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C ﬁter 1

Regulation of in vitro

somatic embryogenesis




Introduction

During sexual reproduction, a diploid zygote is formed upon fusion of two haploid
gametes, an egg cell and a sperm cell, and goes on to form the embryo and eventually a new
plant. In flowering plants, the embryo develops together with a second fertilization product, the
endosperm, and both the embryo and endosperm are surrounded by the maternal sporophytic
tissue, the seed coat, which is derived from the ovule integuments. The seed coat, embryo and
endosperm constitute a seed. During seed germination, the embryo breaks out of the seed coat
and develops further to produce the different organs that make up the plant body. Thus
effectively, the single-celled zygote has the capacity to form a whole plant with different tissues,
and is therefore totipotent. Many plant cells other than the zygote have the capacity to become
totipotent, including differentiated cells. This remarkable ability is referred to as totipotency and

has intrigued scientists for decades (Reinert, 1958; Steward et al., 1958).

Somatic embryogenesis (SE), the development of embryos from somatic or vegetative
cells, is one form of plant cell totipotency. SE occurs naturally in planta in a small number of
plant species, and can also be induced in vitro. SE is characterized by the production of a bipolar
structure with an apical pole (the future shoot) and a basal pole (the future root) and its own
independent provascular system. Somatic embryos can therefore be distinguished from
adventitious organs, such as shoots and roots, which are unipolar structures with a vascular
connection to the underlying tissue. Somatic embryos also accumulate species-specific storage
products that are not found at other stages of plant development and generally lack the
trichomes found on vegetative tissues. A classic example of ‘natural’ SE is adventitious embryony
or sporophytic apomixis, the formation of embryos from parts of the ovule other than the egg
cell, usually from the nucellus or the integuments (Bicknell and Koltunow, 2004). This is an
asexual process, but it may require fertilization of the central cell for endosperm production.
Adventitious plantlets also form on the leaf margins of some plants e.g. Kalanchoé
daigremontiana, also known as “mother of thousands”, although the identity of these leaf-
derived plantlets has long been under debate. Kalanchoé plantlets have a vasculature system
that is independent of the maternal tissue, but they only comprise an apical pole and produce
adventitious roots later in development. Therefore, this form of plantlet formation is considered

a combination of SE and organogenesis (Garces et al., 2007).



SE can also be triggered in vitro by exposing explants to stress treatments or exogenous
growth regulators. SE was first demonstrated in tissue culture by Steward et al. (1958) and
Reinert (1958; (Reinert, 1958; Steward et al., 1958) using carrot cell suspension cultures derived
from root tissue. A few years later, the importance of the synthetic auxin and herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) for the induction of SE was shown by Helperin and Wetherell
(Halperin and Wetherell, 1964). Since then, SE protocols using different stress treatments,
growth regulators and explants have been developed for a wide variety of species. These
protocols are now routinely used for mass clonal propagation and embryo rescue in plant
breeding. For example, SE can be used to asexually propagate male-sterile, open-pollinated,
highly heterozygous or sterile polyploid lines. Once induced, somatic embryos can be directly
grown into plantlets or stored as artificial/synthetic seeds (Sharma et al., 2013). Somatic
embryos can be converted to soil-grown plants in a much shorter time frame and with less labor
input than conventional methods that require lengthy periods of shoot and root organogenesis
of explants or cuttings. Additional advantages of SE include the unlimited multiplication capacity,
possibilities for automation in bioreactors and immortalization of juvenile cultures and mature
embryos by cryopreservation. Such advantages have led to significant increases in the
production efficiency and -uniformity, and in the quality of crop germplasm, especially in the
forestry industry (Fenning and Park, 2014). However, the use of SE for clonal propagation can be
limited by the low responsiveness of many species and genotypes and by the production of ‘off-
types’ or ‘non true-to-type” embryos, usually resulting from somatic mutations or stable
chromatin modifications (Miguel and Marum, 2011).

SE is also used as a research tool to study the mechanism of plant cell totipotency and
embryo development, since somatic embryos are easier to access and to generate in bulk than
zygotic embryos. However, there are some differences between somatic and zygotic
embryogenesis. Zygotic embryogenesis starts with fertilization of the egg cell, after which (in
most species) the zygote divides asymmetrically to form a smaller apical cell (the future embryo
proper) and a larger basal cell (the future suspensor and hypophysis). The embryo then
undergoes coordinated cell division and tissue patterning, maturation and dessication. In
contrast, SE starts from a single somatic cell or a group of cells and cell division and patterning is
initially much less regular than during zygotic embryogenesis, yet, somatic embryos go through
similar embryo stages and at the end resemble their zygotic counterparts morphologically
(Zimmerman, 1993; Mordhorst et al., 1997). At the maturation stage, somatic embryos do not

undergo dessication and dormancy as zygotic embryos do, but maturation can be induced by



application of abscisic acid (ABA) (Gutmann et al., 1996; Tian and Brown, 2000; Vahdati et al.,
2008). Interregional communication between the different seed tissues plays a role in guiding
the development of the zygotic embryo, not only for the transport of nutrients and hormones
from the surrounding tissues, but also for patterning (Weijers et al., 2003; Yang et al., 2008;
Costa et al.,, 2014); however, somatic embryos produced in vitro are not surrounded by
endosperm or maternal seed tissues. The ability of somatic embryos to develop in the absence
of the surrounding seed tissues suggests that either interregional communication between seed
tissues is only relevant in the context of seed development in planta, or that somatic embryo
development relies on the tissue culture medium and/or the original explant for developmental
cues. Alternatively, other cell types present in the culture or even the embryo itself takes over

the functions of the filial and maternal tissues (Van Hengel et al., 1998; Wiweger et al., 2003).

From explant to somatic embryo

The success of a SE protocol relies heavily on the type of explant that is used as starting
material for the culture. The cells of an explant should be ‘competent’, meaning they can
respond to the stimulus and switch to the embryogenic pathway. In most cases, embryonic (e.g.
immature zygotic embryos) or juvenile (e.g. cotyledons) tissues are used as explants for in vitro
SE induction, although in some cases differentiated tissues can be used (e.g., leaf mesophyll
protoplasts). The synthetic auxin 2,4-D or a combination of plant hormones is commonly used to
induce SE, but abiotic stress factors, including osmotic pressure, pH and low or high

temperatures, can also trigger SE (Gaj, 2004).

Somatic embryos can develop directly from the explant, for example, from the epidermal
and cortex cells (Dubois et al., 1990). Direct SE starts with cell proliferation and the formation of
compact clusters of small, cytoplasm-rich cells (Bassuner et al., 2007; Kurczynska et al., 2007).
These embryonic cell clusters can be first recognized by their thick cell walls, which might isolate
the embryo from the underlying explant (Kurczynska et al., 2007). Expression of an
embryogenesis marker gene (LEC2) was observed in few-celled clusters, indicating that these
cells have switched to embryo identity (Kurczynska et al., 2007). Somatic embryos can be
distinguished more clearly once the protoderm is formed. At later stages, the embryos elongate,

undergo apical-basal differentiation and form well-defined shoot and root meristems. Unlike



adventitious shoots, somatic embryos are not connected to the underlying vascular tissue of the

explant.

Somatic embryos can also develop indirectly from a proliferating tissue referred to as
callus (Reinert, 1958; Steward et al., 1958). Due to its amorphous structure, callus is historically
thought to comprise ‘undifferentiated’ cells, however recent analysis shows that organogenic
callus (for adventitious shoot production) has a lateral root identity and is derived from pericycle
cells of the root or pericycle-like cells from other organs (Che et al., 2007; Atta et al., 2009;
Sugimoto et al., 2010). This suggests that the first step in de novo shoot organogenesis first
involves direct cell redifferentiation to a distinct cell type. It is not known whether embryogenic
callus has a lateral root identity. However, like shoot callus, embryogenic callus can also be
derived from pericycle-like cells (Sticklen, 1991; Yang et al., 2010). During indirect SE, aggregates
of cytoplasmically-rich proliferating cells, referred to as pro-embryogenic masses (PEMs), are
formed within the callus (De Vries et al.,, 1988). To complete the transition from PEM to a
somatic embryo, the apical-basal and bilateral patterning of the embryo needs to be established
and the embryo needs to elongate, processes that often require the removal of auxin from the
culture medium. Somatic embryos that form via direct or indirect SE are morphologically similar,
but changes in the genome (somaclonal variation) due to the longer tissue culture period often

occurs in embryos derived from indirect SE (Gaj, 2004).

By far the majority of research on SE is focussed on protocol development, however, a
number of different species have also been used to understand the mechanism driving somatic
embryo induction including carrot, Norway spruce, alfalfa and cotton. Arabidopsis thaliana
(Arabidopsis) is perhaps one of the best systems to study SE due to the availability of efficient
protocols from different explants, and the wealth of cell biology and functional genomics tools.
Therefore, Arabidopsis SE is discussed below in more detail, and data from other model systems

are included where relevant.



Arabidopsis as a model system for somatic embryogenesis

Several in vitro somatic embryo induction systems have been developed for Arabidopsis,
using a wide range of explants including leaf protoplasts (Luo and Koop, 1997), immature zygotic
embryos (IZEs) (Pillon et al., 1996; Mordhorst et al., 1998; Gaj, 2001), mature zygotic embryos
(Kobayashi et al., 2010), shoot apices and flower buds (lkeda-lwai et al., 2003) (Figure 1). In
general, auxin (2,4-D) is used to trigger SE, although a number of stress treatments are also
effective, including osmotic, heavy metal, and dehydration stress (lkeda-lwai et al., 2003). In
addition, primary somatic embryos can be used as explants to produce secondary somatic
embryos via callus (Su et al., 2009). The most extensively used and studied Arabidopsis SE
system uses 2,4-D —treated IZEs (Figure 1). In this system, the cotyledons of the zygotic embryo
first swell due to divisions in the procambium and then, depending on the culture conditions,
somatic embryos either develop directly from dividing protodermal and subprotodermal cells or
indirectly via callus derived from the same tissue layers (Raghavan, 2004). Somatic embryos also
develop side-by-side with adventitious shoots, and it is thought that a minor, loose connection
to the explant allows local auxin accumulation and root formation in somatic embryos, while a
broader connection to the explant leads to the development of shoots due to auxin flow and the
formation of a continuous vascular connection with the explant (Bassuner et al., 2007). The
developmental stage of the IZE explant greatly influences the type of SE; early globular/torpedo
stage embryos undergo indirect SE, while older cotyledonary stages undergo direct SE (Gaj,
2011). Arabidopsis somatic embryos derived from cotyledonary 1ZEs differ in structure from
zygotic embryos, as their division pattern is initially unorganized, and apical-basal and bilateral
symmetry is established after a higher number of cell divisions (Bassuner et al., 2007). On the
other hand, somatic embryos derived from heart-staged 1ZEs or from leaf protoplasts follow a
division pattern that is very similar to that of zygotic embryos and occasionally even form
suspensors (Luo and Koop, 1997). Finally, the maturation (elongation and further patterning) of
somatic embryos may require the removal of auxin in case of indirect SE (Raghavan, 2004;

Bassuner et al., 2007).
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Figure 1. Overview of somatic embryogenesis systems in Arabidopsis.

Arabidopsis SE can be induced from a range of tissues throughout the Arabidopsis life cycle. SE can be induced
either directly or indirectly via callus. Most systems use 2,4-D (auxin) as the inducing agent, but overexpression
of specific transcription factors is also effective. Only transcription factors that can induce SE without
exogenous application of hormones are shown: BABY BOOM (BBM), WUSCHEL (WUS) and LEAFY COTYLEDON
(LEC).

Molecular control of somatic embryo induction

Molecular-genetic studies in Arabidopsis have identified genes that are important for SE,
and the interactions between these components are becoming increasingly clear. Below, |

describe these ‘SE factors’ and their molecular interactions.



The role of auxin

Most SE protocols rely on the exogenous application of 2,4-D, which is a stable, non-
metabolized and poorly transportable auxin (Delbarre et al., 1996; Morris et al., 2004; Hosek et
al., 2012). However, it is not know how 2,4-D triggers somatic cells to enter the embryogenesis
pathway. It was shown that during indirect SE in Arabidopsis, removal of 2,4-D after callus
induction leads to an increased expression of auxin biosynthesis genes and to a higher level of
endogenous auxin before somatic embryos had formed (Bai et al., 2013). Also in other species,
explants that produce somatic embryos accumulate endogenous auxin (Michalczuk et al., 1992;
Charriere et al.,, 1999; Pasternak et al., 2002). In line with this, suppression of a type-2
hemoglobin was shown to promote SE by enhancing auxin biosynthesis (Elhiti et al., 2013). In
contrast, knock-out mutants in auxin biosynthesis genes, such as YUCCA (YUC) genes, show a
reduced response in 2,4-D-treated cultures (Bai et al., 2013), indicating the importance of auxin
production. In addition, mutants defective in auxin response, such as the axr mutants, produce
less somatic embryos in 2,4-D cultures (Gaj et al., 2006). Finally, it was shown by Su et al (Su et
al., 2009) that shortly after removal of 2,4-D in an indirect SE system, regions of high and low
auxin levels are established on the edge of the callus. The shoot meristem marker WUSCHEL
(WUS) then becomes expressed in areas with low auxin levels, which is followed by auxin
accumulation and somatic embryo development at these sites. It was shown that establishment

of auxin gradients and polar localization of the auxin efflux carrier PIN1 are required for SE.

Chromatin modification proteins suppress embryo identity

DNA associates with histone proteins to form chromatin. The structural unit of chromatin
is the nucleosome, which consists of 147 base pairs of DNA wrapped around an octamer of
histones. Modification of histone tails or re-positioning of nucleosomes can alter DNA
accessibility and gene transcription. A network of chromatin modifying proteins repress embryo
identity during germination. Removing or limiting the function of these chromatin modifying
proteins results in the formation of somatic embryos on seedlings through failure to repress the

embryo pathway during germination.

Acetylation of histone tails is associated with open chromatin and active gene

transcription and this mark can be removed by histone deacetylases (HDACs). The Arabidopsis



HDACs HDA6 and HDA19 were shown to control the embryo-to-seedling transition during
germination. In the hda6,;hdal9 double mutant, the embryo program is not suppressed, which
results in the formation of somatic embryos on leaves (Tanaka et al., 2008). During normal
germination, the embryo-specific genes LECI and LEC2 (discussed below) are repressed, while in
the hdal9 mutant, LEC1 and LEC2 contain more histone acetylation marks, as well as other
marks for transcriptionally active chromatin, suggesting that HDA19 directly represses

expression of these genes during germination (Zhou et al., 2013).

The embryo-to-seedling transition is also regulated by Polycomb (PcG) protein complexes
(Hennig and Derkacheva, 2009). Like HDACs, PcG complexes can also confer transcriptional
repression through histone modifications. There are two classes of PcG complexes: Polycomb
Repressive Complex 1 and 2 (PRC1 and PRC2), which have histone monoubiquitination and
histone methyltransferase activity, respectively (Bratzel et al., 2010; Schuettengruber et al.,
2011). RING1 and BMI1 proteins form the Arabidopsis PCR1 complex and bmila;bmilb and
ringla;ring1b double mutant seedlings have elevated expression of embryo-specific genes and
form somatic embryos (Bratzel et al., 2010; Chen et al., 2010). Components of the PRC2 complex
in Arabidopsis that repress the embryo pathway during vegetative growth include CURLY LEAF
(CLF), SWINGER (SWN), EMBRYONIC FLOWER2 (EMF2), VERNALIZATION2 (VRN2) and
FERTILIZATION-INDEPENDENT ENDOSPERM (FIE). The corresponding vrn2;emf2 (Schubert et al.,
2005), clf;swn (Chanvivattana et al., 2004) and fie (Bouyer et al., 2011) mutant seedlings form

somatic embryos.

Another way of changing the chromatin structure and influencing gene expression is
through re-positioning of nucleosomes, a process carried out by ATP-dependent chromatin
remodelers (Whitehouse et al., 1999). PICKLE (PKL), a CHD3-type ATP-dependent chromatin
remodeling factor, also represses LEC genes in seedlings after germination (Ogas et al., 1999;
Dean Rider et al.,, 2003; Zhang et al., 2012). The pkl mutant shows embryonic traits after
germination, including seed storage product accumulation, and produces somatic embryos from

a number of seedling tissues (Ogas et al., 1997; Ogas et al., 1999; Henderson et al., 2004).

In conclusion, different chromatin modification and remodeling proteins repress
expression of embryo-specific genes after germination to promote the embryo-to-seedling
transition. Loss of function mutants for some of these proteins promote SE in seedlings, most

likely due to their inability to completely repress the embryo phase of development.



Somatic embryogenesis through ectopic gene expression

A number of genes have been identified that, when overexpressed, enhance the ability
of auxin-treated explants to form somatic embryos. Overexpression of the MADS-box
transcription factor gene AGAMOUS-LIKE 15 (AGL15) facilitates SE formation from IZEs and
germinating seeds cultured with 2,4-D, as well as from IZEs in the absence of 2,4-D (Harding et
al., 2003). The ability of AGL15 to promote SE is partly due to a reduction in active gibberellin
(GA) levels through activation of a GA2-oxidase (Wang et al., 2002; Wang et al., 2004). In
addition, AGL15 overexpression leads to an increased expression of SOMATIC EMRYOGENESIS
RECEPTOR KINASE1 (SERK1), which also promotes SE induction in 2,4-D cultured IZEs when
overexpressed (Hecht et al., 2001). It was proposed that SERK1, which is normally expressed in
the procambium and in transit amplifying cells, maintains a population of pluripotent cells in
these tissues and that treatment with 2,4-D can trigger totipotency in these cells (Kwaaitaal and
de Vries, 2007). AGL15 and SERK1 were identified in the same protein complex that include
components of the brassinosteroid signalling pathway (Karlova et al., 2006), suggesting that
brassinosteroid signalling may play a role in SE induction. Other genes that have been shown to
promote SE are Brassica orthologs of Arabidopsis SHOOT MERISTEMLESS (STM), an important
regulator of shoot apical meristem development. Ectopic expression of these genes improves
somatic embryo production from 2,4-D treated IZEs, probably due to an enhanced sensitivity to
2,4-D (Elhiti et al., 2010). Finally, the MYB domain transcription factors genes PGA37/MYB118
and MYB115 were identified in an activation tagging screen for mutants that triggered a switch

to embryogenesis in auxin (IAA)-induced callus in root explants (Wang et al., 2009).

SE can also be induced in Arabidopsis seedlings grown without exogenous growth
regulators, through ectopic expression of certain transcription factors, including the AP2 domain
transcription factor BABY BOOM (Boutilier et al., 2002), the CCAAT-box binding factor LEAFY
COTYLEDONT1 (LEC1) (Stone et al., 2001), the B3 domain protein LEC2 (Lotan et al., 1998) and the
homeobox protein WUSCHEL (WUS; (Zuo et al., 2002; Gallois et al., 2004)) (Figure 1).

WUS was identified as PLANT GROWTH ACTIVATOR 6 (PGA6) in the same activation
tagging screen described above (MYB115/MYB118; (Wang et al., 2009)) to find genes that induce
SE from root callus (Zuo et al., 2002). WUS is a homeodomain transcription factor and its

overexpression leads to organogenesis and SE in the shoot and root tips (Zuo et al., 2002; Gallois



et al., 2004). MYB115 and MYB118 did not induce SE via a WUS-dependent pathway (Wang et

al., 2009). At present, the mechanism of WUS-induced SE is unknown.

The LEC proteins LEC1 and LEC2, together with ABSCISIC ACID-INSENSITIVE3 (ABI3),
FUSCA3 (FUS3) and LEC1-LIKE (L1L), constitute the LAFL network that controls embryo
morphogenesis and maturation via complex cross-regulatory interactions (Jia et al., 2013). Loss-
of-function mutations in LAFL genes result in defects in cotyledon development, storage
macromolecule accumulation and desiccation tolerance in zygotic embryos (Keith et al., 1994;
Meinke et al., 1994; West et al., 1994; Parcy et al., 1997; Stone et al., 2001), and in a severely
reduced somatic embryo induction by 2,4-D (Gaj et al., 2005). In contrast, ectopic expression of
LEC1 and LEC2 induces SE on Arabidopsis seedlings (Lotan et al., 1998; Stone et al., 2001), while
overexpression of FUS3 leads to the formation of cotyledon-like leaves (Gazzarrini et al., 2004).
LEC2 directly activates the above-mentioned AGL15 gene, and both LEC2 and AGL15 upregulate
INDOLE-3-ACETIC ACID INDUCIBLE 30 (IAA30) (Braybrook et al., 2006; Zheng et al., 2009). IAA30
encodes a honcanonical Aux/IAA protein and both 2,4-D- and AGL15-induced SE is compromised
in the iaa30 mutant (Zheng et al., 2009). LEC2 also activates TRYPTOPHAN AMINOTRANSFERASE
OF ARABIDOPSIS 1 (TAA1l) and YUCCA genes, which encode key enzymes in the auxin
biosynthesis pathway, resulting in an increase in endogenous auxin levels (Wojcikowska et al.,
2013). As a result, LEC overexpression leads to a reduced exogenous auxin requirement in SE
cultures (Wojcikowska et al., 2013). However, overexpression of LEC2 in combination with a
standard 2,4-D concentration is detrimental for somatic embryo production (Ledwon and Gaj,
2011). LEC expression is controlled by the action of PKL (see above) and by VP1/ABI3-LIKE (VAL)
proteins. VAL proteins are B3 domain-containing transcription factors and mutations in VAL

genes lead to an increased expression of LEC and ectopic embryo formation (Suzuki et al., 2007).

Ectopic expression of the AP2/ERF transcription factor BBM is also sufficient to induce SE
on seedlings of different species without exogenous hormone application (Arabidopsis, brassica;
(Boutilier et al., 2002), although in tobacco and sweet pepper exogenous cytokinin is required
(Srinivasan et al.,, 2007; Heidmann et al., 2011) (Figure 2). BBM is a member of the
AINTEGUMENTA-LIKE (AIL) clade of the AP2 subfamily of AP2/ERF genes that includes
AINTEGUMENTA (ANT), and other AIL/PLETHORA (PLT) genes (Horstman et al., 2014). BBM was
initially identified as a marker for the induction of haploid embryo development from B. napus
immature pollen grains (Boutilier et al., 2002). Arabidopsis BBM and the other AIL/PLT genes are

expressed in the embryo and the root and shoot meristems, where they act redundantly to



define and maintain the stem cell niches (Aida et al., 2004; Galinha et al., 2007; Mudunkothge
and Krizek, 2012). Despite their redundant functions, very few overlapping overexpression
phenotypes have been reported. Only overexpression of PLT5/AIL5 triggers somatic embryo and

organ formation on Arabidopsis cotyledons (Tsuwamoto et al., 2010).

Even though BBM overexpression leads to very similar phenotypes as those described for
the other SE-inducing genes described above, it is unclear how BBM induces SE and whether the
BBM pathway and the other known SE pathways intersect. Microarray analysis after BBM
activation identified direct BBM target genes, but did not reveal any clear links with other SE
regulators (Passarinho et al., 2008). In addition to SE, BBM also induces other forms of
regenerative growth, including callus, shoots, roots (tobacco), which has been exploited to
improve regeneration after nuclear transformation in sweet pepper (Heidmann et al., 2011),
white poplar (Deng et al., 2009) and chloroplast transformation in Arabidopsis (Lutz et al., 2011).
At present, it is unclear how the organogenesis and embryogenesis pathways relate to each

other.

Figure 2. BBM overexpression induces somatic embryogenesis in multiple species.

(A) A 35S::BBM Arabidopsis seedling with somatic embryos on its cotyledons and shoot apex (Boutilier et al.,
2002).

(B) A 35S::BBM Brassica napus plant with somatic embryos on the leaf margin (arrowhead) (Boutilier et al.,
2002).

(C) Left: somatic embryos (arrowheads) developing at the transition zone of 355::BBM-GR tobacco seedlings
grown on medium containing cytokinin and DEX (Srinivasan et al., 2007). The seedling hypocotyl (hyp) and root
regions (rt) are indicated. Right: a bipolar somatic embryo on a 35S::BBM-GR tobacco plant. The cotyledons (c)
and radicle end (r) are indicated.

(D) Somatic embryo formation on a cotyledon of a 355::BBM-GR sweet pepper plant (Heidmann et al., 2011).



Outline of this thesis

The objective of the research presented in this thesis is to enhance our understanding of BBM-
mediated SE and to determine whether the BBM signalling pathway intersects with those of
other known SE regulators. Using Arabidopsis as a model system, | have studied several aspects
of BBM function, including its interaction with HOMEODOMAIN GLABROUS transcription factors,
its direct target genes, its functional relationship with other members of the AIL transcription
factor family, and the cellular and molecular requirements for BBM (AlL)-mediated SE. The
results in this thesis provide one of the first detailed molecular analyses of somatic embryo
formation in plants and have allowed us to build up a model that integrates BBM with other
genetic and physiological components of SE formation. The fundamental knowledge developed

in this thesis can also be used to improve propagation/regeneration protocols in other species.

Chapter 1 introduces the concept of somatic embryogenesis and describes the different SE

systems in Arabidopsis and the genetic components that play a role in this process.

Chapter 2 reviews the functions of AIL transcription factors during different aspects of plant
development, including embryogenesis, stem cell niche specification, meristem maintenance
and organ positioning and growth. We outline the gene regulatory networks in which AlLs
function and how these transcription factors integrate multiple hormonal inputs. Finally, we

point out future challenges in AlL research.

Chapter 3 shows that BBM and other AlL transcription factors can interact with HOMEODOMAIN
GLABROUS (HDG) transcription factors. We show that overexpression of one of these proteins,
HDG1 leads to root and shoot meristem termination and promotes endoreduplication, while
down-regulation of multiple HDG genes leads to enhanced proliferation and SE phenotypes. We
propose opposite functions for AIL and HDG transcription factors, stimulating and restraining cell
proliferation, respectively, and build a model for interaction between BBM and HDG proteins

that incorporates their interaction, developmental phenotypes and target genes.

Chapter 4 shows that AlL transcription factors have overlapping cell proliferation phenotypes; all
AIL proteins except AlL1 and ANT are able to induce SE from Arabidopsis seedlings. Using BBM
and PLT2 as representative AlIL proteins, we show that their overexpression phenotypes are

dosage and context dependent. Analysis of direct BBM targets and subsequent molecular and



genetic analyses link the BBM SE pathway to the LEAFY COTYLEDON genes, which are also known

to play an important role in Arabidopsis SE.

Chapter 5 describes a genome-wide analysis of BBM DNA binding sites using chromatin
immunoprecipitation followed by sequencing (ChIP-seq). Our ChlIP-Seq and gene expression
analysis reveals that BBM binds and positively regulates genes that are known components of
Arabidopsis SE, including the LEC genes described in Chapter 4, auxin biosynthesis genes and
recently discovered SE components, the AT-HOOK MOTIF CONTAINING NUCLEAR LOCALIZED
(AHL) genes.

Chapter 6 provides an overview on how microarrays can be used to identify plant transcription
factor target genes, describing issues such as construct design for controlled transcription factor

activity, experimental setup, statistical analysis and confirmation of candidate target genes.

Chapter 7 is a cautionary note on the use of Bimolecular Fluorescence Complementation (BiFC),
or split-YFP, in in planta protein-protein interaction studies, that was fuelled by problems |
encountered in my research on BBM-HDG interactions. A literature survey revealed that most
plant BiFC experiments are carried out in an inappropriate manner, with inappropriate controls
and a qualitative rather than quantitative read-out of protein-protein interaction. We present a
beginner’s guideline for the setup of BiFC experiments, discussing each step of the protocol,

including vector choice, plant expression systems, negative controls and signal detection.

Chapter 8 summarizes and discusses the most important results from this thesis and highlights

directions for future research.
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Abstract

Members of the AINTEGUMENTA-LIKE (AIL) family of AP2/ERF domain transcription factors are
expressed in all dividing tissues in the plant, where they play central roles in developmental
processes such as embryogenesis, stem cell niche specification, meristem maintenance, organ
positioning and growth. When overexpressed, AlL proteins induce adventitious growth, including
somatic embryogenesis and ectopic organ formation. The Arabidopsis (Arabidopsis thaliana)
genome contains eight AIL genes, including AINTEGUMENTA, BABY BOOM and the PLETHORA
genes. Studies on these transcription factors have revealed their intricate relationship with
auxin, as well as their involvement in an increasing number of gene regulatory networks, in

which extensive cross-talk and feedback loops play a major role.



The AIL transcription factor family in Arabidopsis

The eight AINTEGUMENTA-LIKE (AIL) transcription factor genes within the Arabidopsis genome
(Nole-Wilson et al., 2005) include AINTEGUMENTA (ANT; (Elliott et al., 1996; Klucher et al.,
1996), BABY BOOM (BBM; (Boutilier et al., 2002)) and the PLETHORA (PLT) genes (Aida et al.,
2004; Galinha et al., 2007) (Figure 1; Box 1), which are all expressed in young/dividing tissues in
the plant. They play overlapping roles in the establishment and maintenance of meristems, as
well as organ initiation and growth (Table 1). A wealth of genetic studies have shown that AIL
proteins are master regulators of these developmental processes. Loss-of-function combinations
and gain-of-function mutants of this gene family show spectacular phenotypes in which
meristems or complete organs are missing or arise at ectopic positions. The central role of this
family in meristem and organ development extends as far back as mosses (Karlberg et al., 2011;
Aoyama et al., 2012; Rigal et al., 2012). In this review, we provide an overview of recent AlL

research in the model plant Arabidopsis and point out future challenges in AlL research.
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Figure 1. Phylogenetic tree for the AIL family of transcription factors.

Neighbor-joining tree of the euANT and basalANT family using MEGA version 5 (Tamura et al., 2011). A total of
251 sequences were analysed using the AP2/ERF domain region (240 positions). Numbers at the nodes indicate
bootstrap support calculated using 100 replicates. Only bootstrap values over 30% are indicated. The “other”
basalANT clade corresponds to genes with no apparent ortholog in Arabidopsis. Selaginella refers to Selaginella
moellendorffii and Physcomitrella refers to Physcomitrella patens.



Box 1. AlLs form a subgroup within the large AP2/ERF family

The AIL proteins are members of the AP2/ERF domain family of transcription factors that are found in a
phylogenetically-wide group of plants including moss, algae, gymnosperms and angiosperms, and comprise the
second largest group of transcription factors in plants, with up to 200 members in a single genome (Riechmann
and Meyerowitz, 1998; Nole-Wilson et al., 2005; Kim et al., 2006; Shigyo et al., 2006; Zhuang et al., 2009; Dietz
et al., 2010; Licausi et al., 2010; Sharoni et al., 2011; Rashid et al., 2012; Duan et al., 2013). The AP2/ERF
domain, a DNA binding domain of approximately 60- to 70-amino acids (Okamuro et al., 1997), was identified
initially in the Arabidopsis APETALA2 (AP2) protein (Jofuku et al., 1994), and shortly thereafter, in four tobacco
(Nicotiana tabacum) ETHYLENE RESPONSE FACTORS (ERFs) (Ohme-Takagi and Shinshi, 1995). The AP2/ERF
domain was thought to be plant-specific, until the discovery that the same domain exists in HNH homing
endonucleases from viruses, cyanobacteria, ciliates and parasitic protists (Magnani et al., 2004; Wuitschick et
al., 2004; Balaji et al., 2005). Homing endonucleases are invasive DNA sequences that are usually found in self-
splicing introns or inteins, which can transpose and duplicate themselves within and between species (Taylor
and Stoddard, 2012).

The AINTEGUMENTA-LIKE (AIL) proteins fall under the AP2 subfamily of proteins, which contain two
AP2/ERF domains separated by a linker region (Riechmann and Meyerowitz, 1998). This AP2 subfamily is
divided into the euAP2 lineage, which is characterized by a miR172 binding motif that lies C-terminal to the
AP2/ERF domains, and the ANT lineage, which contains signature amino acid insertions in the first and second
AP2/ERF domain. The ANT lineage is further divided into the basalANT and euANT/AIL lineages (Figure 1) based
on a number of conserved amino acid insertions in the first AP2/ERF domain (euANT1) and the N-terminal
region (euANT2-4) of the euANT/AIL proteins (Kim et al., 2006; El Ouakfaoui et al., 2010). These motifs are
generally well conserved among AlLs, both within and between species (Kim et al., 2006; El Ouakfaoui et al.,
2010; Bandupriya et al., 2013).

