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Abstract

Flower development has been an active field of research for many years
and the thorough analysis of genetic interactions provided a general frame-
work to understand how floral organs are specified. More recently, the
introduction of genome-wide technologies helped confirm and expand the
existing models about organ identity establishment and other important
events during flower formation. Still, there are other aspects of flower de-
velopment for which general models are lacking, such as the formation of
floral organ boundaries.

The Arabidopsis thaliana CUP-SHAPED COTYLEDONI1 (CUCI) gene is a
key transcription factor involved in the regulation of flower development by
controlling boundary formation. In plants, proper boundaries are funda-
mental for meristem maintenance and to coordinate organogenesis. This
occurs throughout plant development, from the early separation of cotyle-
dons in dicots to the formation of boundaries between ovules during the
reproductive phase.

CUCI1 suppresses growth in the boundary regions that it helps to de-
limit, and it has been proposed that it does so by affecting cell division.
Despite the crucial role of CUC1, the molecular mechanisms by which it
controls boundary formation are still poorly understood.

Here, CUC1 regulatory network is characterized at the genome-wide
level, using state-of-the-art genomic technologies. In this work, several
aspects of CUC1 function were analyzed for the first time through the com-
bination of complementary genome-wide approaches including transcrip-
tomics, transcription factor binding profiles and protein interactome anal-
yses. The results obtained from such techniques allowed to elucidate a
set of transcriptional targets, molecular pathways and CUCI1 interactors
that help delineate the mechanisms by which this NAC transcription factor
contributes to the establishment of floral organ boundaries.

These results represent a substantial advance in the understanding of
the molecular events that are controlled by CUC1 in this key developmental
stage of plant development. In this regard, this Thesis provides a founda-
tional body of work that can be used to further explore CUC1’s regulatory
network.






Resumen

El desarrollo de la flor ha sido un importante campo de investigacion
por muchos anos y el analisis extensivo de interacciones genéticas resulto
en un marco de referencia que permitié6 entender como se produce la es-
pecificacion de los 6rganos florales. Recientemente, la introduccién de tec-
nologias de nivel genémico permitié confrimar y expandir los modelos ex-
istentes sobre el establecimiento de la identidad de los érganos florales y
otros eventos importantes que ocurren durante la formacién de la flor. A
pesar de esto, hay otros aspectos del desarrollo floral para los cuales no ex-
isten modelos generales, como el caso de la formacién de los limites entre
los 6rganos de la flor.

El gen CUP-SHAPED COTYLEDON1 (CUC1) de Arabidopsis thaliana es
un factor de transcripcién clave involucrado en la regulacién del desarrollo
floral mediante el control de la formacién de estos limites o fronteras. En
las plantas, la separacién correcta entre distintos tejidos es fundamental
para el mantenimiento de los meristemos y para coordinar la formaciéon de
nuevos Organos. Esto ocurre a través de todo el desarrollo de la planta,
desde la separaciéon temprana de cotiledones en las dicotiledoneas, hasta
la fromacion de limites entre évulos durante la fase reproductiva.

CUC1 reprime el crecimiento en la zona de los limites que contribuye a
establecer y se propuso que lo hace afectando la division celular. A pesar de
este rol crucial de CUC1, los mecanismos moleculares a través de los cuales
controla la formacién de limites no estan descriptos de manera extensiva.

Aqui, la red regulatoria de CUC1 es caracterizada a nivel genomico, us-
ando tecnologias de ultima generacion. En este trabajo, varios aspectos de
la funcién de CUC1 fueron analizados por primera vez mediante la com-
binaciéon de enfoques complementarios que incluyen la transcriptémica, el
perfil de unién al DNA del factor de transcripcion y el analisis de inter-
accion entre proteinas. Los resultados obtenidos por estas técnicas per-
mitieron dilucidar un set de dianas transcripcionales, vias moleculares e
interactores proteicos de CUC1 que ayudan a delinear los mecanismos por
los cuales este factor de transcipcion del tipo NAC contribuye al establec-
imiento de los limites entre 6rganos florales.

Estos resultados representan un avance sustancial para la comprension
de los eventos moleculares controlados por CUC1 en esta etapa fundamen-
tal del desarrollo de una planta. En este sentido, esta Tesis provee un
cuerpo de trabajo fundacional que puede utilizarse para explorar la red
regulatoria de CUC1 mas profundamente.
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Objectives

The main aim of this Thesis is to characterize the gene regulatory net-
work and molecular mechanisms underlying the function of the CUP-SHAPED
COTYLEDON1 transcription factor during early flower development. To this
end, three complementary approaches were the specific goals of the project:

e Characterize the transcriptomic response to elevated levels of CUC1
during early flower development.

¢ Identify the genome-wide binding regions of CUC1 in order to find its

direct target genes.

¢ Infer the mechanism by which CUC1 modulates transcription through
the characterization of the its protein interactome.

A summary of the selected experimental design is depicted in Figure 1.
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Ficure 1: Experimental design. General diagram of the ex-

perimental design used for this Thesis. Crosses indicate the

time points at which samples were collected and analyzed

for each type of experiment: ChIP-seq (Chapter 4), RNA-seq

(Chapter 3), microarrays (Chapter 2) and proteomics (Chap-

ter 5). dpi: days post induction. Floral stages according to
Smyth, Bowman, and Meyerowitz, 1990.






Chapter 1

Introduction

1.1 Flower development

The transition from vegetative to reproductive development is a key event
in the life cycle of a plant. An array of environmental factors influence this
transition and include temperature, light, nutrient availability and others.
Endogenous signals are also required and the combination of both are re-
flected in the complex regulatory network of genes and pathways that con-
trol floral initiation (reviewed in Andrés and Coupland, 2012).

The reproductive capability of angiosperms, the largest group of land
plants, is contained in flowers and thus understanding their development
is of great interest. Even though inflorescence development and architec-
ture can vary widely among plant species, the basic organization of floral
structure is largely conserved, providing valuable insights into the evolu-
tionary mechanisms that acted upon these structures.

In dicots, flowers begin to be formed when the shoot apical meristem
(SAM) is transformed into an inflorescence meristem (IM) after the transi-
tion from vegetative to reproductive growth. Floral meristems (FM) arise
from the flanks of the IM (Long and Barton, 2000; Grbi¢ and Bleecker,
2000) and will give rise to individual flowers with four types of organs orga-
nized in concentrical whorls. The sepals arise at specific positions in the
first outermost whorl, the second whorl will contain the petals, the third
has the pollen-producing stamens, and the final fourth whorl contains the
carpels.

A central question in biology is how different types of floral organs are
produced from these meristems. The proper development of a flower re-
quires sepals, petals, stamens and carpels to be formed in a sequential
manner, respecting a canonical pattern. This requires orchestrated changes
in the expression of a vast array of genes, and the characterization of
the gene regulatory networks underlying these changes, despite impres-

sive progress in the recent years, is still far from being comprehensive.



4 Chapter 1. Introduction

1.1.1 Arabidopsis and the ABC model

Flower development has been an active field of research for many years,
which resulted in a richness of knowledge that makes it one of the best
understood developmental processes in plants. The classic ABC model,
postulated based on genetic studies performed in Arabidopsis thaliana and
Antirrhinum majus (snapdragon), explained how floral organs are specified
by the combinatorial activity of three functional classes of genes (Coen and
Meyerowitz, 1991). These genes were initially identified in floral homeotic
mutants (those in which a type of floral organ is converted into another)
and the analysis of genetic interactions between them led to the creation of
the ABC model (Figure 1.1).

AP1 AP3 AG AP3
Pl SEP Pl SEP

AG SEP
Petals Stamens

\ SEP AG

AP1 SEP AG STK
SEP AP1 { SHP 'SEP
N\ | ‘\
. }:J

Sepals ——— Ovules

E
1st whorl 2nd whorl 3rd whorl 4th whorl

FIGURE 1.1: Organ identity determination in Arabidop-
sis thaliana. The upper part of the figure depicts the
tetrameric protein complexes described in the floral quartet
model interact with DNA (black line). The underlying ABCDE
model is depicted in the bottom part, indicating the classes
of genes that give rise to the different organ types from each
whorl. Colors in the proteins indicate the class to which they
belong. Adapted from Theissen and Saedler, 2001

According to this model, sepal identity is specified by class A genes. The
combined activity of class A and class B genes specifies petal identity, while
the combination of B and C activities result in stamen formation. Carpels
are established through the action of class C genes. A key aspect of the
ABC model is the that class A and class C genes are able to repress each
other.

The subsequent cloning of the identified Arabidopsis genes that form
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part of the ABC model allowed a more thorough investigation. Their ex-
pression patterns were observed through in-situ hybridization experiments
that mostly confirmed the predictions of the ABC model and, together with
other type of approaches, allowed to better understand their functions.

In Arabidopsis, the master regulators that belong to the A class are
APETALA1 (AP1) and APETALAZ2 (AP2), and their mutants show organ iden-
tity defects in the first and second whorl (sepals and petals). APETALA3
(AP3) and PISTILLATA (PI) are included in the B class, so their mutation
leads to defects in the second and third whorls (petals and stamens). AG-
AMOUS (AG) belongs to the C class and the ag mutants lack stamens and
carpels and lose floral determinacy, leading to flowers that can have more
than 100 sepals and petals.

Later, this model was expanded to include class D and E genes. Class
E genes are the partially redundant SEPALLATA1 (SEP1), SEP2, SEP3 and
SEP4, and are involved in the formation of all floral organ types (Pelaz et
al., 2000; Ditta et al., 2004). The D-class proteins, SEEDSTICK (STK),
SHATTERPROOF'1 (SHP1) and SHP2, interact in larger complexes with the
E-class proteins to specify ovule identity (Favaro et al., 2003; Pinyopich et
al., 2003).

The thorough analysis of the genetic interactions led to the development
of the floral quartet model (Theissen and Saedler, 2001), which functions as
the molecular framework of the ABCDE model postulating that organs are
specified by tetramers of MADS domain proteins, a group of TFs to which
all of the class A-E transcription factors (TFs) (except AP2) belong to (Figure
1.1). Mass-spectrometry analyses demonstrated the in planta existence of
the all major binary interactions proposed in the floral quartet model and
provided clues towards deciphering the specificity of their interaction with
DNA (Smaczniak et al., 2012a).

1.1.2 Introduction of genomic tools

Even though a complex network of interactions underlying floral devel-
opment could be uncovered by traditional genetic analyses such as the
described above, a more detailed understanding of the dynamic basis of
molecular events taking place was long hindered by the difficulty to ob-
tain precise "molecular snapshots" that included all factors involved. Fur-
thermore, the level of genetic redundancy between important regulators of
development presented a problem that in many cases could not be solved
by genetic approaches. The introduction of techniques that could assess
the genome-wide transcriptional response to changes (with microarrays
and more recently RNA-seq) facilitated the identification of TF downstream
genes, although in general they could not distinguish direct or indirect in-
teractions. This distinction has been enabled by technologies that allow the
identification of genomic sites bound by specific TFs, such as chromatin im-
munoprecipitation followed by next-generation sequencing (ChIP-seq) or by
hybridization to tilling arrays (ChIP-chip).
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All these advances have boosted our knowledge of the molecular basis
of flower development and revolutionized the ability to describe and un-
derstand gene regulatory networks. They have been applied to many key
transcription factors, such as SEP3 (Kaufmann et al., 2009), AP1 (Kauf-
mann et al., 2010b; Pajoro, Alice et al., 2014), LEAFY (LFY) (Winter et al.,
2011), AP3/PI (Wuest et al., 2012), AG (O’Maoiléidigh et al., 2013). The
growing array of results clearly indicates that gene regulatory networks
that control organ identity are very complex and feature interaction loops
the simple hierarchical structure once proposed cannot explain by itself.

