
may not be the case for vascular tissue identity itself. Vascular cells are thought to possess 
unique ‘vascular’ characteristics that are shared among the different vascular cell types. Such 
characteristics would include the factor that restricts vascular marker expression outside of 
the vascular tissues upon auxin treatment (Chapter 4). However, expression of even xylem- 
or phloem-specific markers can not be induced in other vascular cell types (Chapter 4), 
suggesting that these identities might not be as similar as assumed. 

 This separation between different vascular cell types is also found in a single-cell 
RNAseq (scRNA-seq) experiment performed on Arabidopsis root tips, which found distinct 
groups of xylem and phloem cells (Ryu et al. 2019). Clustering revealed that the vascular 
cells were clustered close to other cell types such as the lateral root cap and root hair cells; 
xylem cells even appeared more similar to root hair cells than to the phloem (Ryu et al. 
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2019). In addition, other recent scRNA-seq studies on Arabidopsis root tips similarly find 
that the distance between the subtypes of each major identity (vascular, ground, epidermis) 
might be larger than the distance between the major identities (Denyer et al. 2018, Jean-
Baptiste et al. 2019, Shulse et al. 2018). This leads to the question as to whether there is a 
unified vascular identity or if vascular cell types only share a set of common precursor cells. 
Based on vascular marker expression patterns (Chapter 3) we hypothesize that a common 
vascular identity does exist during early embryogenesis in the cells that share xylem and 
phloem markers but that as soon as there are enough cells in the vascular bundle, these 
identities separate. Altogether, vascular identity appears to be a temporary state from which 
vascular subtypes quickly depart and its specification might be one module that is recruited 
early on instead of a constant driving force. Following this argument, it is perhaps unrealistic 
to assume the presence of a master switch for vascular identity that persists beyond the initial 
stage of tissue ontogeny.

Outlook

In this thesis, we set out to describe the initiation of vascular identity during embryogenesis 
and to find factors that control this developmental transition. While none of the 
transcription factors identified in this thesis are the master regulator of vascular identity, 
they do fit into the view that regulation of identity depends on the interpretation of a 
positional gradient by a broadly present gene regulatory network (Bhalerao & Bennett 
2003, Briscoe & Small 2015). Future research into the nature of plant cell identity and its 
regulation will bring us closer to truly understanding the process of identity specification. 
Firstly, characterization of the factors identified in this thesis using higher order mutants and 
identification of mechanisms controlling their cell type-specific activity will help understand 
the factors that regulate vascular identity. At the moment, single cell sequencing is being 
applied to a variety of plant tissues (Efroni & Birnbaum 2016) and advances from the 
animal field indicate that single cell transcriptome profiling of embryonic cells can teach 
us about the components that contribute to cell identity (Cao et al. 2019; Guo et al. 2010, 
2017). Single cell RNAseq of the early Arabidopsis embryo can provide spatial and temporal 
resolution of the specification process. However, because identity is probably regulated by 
the regulated activity of a broadly transcribed transcription factor, transcriptome profiling 
and network inference might not be sufficient to identify the regulators of cell fate initiation. 
Additionally, the analysis of regulatory elements that determine promoter activity and thus 
cell type-specific transcription using data from DAPseq and protein binding microarrays 
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(Franco-Zorrilla et al. 2014, O’Malley et al. 2016) can point in the direction as to which 
regulatory proteins could contribute. The investigation into the modifications that alter 
protein activity remains restricted by the size and accessibility of the early embryo which 
prevents proteomics studies. Progress in understanding regulation of protein activity will 
thus depend on the parallels between embryonic and post-embryonic development. In the 
end, understanding the control of vascular identity during embryogenesis will depend on 
and might contribute to a myriad of related processes, once again with auxin at its center.
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Summary
During plant embryogenesis, a miniature plant is generated that contains the cells that form 
the basis for all future cell- and tissue types. Of the three major cell identities, the vascular 
cells will provide transport capabilities and structural support to the plant. In this thesis 
we have focused on the initiation of vascular identity during embryogenesis. Chapter 1 
provides an overview of the early steps in vascular development and discusses the correlation 
between auxin signaling and vascular development, followed by an outline on the scope of 
this thesis. In Chapter 2, we focused on the role of auxin in embryo patterning; describing 
the various roles auxin plays as well as the tools that can help us visualize and unravel the 
complex outputs of auxin signaling.