The three-dimensional (3-D) structure of AP2/ERF proteins has only been resolved for the single AP2
domain-containing protein ERF1. The 3D solution structure of ERF1 showed that its AP2 domain forms a three-
stranded anti-parallel B-sheet that lies mostly parallel to a conserved a-helix (Allen et al., 1998). Modeling and
DNA binding experiments suggest that the anti-parallel B-sheet is responsible for the DNA binding properties of
ERF1 (Allen et al., 1998), which has since been confirmed for other single AP2 domain proteins in the large ERF1
subfamily (Cao et al., 2001; Shoji et al., 2013). Homology modeling of Arabidopsis ANT using the ERF1 3-D
structure as a template suggests that each AP2 repeat of ANT forms an a-helix, similar to ERF1. However unlike
ERF1, the first AP2 repeat of ANT is predicted to contain two B-sheets, at different positions than those in ERF1,
while the second AP2/ERF repeat does not appear to form B-sheets (Krizek, 2003). Both AP2 domains of ANT
are required for DNA binding and each domain is thought to use different amino acids to contact the DNA
(Nole-Wilson and Krizek, 2000; Krizek, 2003). It was proposed that the first AP2 repeat binds to the 5’ part of
the target sequence and the second AP2 repeat to the 3’ part of the target sequence, with the ANT linker
region serving as a bridge (Nole-Wilson and Krizek, 2000). The importance of the linker region between the

AP2/ERF domains is illustrated by the high conservation of this region within the AIL gene family and by the



observation that mutations in the linker abolish DNA binding in vitro. These observations lead to the suggestion

that the linker region may directly bind DNA or serve to position the AP2 repeats on the DNA (Krizek, 2003).
AP2/ERF domain proteins regulate two major processes in plants: response to stress and control of

growth and development. Notably, AlL proteins have been shown to function exclusively in pathways related to

development.

Table 1. Arabidopsis AlL genes and their functions®

At4g37750 ANT Shoot and flower meristem maintenance, organ size [2,3,51, 78, 83,
and polarity, flower initiation, ovule development, 84,92, 93, 97,
floral organ identity, cell proliferation 103, 104]

At1g72570 AlL1

At5g17430 AlIL2/BBM/PLT4  Embryogenesis, root SCN° patterning and meristem [4, 6]
maintenance, cell proliferation

At3g20840 AIL3/PLT1 Embryogenesis, root SCN patterning and meristem [5, 6]
maintenance, cell proliferation
Atl1g51190 AlL4/PLT2 Embryogenesis, root SCN patterning and meristem [5, 6]
maintenance, cell proliferation
At5g57390 AIL5/CHO1/ germination, phyllotaxy, rhizotaxy, cell proliferation, [10, 13, 50, 57,
EMK/PLTS seed maturation 59, 79, 85]
At5g10510 AIL6/PLT3 Shoot and flower meristem maintenance, organ size, [6, 50, 51, 78, 79,

flower initiation, floral organ identity,embryogenesis, 85, 93, 95]
root SCN patterning and meristem maintenance,
phyllotaxy, rhizotaxy, cell proliferation

At5g65510 AIL7/PLT7 Shoot meristem maintenance, phyllotaxy, rhizotaxy, [50, 78, 79, 85]
cell proliferation

zlndividl)JaI AIL members are given different names. We refer to the genes by their most commonly used name
in bold).

bSCN, stem cell niche

AIL function during embryogenesis

PLT1, PLT2, AIL6/PLT3 and BBM (collectively called PLT/BBM) genes play a major role in basal
patterning of the embryo (Figure 2A). PLT1 and PLT2 gene expression has been described from
the octant stage onward, in the lower tier of the embryo proper (Aida et al., 2004). Early
embryonic AIL6/PLT3 and BBM expression has not been reported. Later in embryogenesis PLT1
expression becomes restricted to the quiescent centre (QC) and surrounding stem cells, while
the PLT2, AIL6/PLT3 and BBM expression domains are slightly expanded to include the ground
tissue and provascular cells. Post-embryonically, the AIL6/PLT3 expression maximum is in the
columella stem cells, in contrast to the QC peak expression observed for PLT1, PLT2 and BBM

(Aida et al., 2004; Galinha et al., 2007). Only combinations of plt1, plt2, ail6/plt3 and bbm



mutants show embryonic abnormalities (Aida et al., 2004; Galinha et al., 2007). Subtle defects in
pltl;plt2 embryos include enlarged mis-specified QC progenitor cells, and plt1;plt2 seedlings
show defective root development, confirming that PLT1 and PLT2 are required for stem cell
niche specification (Aida et al., 2004). plt1;plt2;ail6/plt3 triple mutant embryos show aberrant
organization of the embryonic root pole and seedlings are rootless. p/t2;bbm double mutants fail
to develop past the early embryo stage, indicating the importance of PLT2 and BBM for

embryogenesis (Galinha et al., 2007).
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Figure 2. Sites of AIL function during plant development. (A) Embryogenesis. During embryo development, the
apical-basal body axis is established by an asymmetric division of the zygote. The apical cell gives rise to most of
the embryo, including the cotyledons, shoot apical meristem, hypocotyl and root stem cells. The basal cell
forms the hypophyseal cell, which gives rise to the columella and the quiescent center (QC), which is specified
at early heart stage (Jirgens and Mayer, 1994; Scheres et al., 1994). Together the QC and surrounding stem
cells form the stem cell niche. (B) Root development. The root meristem provides new cells for tissues of the
growing root: stele, ground tissue, epidermis, lateral root cap and columella. The QC is essential for
maintenance of the surrounding stem cells (van den Berg et al., 1997). Daughter cells produced by the stem



cells traverse the meristematic zone, where they divide to generate a pool of cells that exit the cell cycle when
they reach the transition zone, and increase in length in the elongation zone before acquiring their specific
characteristics in the differentiation zone. (C) Rhizotaxis. In Arabidopsis, lateral roots arise from two files of
pericycle cells that lie adjacent to the protoxylem within the differentiating root (Dubrovsky et al., 2006; Parizot
et al,, 2008). A subset of these cells, called founder cells, is stimulated by a local accumulation of auxin to divide
and form a lateral root primordium (LRP; (Benkova et al., 2003; De Smet et al., 2007; Laskowski et al., 2008;
Moreno-Risueno et al., 2010)). LRP spacing correlates with the root curvature (Dubrovsky et al., 2006;
Laskowski et al., 2008). (D-F) Shoot development. The shoot apical meristem (SAM) gives rise to the leaves. The
transition to reproductive growth is marked by the conversion of the vegetative meristem to an inflorescence
meristem, which produces floral meristems that differentiate into flowers containing different types of organs
with distinct sizes and shapes. Organ size is determined by cell number and cell size. (D) Organ polarity. Leaves
and floral organs are polarized along their adaxial-abaxial axis and different cell types exist on either side of this
axis. The main players controlling organ polarity in Arabidopsis correspond to three classes of transcription
factors: the adaxial-specifying HD-ZIP Il proteins, and the abaxial-specifying KANADI (KAN) and YABBY (YAB)
proteins (Szakonyi et al., 2010). The arrow in D represents the role of ANT and AIL6/PLT3 in lateral organ
growth. (E) Phyllotaxis. In Arabidopsis seedlings, the cotyledons and the first pair of leaves are formed in a
decussate pattern (opposite to each other), while subsequent leaves develop in a spiral pattern with an angle
close to the “golden angle” of 137.5°. This spiral pattern of organ initiation is maintained in the inflorescence
meristem (reviewed in (Kuhlemeier, 2007)). (F) Floral organ identity and ovule development. Floral organs are
specified by the combined activity of the so-called A, B, C and E classes of organ identity genes, which are
expressed in overlapping domains. In addition, class A and C activities inhibit each other (reviewed in (Galbiati
et al., 2013b)). During gynoecium development, two carpel margin meristems (CMM) form on the adaxial
(inner) portion of the medial domain of the gynoecium, and ultimately give rise to the ovules and other organs
of the carpel.

BBM or AIL5/PLT5 overexpression induces the ectopic formation of embryos on the
meristem, cotyledons and first leaves of seedlings (Boutilier et al.,, 2002; Tsuwamoto et al.,
2010). Overexpression of PLT1 or PLT2 during embryogenesis ectopically induces root stem cell
niches and, in the most extreme cases, can lead to a complete transformation of the embryo
toward root identity (Aida et al., 2004). In line with this, induced overexpression of PLT2 in
seedlings can also produce roots from the shoot apex (Galinha et al., 2007). Together with the
mutant phenotypes, these results suggest that BBM, AIL5/PLT5, PLT1 and PLT2 genes act as
master regulators for early embryo and root development. This may reflect a specific function
for these genes in embryo initiation or the maintenance of cell potency.

In most plant species, the initial phase of embryo cell proliferation and morphogenesis is
followed by the maturation phase in which cell division stops, storage reserves accumulate and
the seed becomes desiccation tolerant and dormant. In Arabidopsis, the onset of seed
maturation is characterized by an increase in the level of the plant hormone abscisic acid (ABA)
and by increased expression of an interwoven network of transcription factors, among which
ABSCISIC ACID-INSENSITIVE 3 (ABI3), that together regulate expression of maturation phase
genes. (reviewed in (Braybrook and Harada, 2008; Jia et al., 2013)). Recently, a heterologous
system based on activation of the Phaseolus vulgaris ABI3 transcription factor PvALF, and

expression of its target gene PHASEOLIN (PHAS), identified AIL5/PLT5 as being co-expressed with



PHAS (Sundaram et al., 2013). AIL5/PLT5 is bound by PVALF in the presence of ABA, and required
for expression of endogenous seed storage genes in Arabidopsis (Sundaram et al., 2013). It is not
known whether AIL5/PLT5 directly binds to seed storage genes to activate their expression or if
it acts upstream of other maturation phase transcription factors, thereby regulating the final

phase of embryo development.

AlL-auxin feedback loop

The phytohormone auxin has been shown to play an important role in the formation of the
apical-basal axis of the embryo. Auxin binding by its receptors TRANSPORT INHIBITOR
RESISTANT1 (TIR1) and TIR1-related proteins promotes degradation of the AUXIN/INDOLE
ACETIC ACID (Aux/IAA) family proteins that bind to AUXIN RESPONSE FACTOR (ARF) family
transcription factors, inhibiting ARF transcriptional activity on auxin target genes (reviewed in
(Mockaitis and Estelle, 2008)).

The expression of PLT1 and PLT2 is dependent on the redundant action of
ARF5/MONOPTEROS (MP) and that of its close homolog NONPHOTOTROPIC HYPOCOTYL 4
(NPH4/ARF7; (Harper et al., 2000; Aida et al., 2004)). Although the dynamics of auxin-induced
PLT1 and PLT2 transcription implies that they are (late) auxin response genes, exogenous
application of auxin fails to rescue plt1;plt2 mutants, indicating that auxin cannot bypass the
requirement for PLT1 and PLT2 (Aida et al., 2004). Expression of the auxin efflux facilitator PIN-
FORMED4 (PIN4) is largely absent in plt1;p/t2 embryos, showing that PIN4 is downstream of PLT1
and PLT2 in the transcriptional network. Reduced transcription of PIN1 and PIN3 is also observed
in plt1;plt2;ail6/plt3 triple mutant embryos (Blilou et al., 2005; Galinha et al., 2007). By contrast,
the PLT1 expression domain is expanded to the whole embryo in pin2;pin3;pin4;pin7 mutants.
Explanted pin2;pin3;pin4;pin7 embryos show impaired cotyledon development, and root hairs
emerge at apical positions on the seedling. These findings suggest a feedback loop where PIN
proteins, by directing auxin transport and accumulation, restrict PLT1 and PLT2 expression to the
basal embryo domain to initiate embryonic root specification. In turn, PLT activity regulates PIN
transcription to stabilize the position of the root primordium (Blilou et al., 2005) (Figure 3).

Defects in QC patterning are observed in RopGEF7 RNAi mutants during embryogenesis
that correlate with the reduced expression of PIN1, PLT1 and PLT2 (Won et al., 2011). RopGEF7,
which encodes a RAC/ROP GTPase activator, is expressed in the same domain as PLT1 and PLT2
and its expression is unaffected in pltl;plt2 double mutants (Won et al.,, 2011). It has been
suggested that RopGEF7, via RAC/ROP GTPases (Hazak and Yalovsky, 2010) regulates correct PIN



endocytosis, thereby affecting local auxin concentrations, and indirectly PLT1 and PLT2
expression to mediate root meristem patterning (Won et al., 2011).

Reduced expression of PLT1, PLT2, BBM and several PIN genes is observed in JAGGED
LATERAL ORGAN (JLO) mutant embryos (Bureau et al., 2010). Strong jlo mutants are embryo
lethal, but plants carrying the hypomorphic jlo-2 allele produce viable embryos in addition to
those resembling mp and bdl mutant embryos (Borghi et al., 2007; Bureau et al., 2010). JLO may
control embryo patterning, either alone or together with its interaction partner ASYMMETRIC
LEAVES 2 (AS2) (Rast and Simon, 2012), through the auxin-dependent MP-BDL pathway or by
directly regulating PLT/BBM gene expression (Figure 3).

Together these studies highlight the importance of AIL function and its relation to auxin for

embryo development.

Embryonic AlL regulatory networks

PLT1 and PLT2 are directly regulated by the TOPLESS (TLP) transcriptional co-repressor (Smith
and Long, 2010). tp/ loss-of-function mutants display ectopic PLT1 and PLT2 expression and form
a secondary root pole (Long et al., 2006; Smith and Long, 2010). A mutation in the miR165/166
binding site of PHABULOSA (PHB) suppresses the formation of the tp/ double root. PHB, like
REVOLUTA (REV), is a member of the miR165/166-regulated HD-ZIP Il gene family of
transcription factors that promote apical fate during early embryogenesis (Mallory et al., 2004).
HD-ZIP Il gene expression is absent in the apical region of tp/ mutants, but a miR165/166 sensor
still accumulates indicating a mechanism for control of HD-ZIP Ill gene expression that is
independent of miR165/166 action. Apical expression of PHB and REV is restored in tpl;plt1;plt2
triple mutants suggesting that PLT1 and PLT2 act as repressors of HD-ZIP Il expression during
embryogenesis (Smith and Long, 2010). In turn, genetic- and gain-of-function studies have
shown that HD-ZIP Il proteins repress the PLT1-PLT2 pathway. Thus, the antagonistic action of
the HD-ZIP Il and PLT1-PLT2 proteins may facilitate proper apical-basal patterning (Smith and
Long, 2010) (Figure 3).

Ectopic root formation was also observed at the apical region of ANGUSTIFOLIA3/GRF
INTERACTING FACTOR1 (AN3/GIF1) and HANABA TARANU (HAN) double loss-of-function mutant
embryos (an3/gif:han; (Kanei et al., 2012)). AN3/GIF1 encodes a putative transcriptional co-
activator regulating various aspects of shoot development (Kim and Kende, 2004; Horiguchi et

al., 2005; Rodriguez et al., 2010; Wang et al., 2011). HAN encodes a GATA-type transcription



factor required to position the proembryo boundary in the early Arabidopsis embryo (Zhao et al.,
2004; Nawy et al., 2010). PLT1 expression is expanded to the apical region of the globular
embryo in an3/gifi;han double mutants, and ectopic root formation was suppressed by the plt1
mutation. These results suggest that AN3/GIF1 and HAN repress PLT1, possibly via TPL, to
establish apical identity (Kanei et al., 2012).
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Figure 3. AIL gene regulatory networks. Genes in purple, green or orange are directly associated with the JA,
auxin or ABA pathways, respectively. Solid black lines represent direct interactions, dashed lines show possible
interactions.

Root development and meristem maintenance

PLT/BBM expression patterns set up during embryogenesis are maintained during post-
embryonic root development (Figure 2B), where they show partly overlapping gradients of
protein accumulation, with the highest proteins levels in the stem cell niche (Aida et al., 2004;
Galinha et al., 2007). Concomitantly, the SHORT ROOT (SHR) transcription factor is expressed in
the stele and moves to the surrounding cells, including the QC, where it activates SCARECROW
(SCR) (Helariutta et al., 2000; Nakajima et al., 2001). pl/t1;plt2, shr and scr mutants display loss of
(different) QC identity markers and premature termination of root growth (Sabatini et al., 2003;

Aida et al., 2004). PLT1 transcription is not affected in shr and scr mutants and PLT1-PLT2 activity



is not required for SHR or SCR expression. Thus, QC specification requires the parallel action of

PLT1-PLT2 and SHR-SCR pathways (Aida et al., 2004).

Additive activities of AlL genes

The QC is the site of the root auxin maximum (Sabatini et al., 1999; Petersson et al., 2009;
Brunoud et al., 2012), generated by local biosynthesis (Ljung et al., 2005; Stepanova et al., 2005;
Brady et al.,, 2007; Stepanova et al., 2008; lkeda et al., 2009), and through the activity of
directional auxin transporters such as the PINs (Galweiler et al., 1998; Friml et al., 2002b; Friml et
al., 2002a; Blilou et al.,, 2005). The PIN-mediated rootward-directed auxin transport in the
vasculature and a shootward-directed transport in the lateral root cap and epidermis is thought
to generate an auxin gradient in the root that is crucial for root meristem size and maintenance
(Friml et al., 2002b; Blilou et al., 2005; Wisniewska et al., 2006; Grieneisen et al., 2007). The
proposed root auxin gradient correlates with an expression gradient of PLT/BBM proteins that
act in a largely additive fashion (Aida et al., 2004; Galinha et al., 2007): Firstly, stepwise lowering
PLT/BBM gene dosage results in increasingly enhanced root phenotypes. Secondly,
complementing pltl;plt2 mutants with a shortened gradient of PLT2 expression results in
severely decreased root and meristem sizes, but rescues the stem cell niche. Thirdly, expression
of PLT2 in the transition zone of the plt1;p/t2 mutant meristem prolongs meristem activity, but
fails to maintain the stem cell niche. Finally, inducible PLT2 over-expression results in continuous
growth of the meristematic zone while inhibiting cell expansion at the elongation zone (Galinha
et al.,, 2007). Simultaneously lowering RETINOBLASTOMA-RELATED (RBR) levels, as an
independent stem cell input (Wildwater et al., 2005), and inducing overexpression of PLT2
increases stem cell numbers and activity (Galinha et al., 2007). Thus, high PLT/BBM levels in the
QC are required to specify and maintain the root stem cell niche, intermediate levels are
required for proliferation of root meristem cells, and exit from the meristem to differentiation
requires PLT/BBM levels to drop below a certain threshold (Galinha et al., 2007). Together, the
auxin-PLT/BBM gradient can provide a concentration-based mechanism for specification and
maintenance of root stem cells, as well as for regulating proliferation, elongation, and

differentiation of cells.



Translating auxin to AlL expression

Several studies implicate ARFs as general upstream mediators of the auxin-AlL pathway during
embryogenesis (MP and NPH4), flower primordia initiation and ovule development (MP) and
lateral root formation (ARFs 7 and 19; (Aida et al., 2004; Galbiati et al., 2013b; Hofhuis et al.,
2013; Yamaguchi et al., 2013) and see below).

Auxin also positively regulates tyrosylprotein sulfotransferase (TPST) and several
tyrosine-sulfated peptide encoding ROOT GROWTH FACTOR (RGF)/GOLVEN (GLV) genes that are
highly expressed in the root stem cell niche (Matsuzaki et al., 2010; Zhou et al., 2010; Fernandez
et al., 2013). tpst mutants have pleiotropic phenotypes, including short roots, additional QC cells
and differentiation of columella stem cells. The observed root defects correlate with impaired
expression of auxin biosynthesis genes and PLT1 and PLT2 transcript and protein levels. tpst root
defects were partially restored in the presence of RGF1 peptide. Induced overexpression of PLT2
also partially rescued tpst mutant root defects, whereas plt1;p/t2 mutant roots could not be
complemented by addition of RGF1 peptide (Matsuzaki et al., 2010; Zhou et al., 2010). In
addition, RGF1-treated roots show an expanded PLT2 protein expression domain without
associated changes in transcription (Matsuzaki et al., 2010). Together these results suggest TPST-
sulfated RGF peptides link the auxin pathway to transcriptional and posttranscriptional

regulation of PLT/BBM in root stem cell maintenance (Figure 3).

AlL genes integrate multiple hormonal inputs

Germination results in emergence of the radicle (hypocotyl + embryonic root) from the seed
through cell enlargement and activation of the embryonic root meristem (Balaji et al., 2005).
This process is regulated by environmental factors, such as nutrients, light and temperature, as
well as by the endogenous plant hormones ABA and gibberellic acid (GA) (Bewley, 1997). The
ail5/plt5 mutant was first identified (and named chottol, Table 1) as a mutant showing reduced
sensitivity to ABA during germination (Nambara et al., 2002). Elevated AIL5/PLT5 expression in
the radicle of imbibed seeds requires the transcription factor ABA INSENSITIVE 4 (ABI4), a key
component of ABA-mediated signaling in seeds (Finkelstein et al., 1998), and genetic analyses
confirms that AIL5/PLT5 acts downstream of ABI4 (Yamagishi et al., 2009) (Figure 3). Freshly
harvested ail5/plt5 mutant seeds show reduced primary seed dormancy, which was recently also
shown for abi4 (Yamagishi et al., 2009; Yano et al., 2009; Shu et al., 2013). However, neither ABA
nor GA seems to regulate AIL5/PLT5 expression (Yamagishi et al., 2009; Yano et al., 2009).

Genetic analysis further shows that the ail5/p/t5 mutant background partially restores GA



biosynthesis and the associated delayed germination phenotype in an ABA over-accumulating
mutant. However, ail5/plt5 is not able to restore germination in a GA-deficient mutant (Yano et
al., 2009). Finally, ail5/plt5 seedlings display partial insensitivity to excess nitrate independent of
ABI4. These results indicate that AIL5/PLT5 integrates multiple and independent inputs towards
regulation of germination and seedling growth.

Jasmonate (JA) negatively affects root growth in a dose-dependent manner resulting in reduced
root cell sizes, a reduced meristem size and activity, and QC divisions followed by columella stem
cell differentiation (Chen et al., 2011). The JA growth inhibitory effect is mediated via its receptor
COI1 (Yan et al., 2009; Sheard et al., 2010). The downstream MYC2 transcription factor (Boter et
al., 2004; Lorenzo et al., 2004) acts, at least in part, through direct transcriptional
downregulation of the PLT1 and PLT2 genes, independent of the auxin pathway (Chen et al.,
2011) (Figure 3). The effects of JA application are only partly reduced in pltl;p/t2 mutant and
PLT2 overexpression roots, suggesting that other PLT/BBM members also play a role in

mediating JA effects (Chen et al., 2011).

Regulation of PLT expression at the chromatin level

Chromatin factors affect key regulators of cell proliferation and stem cell maintenance such as
WUS, WOX5, PLT1 and PLT2 genes (Kaya et al., 2001; Bertrand et al., 2003; Kwon et al., 2005;
Kornet and Scheres, 2009; Anzola et al., 2010; Aichinger et al., 2011). The histone
acetyltransferase GCN5 and its associated factor ADA2b were found to regulate PLTI and PLT2
gene expression levels and genetic analysis confirmed that GCN5 and ADA2b act in the PLT1-
PLT2 pathway (Kornet and Scheres, 2009) (Figure 3). In addition, the root meristem of gcn5
mutants, which is gradually lost due to compromised stem cell niche maintenance, is partially
rescued by induced overexpression of PLT2 (Kornet and Scheres, 2009).

Mutation of the chromatin remodeling factor PICKLE (PKL) causes short primary roots
with a reduced meristem size due to impaired stem cell niche activity. By contrast, mutation of
the Polycomb-group (PcG) gene CURLY LEAF (CLF) results in longer roots with an increased
meristem size which is associated with increased stem cell activity (Aichinger et al., 2011). These
mutants do not show altered auxin accumulation. Rather, their phenotypes correlated with, and
were shown genetically to be caused by, decreased PLT1-PLT2 expression or increased WOX5
expression, respectively. Decreased expression levels of root stem cell and meristem marker

genes in pkl correlated with increased levels of (PcG-mediated) trimethylation of histone H3 on



lysine 27 (H3K27me3) at their promoter regions, indicating that root stem cell niche activity is
regulated by the antagonistic activities of PcG proteins and PKL (Aichinger et al.,, 2011). The
similar phenotypes of gcn5 and pkl suggest linked gene activities. PKL-mediated remodelling may
allow the recruitment of a GCN5-ADA2b containing histone acetyltransferase complex, thereby
generating a suitable chromatin state for the accurate interpretation of auxin-dependent PLT
signals and reinforcing stem cell fate (Aichinger et al., 2011). Such a stem cell-specific chromatin
state would be analogous to that observed in animal systems (Meshorer and Misteli, 2006;
Serrano et al., 2013).

The OBERON1 (OBE1) and OBE2 genes encode plant homeodomain (PHD)-finger
proteins, so-called epigenetic readers that recognize and bind to both methylated and
unmodified histone H3 tails (Saiga et al., 2008; Musselman and Kutateladze, 2011). The OBE
proteins act redundantly in MP-dependent embryonic root initiation (Saiga et al., 2008; Thomas
et al., 2009). obel;obe2 double mutants resemble mp mutants and lack PLT1 and PLT2
expression, whereas MP expression is unaffected (Saiga et al.,, 2008). Since PLT1 and PLT2
expression is dependent on MP (Aida et al., 2004), OBE1 and OBE2 may act to control embryonic
root meristem formation downstream or at the level of MP, and in this way control PLT1 and

PLT2 expression (Saiga et al., 2008) (Figure 3).

Shoot and flower meristem maintenance

ANT, AIL6/PLT3 and PLT7 are expressed in distinct, but overlapping domains in the inflorescence
and vegetative shoot meristems. AIL6/PLT3 and PLT7 are expressed throughout the meristem,
but their expression is elevated in the peripheral zones (PZ) and in the central zone (CZ),
respectively (Prasad et al., 2011; Mudunkothge and Krizek, 2012). By contrast, ANT is expressed
exclusively in the PZ and marks the cryptic bract region of the floral meristem (Long and Barton,
1998; Long and Barton, 2000). The ant;ail6/plt3;plt7 triple mutant shoot stops growing after the
production of a few leaves due to reduced cell divisions in the meristem and differentiation of
the meristematic cells, showing that ANT, AIL6/PLT3 and PLT7 genes are required for shoot
apical meristem (SAM) maintenance (Mudunkothge and Krizek, 2012) (Figure 2D). The ant and
ail6/plt3 mutations enhance, whereas plt7 partially rescues wus and shoot meristemless (stm)
phenotypes, indicating that ANT, AIL6/PLT3 and PLT7 do not function in a strictly redundant
fashion (Mudunkothge and Krizek, 2012).



Both the ant and ap2 single mutants have fewer cells in their floral meristems (Figure
2F), resulting in a reduced number of floral organs (Bowman et al., 1991; Krizek, 1999). When
ap2 and ant mutations are combined, sepal, petal and stamen formation is completely abolished
(Elliott et al., 1996). This organ loss is likely to be a result of reduced proliferation due to ectopic
expression of the growth-repressing class C MADS-box gene AGAMOUS (AG) (Elliott et al., 1996;
Krizek et al., 2000).

Organ development

Phyllotaxy and rhizotaxy

Cotyledons and the first pair of leaves are formed opposite to each other in Arabidopsis, while
subsequent leaves develop in a spiral pattern (Figure 2E). Unlike AIL6/PLT3 and PLT7, AIL5/PLT5
is expressed in a largely uniform manner throughout the entire SAM (Prasad et al.,, 2011;
Mudunkothge and Krizek, 2012). In the ail5/plt5;ail6/plt3;plt7 triple mutant, the switch to the
spiral phyllotactic pattern is delayed by a few leaf pairs, with double mutant combinations
showing lower penetrance (Prasad et al., 2011). The spiral pattern in the inflorescence meristem
(Figure 2E) is also affected in this triple mutant, which shows a tendency to develop successive
siliques at angles of ~90°or ~180° instead of at 137.5° in wild-type Arabidopsis. Reducing PIN1
levels leads to the same defects in the phyllotactic pattern as reduced AIL/PLT expression
(Prasad et al.,, 2011). It was shown recently by ail5/plt5;ail6/plt3;plt7 complementation
experiments that AIL/PLT-induced auxin biosynthesis genes, YUCCA1 (YUC1) and YUC4, mediate
high auxin levels in the CZ that are required for the correct spiral phyllotactic pattern (Pinon et
al., 2013).

Lateral root primordia (LRP) are distributed along the Arabidopsis root and their spacing
correlates with the root curvature (Dubrovsky et al., 2006; Laskowski et al., 2008) (Figure 2C).
ARF7 and ARF19, together with the gene encoding SOLITARY ROOT (SLR)/IAA14, which represses
these ARFs, are all expressed in the vascular tissue and lateral root initiation sites (Fukaki et al.,
2002; Okushima et al., 2005; Vanneste et al., 2005; Wilmoth et al., 2005). arf7;arf19 double
mutant roots are defective in the first asymmetric division leading to LRP formation and almost
completely lack lateral roots. AIL6/PLT3, AIL5/PLT5, and PLT7 are expressed prior to the first
founder cell division and their expression is absent in arf7;arf19 mutants (Hofhuis et al., 2013).

Outgrowth of LRP is severely impaired in ail6/plt3;plt7 double and ail6/plt3;ail5/plt5;plt7 triple



mutants, and LRP are frequently grouped in longitudinal or radial clusters. Complementation
experiments reveal that expression of AIL6/PLT3, AIL5/PLT5 or PLT7 from their endogenous
promoters rescues LRP emergence more readily than the clustering phenotype, suggesting
distinct targets and/or dosage dependency reminiscent of PLT/BBM function in the primary root
(Galinha et al., 2007; Hofhuis et al., 2013). Overexpression of AIL6/PLT3, AIL5/PLT5 or PLT7 in
arf7;arf19 can overcome the block in LRP formation. These results indicate that the AIL6/PLT3,
AIL5/PLT5 and PLT7 genes are downstream components of the ARF7 and ARF19-mediated auxin
response module (Hofhuis et al., 2013) (Figure 3), although they do not appear to be direct
targets of ARF7 and ARF19 (Okushima et al., 2005; Wilmoth et al., 2005).

Despite the differences in the processes of shoot and root primordia initiation, the
involvement of the same three AIL proteins in both processes suggests that similar mechanisms

regulate plant architecture in different organs.

Organ size

Loss-of-function ant mutants have smaller leaves and flowers as a result of having fewer cells,
while overexpression of ANT prolongs the cell proliferation period, leading to larger leaves and
flowers with more and/or larger cells (Krizek, 1999; Mizukami and Fischer, 2000) (Figure 2D). The
reduced cell proliferation observed in ant is enhanced in the ant;ail6/plt3 double mutant, which
has even smaller leaves (Krizek, 2009). Overexpression of the auxin-inducible gene AUXIN-
REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS) prolongs ANT expression and leads to the
formation of larger organs (Hu et al., 2003). This effect was lost in the ant mutant, suggesting
that ARGOS functions downstream of auxin and upstream of ANT in organ size control (Hu et al.,
2003) (Figure 3).

An increase in floral organ size due to increased cell number was also observed in
AIL5/PLT5 and AIL6/PLT3 overexpression lines (Nole-Wilson et al., 2005; Krizek and Eaddy, 2012).
However, very high expression levels of AIL6/PLT3 block cellular differentiation resulting in floral
organs with altered morphology (Krizek and Eaddy, 2012). The very small and aberrantly shaped
sepals of these AIL6/PLT3 overexpression lines are unable to cover the entire flower bud, a
phenotype that was also reported in BBM overexpression lines (Boutilier et al., 2002; Krizek and
Eaddy, 2012). Together with the sustained meristem cell proliferation observed upon PLT2
overexpression (Galinha et al., 2007), these results indicate that AIL transcription factors

regulate the balance between cell proliferation and differentiation.