1.1.3  Plant morphology and boundaries

The introduction of genome-wide technologies has been a most valuable
tool to confirm and expand the existing models about organ identity estab-
lishment and other important events during flower formation. Still, there
are other aspects of flower development for which general models are lack-
ing that could take advantage of these advances. One crucial process that
is still poorly understood is how flowers establish their general morphology.
It is known that floral organs arise in an organized manner from the
flower primordia, and the distinct morphological structures that are devel-
oped require the formation of areas where growth is repressed and therefore
can act as a physical boundary between contiguous tissues (Figure 1.2).

FiGUre 1.2: Boundaries in the inflorescence meristem.
The Arabidopsis inflorescence meristem with organ-organ
(red) and meristem-organ (green) boundaries depicted on it.
IM, inflorescence meristem; FM, floral meristem; S, sepal; F,
floral primordia. Adapted from (Ding et al., 2015)

Boundaries between different gene expression domains are essential for
the development of multicellular organisms. The establishment of organ
boundaries is a major developmental process and it occurs not only dur-
ing plant development but across species during animal development also
(Dahmann, Oates, and Brand, 2011; Rast and Simon, 2008; Aida and
Tasaka, 2006).
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In plants, proper boundaries are fundamental for meristem mainte-
nance and to coordinate organogenesis. This occurs throughout plant de-
velopment, from the early separation of cotyledons in dicots to the forma-
tion of boundaries between ovules during the reproductive phase.

Boundary cells express a particular array of transcription factors that
are able to repress growth and/or cell division, which gives rise to the physi-
cal border between different cell populations, allowing cells from either side
of the functional frontier to act distinctively according to their lineage fate.
Different cell groups that have different gene expression profiles and will
subsequently produce completely different morphologies.

Boundary gene mutants have phenotypes that show tissue fusions at
different developmental stages (i.e. cotyledons, flowers) due to the lack of
growth repression between arising structures. Arabidopsis mutants lack-
ing the activity of boundary genes such as CUP-SHAPED COTYLEDON1
(CUC1, Aida et al., 1997), LATERAL ORGAN BOUNDARIES (LOB, Bell et
al., 2012), LATERAL ORGAN FUSION1 (LOF1, Lee, Geisler, and Springer,
2009), PETAL LOSS (PTL, Lampugnani, Kilinc, and Smyth, 2012), RABBIT
EARS (RBE, Takeda, Matsumoto, and Okada, 2004) all show fusion de-
fects. Changes in the phlyllotactic patterning of the whole organism also
occur, revealing the importance of boundary regions as organizing centers
(Dahmann, Oates, and Brand, 2011).

1.2 The CUP-SHAPED COTYLEDON genes

The CUP-SHAPED COTYLEDON (CUC) genes (Aida et al., 1997; Vroemen
et al., 2003) are key transcription factors controlling boundary formation
in Arabidopsis thaliana. In 1997, Aida et al. found an Arabidopsis mutant
that lacked a shoot apical meristem (SAM) and had cotyledons that failed
to separate, giving rise to a goblet shaped structure (Figure 1.3). The two
genes that caused this phenotype were named CUP-SHAPED COTYLEDON 1
and 2 (CUCI1 and CUC2).

Ficure 1.3: Seedling phenotypes. Wild type (Ler) with two
normal cotyledons and the cup-shaped cucl cuc2 mutants.

CUC genes resembled a mutant from petunia characterized by Souer
et al. on the previous year, that had no SAM (Souer et al., 1996). The gene
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responsible, named NO APICAL MERISTEM (NAM), was expressed in the
boundary regions between meristems and primordia. The transcription
factors encoded by the CUC genes shared a conserved N-terminal domain
with the petunia NAM and, together with other TFs identified thereafter
with varied functions, form the NAC (petunia NAM and Arabidopsis ATAF1,
ATAF2, and CUC) family of transcription factors. This plant-specific family
is large and more than a hundred genes in Arabidopsis code for its members
(Riechmann et al., 2000; Zhu et al., 2012; Welner et al., 2015), although
the majority are involved in other biological processes and not specifically
in the establishment of boundaries (Kim, Nam, and Lim, 2016; Tweneboah
and Oh, 2017).

1.2.1 CUP-SHAPED COTYLEDON are NAC transcription factors

In Arabidopsis, there are three CUP-SHAPED COTYLEDON transcription
factors: the more closely related CUC1 and CUC2, and the most divergent
CUCS3 (Figure 1.4). They share a common ancestor and the family to which
they belong consists of 21 subfamilies with a similar NAC domain (Zhu et
al., 2012; Wikstrom, Savolainen, and Chase, 2001).

ANACO087
ANACO046

ANAC100
ANACO080

ANACO058
ANACO039
ANACO074

FiGURE 1.4: CUCI1 phylogeny. Phylogeny of the subgroup
of Arabidopsis thaliana NAC proteins containing the CUC1,
CUC2 and CUCS3 proteins. The genes targeted by the mi-
croRNA 164 (miR164) are indicated in red. Adapted from
Maugarny et al., 2016 and Zhu et al., 2012.

NAC proteins typically have two domains. The N-terminal DNA bind-
ing NAC domain, which consists of approximately 160 amino acids in Ara-
bidopsis, and a more variable C-terminal transcription regulatory region
(TRR, Ernst, Heidi A et al., 2004; Olsen et al., 2005; Welner et al., 2015).
There are five subdomains, termed A-E. The A, C and D subdomains are
the most highly conserved and are involved in the formation of functional
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dimers, DNA binding, and contain putative nuclear localization signals
(NLSs) (Ooka et al., 2003; Olsen et al., 2005).

The NAC domain is involved in dimerization and DNA binding and the
TRRs are involved in the activation or repression of transcription (reviewed
in Puranik et al., 2012). The DNA binding mechanism of NAC proteins
has been studied and different but similar consensus sites were found for
different members of the family (Lindemose et al., 2014). The differences
in the preference for the particular binding sites is largely correlated to the
phylogenetic dissimilarity of the analyzed NAC proteins.

The functions of the different NAC subfamilies are very diverse. There
are members involved in a wide range of biological processes such as biotic
and abiotic stress response, secondary metabolism, control of flowering
time, hormonal signaling pathways and more (Zhu et al., 2012; Tweneboah
and Oh, 2017).

CUC3 (Vroemen et al., 2003) appears in a separate clade from CUCI and
CUC2 in monocots and dicots, suggesting that their divergence occurred
more than 150 million years ago (Wikstrém, Savolainen, and Chase, 2001).

CUC1 and CUC2 were generated by a gene duplication event. Afterwards
they followed different evolutionary patterns in the Brassicaceae and CUC1
acquired new functionality, diverging more substantially from its ances-
tor (Wikstrom, Savolainen, and Chase, 2001; Hasson et al., 2011). Even
though both genes are required for a subset of functions (ie. floral organ
separation), there is certain level of specialization in others (ie. CUC2 in
the control of leaf serration, where CUCI1 is not involved) (Hasson et al.,
2011; Nikovics et al., 2006) (see Section 1.3.3).

1.3 CUC genes in plant development

1.3.1 Expression of CUP-SHAPED COTYLEDON1

During early development, CUCI1 is expressed in the area between the aris-
ing cotyledons. Later it will be present in the axillary meristems when
branching occurs and in inflorescences its expression is detected in the
meristem-organ and organ-organ boundary regions.

In stage 1 flowers, CUC1 expression is localized in the boundary region
between the inflorescence meristem and the flower meristem (Figure 1.5 A).
Stage 4 flowers show CUC1’s expression concentrated in between the sepal
primordia (Figure 1.5 B, E). Later, in stages 5, 6 and 7, the highest level of
CUCI1 expression is localized in the boundary between stamen primordia
(Figure 1.5 B, C, F). When the gynecium is formed after stages 10-11, ex-
pression of CUC1 can be observed in between ovules, in the carpel margins
(Figure 1.5 D).
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A B C

FIGURE 1.5: CUC1 expression. In situ hybridization using
CUCI1 anti-sense probe in inflorescences. (A) Longitudinal
section through the inflorescence meristem. Arrowhead in-
dicates boundary region between the inflorescence meristem
(im) and a stage 1 floral meristem. (B) Longitudinal section
through an inflorescence shoot. Filled circle, stage 4 flower;
asterisk, stage 6 flower; arrow, axillary meristem. (C) Lon-
gitudinal section through a stage 7 flower. (D) Longitudinal
section through a stage 10-11 flower. (E) Transverse section
through a stage 4 floral meristem. Arrows indicate bound-
aries between individual sepal primordia. (F) Oblique trans-
verse section through a stage 5-6 floral meristem. Arrow
indicates the boundary between stamen primordia. Floral
stages according to Smyth, Bowman, and Meyerowitz, 1990.
se, sepal; st, stamen primordia; g, gynoecium. Scale bars,
50 pm. Adapted from (Takada et al., 2001).

1.3.2 CUP-SHAPED COTYLEDON in shoot apical meristem establish-

ment and maintenance

The earliest developmental time at which CUC1 activity has been shown
to be essential is in the establishment of the SAM (Aida et al., 1997; Aida,
Ishida, and Tasaka, 1999). CUCI is required during embryogenesis for the
activation of SHOOT MERISTEMLESS (STM), a homeodomain transcription
factor that is essential for normal meristem initiation and maintenance
(Long et al., 1996; Aida, Ishida, and Tasaka, 1999).

As in cuc mutants, cotyledons in stm mutants appear fused . STM can
bind CUCI’s promoter and is able to induce its expression, while it can also
indirectly upregulate CUCZ2 and CUC3 (Spinelli et al., 2011).

The distinct mechanism between STM’s action on CUCI1, CUC2 and
CUCS3 is a factor that contributes to the idea that strict regulation of the ex-
pression CUCI is extremely important and very specific, to the extent that
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it can be differentiated from that of its close homologs (see Section 1.4.1).

Overexpression of CUC1 can induce adventitious shoots on cotyledons
through STM expression (Takada et al., 2001; Hibara, Takada, and Tasaka,
2003). STM can in turn activate miR164a, a member of the microRNA 164
(miR164) family, which could be part of a regulatory loop to fine-tune the
levels of CUC1 (Section 1.4.1, Spinelli et al., 2011).

1.3.3 CUP-SHAPED COTYLEDON genes in vegetative development

Leaf development

Later in development, CUC genes become involved in the development of
leaves. Wild-type leaves in Arabidopsis are simple and feature shallow ser-
rations on their margins. If CUC2 is overexpressed, either by introducing
a transgene or by impairment of downregulation by miR164, these serra-
tions become deeper and bigger. On the contrary, the absence of CUC2
expression leads to smooth leaf margins where the normal serrations are
not present (Nikovics et al., 2006).