In Chapter 3, we have used transcriptional reporter lines of both previously described and 
newly identified vascular genes to trace the establishment of vascular tissue identity to the 
dermatogen stage embryo. For this we used a tissue-specific expression atlas of the Arabidopsis 
embryo to isolate genes that are enriched in vascular cells. Of the 36 selected genes, 6 were 
selected as markers of early vascular identity. Using this set of vascular markers, we explored 
tissue ontogeny in the embryo. After initiation of identity, vascular gene expression was not 
strictly contained to the vascular cells in the globular stage embryo, indicating that identity 
is a more diffuse trait than was previously assumed. The identity of the earliest vascular cells 
appeared unique in their co-expression of xylem and phloem markers, and the existence of 
inverse vascular markers, excluded from vascular cells. This distinguishes cell identity in the 
embryo from that in the root. 

With the extensive set of vascular marker genes generated here, we next tested the influence 
of auxin signaling on vascular gene expression. Previous research had established firm links 
between auxin signaling and vascular tissue formation. In Chapter 4, treatment of roots from 
our collection of vascular reporters confirmed that auxin induces vascular gene expression 
but in addition revealed that expression remained confined to the original cell types within 
the vascular bundle. Thus, auxin was not able to induce vascular identity in any non-vascular 
cells in the root. As the embryo is less differentiated, we next attempted to ectopically induce 
vascular identity in the embryo. Misexpression of constitutively active MPΔPB1 across the 
embryo was not able to induce vascular gene expression. However, blocking auxin signaling 
in vascular cells did eliminate the expression of some vascular markers; indicating that auxin 
signaling is required for, but not sufficient in the initiation of vascular identity.

In Chapter 5, we used an enhanced Yeast One Hybrid screen on promoters of vascular 
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marker genes to identify candidate regulators of vascular identity. From a network containing 
397 transcription factors that could bind to one or more vascular promoters, 23 candidate 
regulators of vascular identity were selected using a rational scoring approach. We showed 
that 10 of these proteins were present at the correct time and location to be involved in 
identity regulation. The broad expression pattern of these 10 candidates suggested that local 
protein modifications might play a role in differential transcription factor activity. An assay 
designed to screen candidate-promoter interactions in the root suffered from artefacts but 
did reveal that misexpression of SRDX-fused candidates induced developmental phenotypes 
for several candidates.

Regular misexpression of these candidate regulators in the meristem did not reveal strong 
developmental abnormalities in the early plant, suggesting a limited or conditional role of 
the 10 selected candidate regulators. In Chapter 6, we hypothesized that instead of acting 
alone, these candidate regulators might interact with auxin signaling. Indeed, misexpression 
of three separate candidates reduced auxin-responsive root growth and vascular gene 
expression. In addition, we found that that G-BOX BINDING PROTEIN 1 and 2 
(GBF1/2) could interact with a variety of AUXIN RESPONSE FACTORs (ARFs) via the 
ARF DNA-binding domain. Promoter sequences of several vascular marker genes contained 
G-boxes located close to Auxin Response Elements (AuxREs). Removal of both AuxRE and 
G-box led to a strong reduction of promoter activity in the vascular bundle while removal of 
only the G-box increased between-transformant variation in activity. These findings suggest 
that GBF proteins could play a role in modulating auxin response in vascular cells.

In Chapter 7, we focused on vascular initiation during graft formation. Vascular marker 
genes are induced early on in the rootstock half of Arabidopsis grafts indicating strong 
parallels between vascular initiation in the embryo and graft. Next, we performed an RNAseq 
experiment to compare gene expression induction between compatible and incompatible 
Cucumber grafts. We found that markers of Cucumber grafting success were generally 
induced in the rootstock and contained a large number of homologs of genes involved in 
auxin signaling and vascular development in Arabidopsis.

Finally, Chapter 8 discusses the insights this work provides into vascular identity and its 
regulation. The results from this thesis indicate that vascular identity is a transitory state 
that is not maintained during further development and that the existence of a single master 
regulator of vascular identity is unlikely. We hypothesize that modulation of auxin signaling 
via GBF proteins could be contributing factor in the establishment of vascular identity.
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