Organ polarity

Double and triple mutant combinations of ant with loss-of-function alleles of the polarity genes
FILAMENTOUS FLOWER (FIL) and YABBY3 produce dwarfed seedlings that develop small, narrow
leaves with loss of both adaxial and abaxial epidermal cell characteristics, which are not
observed in single mutants (Siegfried et al., 1999; Nole-Wilson and Krizek, 2006). These defects
are also present in some floral organs. The expression of the adaxial specifying HD-ZIP Il gene
PHB is reduced in fil;ant flowers, suggesting that ANT and FIL act together to promote organ
polarity (Figure 2D) by activating PHB (Nole-Wilson and Krizek, 2006) (Figure 3).

Flower and floral organ development

Floral initiation

LEAFY (LFY) encodes a transcriptional regulator that promotes the transition to flowering and
also specifies floral meristem identity (Schultz and Haughn, 1991; Weigel et al., 1992; Weigel and
Meyerowitz, 1993; Weigel and Nilsson, 1995). Auxin treatment induces higher LFY gene
expression, and results in precocious flower formation. Auxin response elements in the
promoter of LFY are bound by the MP and BDL proteins (Yamaguchi et al., 2013). Initiation of
flower primordia from the inflorescence meristem (Figure 2F) is known to rely on MP; mp
mutants form naked inflorescence pins lacking flowers, phenocopying loss-of-function mutants
in the PIN1 auxin efflux carrier (Przemeck et al.,, 1996; Galweiler et al., 1998). MP and LFY
expression overlaps with that of the ANT and AIL6/PLT3 genes, and MP was shown to bind to the
promoters- and activate expression of ANT and AIL6/PLT3 (Yamaguchi et al., 2013). The pin-like
inflorescences formed in the ant;ail6/plt3;lfy triple mutant and the additive ability of ANT and
LFY overexpression to rescue flower primordium initiation in the hypomorphic mp-5319 mutant
indicates that ANT and LFY function in parallel pathways downstream of MP in the initiation of
flower primordia (Yamaguchi et al., 2013) (Figure 3). As with AIL proteins, LFY feeds back
positively into the auxin pathway (Prasad et al., 2011; Pinon et al., 2013; Yamaguchi et al., 2013).
MP-dependent upregulation of LFY, ANT and AIL6/PLT3, together with their positive feedback to

the auxin pathway, may commit cells to flower primordium formation (Yamaguchi et al., 2013).



Floral organ identity

The petals of the ant single mutant develop stomata, which are absent in wild-type petals,
indicating partial loss of petal identity in this mutant (Krizek et al., 2000). A more severe
phenotype in which the petals become partially stamenoid was observed in the hypomorphic
ap2-1;ant double mutant (Krizek et al., 2000). Expression of AG was extended to the second
whorl in the ap2-1;ant mutant where it caused the partial homeotic transformation (Krizek et al.,
2000). Single ail6/plt3 mutants develop normally, but flowers of the ant;ail6/plt3 double mutant
have reduced petal, stamen and carpel identities and consist primarily of small sepals,
filamentous organs and unfused carpel valves, showing that ANT and AIL6/PLT3 function
redundantly in determining floral organ identity (Krizek, 2009) (Figure 2F). This phenotype
correlates with altered expression of the floral organ identity genes APETALA3 (AP3, B-class) and
AG (C-class) (Krizek, 2009) and suggests their regulation by ANT and AIL6/PLT3 (Figure 3).

Ovule development

The number of ovule primordia in the ant mutant is reduced due to carpel margin meristem
(CMM) defects. Also the integuments of ant ovules do not initiate properly and female
gametophyte development is disrupted leading to female-sterility (Elliott et al., 1996; Klucher et
al., 1996; Baker et al., 1997; Schneitz et al., 1997). The CUP SHAPED COTYLEDON 1 (CUC1) and
CUC2 genes act in parallel to ANT in controlling the number of developing ovule primordia
(Galbiati et al., 2013a). ANT, CUC1 and CUC2 are downregulated in hypomorphic mp-5319
mutant pistils that do not develop ovules due to absence of carpel margin tissue. Binding of MP
to the ANT, CUC1 and CUC2 genomic regions was confirmed in this tissue (Galbiati et al., 2013a).
Thus, MP acts as an upstream regulator of ANT during ovule development (Figure 3), reminiscent
of its role in regulating AIL gene expression during embryogenesis and floral meristem initiation
(Aida et al., 2004; Galbiati et al., 2013b; Yamaguchi et al., 2013) .

HUELLENLOS (HLL) and ANT play overlapping roles in ovule primordium outgrowth
(Schneitz et al., 1998). The transcriptional co-regulators SEUSS (SEU) and LEUNIG (LUG) show
partial redundancy with ANT in the control of medial domain development (Liu et al., 2000;
Azhakanandam et al., 2008), and these defects are associated with reduced expression levels of
the HD-ZIP Il genes REV and PHB (Azhakanandam et al., 2008). Double mutant ant;rev gynoecia
exhibit loss of CMM-derived tissue, which is correlated with lower expression of PHB (Nole-
Wilson et al., 2010). These studies show that ANT plays a central role in ovule development

(Figure 2F) through activation of HD-ZIP Il genes (Figure 3).



AlL target genes

Although many genetic interactions have been described for AIL genes, our knowledge about
target genes that are directly regulated by AlL binding remains limited. Both AP2/ERF domains of
ANT are required for DNA binding and each domain is thought to use different amino acids to
contact the DNA (Nole-Wilson and Krizek, 2000; Krizek, 2003) (Box1). An ANT DNA binding motif
was determined using SELEX, an in vitro oligonucleotide selection method, which yielded the
consensus sequence gCAC(A/G)N(A/T)TcCC(a/g)ANG(c/t) (Nole-Wilson and Krizek, 2000).
AIL5/PLTS5 also binds to the ANT consensus sequence in vitro (Yano et al., 2009), suggesting that
the observed overlapping functions of AIL proteins is realized through a set of common target
genes. The ANT DNA binding motif is different from that of other single AP2/ERF proteins, which
bind to short GC-rich boxes (Hao et al., 1998; Fujimoto et al., 2000; Shoji et al., 2013).

Currently, only the targets of BBM have been identified. Using a microarray approach in
which the BBM protein was inducibly activated in the presence of the translational inhibitor
cycloheximide to identify direct targets, it was shown that the vast majority of target genes are
upregulated upon DNA binding, suggesting that BBM acts mainly as a transcriptional activator
(Passarinho et al., 2008). BBM was reported to interact with TPL-related (TPR) corepressors in
yeast (Causier et al., 2012), suggesting downregulation of the limited number of target genes
requires recruitment of repressor proteins. AP2 has also been shown to form complexes with
TOPLESS (TPL) to repress the floral organ identity genes AG, AP3, Pl and SEP3 (Krogan et al.,
2012), suggesting that similar protein-protein complexes are co-opted by different groups of
AP2-family proteins.

The functional diversity of BBM targets suggests that this protein functions in a wide
range of developmental pathways, which is consistent with the large number of mutant studies
in which BBM and other AIL genes were shown to be regulated incorrectly. One of the few
functionally characterized BBM targets is RGF8/GLV6, which encodes a homolog of the RGF1
signalling peptide shown to regulate PLT1 and PLT2 expression (Matsuzaki et al., 2010). This
suggests a positive feedback loop between RGF/GLV and PLT/BBM genes (Figure 3) that ensures
sufficiently high PLT/BBM levels to preserve the meristem. Another gene that is directly
upregulated by BBM is ACTIN DEPOLYMERIZING FACTOR9 (ADF9) (Passarinho et al., 2008), which
encodes an ADF/cofilin cytoskeletal protein (Carlier et al., 1997; Gungabissoon et al., 1998).
ADF9 is required for hormone-mediated cell proliferation in vitro (Burgos-Rivera et al., 2008).

Notably, only a few minutes of inducible BBM overexpression was sufficient to stimulate



reorganization of the actin cytoskeleton. ADF9 therefore provides a potential link between the
actin cytoskeleton and BBM-mediated meristematic growth. Finally, it was shown that BBM also
stimulates its own expression, suggesting it functions in a positive auto-regulatory feedback loop
to control its own activity (Passarinho et al., 2008). BBM targets support a role for AL proteins in

the regulation of cell proliferation and differentiation.

Conclusions and future prospects

Almost twenty years of AlL research in Arabidopsis has shown that these transcription factors
are crucial for stem cell niche specification, meristem maintenance, organ initiation and growth,
and function as master regulators of embryogenesis and root formation. At present, functions
have been ascribed to all Arabidopsis AIL genes except AIL1. Research on AIL expression and
function in other species is still at an early stage. Analysis of the expression patterns of ANT-like
genes from different species suggest that they may (Shigyo et al., 2006; Yamada et al., 2008;
Mizumoto et al., 2009), or may not (Rieu et al., 2005; Mizumoto et al., 2009) be conserved with
the Arabidopsis ANT gene. Nevertheless, functional studies on AIL proteins from different
species indicate that they also regulate stem cell specification and plant developmental
processes, as in Arabidopsis. For example, in poplar (Populus spp.), ANT-like AlLs have been
shown to control meristem activity during adventitious rooting (Rigal et al., 2012) and to directly
feed into the cell cycle machinery to establish growth cessation upon exposure to short days
(Karlberg et al.,, 2011). Similarly, in the moss Physcomitrella patens, four AIL genes are
indispensable for the formation of one type of moss stem cell, the apical gametophore cell
(Aoyama et al., 2012).

AIlL proteins interact with auxin pathways throughout plant development and at multiple
levels, including via ARFs and through PIN feedback loops (Figure 3). Future studies will
undoubtedly reveal additional auxin-AlL relationships, as well as new relationships with other
hormones, signaling pathways and chromatin-level changes. Factors involved in regulating AlL
expression during the earliest stages of embryogenesis have not been identified, even though at
least two AlLs, BBM and PLT2, are required for progression through early embryogenesis.

Specific AlL family members appear to be expressed and function in either the root or
shoot meristem. This division could reflect protein sub-functionalisation, which is also suggested
by the different AIL-HD-ZIP Il genetic interactions that appear as a general module in the
regulation of several developmental processes (Figure 3). Alternatively, the regional expression

and interaction of AIL proteins with locally expressed transcriptional co-activators or repressors



may be responsible for this differential effect. Identification of the protein complexes in which
AlL proteins act may shed light on this matter. In addition, promoter swapping to express root
AlLs in the shoot and vice versa may reveal how much of this apparent subfunctionalisation is
due to differences in protein characteristics versus gene expression patterns.

One aspect of AIL function is their dosage-dependent regulation of developmental
processes, as observed during root development. This dosage-dependency could be mediated by
guantitative differences in the activation of target genes containing AlL-specific DNA binding
motifs. Alternatively, AIL proteins could exert their dosage-dependent regulation via differences
in binding affinity for DNA motifs present in common target gene promoters. The fact that both
ANT and AIL5/PLT5 can bind the same DNA motif suggests a common set of downstream targets.
Elucidating the targets and DNA binding sites of additional AIL proteins may clarify either of the
above scenarios.

A poorly understood aspect of AIL function is their ability to induce totipotency and
pluripotency when overexpressed. This property offers new possibilities to improve the
efficiency of plant regeneration for a range of biotechnology applications. For example, the
ability of BBM to induce somatic embryogenesis was used to improve Chinese white poplar and
sweet pepper (Capsicum anuum) transformation (Deng et al.,, 2009; Heidmann et al., 2011).
More importantly, a better understanding of how AIL proteins function will provide a framework

for understanding how regeneration is regulated in vitro and during normal plant development.
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Abstract

AINTEGUMENTA-LIKE (AIL) transcription factors are key regulators of cell proliferation and
meristem identity. Although AIL functions have been well described, the direct signalling
components of this pathway are largely unknown. We show that BABY BOOM (BBM) and other
AIL proteins physically interact with multiple members of the L1-expressed HOMEODOMAIN
GLABROUS (HDG) transcription factor family, including HDG1, HDG11 and HDG12.
Overexpression of HDG1, HDG11 and HDG12 restricts growth due to root and shoot meristem
arrest, which is associated with reduced expression of genes involved in meristem development
and cell proliferation pathways, while down-regulation of multiple HDG genes promotes cell
overproliferation. These results suggest a role for HDG proteins in promoting cell differentiation.
We also reveal a transcriptional network in which BBM and HDG1 regulate several common
targets genes, and where BBM/AIL and HDG regulate each other’s expression. Taken together,
these results suggest opposite roles for AIL and HDG proteins, with AlLs promoting cell
proliferation and HDGs stimulating cell differentiation, and that these functions are mediated at

both the protein-protein interaction and transcriptional level.



INTRODUCTION

Plant growth is driven by stem cells within the meristems, which are maintained
throughout the plant’s lifespan to ensure continued growth. At the same time, stem cell
proliferation has to be kept in balance and contained within the meristem to prevent neoplastic
growth. The AINTEGUMENTA-LIKE (AIL) subfamily of the APETALA2/ETHYLENE RESPONSE
ELEMENT-BINDING FACTOR (AP2/ERF) family of transcription factors play an important role in
defining the meristematic competence of plant cells (Horstman et al., 2014a). The Arabidopsis
thaliana (L.) Heyhn (Arabidopsis) AIL clade comprises AINTEGUMENTA (ANT), AIL1, PLETHORA1
(PLT1), PLT2, AIL6/PLT3, PLT7, BABY BOOM (BBM) and AIL5/PLT5 (Nole-Wilson et al., 2005).
Arabidopsis AIL genes are expressed in the embryo, the flower and the root and shoot
meristems, where they act redundantly to define and/or maintain the stem cell niches (Galinha
et al.,, 2007; Mudunkothge and Krizek, 2012; Horstman et al., 2014a). Although mutations in
single AIL genes only lead to minor developmental defects, double and triple ail mutants exhibit
more severe phenotypes, such as rootlessness (pltl;plt2;plt3), embryo lethality (bbm;pit2)
(Galinha et al., 2007) or shoot meristem arrest (ant;ail6/plt3;plt7) (Mudunkothge and Krizek,
2012). The overexpression phenotypes of AlL proteins also support the notion of a role for these
proteins in promoting meristematic competence. Overexpression of Brassica napus BBM or
Arabidopsis AIL5/PLT5 induces formation of somatic embryos (Boutilier et al., 2002; Tsuwamoto
et al., 2010), while overexpression of PLT1 and PLT2 induces ectopic root identity (Aida et al.,
2004). In addition, the increased cell divisions due to AIL overexpression can also lead to
increased floral organ size, as shown for both AIL5/PLT5 and ANT overexpression (Krizek, 1999;
Nole-Wilson et al., 2005).

Although it is clear that AlLs are key regulators of meristem function and cell
proliferation, how AIL overexpression can trigger ectopic organ formation or embryogenesis is
poorly understood. Transcription factor function is mediated in the context of multi-protein
complexes. To provide insight into the mode of action of BBM and the signalling network in
which it functions during cell proliferation, we identified and characterized BBM-interacting
proteins. Here, we show that BBM and other AIL proteins interact with members of the HD-ZIP
class IV/HOMEODOMAIN GLABROUS (HDG) transcription factor family. Sixteen HD-ZIP IV
proteins have been identified in Arabidopsis, including MERISTEM LAYER1 (ATML1), GLABRA2
(GL2), ANTHOCYANINLESS2 (ANL2) and PROTODERMAL FACTOR2 (PDF2) (Nakamura et al., 2006).

HD-ZIP IV/HDG genes are expressed in the L1 layer throughout the plant, where they function to



specify epidermis identity and control development of its associated structures, such as
trichomes, stomata or giant cells (Abe et al., 2003; Nakamura et al., 2006; Roeder et al., 2012;
Peterson et al., 2013; Takada et al., 2013). Our results show that BBM and HDG proteins have
antagonistic functions, with BBM stimulating cell proliferation and HDGs stimulating cell
differentiation. In addition, we found evidence for transcriptional cross-regulation between

BBMJ/AIL and HDG genes, suggesting a complex regulatory network for cell proliferation control.

RESULTS

BBM interacts with HDG proteins

We employed the yeast two-hybrid system to identify BBM-interacting proteins. Due to
the strong and extensive transcriptional autoactivation activity of B. napus BBM1
(supplementary material Figs S1, S2, Table S1), we used the CytoTrap system (Aronheim, 1997)
to screen a library made from B. napus embryos for interactions with BBM. We identified 10
HDG transcription factors as interacting partners (supplementary material Table S2), nine of
which are most similar to Arabidopsis HDG11 and one to HDG1 (supplementary material Table
S2). Our subsequent studies focussed on the Arabidopsis BBM and HDG orthologs.

The interaction between BBM and HDG1 and HDG11 proteins was verified in planta using
Forster Resonance Energy Transfer detected via Fluorescence Lifetime Imaging Microscopy
(FRET-FLIM; Fig. 1A) (Bucherl et al., 2014), as was the interaction with HDG12, which functions
redundantly with HDG11 in trichome development (Nakamura et al., 2006). These results
indicate that BBM also interacts with HDG proteins in planta. Using the Gal4 yeast two-hybrid
system we found that BBM also interacts with HDG2, HDG3, HDG10, ANL2, ATML1 and PDF2
(Fig. 1B). Next, we determined whether these interactions also extend beyond BBM, by testing
for HDG interactions with AIL proteins from the two major AlL clades, the ANT clade (ANT and
AlL1) and the BBM/PLT clade (PLT7) (Horstman et al., 2014a). All three AIL proteins interacted
with multiple HDG proteins (Fig. 1B). Our results show that BBM and other AlL proteins interact

with phylogenetically distinct members of the HDG family (Nakamura et al., 2006).
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Fig. 1. AIL and HDG proteins interact.

(A) FRET-FLIM measurements with BBM-CFP, YFP-HDG and YFP-AP1 as a negative control. A statistically-
significant decrease of BBM-CFP lifetime (p < 0.05, Student’s t-test) was observed when BBM-CFP was co-
expressed with all YFP-HDGs, compared to YFP-AP1. Error bars indicate standard deviations (n = 26-30).

(B) Yeast two-hybrid analysis of AD-AIL and BD-HDG interactions. Yeast were grown on double selection
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synthetic dropout medium (SD-LW) to determine the success of the mating, and tested for protein-protein
interaction on SD-LWAH medium. “-”, empty-AD vector control.

BBM and HDG expression patterns overlap

Previous studies showed that BBM, HDG1, HDG11 and HDG12 are expressed in
embryos and roots (Boutilier et al., 2002; Nakamura et al.,, 2006; Galinha et al., 2007). We
examined their expression patterns in more detail using translational GFP fusion reporters. BBM
expression was observed throughout the embryo from the 4-celled stage until the globular stage
(Fig. 2A, E, 1) and became basally localized at the heart stage, as previously reported (Fig. 2M)
(Galinha et al., 2007). HDG11 and HDG12 expression was observed in all cells at the 4- and 16-
cell embryo stages (Fig. 2C, D, G, H), and became restricted to the protoderm from the globular
stage onward (Fig. 2K, L, O, P). HDG1 was weakly expressed, and its expression was first
observed in the embryo protoderm starting at the late globular stage (Fig. 2J).

BBM was expressed in the stem cell niche and the provascular tissue of mature roots
(Fig. 2Q). Expression of all three HDG genes was observed in the epidermis, the outer layer of
columella cells and lateral root cap of mature primary and lateral roots (Fig. 2R, S, T). These HDG
genes were also expressed in the L1 layer of the floral meristems (Fig. 2U, V, W), shoot apical
meristem (SAM) and leaf primordia (Fig. 2X, Y, Z). HDG1 expression was also observed in the

subepidermal layers of the flower meristem, SAM, and leaf primordia (Fig. 2U, X).
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Fig. 2. Expression patterns of BBM, HDG1, HDG11 and HDG12 overlap in embryos and roots.
Confocal microscope images of BBM and HDG reporter lines in 4-cell (A-D), 16-cell (E-H), globular (I-L) and
heart/torpedo embryos (M-P), and in roots (Q-T), floral meristems (U-W) and shoot apical meristems (X-Z)
expressing YFP (BBM) or GFP (HDG). The insets in (Q-T) show magnifications of the region of root epidermis
indicated by the boxes. Scale bars, 25 um.

BBM expression was not observed in the shoot or flower. In summary, BBM expression
overlapped with HDG11 and HDG12 expression during early embryo development, and later
with all three HDG genes in progressively smaller regions of the protoderm. Post-embryonically,

there was only a small overlap in expression of BBM and the three HDG genes, in a few

epidermal cells close to the root stem cell niche.

Overexpression of HDG genes induces meristem arrest and leaf defects

To determine the functions of HDG proteins, we generated Arabidopsis HDG1, HDG11
and HDG12 overexpression lines (p35S::HDG). Approximately 10% of the primary transformants
(n>200 per construct) showed (similar) mutant phenotypes, with HDG1 resulting in the most
severely altered phenotypes. Most of the affected seedlings were small and showed increased
anthocyanin production (Fig. 3B). Seedlings of the most severe lines had a short primary root
lacking lateral roots and stopped growing after producing a few leaves that were narrow and
curled upward (Fig. 3B). Leaf fusions and leaves with holes were occasionally observed (Fig. 3C,
D). The majority of seedlings with these phenotypes either died or was sterile, complicating
further analysis of the lines. Therefore, we created dexamethasone (DEX)-inducible GR-HDG1,
GR-HDG11 and GR-HDG12 proteins (p35S::GR-HDG) and selected the primary transformants
directly on DEX-containing medium. We observed the same mutant phenotypes as described
above. Again, the p35S::GR-HDG1 (n=468) mutant phenotypes were most pronounced, and in
some cases more severe than the p35S::HDG1 mutant phenotypes. The most severely affected
p35S::GR-HDG1 seedlings developed very narrow, gutter-shaped or radialized leaves (Fig. 3E-G,
inset K), with occasional leaf ruptures (Fig. 3H). No aberrant phenotypes were observed when
p35S::GR-HDG1 seedlings were grown without DEX (Fig. 3E, left) and overexpression of the
HDG1 transgene was confirmed (supplementary material Fig. S3), indicating that the observed

phenotypes were due to ectopic expression of HDG1.



Fig. 3. HDG1 overexpression affects leaf and shoot meristem development

(A) Eight-day-old wild-type Col-0 seedling.

(B) Six-week-old p35S::HDG1 seedling showing narrow, upward-curling leaves and anthocyanin production.

(C, D) Three-week-old p35S::HDG1 seedlings with leaf fusions (arrows) and an epidermal hole (arrowhead).

(E) Two-week-old p35S::GR-HDG1 seedling grown on DEX (right) showing narrow leaves and retarded growth
compared to a two-week-old seedling grown on medium lacking DEX (left).

(F-H) Two- (F) and three- (G, H) week-old DEX-induced p35S::GR-HDG1 seedlings showing gutter-shaped leaves
(F, arrow), pin-shaped leaves (G, arrow) and a leaf rupture (H). The inset in (H) shows a magnification of the
region indicated by the box.

(1-P) SEM images. (1) The shoot apex of a wild-type seedling. (J) A wild-type adaxial leaf surface. (K) A p35S::GR-
HDG1 seedling with radialized leaves, as in the inset (arrows, epidermal holes; arrowheads, adventitious
leaves). (L) A p35S::GR-HDG1 seedling with an arrested shoot meristem (arrow) and a ruptured leaf epidermis.



(M, N) p35S::GR-HDG1 seedlings with arrested leaf growth. (0O) A p35S::HDG1 seedling with a radialized leaf
carrying a single trichome at the distal end (arrow), as well as leaves with a clear adaxial/abaxial identity. The
insets show magnifications of the leaf areas indicated by the boxes. (P) The gutter-shaped distal region of the
ruptured leaf shown in (L). The seedlings shown in (I-J) and (K-P) are five and 14 days old, respectively.

Scale bars in light images, 5 mm; in SEM images, 200 pm.

The phenotypes of p35S::HDG1 and DEX-induced p35S::GR-HDG1 seedlings were
examined in more detail using scanning electron microscopy (SEM). SEM analysis showed that
the leaves of some HDG1 overexpression lines were radialized, but without an obvious abaxial or
adaxial identity (Fig. 3N-P). The leaf surface comprised large numbers of smooth, elongated cells
(Fig. 30, P), reminiscent of the cells found on sepals and leaf margins (Fig. 3J) (Roeder et al.,
2012), rather than the puzzle-shaped cells found in wild-type leaves (Fig. 3J). Some of the HDG1
overexpression seedlings developed a first set of radialized leaves, but did not grow further (Fig.
3M, N), while other HDG1 overexpression seedlings developed a radialized first leaf pair and a
second leaf pair (Fig. 30) with normal adaxial/abaxial patterning, although with a larger number
of elongated cells (Fig. 30). In addition, we observed holes (Fig. 3K) and large ruptures in the leaf
epidermis (Fig. 3L). The altered leaf shape of the HDG1 overexpression seedlings complicated a
general comparison of epidermal characteristics in these lines with those of wild-type seedlings
(Fig. 3J). We did not observe any changes in trichome morphology, however the radialized leaves
of HDG1 overexpression seedlings contained less trichomes (Fig. 3M-P), and these were often
positioned on the distal end of the leaf (Fig. 30).

The shoot and root meristem were also affected by ectopic HDG1 overexpression. In the
most severe cases, the shoot meristem was absent (Fig. 3L). Small leaves were observed
occasionally in meristem-arrested seedlings (Fig. 3K). These were visible at a later stage, when
the surrounding leaves were fully developed. It was not clear whether these leaves developed
from axillary meristems or through adventitious growth, but they never developed further.
When these seedlings were transferred to medium lacking DEX prior to complete meristem
arrest, they recovered and developed into wild-type looking seedlings.

The loss of root meristem function due to HDG1 overexpression was confirmed by the
reduced growth rate and shortened root meristem of DEX-induced p35S::GR-HDG1 seedlings
compared to wild-type seedlings (Fig. 4). Despite these root growth defects, DEX-induced
p35S::GR-HDG1 seedlings were able to produce lateral roots (Fig. 4A). The root meristem defect
observed here resembles the phenotype of bbm;plt loss-of-function mutants (Galinha et al.,
2007), suggesting opposite roles for BBM and HDG1 proteins, with BBM promoting root

meristem activity and HDG1 stimulating meristem differentiation.
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Fig. 4. HDG1 overexpression reduces root length and meristem size

(A) 15 day-old p35S::GR-HDG1 and wild-type Col-0 seedlings after transfer to DEX-containing medium, five days
after plating. The root tips were marked to facilitate growth rate calculations.

(B) Root growth rate of the DEX-treated p35S::GR-HDG1 and wild-type Col-0 seedlings shown in (A). Root
length was measured starting 5 days after plating and transfer to DEX. Error bars indicate standard deviations
(n=15).

(C) The number of meristematic cortex cells (from the quiescent centre to the first elongated cell) in p35S::GR-
HDG1 and wild-type Col-0 seedlings grown continuously on DEX for 10 days. Error bars indicate standard
deviations (n=22 for wild-type, n=33 for p35S::GR-HDG1).

(D) Confocal microscope images showing roots of p35S::GR-HDG1 and wild-type Col-0 seedlings that were
grown continuously on DEX for 10 days. Asterisks indicate the quiescent centre, arrowheads indicate the first
elongated cortex cell. Scale bars, 50 um.

HDG1 overexpression promotes giant cell identity

The elongated cells found in HDG1 overexpression lines are reminiscent of giant cells,
which are differentiated, endoreduplicated cells found in the sepal epidermis (Roeder et al.,
2012). Similarly elongated cells are found along the margin of cotyledons and leaves (Fig. 5A, B),
and in the root. We used the enhancer trap line YJ158, which reports GUS activity in
giant/elongated cells (Eshed et al., 2004; Roeder et al., 2012) (Fig. 5C) to determine whether

HDG1 overexpression seedlings show enhanced giant/leaf margin cell production.
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Fig. 5. HDG1 overexpression promotes giant cell identity and differentiation

(A, B, D, E, G, H) SEM images of two-week-old seedlings.

(C, F, 1) YJ158 expression in eight-day-old seedlings.

(A, B) Wild-type Col-0 cotyledon (A) and leaf (B) with elongated margin cells (false-coloured pink).

(D, E) Aberrantly-shaped leaves from DEX-treated p35S::GR-HDG1 seedlings showing a large number of

elongated cells.



(G, H) A p35S::BBM cotyledon (G), consisting of many small cells and lacking clear adaxial/abaxial cell types and
(H) magnification of the cotyledon region indicated by the box in (G).

(C, F, 1) YJ158 expression in a wild-type seedling (C), a DEX-treated p35S::GR-HDG1 seedling with radialized
leaves (F) and a p35S::BBM seedling (I).

(J) Ploidy analysis of wild-type (blue), p35S::BBM (red) and DEX-treated p35S::GR-HDG1 10 day-old seedlings
(green). The error bars indicate standard errors and the asterisks significant differences (p<0.05, Student’s t-
test) compared to wild-type seedlings.

In DEX-induced p35S::GR-HDG1 seedlings with the narrow leaf phenotype (Fig. 3B), GUS
staining was more intense, but still restricted to the margins, as in the control (data not shown),
while p35S::GR-HDG1 seedlings with gutter and/or pin-shaped leaves (Fig. 3G, Fig. 5D, E) showed
GUS expression throughout the leaf surface, and also in the cotyledon blade and petiole (Fig. 5F).
In contrast with HDG1 overexpression lines, cotyledons of p35S::BBM seedlings consist of small,
undifferentiated cells (Fig. 5G, H): the cotyledons lacked the jigsaw-shaped cells, stomata and
the elongated margin cells of wild-type leaves (Fig. 5A, B). As expected based on cell
morphology, YJ158 marker expression was weak (Fig. 5I) or completely absent in p35S::BBM
seedlings.

Sepal giant cells are highly endoreduplicated, a differentiation process that occurs after
the establishment of giant cell identity (Roeder et al., 2012). Endoreduplication is also
considered a sign of advanced cell differentiation in leaf pavement cells (Melaragno et al., 1993).
In accordance with our observations on changes in epidermal differentiation, we observed a shift
toward higher ploidy levels in p35S5::GR-HDG1 seedlings and toward lower ploidy levels in
p35S::BBM seedlings (Fig. 5J). Taken together, our results suggest that HDG1 and BBM promote

and inhibit epidermal cell differentiation, respectively.

hdg mutants do not show obvious embryo or root meristem phenotypes

To further investigate the roles of HDG proteins during development, we examined hdg1,
hdgl1l and hdgl2 mutant phenotypes during embryogenesis and root development, the
developmental stages in which BBM functions. However, none of the single, double or triple
hdgl, hdgll or hdgl2 lines showed mutant phenotypes in these tissues (supplementary
material Fig. S4). The lack of embryo and root phenotypes may reflect redundancy between

members of the HDG family (Nakamura et al., 2006).



Cosuppression of HDG expression results in overproliferation

We observed that approximately 1% of p35S::HDG primary transformants formed ectopic
shoots (Fig. 6A-B) or embryo-like tissue. None of the transformants with these phenotypes
showed the overexpression phenotypes described above. Notably, these proliferating seedlings
resemble BBM overexpression seedlings, which also show ectopic organ formation and somatic
embryogenesis (SE) (Boutilier et al., 2002). Cell proliferation phenotypes were also observed at a
similar frequency in p355::GR-HDG1 primary transformants that were grown on DEX-containing
medium, but that failed to recover the wild-type phenotype after transfer to DEX-free medium
(Fig. 6C-E). These data, together with the lack of similar phenotypes in hdgl T-DNA insertion
mutants, suggest that cosuppression of multiple HDG genes underlies this cell proliferation
phenotype.

We could detect GR-HDG1 transgene expression in the p35S::GR-HDG1 plants that
recovered their wild-type phenotype after transfer to DEX-free medium, but could not detect
GR-HDG1 expression in the plants that failed to recover, i.e. continued to overproliferate, in the
absence of DEX (supplementary material Fig. S5). Expression of seven selected HDG genes
(ATML1, PDF2, HDG2, HDG11, HDG12, ANL2, HDG3) was also reduced in these proliferating lines
compared to wild-type seedlings (supplementary material Fig. S5). However, endogenous HDG1
expression was variably up- or down-regulated in these lines depending on the quantitative real-
time RT-PCR (gPCR) primer set that was used (supplementary material Fig. S5). Similar variable
gPCR results were previously reported for silenced genes and could be caused by incomplete
degradation of mRNA fragments (Shepard et al., 2005; Holmes et al., 2010). Expression analysis
in subsequent generations was further complicated by the limited survival and fertility of these
seedlings, and by the reversion of the surviving lines to the characteristic DEX-dependent
overexpression phenotypes in the subsequent generation. Although indirect, these results imply
that the cell proliferation phenotypes observed in a subset of the p35S::GR-HDG1 plants are not
due to ectopic HDG1 overexpression, but rather to HDG gene silencing.