If the expression pattern of CUC2, usually confined to a few cells in-
side the leaf teeth sinuses, is altered and the protein is expressed along
the whole leaf margin, the normal serrations disappear, also resulting in
smooth leaf margins (Bilsborough et al., 2011)

These phenotypic modifications also appear in plants overexpressing or
lacking CUCS3, but not in CUC1 mutants or overexpressors. This is likely
because in the wild-type CUCI is not expressed in leaves. When CUC1
protein is expressed in cuc2 mutants under the control of the CUC2 pro-
moter (pCUC2:CUC1 cuc?2), leaf serration is restored, although in an en-
hanced manner in comparison with CUC2 (pCUC2:CUC2 cuc2) (Hasson et
al., 2011).

This suggests that the CUC1 protein can functionally replace CUC2 and
that the specific function that each TF will carry out depends, at least
partially, in the spatial domain in which the protein is expressed. It also
highlights the importance of the precise regulation of CUC genes expression
during plant development (see Section 1.4.1).

Axillary meristem initiation

Axillary meristems (AMs) are primordia that give rise to shoots during vege-
tative growth and are developmentally analogous to FMs (Long and Barton,
2000). The developmental stage of the plant will determine whether one or
the other is formed.

CUC genes are required for axillary meristem formation, which develop
from the boundary regions between leaf primordia and the shoot apex (Ra-
man et al., 2008). In this case, the key regulator is CUC3, with CUCZ also
playing a prominent role, and CUCI1 participating to a lesser extent (Raman
et al., 2008).
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1.3.4 CUP-SHAPED COTYLEDONTI in flower development

Establishment of boundaries is a critical part of floral development. When
flowers are initiated by the action of key floral identity genes, such as LFY
and AP1, the formation of the meristem-organ (M-O) boundary between the
central zone and the peripheral zone in the inflorescence meristem occurs
(Rast and Simon, 2008).

The process of M-O boundary formation is related to a local depletion
of auxin that causes a reduction of the growth and division of boundary
cells (Zadnikova and Simon, 2014; Murray et al., 2012). After the flower be-
gins to form, organ-organ (O-O) boundaries between the same and different
whorls (intra-whorl and inter-whorl) are created.

CUC genes are key nodes in the genetic networks that control the forma-
tion of both types of boundaries (M-O and O-O). The mechanism by which
this occur is not completely understood. The control of floral organ bound-
ary formation is quite complex and many other factors are involved in this
process in addition to CUC genes (see Sections 1.4.2 and 1.4.3).

In cucl cuc2 mutants, there are very severe organ fusions between sepals
and stamens and they often show a reduced number of petals or stamens.
The fusion defects are much less severe in single mutants, which indicates
a certain level of functional redundancy between CUC genes in floral organ
establishment, in accordance to what has been observed at other develop-
mental stages (Aida et al., 1997; Ishida et al., 2000; Takada et al., 2001;
Vroemen et al., 2003; Hibara, Ken-ichiro et al., 2006; Sieber et al., 2007).

As described in Section 1.4.1, CUC genes are subject to regulation by the
miR164 family, and the mirl64c mutant (early extra petals1, eepl) shows
extra petals in early arising flowers due to the higher level of CUC1 and
CUC2 expression (Baker et al., 2005).

1.3.5 CUP-SHAPED COTYLEDON in gynoecium development

The gynoecium is the female reproductive structure of flowering plants, and
CUC genes are also required during its development (Ishida et al., 2000).
They are expressed in carpel tissues around developing ovules and cuc mu-
tants have fewer ovules than the wild-type (Ishida et al., 2000; Takada et
al., 2001; Vroemen et al., 2003; Kamiuchi et al., 2014). This is due to the
failure to establish the medial ridge meristems (or carpel margin meris-
tems, CMMs) that will form the placenta, which results in severe septum
fusion defects, ultimately leading to a smaller number of ovules (Ishida et
al., 2000; Nahar et al., 2012; Galbiati et al., 2013; Kamiuchi et al., 2014;
Gongalves et al., 2015).

In an analogous way to what happens during SAM development (Section
1.3.2), STM expression is greatly reduced in the cucl cuc2 double mutant
gynoecia, indicating that CUC1 and CUCZ are also required for its expres-
sion in the CMM (Kamiuchi et al., 2014). On the other hand, plants with
miRNA resistant versions of CUC1 and CUC2 show an expanded pattern of
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Ficure 1.6: Floral phenotypes in cuc mutants. (A) and
(B) Shoots regenerated from wild-type (A) and cuc mutant
(B) calli. (C) Wild-type flower. Sepals are separated from the
basalmost part (arrow). (D) and (E) cucl cuc2 double mutant
flower. A part of the fused sepals in (E) was removed to show
the fused stamens (arrow). (F) and (G) cuc2 single mutant
(F) and cucl/+ cuc2/cuc2 (G) flowers. Arrows indicate the
uppermost points of the fused sepals. (H) cucl single mutant
flower. The sepals and petals in the front were removed to
show the fused stamens (arrow). Bar in (A) and (B) = 5 mm;
bar in (C) to (H) = 1 mm. Adapted from Aida et al., 1997.

STM expression and more CMMs (normal and ectopic) are formed (Kami-
uchi et al., 2014).

1.3.6 CUP-SHAPED COTYLEDON1 homologs in other plant species

CUC gene homologs are present in other plant species, and genetic analysis
demonstrate that these homologs carry out functions similar or identical
to those of the CUC genes in Arabidopsis.

For instance, GOBLET (GOB) is a CUC homolog in tomato (Solanum ly-
copersicum). gob mutants show defects similar to those observed in cuc
mutants in Arabidopsis, such as cotyledon fusions and absence of SAM
(Berger et al., 2009), as well as defects in leaf patterning (Brand et al.,
2007; Blein et al., 2008) (Figure 1.7). The same type of defects are present
in Medicago truncatula NO APICAL MERISTEM (NAM) mutants (Cheng et
al., 2012). The CUPULIFORMIS (CUP) gene in Antirrhinum majus was iden-
tified through its fusion phenotypes in mutants and the severity of these
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mutations suggest that the redundancy level for genes involved in bound-
ary establishment can vary across species (Figure 1.7 Weir et al., 2004).

GOBLET (tomato) CUPULIFORMIS (snapdragon)

FIGURE 1.7: CUC homolog phenotypes in tomato and
snapdragon. (A) Wild-type tomato seedling. (B) gob mu-
tant seedling. Arrow points to the fused cotyledons. (C)
Wild-type tomato leaflet with normal serrations. (D) gob mu-
tant leaflets with smooth leaf margins. The serration of the
leaves is lost. (E, G) Wild type Antirrhinum majus embryo
and seedling. (F, H)cup mutant embryo and seedling with
severe fusions. Adapted from Berger et al., 2009; Brand et
al., 2007; Blein et al., 2008; Weir et al., 2004; Wang et al.,
2015.

In all of the mentioned mutants floral organ fusion phenotypes were
found and CUC’s homologs were expressed in floral organ boundaries, sug-
gesting that their role during reproductive development is also conserved
across species(Weir et al., 2004; Berger et al., 2009; Cheng et al., 2012).

In monocots, the oil palm EgNAM1 and EgCUCS3 genes, and the maize
ZmNAM1, ZmNAM?Z2 and ZmCUC3 genes have similar spatial expression pat-
terns to those of CUC genes in Arabidopsis, but some differences are ob-
served with dicots. The monocot proteins have not been fully functionally
characterized yet and the temporal patterns of expression are not exactly
coincident with their Arabidopsis counterparts (Zimmermann and Werr,
2005; Adam et al., 2011).

1.4 Control of CUP-SHAPED COTYLEDONI1 expression

1.4.1 Regulation of CUP-SHAPED COTYLEDON1 by microRNA164

Failure to establish proper CUC expression domains leads to severe pheno-
types (Laufs et al., 2004; Mallory et al., 2004; Nikovics et al., 2006; Sieber et
al., 2007). CUCI and CUC?2 are negatively regulated by the miR164 family,
which is composed of three members: miR164a, miR164b and miR164c.
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The downregulation of CUC genes by miR164 is essential for normal devel-
opment.

These miRNAs are able to recognize a specific sequence in mRNA and
recruit the molecular machinery that will ultimately result in mRNA cleav-
age, leading to a reduced amount of protein being produced. The miR164
family also regulates other genes from the Arabidopsis NAC family such as
NAC DOMAIN CONTAINING PROTEIN 1 (NAC1) (Guo, Hui-Shan et al., 2005)
and ORESARA (ORE]1) (Schwab et al., 2005).

Outside of the NAC domain CUC1 and CUC2 are not highly conserved
except from specific motifs, called the S, L and V motifs, that are also found
in other members of the NAC family. This suggests that these motifs are
relevant for CUC1 and CUC2 function (Taoka et al., 2004). The V motif
coding sequence contains the recognition site for miR164 (Taoka et al.,
2004; Mallory et al., 2004; Laufs et al., 2004).

Interestingly, miR164 does not regulate the expression of CUC3. The
importance of mir164 mediated regulation of CUC1 and CUCZ2 expression
is demonstrated in experiments in which it is either overexpressed or mu-
tated.

The single mutation of the miR164c locus causes a phenotype where
early arising flowers produce extra petals and a have a slight reduction in
sepal size, caused by the higher level of CUC1 and CUC2 present in this
mutant (Baker et al., 2005). It is referred to as the early extra petals1 (eep1)
mutant.

The modification of the miR164 recognition site in the mRNA from CUC1
and CUC2 without altering their protein sequences results in transcripts
that are insensitive to the regulation by the miRNA (Mallory et al., 2004;
Baker et al., 2005). Thus, plants expressing the resistant versions of CUC1
(CUCIm) or CUC2 (CUC2m) mRNAs show an increased level of these pro-
teins (Figure 1.8 B-C).

The overexpression of members of the miR164 family phenocopies the
cucl cuc2 mutants and, conversely, plants that express (CUC1m) or (CUC2m)
produce extra petals and have enlarged sepal boundaries, phenotypes as-
sociated with the overexpression of CUC genes (Laufs et al., 2004; Mallory
et al., 2004).

Plants expressing CUCIm showed heterogeneous phenotypes that in-
cluded cotyledon orientation defects, rosette leaf abnormalities, extra petals
and missing sepals in anomalous positions. They also showed delayed
sepal formation and exposed floral buds due to the proliferation of petals,
and resembled the phenotype of the eepl mutant (Mallory et al., 2004;
Baker et al., 2005).

The regulation of CUC genes by the miR64 family is conserved in other
species. In tomato, expression of the CUC gene homolog, GOB, is also
regulated by SImiR164, and expression of a modified GOB gene that is
insensitive to this regulation results in flowers with phenotypic changes
that consist on extra petals and ectopic carpels (Berger et al., 2009).
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Ficure 1.8: CUC1 expression. (A) Inflorescence meris-
tem. The diagram in the bottom left indicates the position
of the shoot apical meristem (SAM) and the different floral
meristems (FM). The numbers indicate the order in which
they arose. (B) Expression of CUC1-GFP is maintained at
very low levels in boundary regions. (C) Modified version of
CUCI1 insensitive to regulation by miR164 (CUC1m) tagged
with GFP. (D) Transcriptional reporter of CUC1 expression
(pCUC:GFP). Adapted from Sieber et al., 2007.

1.42 Regulation of CUP-SHAPED COTYLEDON genes

Expression of CUC genes is regulated from embryogenesis and throughout
plant development by different transcription factors.