To determine whether down-regulation of multiple HDG genes could cause these
overproliferation phenotypes, we developed an artificial microRNA (amiRNA) construct (Schwab
et al., 2006) that is predicted to target HDG3, HDG7, HDG11, PDF2 and ATML1. We observed the
same cell proliferation phenotypes in four primary transformants after transformation of this
amiRNA construct to the hdg1;anl/2 double mutant (2/119 lines; Fig. 6F, G), and wild-type Col-0
(2/467 lines; Fig. 6H, 1). These HDG amiRNA lines could not be propagated via seed. Together,



the GR-HDG1 and amiRNA data provide support to the hypothesis that down-regulation of

multiple HDG genes leads to ectopic cell proliferation.

Fig. 6. HDG cosuppression results in
ectopic meristem and embryo
formation

(A) A p35S::HDG1 seedling with ectopic
shoots on the cotyledon (arrow).

(B) Part of a p35S::HDG1 seedling that
reiteratively formed ectopic shoots.

(C-E) p35S::GR-HDG1 seedlings with
proliferation phenotypes in the absence
of DEX. (D) shows a maghnification of the
region indicated by a box in (C),
containing light green, smooth and
fleshy embryo-like tissue (arrows).

(F-1) Overproliferation phenotypes of
seedlings  expressing an  amiRNA
construct targeting multiple HDG genes
in (F, G) the hdgl;anl2 double mutant
background and (H, 1) a wild-type
background. The arrows in (F) and (H)
indicate somatic embryo-like tissue.

All seedlings were 4-5 weeks old, except
for the seedling shown in (A), which was
two weeks old.

Co-expression of HDG1 and BBM antagonizes both proteins’ functions

If HDG1 and BBM function antagonistically in the regulation of cell proliferation, then co-
overexpression of HDG1l and BBM should mitigate the other protein’s overexpression
phenotype. To test this hypothesis, we transformed a p35S::BBM construct to a characterized
p35S::GR-HDG1 line (>90% penetrance of the phenotype) and examined the phenotypes of the
double transgenic seedlings before and after DEX-activation of the GR-HDG1 protein. The

expression of both transgenes was verified using qPCR (supplementary material Fig. S6). The



effect of HDG1 overexpression on the BBM phenotype was dependent on the penetrance of the
BBM somatic embryogenesis (SE) overexpression phenotype (Table 1). A line that showed a high
penetrance of BBM-mediated SE was unaffected by co-overexpression of HDG1 (Table 1, line 1),
while SE was reduced in double transgenic lines with a lower penetrance of this BBM
overexpression phenotype (Table 1, lines 2-5). In addition, we observed that the HDG1
overexpression phenotype was also compromised in the co-overexpression lines compared to
the phenotype of the parental p35S::GR-HDG1 line, even in lines with a mild BBM
overexpression phenotype (supplementary material Fig. S7). This suggests that BBM and HDG1
function antagonistically and that the balance between cell proliferation and differentiation

depends on their relative concentrations.

Table 1. Phenotypes observed in p35S::BBM/p35S::GR-HDG1 co-overexpression
lines with and without DEX-activation of GR-HDG1.

Line Percentage SE without DEX Percentage SE with DEX
1 97% (n=141) 95% (n=229)

2 62% (n=290) 45% (n=359)

3 28% (n=460) 4% (n=565)

4 19% (n=102) 2% (n=139)

5 13% (n=77) 5% (n=78)

6 0% (n=99) 0% (n=173)

7 0% (n=67) 0% (n=114)

HDG1 represses transcription of meristem and cell proliferation genes

We performed microarray experiments to understand how HDG1 controls cell
proliferation, as well as its functional relationship with BBM. Direct HDG targets were identified
using 5-day-old p35S::GR-HDG1 seedlings treated with DEX for 8 hours in the presence of the
translational inhibitor cycloheximide (CHX). HDG1 expression was significantly upregulated in
CHX-treated p35S::GR-HDG1 seedlings compared to CHX-treated wild-type seedlings, but was
not increased in DEX+CHX-treated p35S::GR-HDG1 seedlings compared to CHX-treated p35S::GR-
HDG1 seedlings (supplementary material Dataset S1 online; DEX+CHX experiment). These data
indicate that HDG1 is overexpressed, but that HDG1 does not regulate its own expression.

Statistical analysis identified 26 genes that were significantly differentially expressed at
least two-fold in DEX+CHX-treated p35S::GR-HDG1 seedlings compared to the controls (wild-type
DEX+CHX-treated, and p35S::GR-HDG1 CHX-treated; supplementary material Dataset S1 online;



DEX+CHX experiment). The expression level of the GR-HDG1 fusion protein did not change after
CHX treatment compared to untreated samples (supplementary material Fig. S8), suggesting that
the minimal change in gene expression is not due to a CHX-mediated reduction in HDG1. Since
the dataset did not provide clear links with the observed HDG1 overexpression phenotypes, we
performed another microarray experiment in which p35S::GR-HDG1 and wild-type seedlings
were treated for 8 hours with only DEX. Using this approach, we identified 63 differentially
expressed genes, including the HDG1 transgene. In contrast to the DEX+CHX experiments, most
of the genes that were differentially expressed in response to GR-HDG1 activation were down-
regulated (79%; supplementary material Dataset S1 online; DEX experiment). The differential
expression of a selection of these genes was validated by gPCR supplementary material Fig. S9).
HDG1 targeted a diverse group of genes, including those involved in transport (e.g. ZIP1,
SUC1, AAP4) and hormone biosynthesis, transport or signalling (e.g. GA30X1, PIN5, ENP/MABA4,
ARR16), as well as genes involved in biosynthesis and transport of methionine-derived aliphatic
glucosinolates (MYB29, MAM1, CYP79F2, CYP83A1/REF1, IPMI1, IPMI2 and BAT5). Notably,
HDG1 down-regulated the expression of five positive regulators of meristem development/cell

proliferation: CYCD3;1, CLE41, DAR2, RUL1 and AIL5/PLT5.

HDG and BBM transcriptional pathways intersect

The BBM and HDG1 transcription factors interact, suggesting that they might regulate a
common set of target genes. We compared the list of HDG1 target genes with direct BBM target
genes that were obtained by ChIP-seq analysis of BBM binding sites in somatic embryos
(supplementary material Dataset S2 online, supplementary material Fig. $10). We observed BBM
binding to 17 of the genes that showed differential expression after DEX-activation of the GR-
HDG1 fusion protein, including CLE41 and AIL5/PLT5 (Table 2; supplementary material Fig. S11).
We selected five genes that showed promoter binding close to the translational start site by
BBM and that had a reasonable gene expression change upon GR-HDG1 activation in the
microarray experiment. qPCR analysis of gene expression changes after BBM-GR or GR-HDG1
activation showed that CLE41, RanBP2 and TRM13 were antagonistically regulated by BBM (up)
and HDG1 (down), while AIL5 and ATC were downregulated by both BBM and HDG1 (Fig. 7). This
suggests that HDG1 and BBM have common target genes that may be antagonistically regulated

or co-regulated.



Table 2. Overlap between HDG1 and BBM target genes

HDGL1 targets (microarray) Score in BBM ChiP-seq
Gene Protein 2-log fold u3000 u2000 ul000 doO d1000
change

AT3G24770 CLAVATA3/ESR-RELATED 41 -1.83 3.67 6.5 0 0 0
(CLE41)

AT2G27550 CENTRORADIALIS (ATC) -2.02 0 7.83 0 2.07 2.35

AT5G57390 AINTEGUMENTA-like 5 (AIL5) -1.41 0 0 16.3 1.59 1.93

AT3G15680 Ran BP2/NZF zinc finger-like -2.69 7.06 1.46 3.9 0 4.41
superfamily protein

AT1G15550 Gibberellin 3-oxidase 1 -1.61 0 0 1.72 0 6.35
(GA30X1)

AT4G31820 ENHANCER OF PINOID (ENP)/ 1.02 0 0 7.45 1.35 1.03
MACCHI-BOU 4 (MAB4)

AT1G23090 Sulfate transporter 91 (AST91) -1.40 1.02 3.26 0 5.81 0

AT5G03610 GDSL-like lipase -1.18 1.02 1.18 4.56 0 1.22

AT1G15380 GLYOXYLASE |4 (GLYI4) -1.13 1.17 111 412 105 1.08
lactoylglutathione lyase

AT3G15720 pectin lyase -1.14 0 0 11.69 1.61 3.46

AT4G29920 Double Clp-N motif-containing P- -1.03 1.37 2.91 1.36 0 6.26

loop nucleoside triphosphate
hydrolases superfamily protein
AT2G45900 Phosphatidylinositol N- -3.05 0 0 7.36 1.35 0
acetyglucosaminlytransferase
subunit P-related (TRM13)

AT1G78370 glutathione S-transferase TAU 20 -1.69 0 1.13 0 0 4.59

AT1G07710 Ankyrin repeat family protein 1.62 9.45 0 0 1.22 0

AT5G22930 Protein of unknown function -1.40 0 6.47 452 1.09 1.98
(DUF1635)

AT4AG36850 PQ-loop repeat family protein -1.89 0 2.88 0 5.81 1.08

AT2G47560 RING/U-box superfamily protein  -1.21 0 494 0 2.56 0

The ChlP-seq score reflects the height of the binding peaks in the pBBM::BBM-YFP ChlP, with u3000 showing
the maximum score value in the region 3kb-2kb upstream of the protein coding region, u2000 for the region
2kb-1kb upstream, u1000 for the region 1kb-Okb upstream, dO for the coding region, and d1000 for the Okb-
1kb downstream of the coding region. Peaks with scores above 3.96 are considered statistically significant
(FDR<0.05). The shaded rows indicate the genes that were selected for gene expression analysis.

Our previous observation that BBM transcriptionally activates the HDG gene PDF2 and
the epidermally-expressed GASSHO1 (GSO1) (Supplemental Table 2 of (Passarinho et al., 2008))
prompted us to examine whether BBM binds other HDG and L1-expressed genes. BBM binding
was observed at HDG1, HDG5, HDG7, HDG8, HDG11, ANL2, PDF2, ATML1, and a set of
epidermis-expressed genes, including GSO1, GSO2, CRINKLY4 (ACR4) and WEREWOLF (WER)
(supplementary material Fig. S11). BBM binding was mostly observed in the promoters of these
genes, however, in some cases introns were bound (supplementary material Fig. S12). Increased

expression of HDG12, PDF2, GSO1 and GSO2 was observed when 5-day-old p35S::BBM-GR



seedlings were treated with DEX and CHX, showing that these HDG and L1 genes are direct
transcriptional targets of BBM (supplementary material Fig. S12).

The combined microarray and ChlIP-seq data analysis suggest that BBM and HDG1
regulate a common set of target genes, but this regulation appears to be complex, as both
coordinately and oppositely-regulated transcription, as well as a transcriptional feedback loops
between AIL and HDG genes were observed. Additionally, our results uncovered a role for BBM

in the transcriptional control of additional epidermal regulatory genes.
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DISCUSSION

Members of the AIL family have been well described with respect to their positive roles
in stem cell maintenance. Here, we have shown that the BBM AIL protein interacts with and
regulates the expression of L1-expressed HDG proteins. Analysis of gain- and loss-of-function
HDG phenotypes suggests that HDG proteins function antagonistically to AIL proteins to keep

cell proliferation processes in check.

HDG proteins stimulate cell differentiation

We observed that HDG1, HDG11 and HDG12 overexpression seedlings were smaller
compared to wild-type, and that they developed narrow leaves and accumulated anthocyanins.
The most extreme overexpression phenotypes were observed in HDG1 overexpression lines,
which showed root and shoot meristem arrest. Another notable feature of HDG1 overexpression

lines was the increased formation of narrow, elongated cells on the leaf surface. In Arabidopsis



leaves, elongated cells are found on the abaxial leaf surface, on the petiole and along the leaf
margin. The elongated cells formed in HDG1 overexpression lines resemble margin cells and
showed increased expression of YJ158, which marks large/giant cells in the sepal, leaf margin
and abaxial surface (Eshed et al., 2004; Roeder et al., 2012). Our data therefore suggest that
HDG1 is able to specify the identity of margin cells. Recently, two other HDG proteins, ATML1
and HDG11, were shown to regulate sepal giant cell formation prior to endoreduplication
(Roeder et al., 2012). The HDG1-mediated increase in cell ploidy in leaves may be a secondary
consequence of the increase in margin cells. Alternatively, the increased ploidy levels might also
reflect the increased differentiation/reduced meristematic growth that characterizes HDG1
overexpression lines.

While overexpression of HDG genes induces meristem arrest and epidermal margin cell
formation, knock-down of HDG expression by co-suppression or amiRNAs induced ectopic cell
proliferation, including formation of shoots and embryo-like tissue. The formation of ectopic
shoots was also observed occasionally in pdf2;hdg3 or atml1;hdg3 mutants (Nakamura et al.,
2006). In addition, post-embryonic expression of ATML1-SRDX induced callus-like protrusions on
cotyledons and leaves (Takada, 2013). Our HDG knock-down phenotypes were observed in a
small proportion of transgenic lines, but were more severe than previously reported HDG loss-
of-function phenotypes. Down-regulation of a larger number of HDG genes may have allowed us
to overcome the high degree of functional redundancy within the HDG family (Nakamura et al.,
2006). However, the low frequency of mutant phenotypes suggests that either HDG knock-down
was inefficient or that it has negative impact on embryo viability (Abe et al., 2003; San-Bento et
al., 2013). Taken together, these data suggest that HDG genes, besides their roles in the
differentiation of specific epidermal structures, also have a general role in repressing cell
proliferation in the epidermis. This role does not appear to be restricted to HDG genes, as loss-
of-function or knock-down mutants in other epidermal-expressed genes that control epidermal
differentiation also show cell over-proliferation phenotypes (Jin et al., 2000; Becraft et al., 2002;

Ahn et al., 2004).

HDG1 target genes support its role in cell differentiation

We showed that HDG1 down-regulates the expression of genes involved in cell
proliferation, including the D-type cyclin CYCD3;1. CYCD3;1 overexpression leads to
ectopic/increased cell divisions, reduced cell expansion and endoreduplication (Dewitte et al.,

2003). Conversely, loss of CYCD3 genes reduces leaf cell numbers and SAM size and stimulates



endoreduplication (Dewitte et al., 2007). HDG1 also inhibits the expression of CLE41, which
encodes a B-type CLE signaling peptide. Overexpression of CLE41 promotes the formation of
axillary buds (Yaginuma et al., 2011), and co-overexpression of CLE6 (A-type) and CLE41 peptides
induced ectopic divisions in root, leaf and the hypocotyl vasculature (Whitford et al., 2008),
indicating a role for CLE41 in cell proliferation. In addition, HDG1 represses the expression of
REDUCED IN LATERAL GROWTH1 (RUL1), which encodes a receptor-like kinase that positively
regulates cambium activity (Agusti et al., 2011), and of AIL5/PLT5, which controls lateral root
primordia initiation in a redundant fashion with AIL6/PLT3 and PLT7 (Hofhuis et al., 2013) and
can induce increased organ size or SE when overexpressed (Nole-Wilson et al., 2005; Tsuwamoto
et al., 2010). HDG1 could also indirectly down-regulate other AIL genes through DAR2, which was

shown to act upstream of PLT1/PLT2 in the control of root meristem size (Peng et al., 2013).

AlLs and HDGs have antagonistic functions

We have shown that HDG and BBM/AIL proteins interact in vitro and in planta. The
interaction between BBM and HDG proteins is limited mainly to embryo development, where
the expression patterns of BBM, HDG1, HDG11 and HDG12 overlap extensively. However, as
HDG proteins also interact with other AIL proteins, the expression patterns of the other AIL
genes must be taken into account as well. For example, PLT2 is expressed in all epidermal cells of
the root meristem (Galinha et al.,, 2007), and overlaps with HDG expression in these cells.
Although BBM is not expressed in the SAM, other AllLs are expressed here, e.g PLT7
(Mudunkothge and Krizek, 2012), and could interact with HDG proteins in the L1/L2 layers.

Interestingly, our HDG1 overexpression phenotypes resemble ail loss-of-function
phenotypes: pltl;plt2 mutant roots terminate soon after initiation, whereas plt1;plt2;ail6/plt3
mutants do not form any roots (Aida et al., 2004; Galinha et al., 2007), and ant;ail6/plt3;plt7
mutants produce only a few leaves before the SAM terminates (Mudunkothge and Krizek, 2012).
In addition to root and shoot meristem differentiation, we also observed other differentiation
phenotypes in HDG1 overexpression seedlings (ectopic formation of margin cells and higher
ploidy levels), that were opposite to those observed in BBM overexpression seedlings (decreased
cellular differentiation of cotyledons cells and reduced ploidy). Similarly, AIL6 overexpression
lines lack sepal giant cells (Krizek and Eaddy, 2012). In line with this antagonistic HDG-AIL model,
we found that down-regulation of HDG expression by co-suppression or by an amiRNA leads to
adventitious growth, similar to BBM or PLT5/AIL5 (AIL) overexpression (Boutilier et al., 2002;

Tsuwamoto et al.,, 2010), and that co-overexpression of BBM and HDG1 reduces the



overexpression phenotypes of both proteins. Taken together, our results suggest opposite roles
for AIL and HDG genes, with Alls promoting meristem activity and HDGs stimulating
meristem/cellular differentiation, and that these interactions are mediated at both

transcriptional and protein-interaction level.

Molecular relationship between AIL and HDG proteins
We have shown that AlIL and HDG proteins interact in yeast and in planta and that they
have antagonistic functions. A mechanism for interacting proteins to exert antagonistic functions
is through competitive inhibition. In this scenario, interaction of HDG and AIL proteins would
inhibit their respective abilities to act as transcriptional regulators, with the balance between the
amount of free HDG or AIL determining the developmental outcome. In support of this “titration
model”, we found that BBM and HDG1 can suppress each other’s overexpression phenotypes in
a dose-dependent manner. In this model, AlL overexpression would lead to opposite regulation
of HDG target gene expression and vice versa. We have identified overlapping BBM and HDG1
gene targets, some of which are oppositely regulated upon BBM and HDG1 overexpression.
Notably, some of the common target genes also appear to be co-regulated, suggesting that in
addition to antagonistic functions, BBM and HDG also have common functions. This raises the
possibility that they perform these functions in the same protein complex. Finally, we observed
transcriptional cross-regulation between AlLs and HDGs, suggesting an additional level of
interaction.
Our results suggest that HDG and AIL act in concert to control cell proliferation and
differentiation processes. Whether AIL-HDG function is cell-autonomous (Hacham et al., 2011;
Knauer et al., 2013; Nobusawa et al., 2013) and how local BBM-HDG interactions regulate these

processes at a molecular level are intriguing questions for further research.



MATERIALS AND METHODS

Plant material and growth conditions

The pBBM::BBM-YFP (Galinha et al., 2007), p35S::BBM (Boutilier et al., 2002), p35S::BBM-GR
(Passarinho et al., 2008) lines, HDG T-DNA insertion alleles hdg1-2 (SALK_062171), hdg11-1
(SAIL_865 G09), hdg12-2 (SALK_127261) and an/2-t1 (SALK_000196) (Nakamura et al., 2006), and
the giant cell marker line YJ158 (Eshed et al., 2004) have been previously described.

Plants were grown at 21 °C (16/8 hour light/dark regime) on rock wool plugs supplemented
with 1 g/L Hyponex fertilizer, or in Petri dishes on medium containing half-strength Murashige
and Skoog salts and vitamins (MS medium, pH 5.8), containing 0.8% agar and 1% sucrose (0.5MS-
10). The medium was supplemented with 10 uM DEX when appropriate. To obtain a fully-
penetrant BBM-GR overexpression phenotype it is necessary to sterilize seeds with liquid bleach,

rather than bleach vapour.

Vector construction and transformation

All used primers are shown in supplementary material Table S3 (online).

For ectopic expression of HDG1, HDG11 and HDG12, the open reading frames were
amplified from Arabidopsis Col-0 cDNA and cloned into the Gateway (GW) overexpression vector
pGD625 (Immink et al., 2002).

For inducible activation of HDG1, HDG11 and HDG12 the HDG coding regions were fused in-
frame to the ligand binding domain of the rat glucocorticoid receptor (GR) coding region and
then cloned into pGD625. For co-overexpression, a p35S::GR-HDG1 line was transformed with a
construct overexpressing the genomic Arabidopsis BBM fragment (p35S::gAtBBM) in pB7WG2.0
(Karimi et al., 2002).

The BBM and the HDG translational eGFP reporter constructs were made by cloning
Arabidopsis Col-0 genomic DNA into the GW-compatible pGreenll vector AM884381 (NASC)
(zhong et al., 2008). The promoters of BBM, HDG1, HDG11 and HDG12 comprised respectively
4.2,0.65, 2.7 and 1.2 kb upstream of the translational start site.

BBM and HDG cDNA entry clones were used to generate the BBM-CFP and YFP-HDG
plasmids used for FRET-FLIM experiments, and cloned using recombination into GW-compatible
sCFP3A and sYFP2 vectors (Karlova et al., 2011).

The HDG amiRNA construct was designed and generated according to WMD3 (Schwab et al.,
2006) and cloned into pGD625.



For ChIP-seq experiments, a pBBM::NLS-GFP construct was generated in pGREEN using a 4.2
kb pBBM fragment. The p35S::BBM-GFP construct was using the BBM (At5g17430) Col-0 cDNA in
pK7FWG2.0 (Karimi et al., 2002).

Arabidopsis Col-0 plants were transformed by the floral dip method (Clough and Bent, 1998)

using Agrobacterium tumefaciens strain C58 carrying the pMP90 Ti plasmid.

FRET-FLIM

Protoplasts were transfected as described (Horstman et al.,, 2014b) and incubated
overnight. All plasmid combinations were tested in three independent transfections (26-30 cells
per combination), except for YFP-AP1, which was tested twice (26 cells). FRET-FLIM
measurements were performed as previously described (Russinova et al., 2004). Photons were
collected by a Hamamatsu HPM-100-40 Hybrid detector (Becker & Hickl; resolution 120 ps). 64 x
64 pixel images were acquired (60-150 seconds, count rate ca. 10* photons per second) using the
Becker and Hickl SPC 730 module. The data were analysed with SPCImage 3.10 software (Becker
& Hickl) using a one- or two-component decay model for donor-alone and donor-plus-acceptor
samples, respectively. The two-component analysis gives a slightly reduced fluorescence lifetime
compared to the one-component analysis. Significant differences between samples were

determined using a two-tailed Student's t-test.

GUS staining
B-glucuronidase (GUS) activity assays on seedlings were performed overnight at 37 °C as
described (Soriano et al., 2014), using 2.5 mM potassium ferri- and ferrocyanide. Seedlings were

cleared with 70% ethanol prior to imaging.

Flow cytometry
Ploidy measurements were performed (lribov, The Netherlands) on whole 10 day-old

seedlings (three to four replicates), using one seedling per replicate.

Microscopy

GFP was visualized with a Leica SPE DM5500 upright confocal laser scanning microscope
using the LAS AF 1.8.2 software. Roots were counterstained with 10 pug/mL propidium iodide (PI),
and embryos and shoot/flower meristems with 10 pg/mL FM4-64. GFP, YFP, Pl and FM4-64 were



excited with a 488-nm solid-state laser and emissions were detected at band widths of 500-530,
510-560, 670-800 and 600—-800 nm, respectively.

Cryo-SEM was performed as in (Fatouros et al., 2012), except that samples were sputter-
coated with 10 nm tungsten and the analysis was performed with SE detection at 2 kV and 6.3

pA. Digital images were contrast-adjusted with Photoshop CS5.

ChiP-seq

ChlP-seq experiments were carried out using a GFP antibody on 1) 14- to 17-day-old 2,4-
dichlorophenoxyacetic acid (2,4-D)-induced somatic embryo cultures (Mordhorst et al., 1998)
(4.8 g, ectopic shoots and callus removed) carrying a pBBM::BBM-YFP construct (Galinha et al.,
2007) in the bbm-1 (SALK_097021; NASC) mutant background and on 2) embryogenic seedlings
(1.75 g) derived from a p35S::BBM-GFP line. The pBBM::BBM-YFP construct complemented the
embryo lethal phenotype of the bbm;plt2 double mutant (not shown). 2,4-D somatic embryo
cultures from a pBBM::NLS-GFP line and p35S::BBM seedlings served as negative controls for
experiment 1) and 2), respectively. ChlIP samples were prepared as described previously
(Kaufmann et al., 2010; Smaczniak et al., 2012).

ChlP-seq libraries were sequenced on the lllumina HiSeq 2000 platform. Sequence reads
that failed the CASAVA quality filter were eliminated. Sequence reads were mapped to the
unmasked Arabidopsis genome (TAIR10; ftp://ftp.arabidopsis.org) using the SOAPaligner (v2)
program (Li et al., 2009). A maximum of two mismatches and no gaps were allowed. Reads
mapping in multiple genomic locations or to the chloroplast or mitochondrial genomes were
discarded. ChIP-seq peaks were detected using CSAR (Muino et al., 2011) with default parameter
values except for “backg”, which was set to 2. Enrichment was calculated as the ratio of
normalized extended reads between the pBBM::BBM-YFP or p35S::BBM-GFP samples versus
their corresponding controls. False discovery rate (FDR) thresholds were estimated by
permutation of reads between IP and control sample using CSAR. ChIP-seq results were
visualized using Integrated Genome Browser 8.1.2 (Nicol et al., 2009). The ChlIP-seq data is made

available via NCBI (GEO accession: GSE52400).

Microarray analysis
For each sample, approximately 40 five-day old seedlings were treated with10 uM DEX
and/or 10 uM CHX for 8 hours. All conditions were replicated in triplicate. Microarray analysis

was performed by NASC using Affymetrix Arabidopsis Gene 1.0 ST Arrays. Arrays were



normalized using the RMA algorithm and differential expression was assessed with the LIMMA
package and the Benjamini and Hochberg multiple testing correction (Benjamini and Hochberg,
1995; Carvalho and Irizarry, 2010). HDG1 targets were defined as showing a fold change >2 and
FDR threshold of 0.05. The data is available via NCBI (GEO accession: GSE54312)

Quantitative real-time RT-PCR

For analysis of (GR-)HDG1, BBM and target gene expression, seedlings were grown and
treated as described in the text (DEX and CHX, both at 10 uM). DNAse-treated RNA was used for
cDNA synthesis. gPCR was either performed using the SYBR green mix from BioRad or the
BioMark HD System (effect of BBM on HDG/L1 gene expression) on a 96.96 dynamic array chip
according to the manufacturer’s instructions (Fluidigm) and analysed using the manufacturer’s
software. In all experiments, the relative expression levels were calculated according to the 2T
method (Livak and Schmittgen, 2001) using wild-type Col-0 as the calibrator and the SAND gene

(Czechowski et al., 2005) as the reference. All primers are listed in supplementary material Table

S3 (online).

SUPPLEMENTARY MATERIAL

10 mM 3-AT 80 mM 3-AT

Fig. S1. Transcriptional auto-activation of BD-BnBBM in yeast.

The Gal4 DNA binding domain-BnBBM fusion protein (BD) induced HIS3 marker gene expression in yeast in the
absence of an interacting activation domain fusion protein when plated on synthetic dropout medium (SD)
lacking histidine, in the presence of 10 mM 3-AT (left). AD-BnBBM (AD) did not induce HIS3 marker expression.
The transcriptional auto-activation activity of BD-BnBBM could not be suppressed by a higher 3-AT
concentration (right).

Co-transformation of AD- and BD-fusions with petunia MADS box protein pairs were used as controls for
positive (C+, BD-FLORAL BINDING PROTEIN2 (FBP2) and AD-FBP7) and negative (C-, BD-FBP2 and AD-FBP20)
protein-protein interactions.
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Fig. S2. The N- and C-terminal regions of BBM have transcriptional activation activity in yeast

(A) Schematic overview and amino acid positions of the defined regions of the BnBBM protein.

(B) Schematic representation of the Gal4 BD-BBM deletion fusion proteins (Gal4 BD-ABBM) used to localize the
position of the BBM activation domains (left) and the relative LacZ activity obtained for each construct after
transformation to yeast (right). The relative LacZ activity was calculated for each transformed construct or
construct pair from the average of three replicates as described in Supplementary Materials and Methods. The
standard error is indicated.

(C) Mapping of the BBM N- and C-terminal activation domains. Regions of the BBM protein enriched for specific
amino acids are superimposed as white blocks along the BBM protein schematic, with the enriched amino
acid(s) indicated above the blocks. The BBM deletion (A) derivatives assayed for transcriptional autoactivation
and the relative LacZ activity obtained for each construct after transformation to yeast are shown below. The
deleted amino acids are shown in brackets for each construct.
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Fig. S5. Expression analysis of selected HDG genes in putative cosuppression lines

The expression level of the GR-HDG1 transgene was examined by semi-quantitative RT-PCR amplification of the
GR-HDG1 transgene in individual seedlings with non DEX-dependent mutant phenotypes (gel images; lanes 1-
6), wild-type seedlings (lanes 7-8) and seedlings with DEX-dependent mutant phenotypes (lanes 9-12). ACTINS
was used as a reference gene. The expression levels of several HDG genes in putative HDG cosuppression lines
were examined by gPCR in individual seedlings. The relative expression of the target genes was calculated as
described in the Material and Methods. Error bars indicate standard errors of the two technical replicates of

each line. UTR, untranslated region; CDS, coding sequence.
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Fig. S6. BBM and HDG1 expression levels in p35S::BBM/ p35S::GR-HDG1 lines

RNA was extracted from pools of 20-40 7 day-old seedlings from five co-overexpression lines (2-6, see Table 1)
and wild-type Col-0 (all non-DEX treated). gPCR was performed as described in Materials and Methods using
primers on the coding regions of BBM and HDG1 (endogenous + transgene). The relative expression of BBM
and HDG1 was calculated as described in the Material and Methods. All lines show highly elevated BBM and
HDG1 expression levels compared to wild-type (set to 1). The variation in HDG1 gene expression in the lines is

HDG1

relative expression
8 8888888

8

likely due to differences in p35S promoter expression in lines with a different developmental status.

p35S5::GR-HDG1 p35S::BBM/p35S::GR-HDG1
+ DEX - DEX + DEX

A

0 S
Fig. S7. BBM overexpression alleviates the HDG1 overexpression phenotype
(A) 10 day-old DEX-induced seedlings of the p35S::GR-HDG1 line that was used for transformation with

p35S5::BBM.
(B, C) 13 day-old seedlings of p35S::BBM/p35S::GR-HDG1 co-overexpression line #6 grown on medium without

DEX (B) and with DEX (C). In the absence of DEX, the co-overexpression line shows a mild BBM phenotype,
characterized by lack of somatic embryos, reduced growth, round leaves, short petioles and epinastic
cotyledons (B). DEX-induced p35S::BBM/p35S::GR-HDG1 seedlings (C) showed phenotypes intermediate to
those of the parent line (A) and of the uninduced p35S::BBM/p35S::GR-HDG1 seedlings (C).
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Fig. S8. Effect of dexamethasone and cycloheximide on GR-HDGL1 stability

(A) Western blot of five day-old Col-0 and p35::GR-HDG1 seedlings treated for 8 hours with either ethanol
(mock; ‘-), cycloheximide (CHX), dexamethasone (DEX) or both CHX and DEX. The GR-HDG1 fusion protein (ca.
121 kDa) was detected using a primary GR antibody and with a secondary antibody (goat anti-rabbit 1gG
conjugated to peroxidase).

(B) The Coomassie-stained SDS-PAGE gel of the samples in (A) served as a loading control.

Western blotting and Coomassie staining were performed as described in Supplementary Materials and
Methods.
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Fig. S9. Validation of HDG1 target genes

gPCR analysis of HDG1 target genes identified using microarray analysis. The relative expression of the HDG1
target genes was calculated for DEX-treated p35S:GR-HDG1 five day-old seedlings compared to DEX-treated
Col-0 as described in Material and Methods. The error bars indicate the standard errors of the biological
replicates (two pools of seedlings from each line).

log2 ChiIP-seq score p35S::BBM-GFP

log2 ChIP-seq score pBBM::BBM-YFP

Fig. $10. Correlation between the pBBM::BBM-YFP and p35S::BBM-GFP ChIP-seq data

Scatterplot showing the correlation between the ChIP-seq experiments, where each circle represents the
maximum log2 ChlIP-score value on the promoter region (1kb upstream of the start of the gene) of an
Arabidopsis gene. The Pearson coefficient (R) = 0.73.
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Fig. S11. Binding of BBM to common BBM-HDGL1 target genes

ChIP-seq BBM binding profiles for common BBM/HDG1 target genes in somatic embryo tissue. The binding
profiles from the p35S::BBM-GFP (upper panel) and pBBM::BBM-YFP (lower panel) ChiP-seq experiments are
shown. The x-axis shows the nucleotide position of DNA binding in the selected genes using the TAIR 10
annotation. The y-axis shows the ChIP-seq score. Peaks with scores above 1.76 (for p35S::BBM-GFP) and 3.96
(for pBBM::BBM-YFP) are considered statistically significant (FDR<0.05).
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Fig. S12. BBM binds to and activates HDG and other L1 genes

A. ChIP-seq BBM binding profiles for HDG and L1 genes in somatic embryo tissue. The binding profiles from the
p35S::BBM-GFP (upper panel) and pBBM::BBM-YFP (lower panel) ChIP-seq experiments are shown. The x-axis
shows the nucleotide position of DNA binding in the selected genes using the TAIR 10 annotation. The y-axis
shows the ChlIP-seq score. Peaks with scores above 1.76 (for p35S::BBM-GFP) and 3.96 (for pBBM::BBM-YFP)
are considered statistically significant (FDR<0.05).

B. qPCR analysis of BBM target genes identified using ChIP-seq. The relative expression of HDG and L1-
expressed genes was calculated for DEX+CHX-treated p35S::BBM-GR five day-old seedlings compared to
DEX+CHX-treated Col-0 as described in the Material and Methods. Error bars indicate standard errors of the
biological replicates (two independent p35S::BBM-GR lines).



Table S1. The N- and C-terminal regions of BBM show transcriptional activation activity in planta

The two-component expression system used to detect transient activation of gene expression by BBM in planta
is shown schematically above the table. In the activator construct, the B. napus 22A1 promoter (P22a1) was
used to express a modified GAL4-BD (mBD)-ABBM fusion protein. In the reporter construct, four copies of the
GAL4-BD binding site, or upstream activating sequence (4x UAS), were placed upstream of a minimal 35S CaMV
promoter (355min) and the firefly Luciferase (fLUC) reporter gene. Individual activator constructs were co-
bombarded with the reporter construct to Brassica napus microspore-derived embryos. Relative fLUC avtivity
was calculated using a Renilla luciferase (P22a1::RLUC) construct as an internal standard as described in the
Supplemental Materials and Methods section. **, proteins that significantly activated transcription of the
reporter gene (Dunnet’s test p<0.05), as compared to the P22a1::mBD background control.

ACTIVAIOR REPORTER
P22al | mBD | ABBM| [4x UAS>| 35smiE> fLUC

plasmid relative activity
mBD 1.00+0.61
mBD-BBMA(212-579) 725.90 + 93.98**
mBD-BBMA(1-390) 15.14 + 5.73**

Table S2. BBM-interacting proteins identified in a yeast two-hybrid screen

Clone GenBank # Closest NCBI Identical Conserved
Accession clones Arabidopsis accession amino amino
locus acids acids
BBP1A DQ166821 5 At1g73360 NP_177479 574/702 610/702
(HDG11) (82%) (87%)
At1g17920 NP_564041 485/687 553/687
(HDG12) (71%) (80%)
BBP1B DQ182489 4 At1g73360 NP_177479 571/702 608/702
(HDG11) (81%) (87%)
At1g17920 NP_564041 487/689 556/689
(HDG12) (71%) (81%)
BBP2 DQ182490 1 At3g61150 NP_191674 570/715 589/715
(HDG1) (80%) (82%)
At4g00730 NP_567183 434/683 498/683
(ANL2) (64%) (73%)




SUPPLEMENTARY MATERIALS AND METHODS

Luciferase assays

Microspore-derived embryos at the late globular- to early heart-shaped stage (nine days
after culture initiation) (Custers et al., 1994) were collected onto the surface of Millipore
HATF0047 detergent-free membranes (Millipore, Amsterdam) using a filter holder apparatus.
The membranes were then placed on NLN-13 medium solidified with 0.6% agarose and then
bombarded with the DNA constructs. The particle bombardment procedure was performed
according to (Fukuoka et al., 1998), except that each plate was bombarded twice. Each
combination of an effecter plasmid (promoter:BBMA-Gal4-BD), a reporter plasmid (UAS::firefly
luciferase) and an internal standard plasmid (UAS::Renilla luciferase) were mixed respectively in
a 2:2:1 molar ratio, adsorbed onto gold particles and used for bombardment. Experiments were
performed in triplicate. Embryos were incubated in situ on the solid medium for 48 hours after
bombardment and then collected for luciferase assays. The activity of the two reporter genes,
firefly luciferase (fLUC) and Renilla luciferase (rLUC) were measured using the Dual-Luciferase
Reporter Assay System (Promega) according to the manufacturer’s instructions. A p35S::GUS
plasmid was bombarded as a positive control, and the empty pCmBDSN cassette as a control for

background activity of the pCmBDSN-containing constructs.

Yeast two-hybrid experiments

The transcriptional autoactivation activity of the BBM deletion derivatives was quantified
using the LacZ marker gene. LacZ activity was measured using o-nitrophenyl B-D
galactopyranoside as a substrate. LacZ activity was normalized to OD600. The truncated BBM
proteins were constructed in the BD Gal4 vector in frame with, and upstream of the Gal4 BD
using restriction enzyme digests as follows: BBMA(1-37), Scal; BBMA(1- 84), Sphl; BBMA(1-161),
Stul; BBMA(1-299), Fspl; BBMA(1-348), Pstl; BBMAN(1-390), Haell; BBMA(1-513), Hpal; BBMA
(535-579), Celll; BBMA (514-579), Hpal; BBMA(419-579), Nhel; BBMA(390-579), Haell; BBMA
(300-579), Fspl; BBMA(212-579), Aoslll; BBMA(162-579), Stul; BBMA(98-579), Hindlll; BBMA(1-
161/390-579), Stul /Haell; BBMA(1-96/162- 579), Hindlll /Stul; BBMA(1-390/514-579), Haell
/Hpal.

A yeast two-hybrid screen for BBM-interacting proteins was performed based on the Sos-
recruitment system (Aronheim et al.,, 1997) using CytoTrap vectors (Stratagene), and a yeast

two-hybrid cDNA library constructed using mRNA from B. napus microspore-derived embryos at



globular and torpedo stage (pMyr vector, CytoTrap XR library kit, Stratagene). The B. napus
BBM1 (BnBBM) cDNA was cloned in frame with the hSos protein to make pSos:BBM. Yeast
transformation, library screening and interaction verification were performed according to the
manufacturer’s instructions
(http://www.sanfordresearch.org/ClassLibrary/Page/Images/files/Cytotrap%20manual.pdf).

The BD and AD Gal4 plasmids (pDEST32 and pDEST22, Invitrogen) and the PJ69-4A and
PJ69-4a yeast strains (James et al., 1996) were used in the Gal4 yeast two-hybrid experiments.
Yeast transformation and selection of transformed colonies was performed as in the Clontech
Yeast Protocols Handbook (http://www.clontech.com; Protocol No. PT3024-1). The coding
regions of Arabidopsis HDG and AIL cDNAs (supplementary material Table S3) were used to
generate the BD-HDG and AD-AIL constructs, respectively, via GW cloning. The HDG1 promoter
fragment was placed downstream of the AD coding region by GW cloning to create a stop codon

immediately after the GW linker.

Western blotting

Western blot analysis of GR-HDG1 was performed essentially as previously described
(Lamb and Irish, 2003), except that the samples were run on a SDS/10% polyacrylamide gel, and
the blot was blocked in 1X phosphate-buffered saline (PBS), 0.3% Tween-20 and 3% non-fat
powdered milk for one and a half hours. The blot was incubated with the primary antibody (anti-
GR at 1:1000, Pierce Antibodies; PA1-516) at room temperature for 3 hours, and with the
secondary antibody (goat anti-rabbit 1gG conjugated to peroxidase, Rockland 611-1302) for 1
hour. The blot was developed using Stable Peroxide and Luminol/Enhancer solutions (Thermo
Scientific) and exposed to film.

The loading control gel was fixed for a few minutes using an acetic acid:ethanol:water
(1:4:5) solution, stained overnight with Coomassie Brilliant Blue R 250 and de-stained by washing

several times with 0.3% Tween-20.



Whole-mount imaging
hdg mutant seeds were incubated over-night in HCG solution (80 g chloral hydrate, 10 ml
glycerol, 30 ml water) on microscopy slides, prior to observation using a Nikon Optiphot

microscope equipped with differential interference contrast (DIC) optics.
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ABSTRACT

Somatic embryogenesis (SE) is an example of cellular totipotency, where embryos develop from
vegetative cells rather than from gamete fusion. The AINTEGUMENTA-LIKE (AIL) transcription
factor family comprises eight genes, which redundantly regulate meristem identity and growth.
Ectopic expression of the AIL genes BABY BOOM (BBM) or PLETHORA5/AILS, is sufficient to
induce SE in Arabidopsis thaliana seedlings, but the roles of the other AIL genes in this process,
as well as the signalling pathways underlying AlL-mediated SE, are not known. Here, we show
that overexpression of all AIL genes, except for the phylogenetically-distinct AIL1 and
AINTEGUMENTA, induces SE, suggesting extensive overlap in AlL function. Using BBM and PLT2
as representatives of AlL function, we show that AlL-mediated SE is dose-dependent, where a
relatively high dose induces SE and a relatively low dose induces shoot (BBM) or root (PLT2)
organogenesis. AlL-induced SE is also context-dependent, as early expression of BBM or PLT2
induces SE directly from seedling tissues, whereas late expression induces SE indirectly from
callus. Analysis of BBM regulatory pathways shows that BBM binds to and regulates genes with
roles in maintaining embryo identity and/or somatic embryo induction including the LAFL genes,
LEC1, LEC2, FUS3 and ABI3, as well as AGL15. Mutant analysis identified these genes as positive
regulators of BBM-mediated SE and their chromatin mediated repressors PKL and VAL1 as
negative regulators. Our results demonstrate that AIL proteins regulate overlapping pathways in
a context- and dose-dependent manner to modulate plant development and place BBM and

PLT2 upstream of other known inducers of SE.



INTRODUCTION

AINTEGUMENTA-LIKE (AIL) genes form a small clade of eight members within the AP2
group of APETALA2/ethylene-responsive element—binding factor (AP2/ERF) transcription factors
(Kim et al., 2006), and comprise AINTEGUMENTA (ANT), AIL1, PLETHORA1 (PLT1), PLT2,
PLT3/AIL6, CHOTTO1 (CHO1)/EMBRYOMAKER (EMK)/PLT5/AIL5 (hereafter named PLT5/AIL5),
PLT7 and BABY BOOM (BBM). AIL genes are expressed in dividing tissues, including root, shoot
and floral meristems (Nole-Wilson et al., 2005), where they act in a redundant manner to
maintain a meristematic state (reviewed in (Horstman et al., 2014)). Single knock-out mutants of
AIL genes show only minor defects, but double or triple mutants have stronger phenotypes
related to reduced cell proliferation or altered cell identity. For example, the ant single mutant
has smaller floral organs with partial loss of identity, a phenotype that is enhanced in the
ant;plt3/ail6 double mutant (Klucher et al.,, 1996; Krizek, 2009; Sharma et al., 2013).
Combinations of pltl, plt2, plt3/ail6 and bbm mutants are embryo lethal (p/t2;bbm), rootless
(plt1;plt2;plt3/ail6) or have a short root (pltl;plt2) (Aida et al., 2004; Galinha et al., 2007), and
the ant;plt3/ail6;plt7 triple mutant is impaired in shoot meristem maintenance (Mudunkothge
and Krizek, 2012a).

In line with their loss-of-function phenotypes, overexpression of AlL transcription factors
induces cell overproliferation phenotypes. Ectopic overexpression of PLT5/AIL5 promotes
somatic embryo and ectopic organ formation on seedlings (Boutilier et al., 2002; Tsuwamoto et
al., 2010), while overexpression of PLT1 and PLT2 leads to ectopic development of hypocotyls,
roots and quiescent centre cells (Aida et al., 2004). Besides promoting enhanced pluripotency
and totipotency, AIL overexpression can also lead to an enlarged root meristem (PLT2) (Galinha
et al., 2007) and to increased floral organ size due to increased cell number, as shown for ANT,
PLT5/AIL5 and PLT3/AIL6 overexpression (Krizek, 1999; Nole-Wilson et al., 2005; Krizek and
Eaddy, 2012). In contrast, sepals of seedlings expressing higher levels of PLT3/AIL6 are small and
undifferentiated, suggesting that high PLT3/AIL6 levels inhibit cell differentiation (Krizek and
Eaddy, 2012).

Genetic analysis shows both specific and overlapping roles for AIL genes, and that AIL
proteins can partially or fully complement phenotypes of other ail mutants (Galinha et al., 2007),
but it has been difficult to assign specific AIL functions based on the overexpression studies. AlL
genes that show redundancy in loss-of-function studies, such as BBM and PLT2, do not show the

same overexpression phenotypes (Boutilier et al., 2002; Aida et al., 2004), while overexpression



of the same gene e.g. PLT5/AIL5, can result in different overexpression phenotypes (Nole-Wilson
et al., 2005; Yano et al., 2009; Tsuwamoto et al., 2010). Whether these different phenotypes are
due to differences in the expression level of the transgene or due to the screening approach is
not clear. AlL target genes have only been identified for BBM (Passarinho et al., 2008), thus it is
not known whether AlL proteins have the same or partially overlapping target genes.

Here, we focus on the role of AIL genes in somatic embryo induction. Besides AlL
proteins, a number of other transcription factors have been identified that can induce or
enhance somatic embryogenesis (SE) when ectopically expressed (Feher, 2014). These include
two LEAFY COTYLEDON 1 (LEC1)/LEC1-LIKE; ABSCISIC ACID (ABA)-INSENSITIVE3 (ABI3); FUSCA3
(FUS3); LEC2 (LAFL) seed maturation genes (Jia et al., 2013), LEC1 and LEC2 (Lotan et al., 1998;
Stone et al.,, 2001), and the MADS-domain transcription factor AGAMOUS-LIKE15 (AGL15)
(Harding et al., 2003; Zheng et al., 2009). The developmental programs regulated by AGL15 and
LEC2 have been well characterized and their pathways are interconnected, as LEC2 and AGL15
positively regulate each other’s function (Braybrook et al., 2006; Zheng et al., 2009). Similar
embryogenic phenotypes are observed in loss-of-function mutants of epigenetic regulators,
including the CHD3 protein PICKLE (PKL) (Ogas et al., 1999), the B3-domain proteins VP1/ABI3-
LIKE1 (VAL1) and VAL2 (Suzuki et al., 2007), and the Polycomb Group proteins CURLY LEAF (CLF),
SWINGER (SWN), EMBRYONIC FLOWER2 (EMF2), VERNALIZATION2 (VRN2), and FERTILIZATION
INDEPENDENT ENDOSPERM (FIE) (Chanvivattana et al.,, 2004; Bouyer et al., 2011), which
function to repress LAFL gene expression during the transition to post-embryonic growth.

Here, we show that the BBM clade of AIL proteins are potent inducers of SE that this
function is dose- and context-dependent. In addition, we show that that AlL-induced SE is
mediated in part by direct activation of LAFL genes and indirect activation of other components

of the LAFL network.



MATERIALS AND METHODS

Plant material and growth conditions

The lec2-1 (CS3868), leci-2 (CS3867), fus3-3 (CS8014), agl15-3 (CS16479), fie
(SALK_042962), and pk/-1 (CS3840) mutants were obtained from Nottingham Arabidopsis Stock
Centre. The vall-2 (hsi2-5), vall-2;val2-1, abi3-8, abi3-9, abi3-10 and abi5-7 mutants have been
previously described (Nambara et al.,, 2002; Suzuki et al., 2007; Sharma et al., 2013). The
LEC1::LECI-GFP (Li et al., 2014) marker and the 35S::BBM and 35S::BBM-GR constructs were
described previously (Boutilier et al., 2002; Passarinho et al., 2008). The 35S::BBM-GR construct
was introduced into the mutant lines by floral dip transformation (Clough and Bent, 1998).

Seeds were sterilized with liquid bleach (1 minute in 70% ethanol, followed by 20
minutes in commercial bleach (4%) containing 0.03% Tween-20, and then washed 4-5 times with
sterile MilliQ water) before plating on solid medium (%AMS-10: half-strength Murashige and
Skoog salts and vitamins, pH 5.8, with 0.8% agar and 1% sucrose). Embryo rescue of the lec1-2
mutant was performed by culturing ovules from sterilized siliques on solid %2MS-10 medium. For
some experiments, sterilized seeds were dispensed in 190 ml containers (Greiner) with 30 ml
liguid 2MS-10 medium. DEX and CHX (both Sigma) were added to the medium as described in
the text. Solid and liquid (rotary shaker, 60 rpm/min) cultures were kept at 21 °C and 25 °C,
respectively (16 hour light/8 hour dark regime). Plants were grown for seed collection at 21 °C
(16h light/8h dark regime) on rockwool plugs (Grodan) supplemented with 1 g/L Hyponex

fertilizer.

Vector construction and transformation

The ANT, PLT3/AIL6, PLT7 and PLT1 protein coding regions were amplified from
Arabidopsis Col-0 genomic DNA and the PLT2 protein coding region from cDNA, using the
primers listed in Supplemental Table 1. The DNA fragments were cloned into the Gateway (GW)
binary vector pGD625, which contains a double-enhanced cauliflower mosaic virus 35S promoter
and an AMV translational enhancer (Immink et al., 2002). BBM-GFP was amplified from the
BBM::BBM-GFP plasmid described in Chapter 3. The GW-compatible destination vector pARC146
(Danisman et al., 2012) was used for inducible ectopic activity of PLT2 and BBM-GFP. This vector
contains a double-enhanced cauliflower mosaic virus 35S promoter and an AMV translational
enhancer, as well as the coding region of the ligand binding domain of the rat glucocorticoid

receptor (GR) downstream of the GW cassette.



Leaf imaging and quantification of stomatal development

The first leaf pairs of nine day-old untreated or 0.1 uM DEX-treated 35S::BBM-GR
seedlings were placed overnight in 70% ethanol at 4 °C, then transferred to 85% ethanol for 6
hours, and subsequently to 3% bleach overnight or until imaging. Leaves were mounted in HCG
solution (80 g chloral hydrate, 10 ml glycerol, 30 ml water) prior to imaging with a Nikon
Optiphot microscope.

The stomatal, meristemoid and stomatal lineage indices (SI, Ml and SLI) were calculated as
previously described (Peterson et al., 2013): SI = (humber of stomata/(total number of stomata +
non-stomatal epidermal cells)) x 100. For the SI, only mature stomata with a pore were counted.
MI = (number of meristemoids/(total number of stomata + non-stomatal epidermal cells)) x 100.
SLI = (number of stomata and stomata precursors/(total number of stomata + non-stomatal

epidermal cells)) x 100.

Tissue sectioning

355::BBM-GR and 35S::PLT2-GR seedlings were fixed overnight in 3:1 ethanol
(100%):acetic acid and dehydrated stepwise from 70 to 100% ethanol. The samples were then
infiltrated in Technovit 7100 (including hardener 1) in three steps (Hereaus Kulzer, Germany),
followed by Technovit 7100 plus hardeners 1 and 2 (Hereaus Kulzer, Germany). Four micron-
thick sections were prepared using a rotary microtome (Zeiss HM340E) and Technovit blades
(Adamas, The Netherlands). Sections were stained with 0.05% Toluidine Blue (Merck, Germany)
for three minutes, and then rinsed well with water and air-dried. The sections were mounted in
Euparal (Roth, Germany) and images were taken using an IX70 microscope (Olympus) with a
DP70 camera and CellSens software (Olympus). Seven to ten seedlings per line per treatment

were observed.

Confocal laser scanning microscopy

LEC1::LEC1-GFP seedlings were fixed for one week at 4 °C in 1x microtubule stabilizing
buffer (MTSB: 50mM PIPES, 5mM MgS04, 5 mM EGTA, pH7.4) containing 4% paraformaldehyde.
Fixed seedlings were washed three times with 0.2x MTSB and mounted in the same buffer
containing 1% glycerol prior to imaging. Roots were counterstained with 10 pg/mL propidium
iodide (PI). Confocal laser scanning microscopy was performed with a Leica SPE DM5500 upright
microscope using the LAS AF 1.8.2 software. GFP was excited with a 488-nm solid-state laser and

its emission was detected at a band width of 500-530 nm. PI (roots) and red autofluorescence



(cotyledons) were used as a background signals (excited with a 532 nm laser and detected at

600-800 nm).

ChiP-seq

ChiP-seq experiments and data analysis were carried out as described in Chapter 3.
Somatic embryo material generated from either 2,4-dichlorophenoxyacetic acid (2,4-D)-induced
cultures or from a BBM overexpression line were used for ChIP. Somatic embryos from a
BBM::NLS-GFP line, or embryogenic 35S::BBM seedlings served as negative controls for the
BBM::BBM-YFP and 35S5::BBM-GFP ChlIPs, respectively. ChlP-seq results were visualized using
Integrated Genome Browser (IGB) 8.1.11 (Nicol et al., 2009). The ChlIP-seq data is available via
NCBI (GEO accession: GSE52400).

Expression analysis of BBM/PLT2 target genes

One- and five-day-old Col-0, 35S5::BBM-GR and 35S::PLT2-GR seedlings (3 biological
replicates of each) were treated for 3 hours with 10 uM DEX plus 10 uM CHX. RNA was extracted
using the NucleoSpin RNA kit (Machery-Nagel) kit in combination with Plant RNA Isolation Aid
(Ambion), treated with DNA-free (Ambion) and then used for cDNA synthesis with M-MLV
Reverse Transcriptase (Life Technologies). Quantitative real-time RT-PCR (qPCR) analysis of
BBM/PLT2 target genes was performed using the BioMark HD System (Fluidigm) as described in
Chapter 3. The data were normalized against the SAND gene (Czechowski et al., 2005) and
relative gene expression was calculated according to Livak and Schmittigen (Livak and
Schmittgen, 2001) by comparison with DEX + CHX-treated wild-type Col-0. The DNA primers are

shown in Supplemental Table 1.



RESULTS

All BBM and PLT proteins induce SE

BBM and PLT2 have redundant roles in embryogenesis and root meristem maintenance
(Galinha et al., 2007), but show different overexpression phenotypes (Boutilier et al., 2002;
Galinha et al., 2007; El Ouakfaoui et al.,, 2010). This observation, together with reported
differences in the overexpression phenotypes described for the same AIL gene (PLT5/AIL5)
(Nole-Wilson et al., 2005; Yano et al., 2009; Tsuwamoto et al., 2010), prompted us to investigate
the overexpression phenotypes of the AIL family members using the same overexpression vector
and under the same growth conditions. We generated Arabidopsis 35S5::AlL overexpression lines
for the six AIL genes that have not been reported to induce SE when overexpressed, namely ANT,
AlL1, PLT1, PLT2, PLT3/AIL6 and PLT7, and found that overexpression of all these genes except
the phylogenetically-distinct ANT1 and AIL1 (Kim et al., 2006) induced somatic embryogenesis in
7-26% of the primary transformants (Supplemental Figure 1, Supplemental Table 2). These
numbers are in line with the percentage of embryogenic seedlings obtained after transformation
with 35S5::BBM (Supplemental Table 2). We observed the large flower phenotype that has been
reported previously for 355::ANT (Krizek, 1999; Mizukami and Fischer, 2000), demonstrating that
the protein is expressed, but did not observe the previously reported conversion of the shoot
apical meristem (SAM) into root identity in PLT1 or PLT2 overexpression lines (Aida et al., 2004;
Galinha et al.,, 2007), neither in the primary transformants nor in subsequent generations. No
mutant phenotypes were observed upon AIL1 overexpression. These results show that all AlL
proteins, except for ANT and AIL1, have the capacity to induce SE, and suggest that all BBM-

clade proteins are functionally interchangeable with respect to somatic embryo induction.

BBM and PLT2 have dose-dependent overexpression phenotypes

PLT2 functions in a dose-dependent manner in the root, with different levels of PLT2
protein instructing different cellular outputs (Galinha et al., 2007). We employed fusions
between two representative AlL proteins, BBM and PLT2, and the glucocorticoid receptor ligand-
binding domain (GR, 35S::AIL-GR) to investigate the dose-dependency of AIL overexpression
phenotypes. The amount of nuclearly localized BBM-GFP-GR protein could be controlled by the
DEX concentration. In the absence of DEX, GFP was localized to the cytoplasm, but became
increasingly nuclear-localized with higher DEX concentrations, such that cytoplasmic GFP could

no longer be detected in the presence of 1 uM DEX (Supplemental Figure 2). These experiments



demonstrated that the proportion of a nuclear-localized GR fusion protein, and by extension AlL-
GR protein, can be controlled by exposing plant tissue to different amounts of DEX.

We used the same DEX concentration range to regulate AIL-GR activity in 35S5::AlL-GR
seedlings (Figure 1). Control seedlings (wild-type seedlings + DEX) did not show aberrant
phenotypes when grown on DEX, whereas 35S::BBM-GR and 35S::PLT2-GR seedlings showed
dose-dependent mutant phenotypes. The DEX concentration required to induce a specific

phenotype was dependent on the strength of the transgenic line.
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Figure 1. BBM and PLT2 have dose-dependent overexpression phenotypes

35S::BBM-GR and 35S::PLT2-GR seedlings were grown for two weeks on medium containing different DEX
concentrations. Frequency of 355::BBM-GR (A) and 35S::PLT2-GR (H) phenotypes (n=62 to 196 seedlings). No
additional phenotypes were observed in treatments above 1 uM DEX. Leaf, ectopic leaves; root, ectopic root;
SE, somatic embryogenesis.

(B-G) Representative phenotypes of 355::BBM-GR seedlings grown on the DEX concentration (uM) indicated in
each picture. (B) A normal looking seedling grown without DEX. (C) A small seedling showing epinastic growth
of leaves and cotyledons. (D) A small, epinastic seedling with a trichome-bearing ectopic leaf (arrow) on the
cotyledon petiole. (E) A seedling with ectopic leaves on the petioles of both cotyledons (arrows). (F) A
magnified view of the ectopic leaf (arrow) in (E). (G) A seedling with somatic embryos on the cotyledon margins
(arrowheads).

(I-N) Representative phenotypes of 355::PLT2-GR seedlings grown on the DEX concentration (uM) indicated in
each picture. (I) A wild-type seedling grown in the absence of DEX. (J) A small seedling showing epinastic
growth of leaves and cotyledons. (K) A small epinastic seedling with ectopic root formation on the cotyledon
(arrow). (L) A magnified view of the ectopic root (arrow) shown in (K). (M, N) Seedlings with somatic embryos
on the cotyledons (arrowheads). Scale bars represent 2.5 mm.



The dose-dependent phenotypes of strong AIL-GR lines (i.e. lines that show highly penetrant SE
at a high DEX dose) are shown in Figure 1. At the lowest effective DEX concentrations 35S::BBM-
GR seedlings were stunted, with epinastic leaves (Figure 1A). Analysis of the first leaf pair and
stomatal development suggested that a low BBM/PLT2 dose inhibits cell differentiation
(Supplemental Figure 3). At intermediate DEX concentrations the seedlings were still small, but
now formed leaf-like structures from their cotyledon petioles, which ranged from trichome-
bearing protrusions (Figure 1D) to ectopic leaves (Figure 1E, F). At the highest effective DEX
concentration, 35S5::BBM-GR seedlings also developed somatic embryos on their cotyledons
(Figure 1A, G) (Passarinho et al., 2008). 35S::PLT2-GR seedlings also showed stunted growth and
somatic embryo formation at the lowest and highest effective DEX concentrations tested,
respectively, but ectopic roots were more prevalent than shoots at intermediate DEX
concentrations (Figure 1H, K, L). Phenotypically weaker 35S::BBM-GR and 35S::PLT2-GR
transgenic lines showed a similar dose-dependent response, but the penetrance and severity of
the phenotypes was lower (Supplemental Figure 4). For example, although the number of SE-
forming seedlings was high in these weaker lines, they only produced a few somatic embryos at
the tip of the cotyledon.

Our data suggest that BBM and PLT2 overexpression phenotypes are dose-dependent,
with similar phenotypes at relatively low (stunted) and high doses (embryogenesis) and

divergent phenotypes at an intermediate dose (shoot or root organogenesis).

BBM and PLT2 promote context-specific embryogenesis

Previously, we showed that there is an optimal developmental window for BBM-
mediated SE; a significant drop in the number of seedlings that form somatic embryos is
observed when DEX is added four days after seed germination (Passarinho et al., 2008). We
examined this developmental competence in more detail by activating BBM-GR and PLT2-GR at
different time points before and after germination. Germination is defined as the emergence of
the radicle through the surrounding structures (Bewley, 1997) and is a two-step process in
Arabidopsis, comprising testa rupture (d1) followed by radicle protrusion through the
endosperm (endosperm rupture, d2).
When 35S5::BBM-GR seeds were placed directly in DEX-containing medium prior to or at
endosperm rupture (d0-d2), 100% of the seedlings formed somatic embryos directly on their
cotyledons after circa one week (Figure 2A; Figure 3A). In contrast, post-germination DEX

treatment (d3-d4) induced callus formation on the adaxial side of the cotyledons, from which



visible somatic embryos developed approximately 14 days after BBM activation (ca. 40%; Figure
2A; Figure 3A). 355::PLT2-GR seedlings treated with DEX at the same time points, showed similar
phenotypes (Figure 2B; Figure 3B) with two exceptions. Firstly, when 35S::PLT2-GR seedlings
were DEX-treated at endosperm rupture (d2), they did not form somatic embryos directly from
the cotyledon as for BBM, but rather formed a whitish protrusion at the SAM that contained
leaf-like tissue on its distal end (Figure 2B; Figure 3B), which developed somatic embryos 12 days

after PLT2 activation (Figure 2B; Figure 3B).
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Figure 2. BBM and PLT2 induce stage-specific phenotypes

The effect of applying of a relatively high BBM (A) or PLT2 dose (B) at different time points after sowing (dO-
d5). The seedling phenotypes were scored two weeks after the DEX application. For each time point, between
31 and 70 seedlings were analysed. The quantification is shown for single 35S5::BBM-GR and 35S::PLT2-GR lines,
but similar results were obtained with other independent lines (Supplemental Figure 4). SE, somatic
embryogenesis, SAM, shoot apical meristem.



Secondly, post-germination (d3-d4) DEX treatment of 35S5::PLT2-GR plants induced callus and
somatic embryo formation on both the petioles and the cotyledons (Figure 2B; Figure 3B). These
results suggest that the response to BBM and PLT2 ectopic expression depends on the

developmental context in which the proteins are expressed.
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DEX at: do d2

Figure 3. BBM and PLT2 promote context-specific embryogenesis

35S::BBM-GR (A) and 35S::PLT2-GR (B) lines were treated with 10 uM DEX at different time points (d0,d2, and
d4), and the development of the seedlings was followed in time. The culture time after DEX application is
indicated on the bottom right of each picture. The images at different individuals are from different individuals.
The arrowheads and arrows indicate callus and somatic embryos/embryogenic tissue, respectively. The lower-
most images in (A) and (B) are magnifications of the boxed regions in the respective ‘+14’ images, and show the
indirect development of somatic embryos from callus.