SHOOT MERISTEMLESS (STM), a TF essential for the establishment of
the SAM, induces the expression of CUC1 directly by binding to its promoter
(Spinelli et al., 2011), as described in Section 1.3.2. During embryogene-
sis, STM contributes to the localization of CUC genes in the center of the
embryo.

When cotyledons start to form, two members of the WUSCHEL-RELATED
HOMEOBOX (WOX) family, WOX2 and STIMPY-LIKE (STPL) (also known as
WOX8), restrict the expression of CUCI in the boundaries between the
forming cotyledons. At the same time, they positively regulate the tran-
scription of CUCZ2 and CUCS3, promoting the symmetry in CUC2 and CUC3
expression domains (Lie, Kelsom, and Wu, 2012). These regulations are
likely indirect, and the mechanism by which they occur is yet to be eluci-
dated.

Later, during axillary meristem initiation, LATERAL ORGAN FUSION1
(LOF1) and REGULATOR OF AXILLARY MERISTEM1 (RAX1) induce the
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expression of CUC genes (Keller et al., 2006; Lee, Geisler, and Springer,
2009). They are MYB transcription factors and are required for the early
induction of axillary meristems.

There are other factors that are able to regulate CUC genes by controlling
the expression of miR164, such as RABBIT EARS (RBE) and SUPERMAN
(SUP).

RBE is a zinc-finger protein that holds similarity with SUP and is ex-
pressed in organ boundaries. RBE is able to repress the expression of
miR164b and miR164c and upregulate miR164A in floral buds (Huang et
al., 2012). It is required for the correct positioning of boundaries in the
second whorl and rbe mutants show defects in petals and sepals (Takeda,
Matsumoto, and Okada, 2004; Krizek, Lewis, and Fletcher, 2006). Due to
the balance between the different effects of RBE in the miR164 family, the
overall effect in the rbe mutant is an increase in miR164a/b and miR164c.
This results in a decrease in the level of CUC1 and CUC2 in rbe in compar-
ison to WT (Huang et al., 2012), so the effect of RBE on CUCI is an indirect
upregulation.

SUP, like RBE, is also a zinc-finger protein and regulates boundary for-
mation between the stamen and carpel whorls by controlling the expression
of miR164 (Sakai, Medrano, and Meyerowitz, 1995; Huang et al., 2012).

Another plant specific TF from the TCP family (TEOSINTE BRANCHED/
CYCLOIDEA/ PROLIFERATING CELL FACTOR), TCP3, is able to upregulate
the transcription of miR164a. Plants with lower levels of TCP3 show en-
hanced serrations in their rosette leaves and lobed cotyledons with ectopic
shoot meristems (Koyama et al., 2007). Since not all of these phenotypical
characteristics were found in plants with single mutations of miR164a, it
is thought that TCP3 might control the expression of CUC1 both transcrip-
tionally and post-transcriptionally.

The regulation of CUC gene expression is influenced not only by TFs that
bind directly to its promoter and affect their expression, but also through
the modulation of chromatin availability for the access of those TFs. These
epigenetic mechanisms, including DNA and histone covalent modifications
and adjustment of histone-DNA interactions, are mediated by proteins and
complexes of proteins that can alter chromatin state and will ultimately
have an effect in the overall transcription of CUC genes.

BRAHMA (BRM), an adenosine triphosphatase of the Switch/sucrose
nonfermentable (SWI/SNF) family of chromatin-remodeling factors, induces
the expression of CUCI-3 at the epigenetic level (Kwon et al., 2006).

RELATIVE OF EARLY FLOWERING 6 (REF6) is a demethylase that coun-
teracts polycomb-mediated gene silencing by removing methyl groups from
trimethylated histone H3 lysine 27 (H3K27me3) (Lu et al., 2011).

CUCl1 is targeted by REF6 through sequence-specific binding to its pro-
moter. As a result, H3K27me3 is demethylated and CUCI1 is maintained
at a transcriptionally active state (Cui et al., 2016). REF6 regulates organ
boundary formation mainly through CUCI, and to a lesser extent through
CUCS3, but it does not target CUCZ2. This level of specificity in the regulation
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of particular CUC genes is also found in the miR164 mediated control over
them, where only CUC1 and CUC2 are targeted by these microRNAs (Cui
et al., 2016, Section 1.4.1).

1.4.3 Hormone mediated regulation of CUP-SHAPED COTYLEDON1

The expression of CUCI-3 genes is modulated by several plant hormones,
including auxin and brassinosteroids, and the interplay between hormone
signaling and boundary gene expression seems to be crucial to establish
and maintain proper boundaries. A complex regulatory network between
hormonal cues and CUC genes is in place but the molecular links between
the main factors are still poorly understood.

In embryogenesis CUCI is activated in between the arising cotyledons,
in a narrow band where auxin is depleted (Aida, Ishida, and Tasaka, 1999;
Takada et al., 2001; Benkova et al., 2003). Complementary, auxin polar
localization points to the incipient cotyledon tips. These gradients of auxin
accumulation are mediated by PIN-FORMED1 (PIN1), a cellular efflux car-
rier that is localized asymmetrically within cells (Benkova et al., 2003; Friml
et al., 2003). PIN1 activity is required for the establishment of the proper
expression of CUCI1 in the embryo; in pinl mutants the expression of CUCI
is extended to the entire apical region (Aida et al., 2002).

Polar auxin transport leads to localized auxin maxima in the inflores-
cence meristem, where floral primordia starts to form (Benkova et al., 2003;
Heisler et al., 2005). After flower formation, auxin directionality reverses
towards the meristem and the local depletion of auxin between the meris-
tem and the flower allows the formation of the boundary zone (Heisler et al.,
2005).

The same type of auxin minimum is required in boundary formation
at different developmental stages, as in organ abscission (Estornell et al.,
2013) and axillary meristem formation (Tian et al., 2014; Wang et al., 2014).

The involvement of auxin in the CUC gene regulation is also illustrated
by the serine/threonine kinase PINOID (PID) which is localized mainly in
the boundaries between cotyledon primordia. It modulates intracellular lo-
calization of PIN1 and therefore polar auxin transport; pid mutants have
abnormal auxin distribution (Wang et al., 2014). In pinl pid double mu-
tants the disruption of auxin polar distribution is enhanced and CUC gene
expression is broadened (Furutani et al., 2004). The localized growth re-
pression caused by the expanded domain of CUC genes represses the for-
mation of cotyledons and causes the lack of bilateral symmetry. This does
not occur in pinl pid cucl cuc2 mutants, and cotyledons are small in pinl
pid cucl mutants, suggesting that CUC1 is the main responsible for this
repression. The involvement of PID during flower development has not
been observed, which may be due to functional specialization or to the fact
that the effects might be subtle and only noticeable by thorough molecular
marker evaluation.

MONOPTEROS (MP) is an auxin-responsive transcription factor that has
an overlapping expression pattern with CUCI and CUCZ2. In mp mutants
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auxin signaling is disrupted and CUC1 expression is expanded outside the
boundary area (Aida et al., 2002). It has been reported that in inflores-
cences and leaves, on the contrary, CUC1 and CUCZ2 expression is reduced
in mp mutants, and MP binds to their promoters, suggesting that it directly
activates them (Galbiati et al., 2013).

These results suggest that there is an interplay between auxin signaling
and CUCI1 expression. Moreover, auxin depletion appears to be necessary
to allow CUC1 expression.

Brassinosteroids (BRs) are growth promoting steroidal hormones able
to regulate cell division, elongation, differentiation, and a broad range of
developmental processes throughout the plant. Their complex signaling
pathway has been characterized and starts with the binding of the hor-
mone to the BRI1 receptor kinase. A series of signaling events finally acti-
vates BZR1 and BES]1, the TFs that are able to regulate the expression of
hundreds of genes (reviewed in Kim and Wang, 2010).

BRs act in an antagonistic way to CUC genes by promoting growth, so
an increased level of the hormone or its signaling events lead to fusions
in axillary shoots, cotyledons and stamens, that result from the failure to
establish proper boundaries (Gendron et al., 2012). On the contrary, low
BR abundance or response results in the formation of ectopic boundaries
and CUC transcript abundance is higher than in high BR zones (Gendron
et al., 2012).

BZR1 directly represses CUC gene expression and is excluded from bound-
ary regions, through interactions between LATERAL ORGAN BOUNDARIES
(LOB) and the BR-inactivating enzyme BAS1 (Bell et al., 2012). BLADE-ON-
PETIOLE1 (BOP1) and BOP2 reinforce the BR minimum that is observed
in the boundary (Ha et al., 2007).

Cytokinins have also been reported to be linked to CUC genes by promot-
ing their expression. They also appear to modulate polar auxin transport
(Li et al., 2010; Marhavy, Peter et al., 2014), but the interplay between
auxin, cytokinins and CUC genes is not yet fully understood.

1.5 CUC1 downstream events

1.5.1 CUP-SHAPED COTYLEDONT1 and cell division

Genetic and phenotypic analyses have shown that CUC genes repress growth
in boundary regions, but the molecular mechanisms by which they do it
are still poorly understood.

At the cellular level, growth repression can be due to a reduction in
cell division, cell expansion or both. To test how CUCI expression affects
growth, Sieber et al., 2007 overexpressed it and found that sepal length
was dramatically reduced but the number of cells per area remained the
same. They also found that the mirl64abc triple mutant plants had cell
division repressed in the internodes at separate individual flowers, affecting
phylotaxis, but cell size remained similar to the wild-type. These results
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showed that the mechanisms by which CUC1 is able to repress growth in
boundary regions by affecting cell division, but not cell expansion.

1.5.2 CUP-SHAPED COTYLEDONLI target genes

Despite the importance of CUC1 in plant development, only two potential
direct downstream targets have been identified so far: LIGHI"DEPENDENT
SHORT HYPOCOTYLS 4 (LSH4) and its homolog LSHS3 (also known as OR-
GAN BOUNDARY1, OBO1, Takeda et al., 2011).

Both LSH3 and LSH4 were found to be upregulated in seedlings when
CUCI1 was overexpressed (Takeda et al., 2011). The authors used microar-
ray experiments to assess the genome-wide expression profile of plants that
had CUCI1 fused to the 35S promoter of the cauliflower mosaic virus (35S)
and compared it to a wild-type background.

They also fused the miR164 insensitive version of CUC1 (CUC1m) to the
GR receptor and put it under the control of the RIBOSOMAL PROTEIN S5A
(RPS5A) promoter, which induces strong and constitutive expression in the
whole embryo, SAM and organ primordia. This system (pRPS5A:CUC1m-
GR) allows for the chemical induction of CUC1Im activity by the application
of dexamethasone.

This upregulation was deemed to be direct since it was maintained af-
ter the application of the protein synthesis inhibitor cycloheximide (CHX)
(Takeda et al., 2011). CHXis a protein synthesis inhibitor that blocks trans-
lation once applied. Hence, CUC1 primary response genes are not able to
produce any protein. As a result, the observed changes in gene transcript
levels are assumed to be a product of the direct action of CUC1.

Expression of LSH4 in embryos and young seedlings largely overlaps
with expression of CUCI (Figure 1.9 A, B). Later in development, LSH4
mRNA is detected in boundary cells between the SAM and flower primordia
and between the floral meristem and sepal primordia (Figure 1.9 C, D).