Dose- and context-dependency of AlL-induce SE

The timing and origin of somatic embryo formation in 355::BBM-GR and 355::PLT2-GR seedlings
was examined in more detail using tissue sections. 35S5::BBM-GR seedlings that were DEX-
induced at dO showed anti- and periclinal cell division in the sub-epidermal layers on the adaxial
side of the cotyledon, resulting in the formation of small cells at the position where elongated

palisade cells are found in wild-type seedlings (Figure 4A).
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Figure 4. BBM induces direct and indirect SE

Sections of 355::BBM-GR and wild-type Col-0 seedlings that were DEX-induced at dO (A) or d4 (B), and cultured
for the additional period indicated at the bottom right of each image (+1 to +14 days). The schematic
illustrations depict the cotyledon regions (blue boxes) that were sectioned in the images below. BBM-GR
activation at both d0 and d4 induces anticlinal, periclinal and oblique cell divisions, indicated by the horizontal,
vertical and oblique arrows, respectively, on the adaxial side of the cotyledon. BBM-GR activation at dO (A)
induces cell divisions (+1, +2), and thickening of the cotyledon tip (+4), followed by the direct development of a
somatic embryo from this area (+7). By contrast, BBM-GR activation at d4 (B) induces oblique and less compact
cell divisions (+1, +3) and the formation of more compact cell masses (arrowheads) from which globular
somatic embryos with a distinct epidermis (asterisks) develop. Scale bars, 100 pum.
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After about four days of BBM-GR activation, a bump formed on the tip of the cotyledon that
developed into a bipolar somatic embryo a few days later (Figure 4A). Later, somatic embryos
also developed on more proximal parts of the cotyledon and secondary embryos formed on the
primary somatic embryo on the cotyledon tip (Figure 3A +10 and +14). PLT2-GR activation at dO
induced a similar developmental change (Figure 3B). BBM-GR activation at d4 predominantly
induced oblique cell divisions in the subepidermal cell layers on the adaxial side of the cotyledon
and did not induce cell division at the cotyledon tips (Figure 4B). Moreover, in contrast to early
BBM induction, larger, irregularly-shaped, vacuolate cells were formed proximal to the tip,
resulting in a rough cotyledon surface (Figure 4B). Small clusters of small, cytoplasm-rich cells
were observed on the cotyledon surface around seven days after BBM activation (Figure 4B). Ten
days after BBM-GR activation, we observed larger globular-shaped structures enclosed by a
smooth epidermis, which were set off from the underlying tissue by a thicker cell wall. These
structures are reminiscent of globular-stage somatic embryos (Figure 4B). We observed the
same phenotype after post-germination PLT2-GR activation, although somatic embryos
developed faster (Figure 5A). Notably, BBM-GR and especially PLT2-GR activation induced
proliferation of the cotyledon vasculature (Figure 5B). Somatic embryos always formed above
this tissue, but we did not observe a direct connection between the proliferating vascular tissue
and the somatic embryos.

We conclude that AlL-mediated SE is induced in two ways depending on the
developmental stage of the explant: directly from cotyledons in a narrow window surrounding
germination, and indirectly via a callus phase after germination. The data imply that the

developmental competence for SE relies on context-specific co-factors.

BBM activates embryogenesis regulators

To understand the regulatory networks underlying AlL-mediated SE, we identified genes
that were directly bound by BBM during somatic embryo development. Chromatin
immunoprecipitation coupled to next-generation sequencing (ChIP-seq) (Chapters 3 and 5)
showed that BBM bound to the promoter regions of transcription factor genes that have roles in
promoting zygotic and/or somatic embryo development, including the LAFL seed maturation
genes, LEC1, LEC2, ABI3 and FUS3 (but not LECI-LIKE), and the MADS box transcription factor
AGL15 (Figure 6A).

We examined whether BBM binding regulates the expression of these genes during

direct and indirect SE by inducing one day-old (early, direct) and five day-old (late, indirect)



355::BBM-GR and 35S::PLT2-GR seedlings with DEX in the presence of the translational inhibitor
cycloheximide (CHX) (Gorte et al., 2011) and examining target gene expression using quantitative
RT-PCR (gPCR). Early activation of BBM/PLT2-GR was characterized by upregulation of LECI,
LEC2, FUS3 and ABI3 gene expression (Figure 6B). In contrast, expression of LEC1, LEC2, FUS3 and
ABI3 was not detected in five day-old induced Col-O seedlings, nor was it detected in DEX-
induced 35S::BBM-GR and 35S::PLT2-GR seedlings (Figure 6B). AGL15 expression was not much
affected by BBM/PLT2-GR activation at either of the two time points (Figure 6B). It might be that
LEC genes are in an epigenetically silent state in five day-old seedlings and only become

accessible after re-differentiation of the cells into callus.
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==
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DEX at:

Figure 5. Post-germination activation of PLT2.

Sections of 35S5::PLT2-GR and wild-type Col-0 seedlings grown in medium supplemented with 10 uM DEX at d4
(A, B) or d2 ( C), and cultured for the additional period indicated on the bottom right of each image (+2 to +9
days). The schematic illustrations depict the cotyledon regions (blue boxes) that were sectioned in the images
below.

(A, B) PLT2-GR activation at d4 induces cell divisions (+2, arrows) infaround the cotyledon vasculature (+4) in
both the distal (A) and proximal (B) parts of the cotyledon. Extensive callus production is observed after 6 days,
from which somatic embryos arise later (+9).

(C) PLT2-GR activation at d2 induces growth of the region below the SAM and swelling of the cotyledons.
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Figure 6. BBM binds and activates embryo-specific genes

(A) ChlIP-seq BBM binding profiles for embryo-expressed genes in somatic embryo tissue. The binding profiles
from the 35S::BBM-GFP (upper profile) and BBM::BBM-YFP (lower profile) ChIP-seq experiments are shown.
The x-axis shows the nucleotide position of DNA binding in the selected genes (TAIR 10 annotation), the y-axis
shows the ChlIP-seq score, and the brackets indicate the direction of gene transcription. Peaks with scores
above 1.76 (for 35S::BBM-GFP) and 3.96 (for pBBM::BBM-YFP) are considered statistically significant
(FDR<0.05).

(B) The relative expression of embryo-specific genes was determined by quantitative real-time RT-PCR for
DEX+CHX treated 35S5::BBM-GR and 35S::PLT2-GR seedlings at d1 and d5 using DEX+CHX treated Col-0 as the
calibrator and the SAND gene (Czechowski et al., 2005) as the reference. Error bars indicate standard errors of
the three biological replicates. Statistically significant differences (*) between 35S::BBM-GR/35S::PLT2-GR and
Col-0 were determined using a Student’s t-test (p<0.01). ND, not detected.



Next, we used the LEC1::LEC1-GFP reporter (Li et al., 2014) to chart the dynamics of LEC1
expression during BBM-induced SE. When DEX is added before germination (d1) 355::BBM-GR
seedlings form somatic embryos directly on the cotyledon tip. Under these conditions, LEC1-GFP
was observed one day after BBM-GR activation, in small patches of cells on the abaxial side of

the cotyledon (Figure 7C, d1+1).

Col-0 LEC1::LEC1-GFP

35S5::BBM-GR + LEC1::LEC1-GFP

Figure 7: BBM-GR activates LEC1 expression in a developmentally specific manner

Wild-type Col-0 (A), LEC1::LEC1-GFP (B) and LEC1::LEC1-GFP + 35S::BBM-GR (C, D) seedlings were treated with
10 uM DEX at d1 or d4 and the GFP signal was observed from one to 10 days later (indicated on the bottom
right of each picture). The images show the adaxial sides of cotyledons, unless indicated otherwise (ab, abaxial
side). The green signal in Col-0 (A) and LECI1::LECI-GFP (B) cotyledon tips is autofluorescence. Seedlings that
were treated with DEX before germination show the first patches of ectopic LEC1 expression one day after BBM
activation (C). Seedlings that were treated with DEX after seed germination (D) show LECI expression around
10 days after BBM-GR activation (d4+10), when embryogenic clusters are visible (arrows). The arrowhead in
(d4+7) indicates the callus that is formed on the distal end of the cotyledon blade. The outline of the cotyledon
margins in (D) is shown with dashed lines. Red autofluorescence was used to delineate the tissue. Scale bars,
250 pm.



LEC1 expression expanded to the cotyledon tip and in patches of cells on the adaxial cotyledon
blade (Figure 7C, d1+2), and then became stronger in the cotyledon and extended to the first
leaves at the time when the cotyledon tip began to swell (Figure 7C, d1+3). Later, LECI
expression was observed in the outer layer of the somatic embryos, but not in the underlying
seedling cotyledon (Figure 7C, d1+6). When DEX is added after germination (d4), 355::BBM-GR
seedlings form callus on the cotyledon blade from which somatic embryos develop. LEC1-GFP
could only be detected 10 days after DEX-induction (Figure 7D, 4+7, 4+10), where it was localized
to the large globular-like embryo structures (Figure 5B). These results reinforce our qPCR-based
expression analysis in which we observed rapid LEC expression when BBM was activated before
germination, but no LEC expression when BBM is activated after germination. The observation
that LEC1-GFP is initially absent from the callus that forms after post-germination BBM-GR
activation, suggests that somatic embryo identity is established much later in this indirect

pathway.

LAFL genes and AGL15 are important for BBM-mediated direct SE

We investigated the genetic relationship between BBM and its direct gene targets. Both
LEC1 and LEC2 overexpression induces spontaneous SE in seedlings, while the LEC2 target AGL15
enhances the embryogenic potential in 2,4-D induced SE tissue culture when overexpressed
(Lotan et al., 1998; Stone et al., 2001; Harding et al., 2003; Zheng et al., 2009). The other two
LAFL proteins FUS3 and ABI3 do not induce SE when overexpressed, but FUS3 overexpression
confers cotyledon identity to leaves (Gazzarrini et al., 2004), and ABI3 overexpression increases
the expression of seed storage protein genes in leaves in response to ABA (Parcy et al., 1994;
Parcy and Giraudat, 1997). Since BBM overexpression lines cannot be outcrossed without loss of
the BBM phenotype, we introduced the 35S5::BBM-GR construct into the lec1-2", Iec2—1,fus3—3+/'
, agl15-3 and abi3 (three alleles) mutant backgrounds via transformation. These mutants, except
agl15-3, display defects during the later stages of embryogenesis with regard to storage protein
accumulation, the acquisition of desiccation tolerance and dormancy (Meinke et al.,, 1994;
Nambara et al., 2002). The lec1-2 and fus3-3 seeds are desiccation intolerant (Meinke et al.,
1994), therefore heterozygous mutants were used for transformation.

In wild-type Arabidopsis, 6-7% of the primary (T1) 35S::BBM-GR transformants was
embryogenic when grown on DEX (Figure 8A). Transformation of the lec1-2+/', lec2-1, fu53-3+/'
and agl/15-3 mutants, resulted in a reduced percentage of 355::BBM-GR seedlings that formed

embryogenic tissue (Figure 8A). 355::BBM-GR also severely inhibited growth and caused swelling



of the cotyledons in the lec1-2, fus3-3 and lec2-1 backgrounds (15-20%; Figure 8B), a phenotype
which was not observed in DEX-activated 355::BBM-GR lines. Growth inhibition was also in the
agl15-3 mutants, but not cotyledon swelling (Figure 8B), a phenotype that was also observed in
the wild-type background and that resembles 355::BBM-GR seedlings treated with low DEX
concentrations (Figure 1C). Of the few embryogenic seedlings that were found in the lec1-2""
and fus3—3+/' segregating populations none contained the fus3-3 mutant allele, and only one
contained the lec1-2 mutant allele in the heterozygous state (Figure 8C). Immature embryos
from this Iec1—2+/'/355::BBM—GR plant were rescued to bypass the lec1-2 desiccation intolerance.
The embryos were separated phenotypically into lec1-2 homozygous mutant and lecl-2

heterozygous mutant/wild-type classes and placed on DEX-containing selective medium.
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Figure 8. The efficiency of BBM-induced SE in embryogenesis mutants.

(A) Percentage of primary embryogenic transformants obtained after transformation of the 35S::BBM-GR
construct to wt (Ws/Col) or the indicated mutants. Statistically significant differences (*) between the mutant
and the corresponding wt line were determined using a Pearson’s chi-squared test (p<0.05). The total number
of transformants per line is indicated above each bar.

(B) Phenotypes of embryogenesis mutants that contain the 35S::BBM-GR construct. In the lec1-2 and fus3-3
mutants, BBM-GR activation leads to severe growth inhibition, the lec1-2 mutant was obtained via embryo
rescue (C). Severe growth inhibition was also observed in the lec2-1 mutant (left), but also embryogenic
seedlings could be obtained (right). In the ag/15-3 mutant, BBM-GR activation leads to milder growth inhibition
(left) and SE (right). Arrowheads indicate the somatic embryos formed on the cotyledon tips.

(C) Phenotype and genotype of the (progeny of) the embryogenic transformants obtained in the lec1-2"" and
fus3-3+/’ segregating populations. The numbers of rescued embryos do not reflect the lec1-2 phenotype
segregation ratio. Phosphinothricin-resistance was used to select the 355::BBM-GR transgene.
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Somatic embryos formed in wild-type/heterozygous lec1-2 seedlings, but not in the homozygous
lec1-2 mutant seedlings (Figure 8B, C). Instead, growth was severely inhibited in the lecl-
2/35S::BBM-GR mutants (Figure 8C). We could also obtain a few homozygous fus3-3/35S::BBM-
GR lines, showing that the fus3-3 seed maturation phenotype is not fully penetrant. However, no
SE was observed in these lines (Figure 8B). These results suggest that LEC1, LEC2, FUS3 are
positive regulators of BBM-mediated SE, and that LEC1 and FUS3 are absolutely required for this
process. Surprisingly, we found that AGL15 also is a positive regulator of BBM-induced SE even
though it is not transcriptionally regulated by BBM overexpression at the two time points
examined; AGL15 might be regulated by BBM at a later time point or function downstream of
the LAFL genes (Braybrook et al., 2006) in BBM-induced SE.

In contrast to the results obtained with the fus3, lec and ag/15 mutants, transformation of
the 35S::BBM-GR construct to three different abi3 mutants led to an enhanced SE response
(Figure 8A). Notably, abi3 is the only LAFL mutant that is insensitive to ABA and overexpression
of ABI3 does not lead to somatic embryogenesis (Parcy et al., 1994; Parcy and Giraudat, 1997).
Of the three examined abi3 alleles, abi3-9 had the mildest effect on BBM-induced SE (Figure 8A).
Interestingly, the abi3-9 mutant was also found to be sensitive to ABA in the presence of
glucose, in contrast to abi3-8 and abi3-10, which were ABA-insensitive under these conditions
(Nambara et al., 2002). In order to separate the effects of ABA-insensitivity and other embryo
defects of abi3 mutants on the BBM phenotype, we tested another ABA-insensitive mutant,
abi5-7, which does not have any other reported embryo defects (Nambara et al., 2002). We also
observed an enhanced BBM phenotype in the abi5-7 mutant compared to wild-type (Figure 8A).
These data suggest that BBM-mediated SE is suppressed by ABA signalling and that the
enhanced BBM response in the abi3 mutants is due to ABA-insensitivity, rather than to other
defects in the abi3 mutants.

Finally, we tested whether transcriptional repressors of the LAFL genes, PKL and VAL
proteins, have an effect on the BBM phenotype. We observed that pk/-1 and vall-2 (hsi2-5)
mutants enhanced the efficiency of BBM-mediated SE, as measured by a higher percentage of
embryogenic primary transformants (Figure 8A). In the vall-2;val2-1 double mutant, no
significant change in SE-induction could be observed, which may be due to the lower number of
transformants obtained in this mutant.

Together, the data show that members of the LAFL network, as well their upstream and
downstream regulators are important components of the BBM signalling pathway during

somatic embryo induction (Figure 9).



DISCUSSION

AIL transcription factors play key roles throughout plant development, where they
regulate processes such as meristem identity and maintenance, cell proliferation, organ size and
organ development (Horstman et al., 2014). Functional redundancy among AlLs has been
demonstrated using loss-of-function mutants, but these shared functions have been difficult to
reconcile with the range of phenotypes observed in AlL overexpression studies. Using the same
overexpression and growth conditions, we have shown that AIL proteins have overlapping
functions that are expressed in a dose-dependent manner. Our data suggest that the variety of
overexpression phenotypes observed in different studies can be explained in part by differences

in transgene expression levels.

Dose-dependent AL function

We have shown that relatively high expression of the six BBM clade of AIL proteins
induced somatic embryogenesis. By contrast, overexpression of the remaining two AlL proteins,
ANT and AlL1, was not sufficient to induce SE. The ANT and AIL1 genes comprise the basalANT
lineage within the AJL family , while the remaining proteins belong to the euANT lineage (Kim et
al., 2006). The expression pattern of ANT also differs from that of other AIL genes; ANT is
expressed at the meristem periphery in the shoot apical and flower meristems, while the other
AIL/PLT genes are expressed throughout these meristems (Prasad et al., 2011; Mudunkothge
and Krizek, 2012b). This suggests that the two groups of AlL proteins regulate distinct processes.

We showed that a high BBM/PLT2 dose induces SE, a lower dose induces organogenesis
and the lowest dose inhibits differentiation. Although we did not examine the dose-dependency
of the other AlLs, it is likely that they have similar dose-response phenotypes. It was suggested
that PLT2 and, by extension, other AIL proteins act as morphogens, regulating root meristem size
and maintenance in a dose-dependent manner through a protein concentration gradient, with a
high AIL dose instructing stem cell fate, an intermediate AIL dose leading to cell division, and a
low AIL dose causing differentiation (Galinha et al., 2007). Our results on seedling cotyledons and
leaves also support a dose-dependent AIL output in these tissues, but suggest that a low AlL
dose prevents differentiation rather than promoting differentiation. In analogy, a low AIL dose in
the root might not actively instruct cellular differentiation, rather, it might simply be ineffective,
thereby allowing cellular differentiation. We showed that a high AIL dose induces SE in

cotyledons, but it is not known whether this proceeds through a stem cell pathway as instructed



by a high AIL dose in the root. Likewise, it is not known whether higher AIL concentrations than
are found in the stem cell niche are required for organogenesis and embryogenesis under
normal growth conditions/in planta. Measurement of cellular AIL protein levels would help to
relate the endogenous protein expression levels to those in overexpression lines.

It is currently unclear how different AIL concentrations instruct separate cellular outputs.
The AIL dose-dependent phenotypes could result from different expression levels of the same
target genes and/or from dose-dependent activation of specific target genes. A transcription
factor gradient can regulate different sets of target genes through differences in binding site
number and affinity (Rogers and Schier, 2011). In this model, target genes with many or high-
affinity binding sites are activated by low levels of the transcription factor, whereas genes with
few or low-affinity binding sites are only activated at high transcription factor levels. For
example, the transcription factor Bicoid regulates anterior-posterior axis patterning in
Drosophila embryos through a protein gradient, and Bicoid target genes with high-affinity
binding sites were expressed at lower Bicoid levels in contrast to targets with low-affinity binding
sites (Driever et al., 1989). Genome-wide AIL-DNA binding studies using different AIL dosages
could reveal whether such high- and low-affinity AIL binding sites exist.

We observed some differences in the dose- and context- dependent overexpression
phenotypes of BBM and PLT2. For example, intermediate doses of BBM and PLT2 mainly (though
not exclusively) induce ectopic shoot and root formation, respectively. It is not clear how AIL
specificity is determined. The in vitro DNA binding sites of ANT and PLT5/AIL5 appear to be very
similar (Nole-Wilson and Krizek, 2000; Yano et al., 2009), but they need to be better defined for
each AIL protein. We have previously shown that multiple AlLs interact with HDGs, however the
individual AIL-HDG interactions differed (Chapter 3). Defining the overlapping and unique target
genes for each AL transcription factor and the protein complexes in which they function may

shed light on how specificity is achieved.

AlLs trigger two distinct SE pathways

We observed that the developmental context in which AlLs are expressed also affects the
SE process. BBM and PLT2 can induce SE in two ways: either directly and quickly or indirectly and
slowly. Direct SE was observed when BBM and PLT2 are activated before or during germination,
and indirect SE when activated after germination. During direct SE, cells in the L1/L2 layers of the
cotyledon divide, and somatic embryos develop from the cotyledon tips. The indirect SE pathway

seems to take a different route: the upper layers become rough and irregular, the underlying



tissue proliferates and somatic embryos are formed on the cotyledon blade. Previously, it was
shown that organogenesis from aerial tissues starts from pericycle-like cells around the
vasculature and proceeds via a lateral root pathway (Che et al., 2007; Atta et al., 2009; Sugimoto
et al.,, 2010). Embryogenic callus can also be derived from pericycle-like cells (Sticklen, 1991;
Yang et al.,, 2010). Indirect BBM/PLT2-induced somatic embryogenesis does not appear to
originate from vascular-derived callus, but rather from the ground tissue. However, future
research should focus on whether this embryogenic callus originates from a similar lateral root
pathway or a completely different developmental program.

In Arabidopsis, late zygotic embryo stages and dry seeds are the only stages that have
been reported to undergo direct SE. All other tissues form callus and then somatic embryos,
regardless of the inducing factor (2,4-D/transcription factor; discussed in Chapter 1). Our results
reinforce the existence of such a developmental window of competence for direct SE, and the
idea that tissues outside this window require more extensive reprogramming, callus formation,

before the embryo program can be initiated.

BBM-mediated SE requires LEC and FUSCA gene expression

Besides AlLs, the LEC1/LEC2 and AGL15 transcription factors can also induce or enhance SE
respectively, when overexpressed (Lotan et al., 1998; Stone et al., 2001; Harding et al., 2003;
Zheng et al., 2009). LEC genes are important regulators of seed maturation and it was previously
suggested that LEC2 overexpression might promote SE through dehydration stress resulting from
the ectopic activation of seed maturation processes in vegetative tissues (Stone, 2008).
Overexpression of FUS3 does not induce SE, but does induce cotyledon identity in leaves: they
have a rounder shape, lack trichomes and accumulate seed storage proteins (Gazzarrini et al.,
2004). Loss of function of the LAFL repressors PKL and VAL also induces spontaneous SE (Ogas et
al., 1999; Suzuki et al., 2007). We showed that BBM acts upstream of these embryogenesis
regulators and that their expression is important for SE (Figure 9). BBM overexpression in lecl,
lec2, fus3 and agl15 mutants either eliminated or reduced SE. The importance of FUS3 for BBM-
mediated SE was unexpected as FUS3 overexpression does not enhance or induce SE, however,
the fus3 mutant is also impaired in 2,4-D induced SE (Gaj et al., 2005). The reduction of BBM-
mediated SE in the mutants could be explained in two ways: (1) the developmental defects in
the mutants change the physiological state of the seed in such a way that it is no longer
responsive for BBM-mediated SE, or (2) that BBM-induced SE relies on suitable transcriptional

activation of these target genes, which is hampered in the mutants. Several lines of evidence



support the latter scenario. First, we observed a reduced responsiveness to BBM in segregating
lec1 and fus3 populations, which contain wild-type and heterozygous plants. However, the few
embryogenic transformants in these populations were mainly wild-types, suggesting that the
lec1 and fus3 mutations already affect BBM-induced SE in the heterozygote state. Heterozygous
lec1 and fus3 mutants do not show reported growth defects, suggesting that reduced LECI or
FUS3 expression in the heterozygous mutants, rather than a change in the physiological state of
the tissue, reduces the response to BBM overexpression. Secondly, the abi3 mutant shows
similar maturation defects as the other LAFL mutants, yet we observed no negative effect of abi3
mutations on the BBM overexpression phenotype. Therefore, we hypothesize that the lack of
elevated expression of the LAFL genes reduces BBM-induced SE in the mutants. This hypothesis
is further strengthened by our observations that mutations in LAFL repressors (PKL/VAL; Figure
9) enhance BBM-mediated SE, probably by facilitating elevated LAFL gene expression. The
enhanced BBM response in the abi3 and abi5 mutants is intriguing. Exogenous ABA application is
reported to either inhibit or promote somatic embryo induction, depending on the experimental
system (Rai et al., 2011). In Arabidopsis, the ABA-insensitive abi3 and abi5 mutants have a
negative effect on 2,4-D induced direct SE from immature zygotic embryos, but so do ABA
hypersensitive mutants (Gaj et al., 2006), making it difficult to assign a single role to ABA in this
system.

It was previously shown that transcriptional feedback loops exist within the LAFL
network between known regulators of SE (Figure 9) (To et al., 2006; Jia et al., 2013). Recently, it
was also shown that the Phaseolus vulgaris ABI3-like factor (Pv-ALF), which binds to the
promoter of Arabidopsis PLT5/AIL5 in vitro, and that PLT5/AIL5 is required for activation of seed
storage genes by Pv-ALF (Sundaram et al., 2013). In addition, FUS3 binds to the first exon/intron
of BBM in vivo, although direct transcriptional regulation by FUS3 was not investigated (Wang

and Perry, 2013). Here, we uncovered another regulatory layer in which BBM stimulates the
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expression of LAFL genes during the induction of SE.
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SUPPLEMENTAL MATERIAL

355::PLT1 B B 35S2PLT2

Supplemental Figure 1. Overexpression of AIL/PLT proteins induces somatic embryogenesis
Somatic embryo phenotypes of Arabidopsis primary transformants: 35S::PLT1 (A); 35S::PLT2 (B);

35S::PLT3/AIL6 (C); and 35S::PLT7 (D). Seedlings were grown on selection medium for 12 days (C), 3 weeks (D),
4 weeks (B) or 7 weeks (A).

Col-0 355::BBM-GFP-GR
no DEX 0.02 uM DEX 0.1 uM DEX 1 uM DEX

Supplemental Figure 2. BBM-GFP-GR nuclear localization increases with increasing dexamethasone
concentration

The effect of dexamethasone (DEX) on BBM localization in roots of 35S::BBM-GFP-GR seedlings grown for
seven days in medium containing the indicated DEX concentration. Non-DEX treated (Col-0) roots are shown as
a GFP-negative control. Green, GFP. Red, propidium iodide.
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Supplemental Figure 3. A low BBM/PLT2 dose inhibits differentiation of leaf epidermal cells

The abaxial sides of cleared first leaves of nine day-old 355::BBM-GR (A, C) and 35S::PLT2-GR (B, D) seedlings
grown on medium without DEX (A, B) or with 0.1 or 0.02 uM DEX (C, D). A relatively low BBM or PLT2 dose
leads to the development of smaller and less-lobed leaf pavement cells compared to the control. Scale bars, 25
pm.

(E) Stomatal differentiation in DEX-treated 35S::BBM-GR and 35S::PLT2-GR seedlings is reduced compared to
untreated seedlings. Fewer mature stomata were found in leaves of DEX-treated 35S::BBM-GR/PLT2-GR
seedlings, as reflected by a lower stomatal index (Sl), while the number of stomatal meristemoids was
increased (meristemoid index, Ml). The stomatal lineage index (SLI), reflecting the total number of stomata and
stomatal precursors, was lower in DEX-treated 35S::BBM-GR/PLT2-GR leaves than in the control. For each
index, eight images were analysed with total cell numbers between 125 and 350 per image. Error bars indicate
standard errors. *, statistically significant difference compared to the control (p<0.05 in Student’s t-test).
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Supplemental Figure 4. BBM/PLT2 dose-dependent overexpression phenotypes in independent transgenic
lines

Effect of DEX dose on a the development of additional, independent 355::BBM-GR and 35S::PLT2-GR lines. The
experimental conditions were the same as for the lines shown in Figure 1. No additional phenotypes were
observed in treatments above 1 uM DEX. n=200 to 350 seedlings. Leaf, ectopic leaves; root, ectopic root; SE,
somatic embryogenesis.



Supplemental Table 1. Primers used in this study

Cloning
ANT FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGAAGTCTTTTTGTGATAATGATGA
RV GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAGAATCAGCCCAAGCAG
AlL1 FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGAAGAAATGGTTGGGATTTT
RV GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGTGGCCGGCGC
PLT3/AIL6 FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGATGGCTCCGATGACG
RV GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGTAAGACTGATTAGGCCAGAGG
PLT7 FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGGCTCCTCCAATGACG
RV GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGTAAGACTGGTTAGGCCACAA
PLT1 FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGAATTCTAACAACTGGCTTGG
RV GGGGACCACTTTGTACAAGAAAGCTGGGTATTACTCATTCCACATAGTGAAAACAC
PLT2 FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGAATTCTAACAACTGGCTCG
RV+stop GGGGACCACTTTGTACAAGAAAGCTGGGTATTATTCATTCCACATCGTGAAAAC
RV-stop GGGGACCACTTTGTACAAGAAAGCTGGGTATTCATTCCACATCGTGAAAAC
BBM-GFP FW GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAACTCGATGAATAACTGGTT
RV-stop GGGGACCACTTTGTACAAGAAAGCTGGGTACTTGTACAGCTCGTCCATGC
Gene
expression
analysis
SAND FW AACTCTATGCAGCATTTGATCCACT
RV TGATTGCATATCTTTATCGCCATC
LEC1 FW ACAAGAACAATGGTATCGTGGTCC
RV GAGATTTTGGCGTGAGACGGTAA
LEC2 FW ATCGCTCGCACTTCACAACAG
RV AACAAGGATTACCAACCAGAGAACC
FUS3 FW TCTTCTTCCTTTAACCTTCTCTCTTTCC
RV ACCGTCCAAATCTTCCATTCTTATAGG
ABI3 FW GGCAGGGATGGAAACCAGAAAAGA
RV GGCAAAACGATCCTTCCGAGGTTA
AGL15 FW GAACGATTGCTGACTAACCAACTTG
RV GCAAAGTTGTGTCTGAATCGGTGTT
Supplemental Table 2. The efficiency of AlL-induced SE
Construct No. of primary No. of transformants % SE
transformants with SE
35S::ANT 89 0 -
35S::AIL1 228 0 -
35S::AIL6 171 45 26%
35S::AIL7 57 10 18%
35S::PLT1 136 9 7%
35S::PLT2 96 10 10%
35S::BBM 81 19 22%
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Abstract

AINTEGUMENTA-LIKE (AIL) transcription factors play important roles in plant development and
overexpression of some AlLs, including BABY BOOM (BBM), induces somatic embryogenesis.
Many genetic interactions have been described for AlL proteins, but their direct target genes are
largely unknown. We studied the genome-wide, in vivo DNA binding sites of BBM during somatic
embryogenesis by chromatin immunoprecipitation followed by sequencing (ChIP-seq). We
identified a BBM consensus DNA binding motif, GCAC(A/G)NNNN(C/T)CNAN(A/G), that
resembles the reported ANT binding motif. In addition, we show that BBM binds and regulates
auxin biosynthesis genes and AT-HOOK-LIKE (AHL) genes, and that both pathways are important

components of BBM-induced SE.



Introduction

Plant growth relies on maintenance of the stem cell niches from which all post-
embryonic organs arise. BABY BOOM (BBM) and other members of the AINTEGUMENTA-LIKE
(AIL) clade of AP2 transcription factors (AINTEGUMENTA (ANT), AIL1, PLETHORA1 (PLT1), PLT2,
AIL5/PLT5, AIL6/PLT3 and PLT7) play important roles in stem cell maintenance and organ growth
(Horstman et al., 2014). For example, in Arabidopsis thaliana (Arabidopsis), development is
compromised when a mutant BBM allele is combined with mutations in other AIL genes: the
plt2;bbm double mutant arrests at the 2-celled stage of embryogenesis and combinations of
bbm, plt1 and plt3 have short roots as a result of meristem differentiation (Galinha et al., 2007).
By contrast, overexpression of BBM in induces the formation of somatic embryos on cotyledons
and leaves (Boutilier et al., 2002), supporting its role in regulating cell identity and proliferation.

Although the functions of BBM and other AIL genes have been well described, the
molecular mode of action of these transcription factors has received less attention (reviewed in
(Horstman et al., 2014)). AIL proteins contain two DNA-binding AP2 domains separated by a
linker region (Riechmann and Meyerowitz, 1998). The crystal structure of AP2/ERF proteins has
only been resolved for ERF1, which contains only a single AP2 domain. The AP2 domain of ERF1
forms a three-stranded anti-parallel B-sheet that binds DNA and an a-helix of which the function
is unknown (Allen et al.,, 1998). Homology modelling of ANT on the ERF1 crystal structure
suggests that, like ERF1, each AP2 repeat of ANT also forms an a-helix. However, unlike ERF1,
the first AP2 repeat of ANT is predicted to form two instead of three B-sheets, while the second
AP2 repeat is not predicted to form any B-sheets (Krizek, 2003).