LSH3 is expressed at the base of petal and stamen primordia and along
stamen filaments. It is also expressed at the boundary between the SAM
and lateral organs and in the boundary region between cotyledons in heart
shaped embryos and in young seedlings (Figure 1.10, Takeda et al., 2011;
Cho and Zambryski, 2011). Ablation of cells that express LSH3 leads to
the loss of the SAM and lateral organs and overexpression cause petal-
stamen fusions, indicating that it plays a role in meristem maintenance
and organogenesis (Cho and Zambryski, 2011).

Constitutive expression of LSH4 and LSH3 in the SAM and organ pri-
mordia resulted in the suppression of leaf development and formation of
ectopic meristems. Flowers showed pleiotropic phenotypes, with altered
number of sepals and chimeric floral organs, and flowers that had extra
floral organs or shoots within them. These phenotypic defects were similar
in both LSH4 and LSHS3 transgenic lines, but more pronounced in the case
of LSH4 (Takeda et al., 2011).

These results indicate that normal expression of LSH4 and LSH3, where
they are restricted to boundary cells and excluded from the SAM and organ
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A B

FIGURE 1.9: LSH4 expression. (A) Frontal section of an
early-heart embryo. (B) Frontal section through a late-heart
embryo. (C) Longitudinal section through an inflorescence
apex, showing LSH4 expression in the boundary regions be-
tween the SAM (asterisk) and flower primordia (arrowhead),
and the floral meristem and sepal primordia (arrow). (D)
Longitudinal section of a stage 7 flower. co, cotyledon; se,
sepal; st, stamen; p, petal; ca, carpel. Scale bars = 50 um.
Adapted from Takeda et al., 2011.

primordia, is required for normal development (Takeda et al., 2011). The
fact that developmental defects are caused when expression of LSH3 and
LSH4 is not confined to the boundary region highlights the importance of
the spacial specificity of this local activation by CUC1.

The mutant phenotype of cucl cuc2 mutants cannot be rescued by con-
stitutive LSH4 overexpression, indicating that other factors must be in-
volved in the formation of boundaries downstream of CUC1 (Takeda et al.,
2011).

LSH4 and LSHS3 are two members of the ALOG plant-specific gene fam-
ily, which is characterized by the presence of a single small domain (133
amino acids, Cho and Zambryski, 2011). The ALOG family is conserved in
angiosperms, gymnosperms, the lycophyte Selaginella moellendorffii and
the moss Physcomitrella patens, but not in algae, fungi or animals (Yoshida
et al., 2009). ALOG proteins are predicted to bind DNA and modulate tran-
scriptional activity (Iyer and Aravind, 2012). LSH4 is localized in the nu-
cleus and its closest homolog is LSH3, that is also localized in the nucleus
(Takeda et al., 2011).
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FIGURE 1.10: LSH3 expression. (A) LSH3 expression is
weakly detected in the boundary cells between the SAM and
cotyledons in a bent-cotyledon stage embryo (arrowheads).
(B) LSH3 expression in the boundary cells of the leaf pri-
mordia of a 4-day-old seedling (arrowheads). (C) Longitudi-
nal section of a stage 7 flower. (D) Longitudinal section of an
inflorescence apex. The signal is detected in an early stage
1 flower and in the cryptic bracts of a stage 2 flower (arrow-
head), but not in the SAM (asterisk) or floral meristems at
later stages. co, cotyledon; se, sepal; st, stamen; ca, carpel.
Scale bars = 50 ym (C, D) and 100 pym (A, B).Adapted from
Takeda et al., 2011.

Even though only two putative direct targets have been identified, ge-
netic studies have shown that cuc mutant phenotypes can be enhanced
by mutations in other genes. For instance, mutation in the BELL-type
ARABIDOPSIS THALIANA HOMEOBOX GENE1 (ATH1), which is required for
proper boundary formation, enhanced the floral phenotype in cuc mutants
and it is thought to act downstream of CUCI (G6émez-Mena and Sablowski,
2008). BRM (see Section 1.4.2) enhances cucl, cuc2 and cuc3 mutant
phenotypes while SPLAYED (SYD), its closest homologue, enhances only
the cucl phenotype (Kwon et al., 2006).

Likewise, the KNOXI genes STM (see Section 1.3.2 and BREVIPEDICEL-
LUS (BP) are expressed ectopically when CUCI is overexpressed (Hibara,
Takada, and Tasaka, 2003). LATERAL SUPRESSOR (LAS) is a member of
the GRAS family of putative TFs that is expressed at the SAM boundary and
is downregulated when CUCI is expressed at lower levels and upregulated
in CUC1 overexpressing plants (Greb et al., 2003; Raman et al., 2008).

Put together, these results suggest that there are several regulatory and
response events that take place downstream of CUC1, but the molecular
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links that underlie these processes is yet to be understood.

1.6 Genome-wide studies for dissecting gene regulatory net-

works

1.6.1 The APETALAL study

The experimental approach used in this Thesis is derived from the work
carried out by our group and published in Kaufmann et al., 2010b, that
focused in the search of downstream transcriptional targets of APETALA1
(AP1).

API's network had been extensively delineated by using genetic studies.
The result was a dense network that contained many interactions (Ferrier et
al., 2011). However, the gene regulatory networks that underlie the events
that take place after AP1’s activation were not fully understood. This oc-
curred in part because, despite its central role in flower development, only
a few downstream AP1 targets were known.

In that study, a genome-wide identification of the transcriptional tar-
gets of AP1 was performed, through a combination of chromatin immuno-
precipitation followed by next-generation sequencing (ChIP-seq) and tran-
scriptomic experiments using microarrays. By combining the results of
the aforementioned experiments, the researchers were able to obtain a set
genes that were bound by AP1 in vivo and that responded transcriptionally
to its activation, and considered these genes to be high confidence targets
(HCT) of AP1.

In the case of the study of CUC1’s network presented here, the strategy
was analogous, although RNA-seq was also performed in place of microar-
rays to obtain the transcriptomic landscape.

1.7 Transgenic lines used in this Thesis

In the sections that follow, the transgenic lines used in this Thesis are
described.

1.7.1 The apl cal floral induction system and the AP1 line

The adopted experimental approach involves the use of the floral induction
system first developed in Wellmer et al., 2006 and improved as described in
O’Maoiléidigh et al., 2013. This system facilitates the collection of sufficient
amount of tissue from flowers that are developing synchronously in the
early stages of development.

Since the experimental design involves a time-course, the tissue col-
lected at each time point should be enriched in flowers at a particular stage
of development. Harvesting sufficient floral material in an homogeneous
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developmental stage is very challenging due to the minute size of Arabidop-
sis flowers and the fact that they arise in a spiral way, so that in any given
plant flowers will be in different stages.

The system uses the apl cal cauliflower mutant background described
in Kempin, Savidge, and Yanofsky, 1995. In brief, when both API and
CAULIFLOWER (CAL) are mutated, flower development arrests and inflorescence-
like meristems accumulate, leading to a phenotype that resembles a cauliflower.
In Wellmer et al., 2006, AP1 was expressed in the apl cal background
under the control of the 35S promoter, and in O’'Maoiléidigh et al., 2013
under API’s endogenous promoter. In turn, the AP1 protein was fused to
the hormone-binding domain of the rat glucocorticoid receptor (GR). Apply-
ing dexamethasone (DEX) activates the AP1-GR fusion protein, triggering
flower formation synchronously throughout the whole cauliflower (Wellmer
et al., 2006).

wild type apetalat

apetalai cauliflower

FiGURE 1.11: Floral Induction in apl cal double mutants
by AP1-GR activation. (A) wild type flower. (B) apetalal
single mutant. Petals are missing. (C) Floral induction sys-
tem in the apetalal cauliflower double mutant before in-
duction. Inflorescence-like meristems accumulate forming a
"cauliflower" phenotype. (C) Activation of AP1-GR with dex-
amethasone triggers the massive induction of flower primor-
dia. (Wellmer et al., 2006).

The pAP1:AP1-GR apl cal line (from now on the AP1 line) is the genetic
background of the CUC line used for ChIP-seq, RNA-seq and proteomic
experiments of this Thesis, and serves as a control for some of these ex-
periments. Similarly, 35S:AP1-GR apl cal is the background of the eepl
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line.

The CUC line

The ideal line to perform CUC1 ChIP-seq and transcriptomic experiments
needs to posses a set of characteristics in order to be suitable for the chosen
experimental design. It should:

(i) express a tagged version of CUC1 to facilitate ChIP-seq: the immuno-
precipitation of TF requires the availability of a specific antibody to allow its
immunoprecipitation. This can be achieved by designing a new antibody
against the TF of interest or by using a tag, in this case GFP.

(ii) have low levels of endogenous CUCI1: the aim is to have most ge-
nomic regions where CUC1 can bind occupied by the tagged version of
the TF so they can be recovered when immunoprecipitation is performed.
Hence, since CUC1 tagged with GFP and the untagged endogenous CUC1
will be competing to bind to the same genomic regions, the ratio between
the tagged protein and the endogenous one should be high.

Because of the regulation by miR164 (Section 1.4.1), the endogenous
level of CUCI1 is low (Figure 1.8 B). Using the modified version (CUC1lm)
that is insensitive to miR164 regulation in the transgenic line results in
higher levels of CUC1 in comparison to the control background (Figure 1.8
C). Taking advantage of this characteristic, CUC1m can be tagged with GFP
to obtain the necessary high ratio of CUC1m-GFP/CUCI.

(iii) feature the possibility to synchronize flower development to facilitate
the collection of enough material for performing time-course experiments:
hence, the use of the apl cal floral induction system (Section 1.7.1).

(iv) produce enough seeds: due to the importance of CUC1, the modifi-
cation of its activity can cause severe developmental defects leading to the
lack of seeds in the mature plant.

(v) use the TF’s native promoter to preserve its endogenous spatio-temporal
expression properties.

Therefore, the CUC line used in the experiments described in this Thesis
contains the CUCI endogenous promoter directing the expression of the
modified version of CUC1 (CUCIm), in the apl cal floral induction system
(pCUC1:CUC1Im-GFP, pAP1:AP1-GR, apl cal).
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eepl microarray analyses

2.1 Background

The early extra petals1 (eep1) mutant is a knock-out of mirl64c (see Intro-
duction, Section 1.4.1). As a consequence of the absence of this miRNA-
mediated regulation, levels of CUC1 and CUC2 transcripts and proteins are
higher in eepl plants than in wild-type (Figure 2.1 A-F, Baker et al., 2005;
Sieber et al., 2007).

The single mutation of the miR164c locus and consequent increase in
CUC1 and CUCZ2 levels causes an expansion in the growth suppression
domain between sepals, where extra petals are able to form (Figure 2.1
H-I). The eepl mutant presents a phenotype where early arising flowers
produce extra petals and a have a slight reduction in sepal size, (Figure 2.1
G, Baker et al., 2005).

In addition to controlling the expression levels of CUCI and CUC2Z, the
miR164 family regulates other four transcription factors in Arabidopsis:
NAC1, involved in the regulation of lateral root induction, ORESARA1 (ORE1),
involved in leaf senescence, NAC4, involved in the nitrogen metabolic net-
work and pathogen-induced cell death, and another NAC member that has
not been characterized, NAC100 (At5G61430) (Laufs et al., 2004; Schwab
et al., 2005; Vidal et al., 2013; Lee et al., 2017).

In particular, miR164c is expressed in early stage floral buds through-
out the entire primordia until they reach stages 3-4, and shows a more
restricted pattern in older flowers that partially overlaps with that of CUC1
and CUC2Z at those stages (Baker et al., 2005). Overexpression of miR164c
led to floral phenotypes that resembled those of cucl cuc2 mutants, al-
though fusions in cotyledons or in axillary meristems were never observed.
Moreover, no significant differences in transcript accumulation of the dif-
ferent mir164 target TFs was detected in eepl other that the increase in
CUC1 and CUC?2 transcript levels. Put together, this evidence indicates
that miR164c activity might be specific for CUC1 and CUC2 regulation and
its scope might be restricted to later developmental stages (Baker et al.,
2005).
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Wild type eep1-1

FiGURE 2.1: The eepl mutant. (A-F) In situ hybridization
with CUC1 probe in wild type and eep1 inflorescence tissue.
The signal is higher in the eepl mutant and the white arrow-
heads indicate ectopic boundaries. The numbers indicate
floral stages (according to Smyth, Bowman, and Meyerowitz,
1990). Abbreviations: se, sepal; im, inflorescence meristem.
The scale bars represent 20 ym. (G) Floral phenotype in the
eepl mutant. The red arrow indicates an extra petal. (H,
I) Diagrams of growth patters in stage 4 wild type and eepl
buds. Grey shading represents petal anlagen. Red arrows
represent the expansion of growth suppression. (Baker et
al., 2005; Lampugnani, Kilinc, and Smyth, 2012)

The eepl line

The eepl mutant was crossed with a version of the floral induction system
(see 1.7.1) that contains the 35S promoter fused to AP1-GR in the apl cal
mutant background (Wellmer et al., 2006). The resulting line, 35S:AP1-GR
apl cal eepl, is referred to hereafter as the "eepl line". The 35S:AP1-GR
apl cal line serves as a background control in the presented experimental
conditions.

The application of dexamethasone initiates flower development by acti-
vating AP1, which is then transported to the nucleus and is able to trigger
flower development throughout the inflorescence-like tissue in the cauliflower
both in the eepl line and the control.

Before dexamethasone induction (O dpi) miR164c level is already lower
in the eepl line in comparison to the control, and hence CUC1 and CUCZ2
are elevated. After induction, all the changes in the transcriptome that are
related exclusively to the onset of flower development and the activation of
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AP1, and that are independent of the levels of CUC1 and CUCZ2 present in
the system, will occur in both genotypes and, hence, be corrected for.

Therefore, by comparing the genome-wide gene expression in the eepl
line (35S:AP1-GR apl cal eepl) using 35S:AP1-GR apl cal as a control,
the effect that is being evaluated is that caused durieng the early stages
of flower development by the elevated levels of CUCI and CUC2 resulting
from the lack of miRNA-mediated regulation.

In the study performed in Kaufmann et al., 2010b (Section 1.6.1) the
transcriptional response to AP1 is assessed in the 35S:AP1-GR ap1 cal line
after dexamethasone treatment. In that case, the protein of interest (AP1)
only becomes active after dexamethasone is applied and flower development
is simultaneously triggered. In the experiment presented here, however,
the elevated levels of CUCI and CUC2 are present in the eep line during
the whole life cycle of the plant. This means that at O dpi the eep line and
the control are already different, and some changes in genome-wide gene

expression between them are expected.

2.2 Experimental design

Microarrays were employed to assess the stage-specific genome-wide gene
expression profile in plants from the eepl line (35S:AP1-GR apl cal eepl),
and the 35S:AP1-GR apl cal line was used as a control background. The
experimental setup is summarized in Figure 2.2 and details about the hy-
bridization and conditions are detailed in Materials and Methods (Section
7.10). Plants of both genotypes were treated with dexamethasone and in-
florescence tissue from the cauliflower was collected right before the treat-
ment and at 24 hour intervals for the following 5 days. Four biological
replicates were used for each time and genotype.
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eep1 line X X

35S:AP1-GR ap1 cal eep1

control line X X X X X X

35S:AP1-GR ap1 cal

Ficure 2.2: Experimental design. Two-color Agilent mi-
croarrays were used to obtain the differences in the tran-
scriptome of the eepl line and the control line.
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2.3 Results and Discussion

RNA derived from both genotypes was co-hybridized to two-color custom
Agilent microarrays (Kaufmann et al., 2010b). Chips were scanned with
an Agilent SureScan Microarray Scanner and the obtained images were
processed with Agilent’s Feature Extraction Software. Raw data was im-
ported into R (R Core Team, 2017). Bioinformatic analysis was performed
with the limma package (Ritchie et al., 2015) and is described in depth in
Section 7.14.5.

Complete tables of results for all time points can be obtained in the
online Supplementary information.

In this Chapter, genes for which the adjusted p-value (FDR) was below
0.05 and the absolute fold change was above 1.8 (log,FC above ~0.85) in at
least one of the time points were considered to be differentially expressed.

There were 1228 genes that had an adjusted p-value below 0.05 in at
least one time point. Of those, 843 had an absolute fold change above
1.8 and are considered to be differentially expressed (Supplementary table
2.1).

Figure 2.3 shows the number of DEG at the different time points. It can
be noted that at every given time point there are both downregulated and
upregulated genes. At day O only 15 genes passed the cutoff that was set
to be considered as differentially expressed, suggesting that the differences
in the transcriptomes of both genotypes at this stage are not substantial.

300

N
o
o

Downregulated
Upregulated

Number of DEG

100

0 1 2 3 4 5
Days after dexamethasone induction

FIGURE 2.3: Gene expression changes. Number of differ-
entially expressed genes from the eepl line vs. the API line
over time. Green bars represent downregulated genes in the
eepl line while orange bars represent the upregulated genes.

In the first four time points analyzed, the number of genes that are
up and downregulated is more or less equivalent, and the ratio remains
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stable within a small margin through these early stages of development.
Later, at 4 and 5 dpi, the absence of mirl64c, that is, the increased levels
of CUC1 and CUC2, seem to have a predominant repressive effect in gene
transcription, where the number of genes that are downregulated is twice
as large as the number of upregulated genes.

A heatmap showing the differential expression values of the genes that
show an absolute value of logFC higher than 0.85 and FDR below 0.05 is
depicted in Figure 2.4.

Hierarchical clustering of these genes based on their logFC is shown in
the dendrogram on the left, where the colors indicate the 8 most dissimilar
clusters.

0 dpi 1 dpi 2 dpi 3 dpi 4 dpi 5 dpi

FicuRE 2.4: Heatmap of expression changes. Filtered by
absolute value of FC > 1.8.

Figure 2.5 shows the expression dynamics of each of the genes sepa-
rated by the cluster they belong to. The colored dots in Figure 2.5 indicate
the color of the corresponding branches in the dendrogram in Figure 2.3.

Cluster 1 corresponds to the purple colored cluster where the expres-
sion changes are not very extreme, finding values between -2 and 2 logFC.
Within this cluster there is LATERAL SUPPRESSOR (LAS), a member of
the GRAS family of putative TFs, appearing upregulated at 3 and 4 dpi.
It had been previously shown that (LAS) is downregulated when CUCI is
expressed at lower levels and upregulated in CUCI overexpressing plants
(Greb et al., 2003; Raman et al., 2008).

RABBIT EARS (RBE), which upregulates CUC1 and CUC2 indirectly by
repressing mir164 in floral buds (Huang et al., 2012), appears in the same
cluster as upregulated at 4 dpi.
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Ficure 2.5: Cluster expression dynamics. Expression dy-
namics of genes separated according to the clusters they be-
long to in Figure 2.4.

Cluster 2 is colored in pale green and the genes in this group are in
general upregulated, with the majority of logFC values ranging between O
and 3.5. CUCI and CUCZ2 are included in this group. Conversely, most of
the genes in cluster 3 are downregulated with values of logFC between -3.5
and O.

It is worth noticing that the observed changes are due only in part to
the higher levels of CUC1, as CUC2 final abundance is also elevated in
the absence of mirl64c regulation (Figure 2.6). In fact, the fold change
of the transcript level of CUCZ2 is higher than that of CUCI in the earliest
stages in the eep line vs. the control, in an analogous way to what was
described when analyzing their expression in the eepl mutant compared
to the wild-type in Baker et al., 2005.

The transcript levels of CUC1 and CUC2 assessed by microarray analysis
are higher in the eep line in comparison to the control (except for CUC1 at
0 dpi, although the p-value is very high for this comparison). CUCZ2 passes
the cutoffs set to be considered differentially expressed from 1 dpi onwards,
while CUC1 does from 2 dpi (Figure 2.6, Supplementary table 2.1).

Also in agreement to what was observed in Baker et al., 2005, the other
targets of the mir164 family (NAC1, ORE1, NAC4 and NAC100) do not ap-
pear to be differentially expressed in the eepl line vs the control line com-
parison at any of the time points (Supplementary table 2.1).

Using the DEG from each time point, a gene ontology analysis was per-
formed in order to determine if there were overrepresented categories in
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Ficure 2.6: CUC1 and CUC2 expression changes. Loga-

rithmic fold change of CUC1 (green) and CUC2 (orange) ex-

pression from the eepl line vs. the API line over time. The

central black line in the boxplots represents the median from
the 3 probes for each gene.

these sets of genes. The results indicated that there are several categories
enriched at the different time points, and many of them are found to be
relevant repeatedly (Figure 2.7). At time O dpi no GO categories were found
to be overrepresented.

A category that was overrepresented in all of the time points was post-
embryonic development. Flower development also appears significant in
all but one time point, while the response to stimulus related categories
seem to be enriched at 1 dpi only. Interestingly, given the involvement of
CUC genes in gynoecium development (see Introduction, section 1.3.5), the
categories related to reproductive development appear overrepresented at
4 and 5 dpi, when these structures begin to be formed.

The fact that both CUC1 and CUC2 do not pass the cutoff to be consid-
ered DE in O and 1 dpi could be due to a lower level of regulation by mir164c
at these stages of development. As shown in Baker et al., 2005, the expres-
sion pattern of mir164c can be detected throughout the floral primordia in
the first stages of floral development, while it overlaps more accurately with
that of CUCI and CUCZ2 after stages 3-4, that correspond to approximately
3-4 dpi (Figure). If mir164c is not acting to repress CUCI1 and CUC2 post-
transcriptionally at the beginning of development as hypothesized in Baker
et al., 2005, the difference between their expression in the eepl line com-
pared to the control line would be negligible. Also, the level of expression
of CUC1 and CUC2 at early stages of flower development is very low (Figure
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1.5, Figure 2.1), so changes in levels between both genotypes might not be
detected in our experimental setup.
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Chapter 3

RNA-seq

3.1 Background

Genetic interaction studies have shown that CUC1 is able to affect the ex-
pression of several genes. The enhancement of the cuc mutant phenotypes
by mutations in other genes such as ATH1 (Gomez-Mena and Sablowski,
2008), BRM or SYD (Kwon et al., 2006) suggest that they act downstream of
CUC1. Overexpression of CUCI leads to mis-regulation of STM, BP (Hibara,
Takada, and Tasaka, 2003) and LAS (Raman et al., 2008), also suggesting
that they are subject to CUC1 regulation (see Section 1.5.2 in the Intro-
duction for more detail).