AIL DNA binding studies have been performed using in vitro methods, with by far the
majority of research focussed on the ANT protein. Both AP2 domains of ANT are required for
DNA binding and each domain is thought to use different amino acids to contact the DNA (Nole-
Wilson and Krizek, 2000; Krizek, 2003). A SELEX study based on reiterative in vitro selection of
ANT binding sites showed that ANT binds to the DNA consensus sequence
gCAC(A/G)N(A/T)TcCC(a/g)ANG(c/t), which shows similarity to the CCGA core binding site of
other AP2/ERF proteins (Nole-Wilson and Krizek, 2000). It was proposed that the first and
second AP2 domain of ANT bind to the 5’ and 3’ part of this sequence, respectively, with the ANT
linker region serving as a bridge between these two domains (Nole-Wilson and Krizek, 2000).
PLT5/AIL5 is also able to bind to the same DNA sequence (Yano et al., 2009), suggesting that

different AlLs have similar in vitro DNA binding properties. It is not known how DNA binding



specificity is achieved for the different AIL proteins, neither are there genome-wide in vivo DNA
binding data available.

Genetic evidence suggests that AIL genes are hubs in a wide range of genetic networks,
many of which are centred on the plant growth regulator auxin. AlL proteins interact with auxin
pathways throughout plant development and at multiple levels, including via ARFs and through
PIN feedback loops (Aida et al., 2004; Blilou et al., 2005; Krizek, 2009; Krizek, 2011b, a; Prasad et
al., 2011; Pinon et al., 2013; Horstman et al., 2014). However, most of the known AIL genetic
interactions are indirect, and with the exception of BBM, the direct transcriptional output of AIL
transcription factors is not known (Horstman et al., 2014).

Our previous study provided the first insight into BBM molecular function by identifying
BBM targets through a microarray-based approach (Passarinho et al., 2008), but only a few of
these BBM targets have been functionally characterized, and only a few provided clear links with
known regulators of cell proliferation or somatic embryogenesis. For example, besides
stimulating its own expression, BBM was also shown to up-regulate expression of ROOT
GROWTH FACTOR8/GOLVEN6 (RGF8/GLVE6), which encodes a homolog of the secreted peptide
RGF1 that has a role in root meristem maintenance (Matsuzaki et al., 2010). BBM was also
shown to regulate expression of ACTIN DEPOLYMERIZING FACTOR9 (ADF9), which regulates actin
filament turnover and is required for cell proliferation in vitro (Burgos-Rivera et al., 2008).

To obtain a better understanding of BBM function, we identified in vivo BBM target
genes in somatic embryos using chromatin immunoprecipitation (ChIP) combined with
massively-parallel DNA sequencing (ChIP-seq). We examined the transcriptional regulation of a
subset of BBM target genes with known roles in auxin biosynthesis and somatic embryo
induction. We also identified a BBM consensus binding motif, GCAC(A/G)NNNN(C/T)CNAN(A/G),
which was enriched in the ChIP-seq peaks and resembles the reported ANT binding motif (Nole-
Wilson and Krizek, 2000), as well as a second motif that is similar to the Basic Pentacystein (BPC)
binding motif. Our results support the concept of AlL proteins as ‘hubs in a plethora of networks
(Horstman et al., 2014), and provide a direct link to known AIL genetic pathways, as well as a

novel downstream pathways.



Material and methods

Plant material and growth conditions

The T-DNA insertion lines bbm-1 (SALK_097021) and plt2 (SGT4287) were obtained from
NASC. The p35S::BBM-GR and DR5rev::GFP lines were described previously (Boutilier et al., 2002;
Benkova et al., 2003; Galinha et al., 2007; Passarinho et al., 2008).

Plants were grown at 21°C (16 h light/8 h dark regime) on rock wool plugs supplemented
with 1 g/L Hyponex fertilizer, or in Petri dishes on medium containing half-strength Murashige

and Skoog salts and vitamins (pH 5.8) supplemented with 0.8% agar and 1% sucrose (0.5MS-10).

ChiP-seq

ChlP-seq experiments and data analysis were carried out as described in Chapter 3.
Somatic embryos obtained from either 2,4-D-induced cultures or from a BBM overexpression
line were used for ChIP. Somatic embryos from a pBBM::NLS-GFP line, or embryogenic
p35S::BBM seedlings served as negative controls for the pBBM::BBM-YFP and p35S::BBM-GFP
ChlIPs, respectively. Sequencing and mapping against the Arabidopsis genome yielded from 110
to 160 million uniquely mapped reads for the four immunoprecipitations. ChlP-seq results were
visualized using Integrated Genome Browser (IGB) 8.0.14 (Nicol et al., 2009). The ChIP-seq data is
available via NCBI (GEO accession: GSE52400).

DNA binding motif analysis
For motif identification, 201 bp DNA sequences (+100 bp around the peak summits) were
submitted to MEME version 4.0.0 (Bailey and Elkan, 1994), using the top 443 pBBM ChIP peaks

(ChIP-seq score >9) and default MEME parameters.

Gene expression analysis

The effect of BBM overexpression on AHL gene expression was examined by inducing five
day-old Col-0 and p35S::BBM-GR seedlings (four biological replicates of each) for three hours
with 10 uM dexamethasone (DEX) plus 10 uM cycloheximide (CHX). RNA was isolated using the
Invitek kit, treated with DNAsel (Invitrogen) and then used for cDNA synthesis with the Tagman
cDNA synthesis kit (Applied Biosystems). Quantitative real-time RT-PCR (gPCR) was performed
using the SYBR green mix from BioRad (3 minutes 95°C followed by 40 cycles of 15 seconds 95°C
and 1 minute 60°C).



The effect of BBM overexpression on the expression of auxin biosynthesis genes was
examined by inducing one and five day-old Col-0 and p35S::BBM-GR seedlings (three biological
replicates of each) for three hours with 10 uM DEX plus 10 uM CHX. RNA was isolated using the
NucleoSpin RNA kit (Machery-Nagel) in combination with Plant RNA Isolation Aid (Ambion),
treated with DNA-free (Ambion) and then used for cDNA synthesis with M-MLV Reverse
Transcriptase (Life Technologies). gPCR analysis was performed using the BioMark HD System
(Fluidigm) as described in Chapter 3.

The relative expression level of the target genes was calculated according to the pladl
method (Livak and Schmittgen, 2001) using wild-type Col-0 as the calibrator and the SAND gene
(At2g28390; (Czechowski et al., 2005)) as the reference. The PCR primers are listed in

Supplemental Table 1.

Results

Experimental set-up

To date, all knowledge on DNA binding by AIL transcription factors has been obtained
using in vitro methods. We therefore performed a genome-wide analysis of in vivo BBM DNA
binding sites using ChlIP-seq. Given the native and overexpression functions of BBM in
embryogenesis we used both the pBBM and the p35S promoters to drive expression of a BBM-
YFP or BBM-GFP protein, respectively, in somatic embryo tissue (Figure 1).

We confirmed the functionality of the BBM-YFP and BBM-GFP fusion proteins prior to
ChlIP-seq by crossing a pBBM::BBM-YFP line into the bbm+/‘;plt2 background and evaluating its
ability to complement the embryo lethal phenotype of the bbm;plt2 double mutant (Galinha et
al., 2007). Siliques derived from a selfed bbm+/';plt2 mutant contained seeds that either lacked
embryos or contained two-celled embryos (~30%), as well as seeds with older embryos (~70%),
while wild-type siliques only contained embryos of similar stages (Figure 2). This suggests that
the bbm/plt2 double mutant arrests at the two-celled embryo stage or earlier. The progeny of
pBBIVI::BBIVI—YFP,'bbm,'p/t2+/' plants showed a normal 1:2:1 segregation ratio of the pl/t2 allele
(16:31:19), indicating that the pBBM::BBM-YFP construct completely complements the bbm;plt2
mutant (Figure 2). The functionality of the BBM-GFP fusion was also confirmed by the ability of

35S::BBM-GFP seedlings to produce somatic embryos.



endogenous expression overexpression

NLS - p35S

control control

G ]
w CG))C o I, geq;)}r . M ce” o .
(DGC?;_} <TA, G ‘:\PCTCP e & . SOy, G @TCG"‘
< 16 . & g 70 2 o 49):\ g
é‘GATCGP‘ g Ty

Figure 1. The experimental setup of the ChIP-seq experiments

Overview showing the tissue, DNA constructs, negative controls and experimental procedure used in the two
BBM ChlIP-seq experiments. SE was either induced by auxin (2,4-D) in the case of endogenous expression or by
overexpression of BBM under the control of the 35S promoter. Red circles represent the BBM protein, yellow
and green hexagons represent YFP and GFP, respectively, and A represents the GFP antibody. The bound and
unbound DNA fragments in the control samples represent the background noise that is also present in the test
samples.

Genome-wide identification of BBM binding sites

To identify potential BBM targets, we searched for genes that contained one or more binding
sites within 3 kb upstream of the 5’ end and 1 kb downstream of the 3’ end of the annotated
gene. Each binding site was also assigned a ChIP-seq score that represents the height of the DNA
binding peak. Using a cut-off of FDR<0.01, we identified 1016 genes as putative BBM targets in
the pBBM::BBM-YFP ChIP, and 21,421 genes in the p355::BBM-GFP ChIP. The difference in target

numbers might be caused by ChlIP efficiency differences.
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Figure 2. The pBBM::BBM-YFP construct rescues the bbm;pit2 embryo phenotype.
Seeds from wild-type, bbm*/‘;pltz and pBBM::BBM-YFP;bbm+/‘;plt2 siliques were cleared and the percentage of
different embryo types was quantified. Error bars represent the standard errors of five replicates (siliques).

This is consistent with the higher p35S ChlP-seq scores compared to pBBM ChiIP-seq scores for
the same genes (Figure 3), and could be due to a more efficient IP of the BBM-GFP protein
compared to BBM-YFP, differences in fusion protein expression levels or tissue-specific
differences. Alternatively, the control for the p35S ChIP (p35S::BBM) may not reflect non-specific
binding as accurately as the control for the pBBM ChIP (pBBM::NLS-GFP) does. Because of these
reasons we reduced the number of p35S::BBM-GFP candidate target genes by limiting our
further analysis to the top 1000 genes with the highest ChIP-seq score. The DNA binding site
with the highest ChlIP-seq score in the pBBM experiment is located within the BBM gene itself
(Table 1), which is in agreement with our earlier work showing that BBM upregulates its own
expression (Passarinho et al., 2008). Although the set-up and material for both ChIP experiments
were different (endogenous expression versus overexpression, 2,4-D induced somatic embryos
versus BBM-induced seedlings and different negative controls), the correlation between the

ChlP-seq data was high (R = 0.72; Figure 3).

® " Figure 3. Correlation between the pBBM::BBM-YFP and
g0 ® o0 p355::BBM-GFP ChiIP-seq data

Scatterplot showing the correlation between the ChIP-seq

experiments, where each circle represents the maximum log2

ChlP-score value on the promoter region (1kb upstream of the

start of the gene) of an Arabidopsis gene. The Pearson

coefficient (R) = 0.73.

log2 ChlP-seq score p35S::BBM-GFP

log2 ChIP-seq score pBBM::BBM-YFP



Transcription factors regulate target gene expression by binding to cis-regulatory

elements, which are DNA sequences that are mostly located in the proximal promoters of genes.

We analysed the spatial distribution of BBM binding sites within 3kb upstream and 0.5kb

downstream of the transcription start site of genes and found that BBM predominantly binds in

a region spanning a few hundred base pairs upstream of the transcriptional start site of genes

(Figure 4), which has also been shown for other Arabidopsis transcription factor ChlP-seq data

sets (Heyndrickx et al., 2014).

Figure 4. BBM preferentially binds close
to transcriptional start sites
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We also examined the overlap in the pBBM and p35S ChIP experiments by comparing the

top 1000 binding sites (syn. ChIP-seq scores) in each experiment. Approximately 45% of the

binding sites were found in both experiments (Figure 5). The overlap became increasingly

smaller with a more stringent list of top binding sites (Figure 5). These data indicate that there is

substantial overlap between the DNA binding sites in both experiments, but their absolute

ranking is not well conserved.

pBBM p35S
top 100 82 18 82
top 200 148 52 148
top 500 318 182 318
top 1000 547 453 547

Figure 5. Overlap between the pBBM and p35S
ChIP target genes.

The (light
overlapping (dark grey) targets in the top
100/200/500/1000 genes of both ChIPs are
shown.

number of unique grey) and



The BBM binding motif resembles that of ANT

We used MEME (Bailey and Elkan, 1994) to identify cis-regulatory motifs bound by BBM.
This analysis yielded a TC-rich motif (Figure 6; motif 1; E-value = 2.9E-46), which resembles the
GA-rich binding motif of BASIC PENTACYSTEIN (BPC) proteins (reverse complemented) (Meister
et al., 2004; Kooiker et al., 2005). However, this motif is not enriched in the centre of the ChIP-
seq peaks, indicating that this is likely not the BBM DNA binding motif.

A second sequence motif GCAC(A/G)NNNN(C/T)CNAN(A/G) was found enriched in the
centre of the peaks (Figure 6; motif 2; E-value = 1.2E-36), suggesting that it represents a bone
fide BBM binding motif. The BBM binding motif resembles the ANT binding motif,
gCAC(A/G)N(A/T)TcCC(a/g)ANG(c/t) (Nole-Wilson and Krizek, 2000) (Figure 7), which was also
shown to be bound by AIL5/PLT5 (Yano et al., 2009). The flanking regions of the ANT binding
sequence, gCAC(A/G) and CC(a/g)ANG, are similar to the BBM binding motif, particularly the 5’
flanking motif, while the core of the motif is not conserved (Figure 6). Our results provide

evidence that different AL transcription factors bind a similar, but not identical DNA sequence.

distribution

BBM binding motif 1 E:J‘TI‘?IGIQIEZIIII?-IITEEI not centrally enriched

————————————

BBM binding motif 2 EJ QCQCAQ_.. »A%C,A A //\\\\
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ANT binding motif CACAN‘_?_‘TCCCaAN <

Figure 6. BBM binds to a DNA sequence similar to the ANT DNA binding motif

DNA motifs that were enriched in BBM immunoprecipitated regions and their distribution within these regions.
The motifs are displayed as Position Weight Matrices that specify the probability of the occurrence of each
possible nucleotide at each position in the motif. The height of the stack is the information content in bits
(Schneider and Stephens, 1990). The similarity between BBM binding motif 2 and the ANT binding motif (Nole-
Wilson and Krizek, 2000) is indicated with asterisks (black, highly similar; grey, similar).



Table 1. BBM targets involved in auxin, embryogenesis,
root development and adaxial/abaxial polarity specification

Locus | Gene | Gene function | pBBM top X | p35S top X
Auxin

AT1G04610 | YUC3 auxin biosynthesis 200
ATA4G28720 | YUC8 auxin biosynthesis 1000
AT1G70560 | TAA1 auxin biosynthesis

AT3G51060 | STY1 activator of YUC genes

AT3G28860 | ABCB19 auxin transport 200
AT1G73590 | PIN1 auxin transport 200
AT2G01420 | PIN4 auxin transport 1000
AT3G23050 | IAA7 auxin response 1000
AT4G39403 | PLS auxin response 500
AT5G62000 | ARF2 auxin response 1000
AT2G28350 | ARF10 auxin response 500
AT5G25890 | IAA28 auxin response 1000 1000
AT3G23030 | IAA2 auxin response 1000

AT1G30330 | ARF6 auxin response 1000 500
Embryogenesis

AT5G17430 | BBM SE inducer, embryo/root development _—
AT1G51190 | PLT2 SE inducer, embryo/root development 500

AT5G57390 | AIL5/PLT5 | SE inducer, germination, phyllo-/rhizotaxy 200 1000
AT1G21970 | LEC1 SE inducer, embryo development/maturation 500
AT1G28300 | LEC2 SE inducer, embryo development/maturation 500 500
AT3G20910 | NF-YA9 SE inducer, embryo development/maturation 500

AT3G24650 | ABI3 embryo development/maturation 500

AT4G12080 | AHL1 1000
AT1G63480 | AHL12 1000  [NEGO|
AT3G55560 | AHL15 SE inducer 1000 1000
AT5G49700 | AHL17 500
AT3G60870 | AHL18 1000

AT3G04570 | AHL19 1000

AT2G45430 | AHL22 1000

AT4G12050 | AHL26 1000
Root development

AT3G54220 | SCR root patterning 500
AT1G79580 | SMB root cap 200

AT1G11130 | SuB root epidermis 500

AT4G37650 | SHR root patterning 500

AT5G60810 | RGF1 maintenance of the root stem cell niche 500

AT2G04025 | RGF3 maintenance of the root stem cell niche 500

AT3G30350 | RGF4 maintenance of the root stem cell niche 1000
AT2G03830 | RGF8 maintenance of the root stem cell niche 500 1000
AT5G14750 | WER root epidermis 500 500
AT5G03150 | JKD root patterning 500 | 7d00 |
AT4G00730 | ANL2 root epidermis 500 500
AT2G27230 | LHW root vasculature 1000

AT1G46264 | SCZ root patterning 1000

AT2G46410 | CPC root epidermis 1000
Abaxial/adaxial polarity

AT5G16560 | KAN1 abaxial identity 200 500
AT1G32240 | KAN2 abaxial identity 1000 1000
AT4G00885 | miR165B abaxial identity (targets PHV, PHB, REV)

AT3G61897 | miR166B abaxial identity (targets PHV, PHB, REV) 500 500
AT2G34710 | PHB adaxial identity

AT5G60690 | REV adaxial identity 1000

Functional categories of the top 1000 BBM-YFP and BBM-GFP target genes (based on ChlIP-seq score, which
represents the height of a ChIP-seq peak), together with their ranking (top 100/200/500/1000) in their
respective ChIP datasets. The categories are a combination of BiNGO- and author-assigned categories. SE,
somatic embryogenesis.


http://arabidopsis.org/servlets/TairObject?name=AT3G20910&type=locus

BBM binds to genes with diverse functions

We performed a BiINGO analysis (Maere et al.,, 2005) on the top 1000 target genes in
both ChIP experiments to identify overrepresented gene ontology (GO) categories (not shown).
As expected from BBM’s function in the root, categories related to root development (Table 1),
meristem initiation and meristem maintenance were overrepresented. In addition, the top 1000
targets included several genes involved in adaxial/abaxial polarity specification (Table 1) and
shoot development, including ASYMMETRIC LEAVES 2-LIKE 1 (ASL1), CUP-SHAPED COTYLEDON 2
(cuc2), microRNA319a (miR319A/JAW), ROTUNDIFOLIA 2/10/15/18, and TUMOROUS SHOOT
DEVELOPMENT 2 (TSD2). BBM also bound to genes involved in (somatic) embryogenesis (SE)
(Table 1), including the LEAFY COTYLEDON (LEC) genes (discussed in Chapter 4), NUCLEAR
FACTOR Y SUBUNIT A9 (NF-YA9) (Mu et al., 2013) and the recently identified AT-HOOK LIKE (AHL)
genes (Omid Karami, PhD thesis, Leiden University, unpublished), which are discussed below.
Finally, many genes related to auxin biosynthesis, transport and signalling were also identified
(Table 1). Most of these genes were among the top 1000 targets in both the pBBM and p35S
ChIP experiments, but often with a different ranking (Table 1). One remarkable difference
between the two ChlIPs is that in the pBBM ChIP, BBM bound only to genes that promote abaxial
identity, while in the p35S ChIP, BBM bound to both abaxial- and adaxial-specifying genes.
Interestingly, the adaxial-specifying PHABULOSA (PHB) was shown to occasionally induce SE
through direct upregulation of LEC2 (Tang et al., 2012).

Previously, direct BBM target genes were identified that were differentially expressed in
four day-old p35S::BBM-GR seedlings after an eight hour induction with dexamethasone (DEX)
(Passarinho et al., 2008). In chapter 4, we showed that p35S::BBM-GR seedlings of this
developmental stage mostly produce somatic embryos from callus (indirect SE), while younger
seedlings form somatic embryos via direct SE. We observed that there is overlap between the
ChIP and microarray dataset, but surprisingly, only few of these target genes were found in the

top 1000 BBM targets identified by ChIP-seq (Table 2).



BBM activates AHL genes

We observed BBM binding to several members of the AT-hook containing, nuclear
localized protein (AHL) gene family (Table 1). Interestingly, a few of these DNA-binding proteins
were found to promote SE in Arabidopsis (Omid Karami, PhD thesis, Leiden University,
unpublished) (Figure 7A, B). In contrast to p35S::BBM seedlings, p35S::AHL15 seedlings also
produced rooty callus (Figure 7A). AHL15 overexpression also enhances 2,4-D-induced SE from
immature zygotic embryos (Figure 7C), and in accordance, ahl/15 mutant explants show a
reduced response in the same system (Figure 7D). This negative effect on somatic embryo
formation was enhanced in a triple ahl15;ahl19;amiRAHL20 mutant, in which the expression of
two close homologs, AHL19 and AHL20, was also reduced (Figure 7D).

BBM bound to the promoter regions of AHL15, AHL19 and AHL20, close to the
transcriptional start site (Figure 7E). To determine whether these genes are also transcriptionally
regulated by BBM, we analysed gene expression changes in p35S::BBM-GR plants after DEX
application, in combination with the translational inhibitor cycloheximide (CHX) to identify direct
transcriptional effects. BBM stimulated the expression of AHL15 and AHL20, but no statistically
significant difference in AHL19 expression was observed (Figure 7F).

Next, we investigated the requirement for AHL genes in BBM-induced SE by transforming the
p35S::BBM-GR construct into the triple ahl15;ahl19;,amiRAHL20 mutant. In wild-type Col-0, this
construct induces SE in 7% of the primary transformants (Chapter 4), but in the
ahl15;ahl19;amiRAHL20 mutant only 1.6% of the transformants was embryogenic (2/130). Our

results suggest that BBM-induced SE is partly achieved through activation of AHL genes.



Table 2. Overlap between BBM targets obtained via microarray and ChiP-seq

pBBM  p35S
AGI no. Annotation topX topX
Transcription

At5g17430 | BABY BOOM (BBM) 2000

At5g39820 | NAC domain protein (ANAC094)

At1g16070 | Tubby family protein (TLP8) 5000
At1g65300 | MADS-box protein (PHERES2)

At5g46640 | AT-hook protein (AHL8) 5000 | 5000
At3g60580 | zinc finger protein C2H2-type

At1g51140 | Basic Helix-Loop-Helix protein (BHLH122) 2000 | 5000
At5g10960 | CCR4-NOT transcription complex protein 5000 | 5000
Signaling

At5g45780 | leucine-rich receptor-like kinase kinase, LRRII group 5000
At2g34020 | calcium-binding EF hand protein 2000
At4g11320 | cysteine proteinase

At1g61610 | S-locus lectin protein kinase

At5g59100 | subtilisin-like serine protease, S8 family

Protein-protein interactions

At5g48130 | BTB-POZ domain protein, NPH3 family (NRL27) 2000
At3g54780 | RING H2 domain protein 2000 | 5000
At5g48510 | BTB-POZ domain protein, speckle-type

At4g38140 | RING H2 domain protein

At3g19380 | U-box /armadillo domain protein 2000 | 2000
At4g35070 | RING/U box domain protein 5000
At3g15680 | zinc finger protein, RanBP2-type 2000

Cell wall/cell membrane-localized
At5g47440 | PH domain containing protein (PH16)
At5g03260 | laccase-like multicopper oxidase

At4g03210 | xyloglucan endotransglycosylase (XTH9) 2000 -
At5g48900 | pectate lyase (PLL21) 5000 | 5000
At5g01870 | lipid-transfer protein (LTP6-like)

At1g76790 | O-methyltransferase 5000 | 5000
At4g02290 | endo-B-1,4-glucanase 2000
At4g27520 | ENOD-like GPI-anchored arabinogalactan protein (AGP) /phytocyanin | 2000 | 2000
At5g48140 | polygalacturonase 2000

Other

At3g26200 | Cytochrome P450 (CYP71B22)
At2g03830 | Root growth factor8 (RGF8)

At4g34970 | Actin-depolymerizing factor (ADF9) 5000
At5g11890 | EMBRYO DEFECTIVE 3135 (EMB3135) 5000
At4g14690 | EARLY LIGHT INDUCED PROTEIN2 (ELIP2) 5000

At5g62490 | AtHVA22b
At1g64590 | Short-chain dehydrogenase / reductase (SDR)

At5g02550 | Expressed protein 5000 -
At4g02360 | Expressed protein, DUF538 5000
At5g44560 | SNF7 protein 5000
At3g18800 | Expressed protein 5000 | 5000
At2g41800 | Unknown protein, DUF642 G666l so00

At3g02960 | copper chaperone (ATX1)
At3g60150 | hypothetical protein, DUF598/498

BBM target genes that were identified using a microarray-based approach (Passarinho et al., 2008) and their
ranking (top 1000/2000/5000) in the pBBM and p35S ChIP datasets.
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Figure 7. BBM activates SE-promoting AHL genes

(A) A two-week-old p35S::AHL15 seedling with somatic embryos (arrow heads) and rooty callus (arrows) on
the cotyledons.

(B) Scanning electron microscopy image showing somatic embryos on 355::AHL15 cotyledons.

(C) Number of somatic embryos induced by 2,4-D in wild-type and p35S::AHL15 immature zygotic embryos
(Gaj, 2001). Error bars indicate minimum and maximum values of 50 explants per genotype.

(D) Effects of mutations in AHL15 and its close homologs on SE-induction from immature zygotic embryos by
2,4-D. Error bars indicate the minimum and maximum values of 4 biological replicates, with 50 explants per
replicate. The data shown in (A-D) were generated by Omid Karami (PhD thesis, Leiden University, unpublished).
(E) ChIP-seq BBM binding profiles for AHL genes. The binding profiles from the p35S::BBM-GFP (upper profile)
and pBBM::BBM-YFP (lower profile) ChIP-seq experiments are shown. The x-axis shows the nucleotide position
of DNA binding in the selected genes (TAIR 10 annotation), the y-axis shows the ChIP-seq score, and the
brackets indicate the direction of gene transcription.

(F) The relative expression of AHL genes was determined by gPCR for DEX+CHX treated 35S::BBM-GR seedlings
as described in the Materials and methods. Error bars indicate standard errors of four biological replicates.
Statistically significant differences (*) between 355::BBM-GR and Col-0 were determined using a Student’s t-test

(p<0.05).

BBMe-induced auxin biosynthesis is required for SE

In Arabidopsis, indole acetic acid (IAA) is the major active auxin and is mainly synthesized
from tryptophan by the TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAA1) and
YUCCA (YUC) enzymes (Mashiguchi et al., 2011; Won et al., 2011). Our ChIP-seq analysis showed
that BBM binds to the second intron and last exon/3’UTR regions of TAA1 and to the promoter
regions of YUC3 and YUC8. BBM also binds to the promoter region of STYLISH1 (STY1; Figure 8A),
which encodes a RING zinc-finger domain containing protein that was reported to directly

activate YUC4 expression and down-regulate gibberellic acid biosynthesis (Eklund et al., 2010).



TAA1, YUC3 and STY1 were upregulated after BBM activation in one day-old imbibed seeds,
which produce somatic embryos by direct SE (Figure 8B; Chapter 4). In contrast, YUC8 expression
was activated by BBM in five day-old seedlings (Figure B), which produce somatic embryos via
indirect SE (Chapter 4). These results show that BBM activates expression of different auxin
biosynthesis genes at different developmental stages.

We used the DR5 auxin response marker (Benkova et al., 2003) to follow the timing and

spatial localization of auxin signalling during BBM-mediated direct SE.
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Figure 8. BBM stimulates auxin biosynthesis genes during SE

(A) ChlP-seq BBM binding profiles for auxin biosynthesis genes and STY1. The binding profiles from the
p35S::BBM-GFP (upper profile) and pBBM::BBM-YFP (lower profile) ChIP-seq experiments are shown. The x-axis
shows the nucleotide position of DNA binding in the selected genes (TAIR 10 annotation), the y-axis shows the
ChlP-seq score and the brackets indicate the direction of gene transcription.

(B) The relative expression of auxin-related genes was determined by qPCR for DEX+CHX treated p35S::BBM-GR
seedlings as described in the Materials and methods. Error bars indicate standard errors of the three biological
replicates. Statistically significant differences (*) between p35S::BBM-GR and Col-0 were determined using a
Student’s t-test (p<0.05).



GFP expression was first observed in p355::BBM-GR seedlings three days after DEX was applied
to imbibed seeds, where it was localized to the margin on the adaxial side of cotyledons (Figure
9A, +3). The GFP signal spread throughout the adaxial cotyledon surface during the following
days, and was later excluded from the region at the tip of the cotyledon where the first somatic
embryos developed (Figure 9A, +4/+5). Later, other regions that formed growth protrusions,
likely sites of somatic embryogenesis, also lacked DR5::GFP expression (Figure 9A, +6/+7). Our
results confirm that BBM induces an auxin response in cotyledons, and suggest that this
response becomes reduced at sites where somatic embryos develop.

We used a pharmacological approach to investigate whether auxin biosynthesis via YUC
proteins is required for BBM-mediated SE. p35S::BBM-GR and Col-0 seedlings were grown in the
presence of DEX and/or the YUC inhibitor yucasin (Nishimura et al., 2014). Yucasin blocks the
conversion of indole-3-pyruvic acid (IPyA) to IAA, by competing with YUC for binding to IPyA
(Nishimura et al., 2014). Unlike DEX-treated cotyledons, we did not observe GFP in cotyledons of
DR5::GFP;p35S5::BBM-GR seedlings treated with both DEX and yucasin, showing that the auxin
biosynthesis is repressed to a level below that detected by DR5 (Figure 9B). SE was also
abolished in p35S::BBM-GR seedlings grown in the presence of DEX and yucasin (Figure 9B).
Instead, cotyledons became yellowish and callus formed at the shoot apex, from which root-like
structures grew (Figure 9B). This phenotype was specific for DEX-activated BBM overexpression
lines, since yucasin did not induce a similar phenotype in Col-0 seedlings (Figure 9B). Our data

suggest that auxin biosynthesis via the YUC pathway is crucial for BBM-mediated SE.

BBM induces common and unique SE pathways

Transcription factors other than BBM/AIL proteins (Chapter 4), also promote SE in
Arabidopsis. Several of the “LAFL” (for LEAFY COTYLEDON 1 (LEC1)/LECI1-LIKE (L1L); ABSCISIC
ACID (ABA)-INSENSITIVE3 (ABI3); FUSCA3 (FUS3); LEC2; (Jia et al., 2013)) seed maturation genes,
namely LEC1, L1L/NUCLEAR FACTOR Y subunit A6 (NF-YA6) and LEC2 can induce spontaneous SE
in seedlings when overexpressed (Lotan et al., 1998; Stone et al., 2001; Mu et al., 2013).
Overexpression of FUS3 does not induce SE, but leads to cotyledon-like leaves (Gazzarrini et al.,
2004), showing that it does ectopically activate embryogenesis traits. In addition to L1L/NF-YA6,
overexpression of other NF-Y subunits, Al, 5 and 9, has the same SE-inducing effect (Mu et al.,
2013). Finally, the LEC2 target AGAMOUS-LIKE 15 (AGL15) can enhance SE from immature zygotic
embryos (Harding et al., 2003). ChIP experiments have been performed to elucidate the in vivo

DNA binding sites of some of these factors.



A DR5::GFP DR5::GFP + p35S::BBM-GR

DR5::GFP

Figure 9. BBM-induced auxin biosynthesis is required for SE induction

(A) DR5::GFP and DR5::GFP + p35S::BBM-GR seeds were treated with 10 uM DEX at the start of culture (d0) and
cultured for seven days. The day of culture is indicated on the bottom left of each picture. The images show the
adaxial sides of cotyledons. GFP was observed three days after BBM-GR activation at the cotyledon margin and
the signal spread in the days thereafter. The arrow at +4 indicates the GFP-negative area on the distal end of the
cotyledon blade. SE, somatic embryos; arrowhead at +7, a GFP-negative protrusion that will grow into a somatic
embryo. Red autofluorescence was used to delineate the tissue. The outline of somatic embryos is shown with
dashed lines.