The existence of functional redundancy between CUC1 and CUCZ2 has
hampered the the identification of a wider set of transcriptional targets.
Hence, the genes that are affected by CUC1 activity at a genome-wide level
during flower development are yet largely unknown.

In order to shed light into the molecular events that are regulated by
CUC1, RNA-seq experiments were carried out. Comparing the CUC line
(pCUCI1:CUC1Im-GFP pAP1:AP1-GR apl cal), that contains elevated levels
of CUC1, with its background, allows the characterization the transcrip-
tomic landscape related to CUC1’s activity.

Genes that appear as differentially expressed in the RNA-seq experi-
ments and are also bound by CUC1 in vivo are potential direct transcrip-
tional targets of CUCI.

3.2 Experimental design

The chosen experimental setup (Figure 3.1) aims to characterize the genome
wide response at a transcriptomic level to the elevated level of CUC1 during
early flower development, while controlling for the variations that are due
exclusively to the activation of AP1 and the triggering of flower development
along time.

As in the case of the microarray assays (Chapter 2), in this setup the ap-
plication of dexamethasone initiates flower development by activating AP1
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FicURE 3.1: Experimental design. Libraries prepared with
RNA extracted from the CUC line and the API line at 0, 2
and 4 dpi were sequenced and analyzed.

which is able to trigger flower development throughout the inflorescence-
like tissue in the cauliflower both in the CUC line and the control line AP1
line. Consequently, the genes detected as differentially expressed in this
configuration are the ones that respond to the elevated levels of CUCI.

RNA was obtained from inflorescence tissue of both lines before treat-
ment and at 2 and 4 dpi (Figure 3.1). Before treatment is the initial point,
where floral induction has not been triggered yet. At 2 dpi (corresponding to
Stage 3 or Arabidopsis flower development; Stages defined in Smyth, Bow-
man, and Meyerowitz, 1990) sepals are starting to arise and CUC1 acts
to create boundaries between adjacent organs. Then, 4 dpi (Stages 5-6)
is a key moment for CUC1’s function, since boundaries are also created
when petals and stamen primordia arise and sepals enclose the floral bud
(Smyth, Bowman, and Meyerowitz, 1990).

3.2.1 Expression level of CUCL in the experimental lines

The expression levels of CUCI1 were first assessed by RT-qPCR at 2 and 4
dpi using two different sets of primers spanning exon 1 and 3 respectively
(Figure 3.2). The results are normalized to the levels of CUC1 in wild-type
Ler (the background ecotype of both lines).

It can be noted that CUCI1 transcript level both in the AP1 line samples
and the CUC line samples is higher than in samples derived from WT Ler.
This can be explained by the disparate characteristics of the tissue being
analyzed, since in the case of the WT normal inflorescences are used, while
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in the ones that use the floral induction system the cauliflowers are col-
lected. In the latter, there is an accumulation of inflorescence- like meris-
tems higher than in the WT and consequentially there are more developing
flowers with boundary regions where CUCI is expressed per sample.

The level of CUCI1 in the CUC line both at 2 and 4 dpi is close to two
fold higher than in the control, as evidenced by the use of two different
sets of primers and expected from the presence of the pCUC1:CUC1m-GFP

transgene.
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FiGURE 3.2: CUC1 expression in the CUC line. Relative

transcript levels of CUCI1 in the CUC line and AP1 line nor-

malized to expression in WT Ler. Bars indicate the standard
error and letters (a and b) indicate the t-test result.

3.2.2 RNA-seq setup and analysis

Three biological replicates were used for each time point and genotype for
the RNA-seq experiment for a total of eighteen libraries that were con-
structed and sequenced. Details about the extraction and processing of
the samples and sequences can be obtained in Materials and Methods.

In short, reads were aligned to the Arabidopsis genome of reference
(TAIR10) and a count table was obtained. This table was used as the input
for analysis in R with DESeq2 (Love, Huber, and Anders, 2014). The pre-
sented fold changes are in the logarithmic scale and always refer to CUC
vs AP1 lines (so a positive fold change means that gene is expressed in the
CUC line at a higher level than in the API line, and vice versa).

The variance between biological replicates used for RNA-seq was found
to be larger than initially expected. Of the three biological replicates, two
had grown at the same time in the growth chambers while the third one
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grew after the first batch had been collected. When the reads were obtained,
a principal component analysis (PCA) revealed that there were batch effects
present in the samples (ie. the two replicates grown at the same time clus-
tered together and the third one was not placed within this cluster).

This was taken into account when performing the bioinformatic analy-
ses by including batch information into the design formula of the differen-
tial expression algorithm (DESeq2). By doing this, the batch effect is mod-
eled in the regression step so DESeq2 is able to estimate its size and to
substract it when performing all other tests (with a consequent reduction
in the residual degrees of freedom to reflect this).

As a consequence, the results are expected to be more conservative (or
robust) in comparison with what would be obtained if the analysis was
based only on the samples that grew together.

3.3 Results and Discussion

The online Supplementary Material contains a table with the identification,
names, and values of logarithmic fold change and FDR of all the genes that
were identified as differentially expressed: genes for which the adjusted p-
value (FDR) was below 0.05 in at least one of the time points, with no cutoff
set for fold change (Supplementary table 3.1). Another table includes that
information and adds the names and descriptions of these genes (Supple-
mentary table 3.2).

In accordance to the results obtained by qPCR, the levels of CUC1 as-
sessed by RNA-seq reflect a similar level of overexpression in the CUC line
(Figure 3.3) compared to the API line. CUCI passes the set cutoff to be
considered as a DEG at O and 4 dpi (see Supplementary table 3.2, Figure
3.3).

3.3.1 Differentially expressed genes

There were 216 genes that were differentially expressed in at least one time
point. Figure 3.4 shows the number of DEG at each time point and whether
they are downregulated or upregulated.

At O and 2 dpi there is a higher number of genes that respond to the
elevated levels of CUC1 by increasing their expression level (51 upregulated
and 28 downregulated at O dpi; and 39 upregulated and 25 downregulated
at 2 dpi). Meanwhile, at 4 dpi downregulation is somewhat more frequent
(58 downregulated genes vs. 42 upregulated, Figure 3.4).

A gene ontology analysis was performed in order to determine if there
were overrepresented functional categories among the DEG from each time
point (Figure 3.5). Several categories were enriched. Among the categories
with a higher level of enrichment there are the response to stimulus and re-
sponse to stress categories. Transcription factor activity appears enriched
at O dpi, which could indicate that CUC1 may be triggering a cascade of
responses after the onset of flower development by AP1’s activation. The
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Ficure 3.3: CUC1 expression changes. Logarithmic fold

change of CUCI1 expression from the CUC line vs. the API

line over time. The shape of the points shows whether the
measure passed the set significance cutoff value.

secondary metabolic category appears to be important at 2 and 4 dpi, which
might provide a link between CUC1 activity and the biosynthesis of differ-
ent plant hormones.

Figure 3.6 shows a heatmap constructed with all the differentially ex-
pressed genes. The dendrogram on the left shows the hierarchical cluster-
ing of these genes based on their expression profile, and the colors indicate
the 8 most dissimilar clusters.

The expression profiles of individual genes grouped by the cluster they
belong to are depicted in Figure 3.7. The numbers and colored dots indicate
the corresponding branches of the dendrogram in Figure 3.6.

Gene ontology analyses were performed with the genes that belong to
each cluster and significant enrichment in any category was found for clus-
ters 1 to 6 (but not in 7 and 8, which happen to be clusters with a relative
low number of genes). The gene ontology categories enriched in each one
of the clusters are depicted in Figure 3.8.

CUCI is included in cluster 7 (pale green branches), where all genes
are upregulated at all time points. WUSCHEL-RELATED HOMEOBOX12
(WOX12), EMBRYO SAC DEVELOPMENT ARREST 31 (EDA31) and ARGONAUTE3
(AGO3) are also included within this cluster.

WOX12 promotes root primordia initiation and organogenesis and has
been shown to be upregulated by auxin (Liu et al., 2014; Hu and Xu, 2016).
It is able to activate the expression of LATERAL ORGAN BOUNDARIES DO-
MAIN16 (LBD16) and LBD29, which in turn are involved in the regulation
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FiGURE 3.4: Gene expression changes. Number of differ-
entially expressed genes from the CUC line vs. the API line
over time. Green bars represent downregulated genes in the
CUC line while orange bars represent the upregulated genes.

of cell division and cell wall metabolism (Pagnussat et al., 2005; Lee et al.,
2009a; Berckmans et al., 2011). WOX12 has been detected in early devel-
oping flowers (Supplementary information in Wellmer et al., 2006).

EDA31 (AT3G10000) is upregulated at all time points and is the closest
relative to PETAL LOSS (PTL). PTL represses growth in boundary regions
of early developing flowers; its absence causes fusions in sepals and de-
fects in the number of petals, along with other developmental abnormal-
ities (Brewer, P B, 2004; Lampugnani, Kilinc, and Smyth, 2012). Itis a
transcriptional activator and ptl mutants show increased cell proliferation
without changes in cell size. Replacing the PTL N-terminal trihelix with
that of EDA31 can complement ptl mutants (Kaplan-Levy et al., 2014).

Argonaute (AGO) proteins recruit 21-24-nucleotide small RNAs (sRNAs)
to constitute RNA-induced silencing complexes (RISCs) to regulate gene ex-
pression at transcriptional or post-transcriptional levels (Rogers and Chen,
2013). AGO3 is also involved in the regulation of epigenetic silencing (Zhang
et al., 2016).

Cluster 6 contains genes that are downregulated at all time points. The
GO categories enriched the most in this group are secondary metabolic
process, response to biotic stimulus, oxygen binding, response to stress
and reproduction (Figure 3.8).

The genes in this cluster include 4 members of the cytochrome p450
family (CYP79B2, CYP79B3, CYP83B1 and CYP710A2). The first three are
involved in the metabolism of auxin precursors (Kim et al., 2015). CYP710A2
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encodes a C22 sterol desaturase involved in brassinosteroid metabolism. It
catalyzes the final step in the biosynthesis of brassicasterol and stigmas-
terol (Morikawa et al., 2006).

Another gene also related to auxin homeostasis in cluster 6 is the UDP-
glucose: thiohydroximate S-glucosyltransferase, UGT74B1 (Grubb et al.,
2004; Grubb et al., 2014). Plants with mutations on this gene accumulate
higher levels of auxin.

CUC2 is also placed within cluster 6, as is AGAMOUS-LIKE6 (AGL6, re-
viewed in Dreni and Zhang, 2016). AGL6 is involved in floral meristem
regulation, floral organs, ovule and seed development, and has possible
roles in both male and female germline and gametophyte development.

Other genes that might be of interest based on their functional rela-
tionship to CUC1 were also found as differentially expressed. For example,
LATERAL ORGAN FUSION1 (LOF1), which is involved in organ separation
through regulation of cell division (Lee, Geisler, and Springer, 2009), is
upregulated at 2 dpi (cluster 1). SPATULA (SPT), which represses CUCI in
the apical region of the gynoecial primordium and promotes medial ridge
growth (Nahar et al., 2012), also appears in cluster 1, upregulated at 4 dpi.