(B) p35S::BBM-GR and Col-0 seedlings treated for 14 days with 10 uM DEX and/or 100 uM yucasin. SE, somatic
embryos formed on p35S::BBM-GR seedlings treated with DEX. DEX+yucasin treatment of p35S::BBM-GR
seedlings leads the development of root-like structures from callus formed at the shoot apex. The lower images
show cotyledons of six day-old DR5::GFP + p35S::BBM-GR seedlings that were treated with 10 uM DEX and/or
100 uM yucasin at the start of culture. The GFP signal observed in the DEX-treated seedlings was absent in the
DEX plus yucasin-treated seedlings.



The targets of AGL15 and FUS3 were determined by ChIP-chip (Zheng et al., 2009; Wang and
Perry, 2013), while those of LEC1 were determined through ChlIP followed by hybridization to an
array containing active promoters (Junker et al., 2012). To obtain insight into the extent to which
these transcription factor-induced SE pathways overlap, we compared the top 1000 targets from
the pBBM ChIP with the targets identified in the LEC1, FUS3 and AGL15 ChIP experiments (Figure
10). This analysis shows that extensive cross- and auto-regulatory loops exist between BBM/AILs
and the LAFL network (Figure 10, also described in Chapter 4). In addition, NF-YA genes were
bound by all four proteins.

Only one target gene was found in all four ChIP experiments; CELLULASE 1 (CEL1), which
encodes an endo-1,4-beta-glucanase involved in cell elongation (Shani et al., 2006). This was
unexpected, since cellulases have not been reported to play an important role in SE. However,
CEL1 does not appear to be a specific target for SE-inducing factors, as it was also bound by, for
example, the flower-specific transcription factors APETALA1 (AP1), AP2, PISTILLATA, SEPALLATA3
and LEAFY (Kaufmann et al., 2009; Kaufmann et al., 2010; Yant et al., 2010; Winter et al., 2011;
Wouest et al., 2012). Therefore, CEL1 might be a common target of transcription factors that steer
growth and development, which is reinforced by its broad expression in actively dividing tissues
(Shani et al., 2006).

YUCI -YUC4 - YUCS
AGL15-AIL6/PLT3 - PLT7

NF-YAS
FUS3

L1L/NF-YA6

AGL15

TAAI-YUC3-YUC8-STY1
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Figure 10. The overlap between ChIP targets of BBM and LAFL(-related) proteins

Venn diagram showing the overlap between the top 1000 targets of the pBBM ChlP-seq and the published
AGL15, FUS3 and LEC1 target genes identified by ChIP (Zheng et al., 2009; Junker et al., 2012; Wang and Perry,
2013). The common and unique targets related to auxin biosynthesis, SE induction, root development and the
determination of abaxial/adaxial polarity are indicated, with similar genes grouped by dashes according to the
processes they are involved in (also see Table 1). CEL1, CELLULASE 1.



The majority of root-specific target genes were unique for BBM, which is not surprising
considering BBM’s expression pattern and role in root meristem maintenance. The targeting of
abaxial/adaxial specifying factors is not specific for BBM, as FUS3 and AGL15 also bind to KAN2.
The auxin biosynthesis genes YUC3 and YUC8 are only bound by BBM (discussed above), but
other members of the YUC gene family are bound by FUS3. The AGL15 and LEC1 ChIP targets did
not include YUC genes, but it has been shown that LEC1 binds and regulates YUC10 (Junker et al.,
2012). In addition, LEC2 also activates the expression of TAA1 and YUC genes (Braybrook et al.,
2006; Stone et al., 2008; Wojcikowska et al., 2013). Therefore, YUC-mediated auxin biosynthesis
emerges as a common theme among SE factors, except for AGL15. In contrast, the analysis
showed that the AHL genes are specific targets of BBM.

Although transcription factor-DNA binding does not guarantee transcriptional regulation,
these data suggest that there is cross-regulation between the different SE factors and that BBM

targets both unique and overlapping classes of target genes.

Discussion

It was previously shown that BBM is a potent inducer of SE in Arabidopsis (Boutilier et al.,
2002), but the downstream components of BBM-mediated SE were largely unknown. Using ChlIP-
seq in somatic embryos we have identified in vivo BBM target genes, which are involved in a
wide variety of developmental processes. We showed that BBM stimulates the expression of
auxin biosynthesis and AHL genes, and that chemical or genetic inhibition of these pathways
reduced or eliminated BBM-induced SE. Our results show that in addition to the LAFL genes
(Chapter 4), auxin biosynthesis and AHL genes are also important downstream components of

the BBM SE pathway.

Endogenous BBM expression versus overexpression

We used two different experimental set-ups for the ChIP-seq experiments: endogenous
BBM expression versus overexpression, 2,4-D induced somatic embryos versus BBM-induced
seedlings and different negative controls. Yet, there was a substantial overlap between the
target genes, making these overlapping genes highly reliable BBM targets as they are bound
irrespective of the setup. The genes that are bound by BBM in only one of the ChIP experiments

could reflect tissue differences, BBM expression level differences or general variability between



ChIP experiments (non-specific targets). At this point, we cannot distinguish between these
possibilities, but including biological replicates could reduce the variance within each ChiP.

In zygotic embryos, BBM is expressed throughout the embryo at early embryo stages and
then becomes progressively more basally expressed during embryo development (Chapter 3).
However, the pBBM::BBM-YFP expression pattern may differ in 2,4-D induced SE cultures as AlL
expression was shown to be auxin-inducible (Aida et al., 2004). Conversely, the p35S promoter is
considered to confer high and constitutive expression, but during embryogenesis it is mainly
expressed from the torpedo stage onward (Johnson et al.,, 2005). Expression analysis of
pBBM::BBM-YFP in 2,4-D induced somatic embryos and of p35S::BBM-GFP in embryogenic
seedlings could reveal tissue-specific expression in each system, as well as any quantitative

differences in BBM-YFP/GFP levels.

BBM binding versus gene expression regulation

Previously, we identified direct BBM targets that were upregulated after DEX-activation
of BBM-GR in seedlings (Passarinho et al., 2008). Here, we show that there is overlap between
these microarray data and the ChIP-seq data, but that the differentially expressed BBM targets in
the microarray experiment were not the strongest BBM-bound genes in the ChIP experiment.
Poor correlations between ChIP and microarray experiments are not uncommon, as transcription
factor binding does not necessarily lead to gene expression changes (Oh et al., 2009; Zheng et
al., 2009; Pajoro et al., 2014). In addition, the limited overlap in target genes may be partially
due to the use of different tissues, as the ChlP-seq was performed on somatic embryo tissue,
while the microarray experiment was performed on four day-old seedlings. In Chapter 4, we
show that BBM induces indirect SE in seedlings of this stage, while BBM induces direct SE at
earlier developmental stages. The microarray data may therefore have identified target genes
that regulate the early events of indirect SE (e.g. dedifferentiation, callus formation).
Consistently, the LAFL (Chapter 4) and auxin biosynthesis genes that are found in the ChIP
experiment, were mostly upregulated in one day-old imbibed seeds and not in five day-old
seedlings. However, some ChIP target genes were upregulated in five day-old seedlings (e.g.
YUC8, AHL15, AHL20), but were missed in the microarray study. The gene expression change of
these targets may have been below the used cut-off, or probes for these genes may not have

been present on the used microarray.



BBM DNA binding sites

The in vivo BBM-bound DNA sequences showed enrichment of a DNA motif that
resembles the ANT motif, which was obtained via an in vitro method (SELEX) (Nole-Wilson and
Krizek, 2000), and which is also bound by AIL5/PLT5 (Yano et al., 2009). This suggests that
different AIL proteins bind similar DNA sequences and that the in vitro DNA binding reflects in
vivo AIL DNA binding. However, whether AlLs display subtle differences in DNA binding would
require analysis of the different AlLs using the same experimental setup. Potential AIL-DNA
binding specificity may stem from differences in their DNA-binding domains or from different
protein-protein interactions. Moreover, a single AIL may even display differential DNA binding
specificity in different tissues depending on the protein partners that are present.

We also identified a second motif within the BBM binding peaks that was not centrally
enriched, which indicates that this motif is not bound by the immunoprecipitated protein (BBM),
but by other proteins that often bind in close vicinity of a BBM DNA binding event. The motif
resembles the DNA binding sequence of BASIC PENTACYSTEIN (BPC) proteins (Meister et al.,
2004; Kooiker et al., 2005) and it was shown that BPC1 regulates the expression of SEEDSTICK
(STK) by binding to and inducing conformational changes of its promoter region (Kooiker et al.,
2005; Simonini et al., 2012). It was suggested that BPC proteins recruit transcription factor
complexes through protein-protein interactions (Simonini et al., 2012). BPC proteins were also
shown to regulate the expression of INNER NO OUTER (INO), which requires ANT for its
expression (Balasubramanian and Schneitz, 2002). These data, together with the occurrence of
BPC binding sites in BBM-bound DNA regions, indicate that BPC proteins may also mediate AlL
binding to the regulatory regions of their target genes. Future protein-protein interaction studies

may reveal whether AlL proteins also physically bind to BPC proteins.

Role of auxin biosynthesis in BBM-mediated SE

We showed that BBM binds and directly activates TAA1, YUC3 and YUCS8, which encode
enzymes in the auxin biosynthesis pathway. In addition, by activating LEC1, LEC2 (Chapter 4) and
STY1, BBM may also indirectly stimulate YUC1, YUC2, YUC4 and YUC10 expression (Stone et al.,
2008; Eklund et al., 2010; Junker et al., 2012; Wojcikowska et al., 2013). Previously, it was shown
that PLT5/AILS5 directly activates YUC4 in order to control phyllotaxis in the shoot (Pinon et al.,
2013), indicating that the YUC genes may be conserved targets among AlL transcription factors.
Wojcikowska et al (Wojcikowska et al., 2013) showed that the yuc2 and yuc4 mutants have a

reduced SE efficiency in 2,4-D induced SE from immature zygotic embryos (IZEs). 2,4-D induced



secondary SE also relies on YUCs, as the yucl;yuc4;yuclO;yucll mutant shows a severely
reduced SE-response (Bai et al., 2013). Our finding that chemical inhibition of YUCs by yucasin
eliminates BBM-mediated SE again demonstrates the requirement of YUC activity for SE
induction and suggests that the SE pathways induced by 2,4-D, LEC2 and BBM converge at the
level of TAA1/YUC gene activation. Still, YUC overexpression in seedlings is not sufficient to
trigger SE, but rather results in epinastic growth of cotyledons (Woodward et al., 2005; Cheng et
al., 2006; Kim et al., 2007). However, YUC overexpression in IZEs has not been investigated and
might induce SE in the absence of other SE inducers, given the inherent embryogenic

competence of the explant.

Our analysis of in vivo BBM binding sites showed that there is extensive cross-regulation
between known inducers of SE, and that the pathways converge at and rely on auxin
biosynthesis. In addition, the ChIP revealed the AHL genes as specific downstream components
of the BBM SE pathway, and many more BBM target genes, some with links to SE (Tang et al.,
2012). Future work should focus on whether these target genes also play a role in BBM-

mediated SE.

Supplemental Table 1: Primers used in this study

Primer used for description 5’ to 3’ sequence
genotyping bbm Fw primer TGCATAGAACAAAGACCAAGACTC
Rv primer TCAAGAACTTACCCAGATAAACTGAA
T-DNA primer | ACGTCCGCAATGTGTTAT
genotyping plt2 Fw primer AAGTGGCTGATTTCTTAGGAGTG
Rv primer GTAGAGGGACCCCAATATTTAAGTG
T-DNA primer | ACGGTCGGGAAACTAGCTCTAC
gene expression analysis | Fw SAND AACTCTATGCAGCATTTGATCCACT
Rv SAND TGATTGCATATCTTTATCGCCATC
Fw AHL15 AAGAGCAGCCGCTTCAACTA
Rv AHL15 TGTTGAGCCATTTGATGACC
Fw AHL19 CTCTAACGCGACTTACGAGAGATT
Rv AHL19 ATATTATACACCGGAAGTCCTTGGT
Fw AHL20 CAAGGCAGGTTTGAAATCTTATCT
Rv AHL20 TAGCGTTAGAGAAAGTAGCAGCAA
Fw TAA1 TTCGTGGTCAATCTGGATCATGG
Rv TAA1 ACCACGTATCGTCACCGTACAC
Fw YUC3 ATGGTCGTTCGTAGCGCTGTTC
Rv YUC3 GCGAGCCAAACGGGCATATACTTC
Fw YUC8 TGCGGTTGGGTTTACGAGGAAAG
Rv YUC8 GCGATCTTAACCGCGTCCATTG
Fw STY1 TCGCATACCTTCTCATTCAGGGCT
Rv STY1 CACCTAACACCGCCGATGAACT




References

Aida, M., Beis, D., Heidstra, R., Willemsen, V., Blilou, I., Galinha, C., Nussaume, L., Noh, Y.S.,
Amasino, R., and Scheres, B. (2004). The PLETHORA genes mediate patterning of the
Arabidopsis root stem cell niche. Cell 119, 109-120.

Allen, M.D., Yamasaki, K., Ohme-Takagi, M., Tateno, M., and Suzuki, M. (1998). A novel mode
of DNA recognition by a beta-sheet revealed by the solution structure of the GCC-box
binding domain in complex with DNA. The EMBO journal 17, 5484-5496.

Bai, B., Su, Y.H., Yuan, J., and Zhang, X.S. (2013). Induction of Somatic Embryos in Arabidopsis
Requires Local YUCCA Expression Mediated by the Down-Regulation of Ethylene
Biosynthesis. Mol Plant 6, 1247-1260.

Bailey, T.L., and Elkan, C. (1994). Fitting a mixture model by expectation maximization to
discover motifs in biopolymers. In Proceedings of the Second International Conference
on Intelligent Systems for Molecular Biology (California: AAAI Press), pp. 28-36.

Balasubramanian, S., and Schneitz, K. (2002). NOZZLE links proximal-distal and adaxial-abaxial
pattern formation during ovule development in Arabidopsis thaliana. Development 129,
4291-4300.

Benkova, E., Michniewicz, M., Sauer, M., Teichmann, T., Seifertova, D., Jurgens, G., and Friml,
J. (2003). Local, efflux-dependent auxin gradients as a common module for plant organ
formation. Cell 115, 591-602.

Blilou, I., Xu, J., Wildwater, M., Willemsen, V., Paponov, l., Friml, J., Heidstra, R., Aida, M.,
Palme, K., and Scheres, B. (2005). The PIN auxin efflux facilitator network controls
growth and patterning in Arabidopsis roots. Nature 433, 39-44.

Boutilier, K., Offringa, R., Sharma, V.K., Kieft, H., Ouellet, T., Zhang, L., Hattori, J., Liu, C.M., van
Lammeren, A.A., Miki, B.L., Custers, J.B., and van Lookeren Campagne, M.M. (2002).
Ectopic expression of BABY BOOM triggers a conversion from vegetative to embryonic
growth. The Plant cell 14, 1737-1749.

Braybrook, S.A., Stone, S.L., Park, S., Bui, A.Q., Le, B.H., Fischer, R.L.,, Goldberg, R.B., and
Harada, J.J. (2006). Genes directly regulated by LEAFY COTYLEDON?2 provide insight into
the control of embryo maturation and somatic embryogenesis. Proceedings of the
National Academy of Sciences of the United States of America 103, 3468-3473.

Burgos-Rivera, B., Ruzicka, D.R., Deal, R.B., McKinney, E.C., King-Reid, L., and Meagher, R.B.
(2008). ACTIN DEPOLYMERIZING FACTOR9 controls development and gene expression in
Arabidopsis. Plant molecular biology 68, 619-632.

Cheng, Y., Dai, X., and Zhao, Y. (2006). Auxin biosynthesis by the YUCCA flavin monooxygenases
controls the formation of floral organs and vascular tissues in Arabidopsis. Genes &
development 20, 1790-1799.

Czechowski, T., Stitt, M., Altmann, T., Udvardi, M.K., and Scheible, W.R. (2005). Genome-wide
identification and testing of superior reference genes for transcript normalization in
Arabidopsis. Plant physiology 139, 5-17.

Eklund, D.M., Staldal, V., Valsecchi, I., Cierlik, 1., Eriksson, C., Hiratsu, K., Ohme-Takagi, M.,
Sundstrom, J.F., Thelander, M., Ezcurra, I., and Sundberg, E. (2010). The Arabidopsis
thaliana STYLISH1 Protein Acts as a Transcriptional Activator Regulating Auxin
Biosynthesis. The Plant cell 22, 349-363.

Galinha, C., Hofhuis, H., Luijten, M., Willemsen, V., Blilou, I., Heidstra, R., and Scheres, B.
(2007). PLETHORA proteins as dose-dependent master regulators of Arabidopsis root
development. Nature 449, 1053-1057.



Gazzarrini, S., Tsuchiya, Y., Lumba, S., Okamoto, M., and McCourt, P. (2004). The transcription
factor FUSCA3 controls developmental timing in Arabidopsis through the hormones
gibberellin and abscisic acid. Developmental cell 7, 373-385.

Harding, E.W., Tang, W., Nichols, K.W., Fernandez, D.E., and Perry, S.E. (2003). Expression and
maintenance of embryogenic potential is enhanced through constitutive expression of
AGAMOUS-Like 15. Plant physiology 133, 653-663.

Heyndrickx, K.S., Van de Velde, J., Wang, C., Weigel, D., and Vandepoele, K. (2014). A
Functional and Evolutionary Perspective on Transcription Factor Binding in Arabidopsis
thaliana. The Plant cell.

Horstman, A., Willemsen, V., Boutilier, K., and Heidstra, R. (2014). AINTEGUMENTA-LIKE
proteins: hubs in a plethora of networks. Trends in plant science 19, 146-157.

Jia, H.Y., McCarty, D.R., and Suzuki, M. (2013). Distinct Roles of LAFL Network Genes in
Promoting the Embryonic Seedling Fate in the Absence of VAL Repression. Plant
physiology 163, 1293-1305.

Johnson, K.L., Degnan, K.A., Ross Walker, J., and Ingram, G.C. (2005). AtDEK1 is essential for
specification of embryonic epidermal cell fate. The Plant journal : for cell and molecular
biology 44, 114-127.

Junker, A., Monke, G., Rutten, T., Keilwagen, J., Seifert, M., Thi, T.M., Renou, J.P., Balzergue, S.,
Viehover, P., Hahnel, U., Ludwig-Muller, J., Altschmied, L., Conrad, U., Weisshaar, B.,
and Baumlein, H. (2012). Elongation-related functions of LEAFY COTYLEDON1 during the
development of Arabidopsis thaliana. The Plant journal : for cell and molecular biology
71, 427-442.

Kaufmann, K., Muino, J.M., Jauregui, R., Airoldi, C.A., Smaczniak, C., Krajewski, P., and
Angenent, G.C. (2009). Target genes of the MADS transcription factor SEPALLATA3:
integration of developmental and hormonal pathways in the Arabidopsis flower. PLoS
biology 7, e1000090.

Kaufmann, K., Wellmer, F., Muino, J.M., Ferrier, T., Wuest, S.E., Kumar, V., Serrano-Mislata, A.,
Madueno, F., Krajewski, P., Meyerowitz, E.M., Angenent, G.C., and Riechmann, J.L.
(2010). Orchestration of floral initiation by APETALA1. Science 328, 85-89.

Kim, J.l., Sharkhuu, A., lJin, J.B,, Li, P., Jeong, J.C., Baek, D., Lee, S.Y., Blakeslee, J.J., Murphy,
A.S., Bohnert, H.J., Hasegawa, P.M., Yun, D.J., and Bressan, R.A. (2007). yucca6, a
dominant mutation in Arabidopsis, affects auxin accumulation and auxin-related
phenotypes. Plant physiology 145, 722-735.

Kooiker, M., Airoldi, C.A., Losa, A., Manzotti, P.S., Finzi, L., Kater, M.M., and Colombo, L.
(2005). BASIC PENTACYSTEINE1, a GA binding protein that induces conformational
changes in the regulatory region of the homeotic arabidopsis gene SEEDSTICK. The Plant
cell 17, 722-729.

Krizek, B. (2009). AINTEGUMENTA and AINTEGUMENTA-LIKE6 act redundantly to regulate
Arabidopsis floral growth and patterning. Plant physiology 150, 1916-1929.

Krizek, B.A. (2003). AINTEGUMENTA utilizes a mode of DNA recognition distinct from that used
by proteins containing a single AP2 domain. Nucleic acids research 31, 1859-1868.

Krizek, B.A. (2011a). Auxin regulation of Arabidopsis flower development involves members of
the AINTEGUMENTA-LIKE/PLETHORA (AIL/PLT) family. Journal of experimental botany
62,3311-3319.

Krizek, B.A. (2011b). Aintegumenta and Aintegumenta-Like6 regulate auxin-mediated flower
development in Arabidopsis. BMC Res Notes 4, 176.

Lotan, T., Ohto, M., Yee, K.M., West, M.A.L., Lo, R., Kwong, R.W., Yamagishi, K., Fischer, R.L.,
Goldberg, R.B., and Harada, J.J. (1998). Arabidopsis LEAFY COTYLEDONL1 is sufficient to
induce embryo development in vegetative cells. Cell 93, 1195-1205.



Maere, S., Heymans, K., and Kuiper, M. (2005). BiNGO: a Cytoscape plugin to assess
overrepresentation of Gene Ontology categories in Biological Networks. Bioinformatics
21, 3448-3449.

Mashiguchi, K., Tanaka, K., Sakai, T., Sugawara, S., Kawaide, H., Natsume, M., Hanada, A.,
Yaeno, T., Shirasu, K., Yao, H., McSteen, P., Zhao, Y.D., Hayashi, K., Kamiya, Y., and
Kasahara, H. (2011). The main auxin biosynthesis pathway in Arabidopsis. Proceedings of
the National Academy of Sciences of the United States of America 108, 18512-18517.

Matsuzaki, Y., Ogawa-Ohnishi, M., Mori, A., and Matsubayashi, Y. (2010). Secreted peptide
signals required for maintenance of root stem cell niche in Arabidopsis. Science 329,
1065-1067.

Meister, R.J., Williams, L.A., Monfared, M.M., Gallagher, T.L., Kraft, E.A., Nelson, C.G., and
Gasser, C.S. (2004). Definition and interactions of a positive regulatory element of the
Arabidopsis INNER NOOUTER promoter. Plant Journal 37, 426-438.

Muy, J,, Tan, H., Hong, S., Liang, Y., and Zuo, J. (2013). Arabidopsis transcription factor genes NF-
YA1, 5, 6, and 9 play redundant roles in male gametogenesis, embryogenesis, and seed
development. Mol Plant 6, 188-201.

Nicol, J.W., Helt, G.A,, Blanchard, S.G., Jr., Raja, A., and Loraine, A.E. (2009). The Integrated
Genome Browser: free software for distribution and exploration of genome-scale
datasets. Bioinformatics 25, 2730-2731.

Nishimura, T., Hayashi, K., Suzuki, H., Gyohda, A., Takaoka, C., Sakaguchi, Y., Matsumoto, S.,
Kasahara, H., Sakai, T., Kato, J., Kamiya, Y., and Koshiba, T. (2014). Yucasin is a potent
inhibitor of YUCCA, a key enzyme in auxin biosynthesis. Plant Journal 77, 352-366.

Nole-Wilson, S., and Krizek, B.A. (2000). DNA binding properties of the Arabidopsis floral
development protein AINTEGUMENTA. Nucleic acids research 28, 4076-4082.

Oh, E., Kang, H., Yamaguchi, S., Park, J., Lee, D., Kamiya, Y., and Choi, G. (2009). Genome-wide
analysis of genes targeted by PHYTOCHROME INTERACTING FACTOR 3-LIKE5 during seed
germination in Arabidopsis. The Plant cell 21, 403-419.

Pajoro, A., Madrigal, P., Muino, J.M., Matus, J.T., Jin, J., Mecchia, M.A., Debernardi, J.M.,
Palatnik, J.F., Balazadeh, S., Arif, M., O'Maoileidigh, D.S., Wellmer, F., Krajewski, P.,
Riechmann, J.L., Angenent, G.C., and Kaufmann, K. (2014). Dynamics of chromatin
accessibility and gene regulation by MADS-domain transcription factors in flower
development. Genome biology 15, R41.

Passarinho, P., Ketelaar, T., Xing, M., van Arkel, J., Maliepaard, C., Hendriks, M.W., Joosen, R.,
Lammers, M., Herdies, L., den Boer, B., van der Geest, L., and Boutilier, K. (2008). BABY
BOOM target genes provide diverse entry points into cell proliferation and cell growth
pathways. Plant molecular biology 68, 225-237.

Pinon, V., Prasad, K., Grigg, S.P., Sanchez-Perez, G.F., and Scheres, B. (2013). Local auxin
biosynthesis regulation by PLETHORA transcription factors controls phyllotaxis in
Arabidopsis. Proceedings of the National Academy of Sciences of the United States of
America 110, 1107-1112.

Prasad, K., Grigg, S.P., Barkoulas, M., Yadav, R.K., Sanchez-Perez, G.F., Pinon, V., Blilou, I.,
Hofhuis, H., Dhonukshe, P., Galinha, C., Mahonen, A.P., Muller, W.H., Raman, S.,
Verkleij, A.J., Snel, B., Reddy, G.V., Tsiantis, M., and Scheres, B. (2011). Arabidopsis
PLETHORA transcription factors control phyllotaxis. Current biology : CB 21, 1123-1128.

Riechmann, J.L.,, and Meyerowitz, E.M. (1998). The AP2/EREBP family of plant transcription
factors. Biol Chem 379, 633-646.

Schneider, T.D., and Stephens, R.M. (1990). Sequence Logos - a New Way to Display Consensus
Sequences. Nucleic acids research 18, 6097-6100.



Shani, Z., Dekel, M., Roiz, L., Horowitz, M., Kolosovski, N., Lapidot, S., Alkan, S., Koltai, H.,
Tsabary, G., Goren, R., and Shoseyov, 0. (2006). Expression of endo-1,4-beta-glucanase
(cell) in Arabidopsis thaliana is associated with plant growth, xylem development and
cell wall thickening. Plant cell reports 25, 1067-1074.

Simonini, S., Roig-Villanova, I., Gregis, V., Colombo, B., Colombo, L., and Kater, M.M. (2012).
Basic pentacysteine proteins mediate MADS domain complex binding to the DNA for
tissue-specific expression of target genes in Arabidopsis. The Plant cell 24, 4163-4172.

Stone, S.L., Kwong, L.W., Yee, K.M., Pelletier, J., Lepiniec, L., Fischer, R.L., Goldberg, R.B., and
Harada, J.J. (2001). LEAFY COTYLEDON2 encodes a B3 domain transcription factor that
induces embryo development. Proceedings of the National Academy of Sciences of the
United States of America 98, 11806-11811.

Stone, S.L., Braybrook, S.A., Paula, S.L.,, Kwong, L.W., Meuser, J., Pelletier, J., Hsieh, T.F.,
Fischer, R.L., Goldberg, R.B., and Harada, J.J. (2008). Arabidopsis LEAFY COTYLEDON2
induces maturation traits and auxin activity: Implications for somatic embryogenesis.
Proceedings of the National Academy of Sciences of the United States of America 105,
3151-3156.

Tang, X., Bian, S., Tang, M., Lu, Q,, Li, S., Liu, X., Tian, G., Nguyen, V., Tsang, EW., Wang, A.,
Rothstein, S.J., Chen, X., and Cui, Y. (2012). MicroRNA-mediated repression of the seed
maturation program during vegetative development in Arabidopsis. PLoS genetics 8,
e1003091.

Wang, F., and Perry, S.E. (2013). Identification of direct targets of FUSCA3, a key regulator of
Arabidopsis seed development. Plant physiology 161, 1251-1264.

Winter, C.M., Austin, R.S., Blanvillain-Baufume, S., Reback, M.A., Monniaux, M., Wu, M.F.,
Sang, Y., Yamaguchi, A., Yamaguchi, N., Parker, J.E., Parcy, F., Jensen, S.T., Li, H., and
Wagner, D. (2011). LEAFY target genes reveal floral regulatory logic, cis motifs, and a link
to biotic stimulus response. Dev Cell 20, 430-443.

Wojcikowska, B., Jaskola, K., Gasiorek, P., Meus, M., Nowak, K., and Gaj, M.D. (2013). LEAFY
COTYLEDON?2 (LEC2) promotes embryogenic induction in somatic tissues of Arabidopsis,
via YUCCA-mediated auxin biosynthesis. Planta 238, 425-440.

Won, C,, Shen, X.L., Mashiguchi, K., Zheng, Z.Y., Dai, X.H., Cheng, Y.F., Kasahara, H., Kamiya, Y.,
Chory, J., and Zhao, Y.D. (2011). Conversion of tryptophan to indole-3-acetic acid by
TRYPTOPHAN AMINOTRANSFERASES OF ARABIDOPSIS and YUCCAs in Arabidopsis.
Proceedings of the National Academy of Sciences of the United States of America 108,
18518-18523.

Woodward, C., Bemis, S.M.,, Hill, E.J., Sawa, S., Koshiba, T., and Torii, K.U. (2005). Interaction of
auxin and ERECTA in elaborating Arabidopsis inflorescence architecture revealed by the
activation tagging of a new member of the YUCCA family putative flavin
monooxygenases. Plant physiology 139, 192-203.

Wouest, S.E., O'Maoileidigh, D.S., Rae, L., Kwasniewska, K., Raganelli, A., Hanczaryk, K., Lohan,
A.)., Loftus, B., Graciet, E., and Wellmer, F. (2012). Molecular basis for the specification
of floral organs by APETALA3 and PISTILLATA. Proceedings of the National Academy of
Sciences of the United States of America 109, 13452-13457.

Yano, R., Kanno, Y., Jikumaru, Y., Nakabayashi, K., Kamiya, Y., and Nambara, E. (2009).
CHOTTO1, a putative double APETALA2 repeat transcription factor, is involved in abscisic
acid-mediated repression of gibberellin biosynthesis during seed germination in
Arabidopsis. Plant physiology 151, 641-654.

Yant, L., Mathieu, J., Dinh, T.T., Ott, F., Lanz, C., Wollmann, H., Chen, X., and Schmid, M. (2010).
Orchestration of the floral transition and floral development in Arabidopsis by the
bifunctional transcription factor APETALA2. The Plant cell 22, 2156-2170.



Zheng, Y., Ren, N., Wang, H., Stromberg, A.J., and Perry, S.E. (2009). Global identification of
targets of the Arabidopsis MADS domain protein AGAMOUS-Likel5. The Plant cell 21,
2563-2577.



Chapfer 6

Microarray identification of

transcription factor target genes

Maartje Gorte™*, Anneke Horst * Robert B. Page>*,

Renze Heidstra', Arnold Stromberg* and Kim Boutilier®

* These authors contributed equally to this work

trecht University, Padualaan 8, 3584 CH Utre
al, P.O. Box 619, Bode 53, 6700 AP Wageni

' University at Montgomery, P.O. Box




Abstract

Microarray analysis is widely used to identify transcriptional changes associated with genetic
perturbation or signalling events. Here we describe its application in the identification of plant
transcription factor target genes with emphasis on the design of suitable DNA constructs for
controlling TF activity, the experimental set-up, statistical analysis of the microarray data and

validation of target genes.



1. Introduction

Elucidating the signal transduction cascades activated by transcription factors (TFs) is an
essential step toward understanding TF function. Analysis of loss- and gain-of-function mutants
with altered phenotypes often provide the first clues to a TF’'s function, however additional
approaches are required to identify the specific gene expression cascades that lead to the
observed phenotypes. One way to obtain insight into these signalling cascades is through
transcriptional profiling. Transcription profiling can be applied to stable loss- and gain-of-
function TF mutants to identify global expression changes that are associated with the mutant
phenotype, thereby facilitating placement of the TF in a developmental pathway or process.
Ultimately, one would also like to know the direct targets activated by TF binding to be able to
distinguish between primary targets and secondary downstream signalling events. A number of
techniques can be used to identify the primary targets of TF binding, including microarrays
(Gregory and Belostotsky, 2009), high throughput transcriptome sequencing (Wang et al., 2002)
and chromatin immunopreciptation (ChlP; (Collas, 2010)), each with its associated advantages
and disadvantages. While microarrays and mRNA-seq provide information about