Takeda et al., 2011 found LIGHT-DEPENDENT SHORT HYPOCOTYLS 4
(LSH4) to be upregulated in seedlings when CUCI was overexpressed and
is one of the two putative CUC1 direct targets (together with LSH3, see
Section 1.5.2 in the Introduction). Here it appears upregulated at O dpi
and is included in cluster 3.

3.3.2 Other considerations

It can be noted that the number of DEG is much smaller to that observed
in thee eep line vs. the API line Chapter 2. This could be a real biological
effect or a consequence of the experimental setup chosen.

If it was a real biological effect it could be due to the fact that the genes
that appear as DE in the eep line come from the increased level of CUC]1
and CUC2Z in comparison to the control, while in the CUC line only CUCI’s
expression is elevated.

On the other hand, the observed FCs for CUC1 are not very high, as
it was assessed by qPCR too. It is possible that, since CUC1 is expressed
from its own promoter, the resulting expression level is relatively low, as it
is in the wild-type. Furthermore, even if the modification in the CUCIm
sequence prevents the downregulation from miR164, this regulation might
not be fully taking place during early developmental stages, as described
in Section 2.3 and Baker et al., 2005.

In Chapter 2 the overall effect of the miR164c mutation was repressive
at 0, 2 and 4 dpi. The reversal of that trend at O and 2 dpi could also be due
to the sole upregulation of CUC1 or to high biological variability between
samples.
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ChlP-seq

4.1 Background

Gene expression is regulated through the integrated action of many pro-
cesses and the binding of transcription factors to DNA is one of the most
important ones. TFs are able to control gene expression by binding to se-
quences in the DNA, frequently regulatory regions in the vicinity of the
genes they control, such as their promoters. TFs typically recognize 6-12
bp long sequences that are more or less degenerate and their impact on
gene expression is influenced by different mechanisms which give rise to a
robust, concerted action.

Finding the genomic regions to which transcription factors bind is paramount
to understanding their function. Chromatin immunoprecipitation followed
by next-generation sequencing (ChIP-seq) or by hybridization to arrays (ChIP-
chip) is the standard method used to uncover in vivo protein-DNA interac-
tions and to locate the DNA-binding sites of TFs in the genome.

The ChIP methodology has been successfully used to locate the direct
target genes of different TFs involved in flower and plant development. The
use of this and other genome-wide technologies allowed advances in the
understanding of gene regulatory networks underlying flower development
that had remained elusive through the use of genetic approaches (see Sec-
tion 1.1.2, Ferrier et al., 201 1; Bustamante, Matus, and Riechmann, 2016).

For example, the regulatory landscape controlled by WUSCHEL (WUS), a
key TF required for stem cell specification and maintenance, was studied in
Busch et al., 2010 using ChIP-chip combined with gene expression analy-
ses. The study revealed that WUS is capable of binding to two motifs in over
a hundred genome sites while affecting the expression of genes related to
hormone signaling, metabolism, and development. Key direct targets were
CLAVATA1 (CLV1), which is repressed by WUS and in turn downregulates
it in a negative feedback loop and the TOPLESS family of transcriptional
repressors, which are involved in auxin signaling. Overall, a better under-
standing of the molecular mechanisms underlaying the maintenance of the
stem cell niche was achieved.
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In O’'Maoiléidigh et al., 2013, the molecular mechanisms by which AG-
AMOUS (AG) participates in the control of meristem determinacy and the
formation of reproductive floral organs were studied using ChIP-seq and
microarrays. The authors found that AG is capable of controlling the ex-
pression of numerous genes that have regulatory functions, and so is able
to indirectly regulate a myriad of developmental processes.

The study of AP1 gene regulatory network (see Section 1.6.1 for more de-
tails), on which this thesis is based on, also used ChIP-seq in combination
with microarrays to characterize the genome-wide interactions of this key
regulator of flower initiation and development with DNA (Kaufmann et al.,
2010Db).

There are several more examples of the ChIP methodology being applied
in plant tissues (i.e. Winter et al., 2011; Wuest et al., 2012; Merelo, Paz et
al., 2013; Nagel et al., 2015), and the results have been varied. The number
of direct target genes found range from less than a couple of hundred, as
is the case with WUS, Busch et al., 2010 to several thousands, as in the
case of KANADI1 (KAN1), Merelo, Paz et al., 2013.

To determine CUC1 binding sites genome-wide, ChIP-seq was performed
on the CUC line (pCUC1:CUC1m-GFP pAP1:AP1-GR apl cal).

The genes associated to the genomic regions where CUC1 is bound are
putative CUCI1 direct targets. Binding events may result in a transcrip-
tional response in some cases, but it has been observed that only a mi-
nority of genes with TFs bound in their vicinity show a change in their
expression activity (Kaufmann et al., 2010b; Wuest et al., 2012; Merelo,
Paz et al., 2013).

Genes that are bound by CUC1 and that respond transcriptionally to
it are direct transcriptional targets. Using the results of ChIP-seq experi-
ments described in this Chapter and overlapping the list of genes obtained
with the ones that appear as differentially expressed in response to the
elevated levels of CUCI1 (as assessed in the RNA-seq Chapter) is a way to
obtain CUC1’s direct targets.

4.1.1 Experimental design

The ChIP-seq protocol consists of a series of steps that include in vivo cross-
linking of proteins to DNA with formaldehyde, isolation of the chromatin
complex, shearing DNA along with bound proteins into small fragments us-
ing sonication, immunoprecipitation with an antibody specific against the
tag (GFP) fused to CUCI, release of the co-precipitated DNA, and prepara-
tion of libraries to be sequenced by Illumina technology (see Materials and
Methods for the detailed experimental protocol).

Normalization to a control sample is essential for the processing of the
obtained reads to make experiments comparable, and as a control for back-
ground signal and non-specific binding. Different types of controls can be
used to this end. The most common methods are the use of mock ChIP,
ChIP in tissue from wild type or mutants for the studied TF, or input DNA.
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Mock ChIP uses the same procedure for processing the samples and
controls but employs a non-specific antibody (e.g. IgG) instead of the spe-
cific one against the protein of interest or its tag. Another option is the
use of wild type tissue (without the tagged protein of interest) or mutants
(without the protein of interest) and maintaining the rest of the protocol
identical in samples and controls.

In this case, input samples were used, as described in several studies
of the same type (e.g. Kaufmann et al., 2010b, O’'Maoiléidigh et al., 2013
and Nagel et al., 2015). This control is tissue from the same transgenic
line that has been subject to the same processes as the IP samples, except
for the immunoprecipitation with anti-GFP, so it is essentially sonicated
chromatin.

Using this approach, it is expected that the IP samples will be enriched
in DNA regions that are bound by CUC1, as opposed to the input samples
where the reads are derived from randomly shredded chromatin and the
abundance of reads mapped in different regions should reflect background
signal or differences related to chromatin accessibility and not to specific
TF binding.

Tissue from inflorescences at O and 4 days post induction (dpi) was col-
lected from the CUC line (pCUC1:CUC1m-GFP pAP1:AP1-GR apl cal, Fig-
ure 4.1) and samples were processed as described in Materials and Meth-
ods. O dpi is the starting point where floral induction has not been triggered
yet. Then, 4 dpi (Stages 5-6 according to Smyth, Bowman, and Meyerowitz,
1990) is a key moment for CUC1’s function, since boundaries are created
when petals and stamen primordia arise and sepals enclose the floral bud
(Smyth, Bowman, and Meyerowitz, 1990).

+ DEX
|
dpi : : : : : :
0 1 2 3 4 )
CUC line
Srapr.an s e K X
IP vs input

FIGURE 4.1: Experimental design. Samples were collected
at 0 and 4 dpi from the CUC line and libraries were prepared
with IP and input samples.

Three biological replicates were used for each time point. Since each
biological replicate consists of one IP sample and one input (control) sample,
a total of twelve libraries were constructed and sequenced (6 IP, 6 input).

After sequences were trimmed and filtered by quality, peaks were called
using MACS2 (Zhang et al., 2008), using the sequences derived from IP
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samples versus the input control. Peak calling algorithms are able to iden-
tify regions of the genome where there is a statistically significant higher
abundance of mapped reads in the IP samples vs. the controls.

4.2 Results and Discussion

421 Peaks

A table with all peak coordinates in each library can be obtained in the
online Supplementary information (Supplementary table 4.1). A total of
6611 peaks were found in at least one library.

Coordinates for peaks grouped by day are in Supplementary table 4.2.

Peak positions

The position of the peaks with respect to the transcriptional start site (TSS)
of the closest gene in any library is depicted in Figure 4.2. The data used
to construct this plot includes all peaks regardless of the library it appears
on and whether it is present in more than one library or not.

2.0

15

Density

0.5

0.0

—-4000 —2000 0 2000 4000
Peak position with respect to the TSS (bp)

FIGURE 4.2: Peak position. Position of ChIP-seq peaks with
respect to the closest associated gene in all samples (TSS:
Transcription start site).

Using the same data, the distribution of peak positions with respect
to the closest gene according to the dpi the sample was taken on can be
observed in Figure 4.3. The peak positions according to the library they
are found in and the dpi is shown in Figure 4.4.


https://drive.google.com/open?id=0B_FLIzlQvlygR1Y0bkRhZE1lUlU
https://drive.google.com/open?id=0B_FLIzlQvlygeFlCVWVBeTh6QlU
https://drive.google.com/file/d/0B_FLIzlQvlygWGtCcnNRQVNXRDg/view?usp=sharing
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FicuRE 4.3: Peak position. Position of ChIP-seq peaks with
respect to the closest associated gene in all samples, sepa-
rated by dpi (TSS: Transcription start site).

Shared ChIP peaks between libraries

All available ChIP library biological replicates for each time point were an-
alyzed. Results obtained for each time point were first assessed using the
Irreproducible Discovery Rate (IDR) (Li et al., 2011).

The IDR measures the reproducibility of the peaks from replicate exper-
iments. It assesses the rank consistency of identified peaks between repli-
cates and can be use to detect low quality experiments. The IDR method
is independent from peak-calling algorithms and produces results that are
consistent in experiments from diverse origins (e.g. different laboratories,
protocols, antibodies, etc).

This approach was used in the samples for each time point and the
results indicated that there was a good correlation between the different
replicates that were included in the downstream analysis.

In order to have a way to estimate the level of reproducibility of peaks, a
system of tiers was created. Each peak was assigned a score according to
the number of libraries it appeared in. So, a score of 3 means that a peak
was found in 3 different libraries. Peaks with score of 1 or more are referred
to as tier 1 peaks, and so on. The higher the tier, the more reproducible a
peak is considered to be.

For example, a region that is consistently bound by CUC1 and consis-
tently detected in all replicates for a time point would result on a peak with
a score of 3. In contrast, a region that is detected in only 2 of the replicates
will have a score of 2, or a score of 1 if it is detected in a single replicate.
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FiGURE 4.4: Peak position. Position of ChIP-seq peaks with

respect to the closest associated gene in all samples, sepa-

rated by library. Color indicates the dpi (T'SS: Transcription
start site).

In order to be able to assign these scores to a peak, the genomic regions
of the original peaks in different replicates were compared. When there
was an overlap (of at least 1 bp), the 2 or 3 peaks that are found in those
overlapping genomic regions in different biological replicates were merged
(using BEDTools merge, Quinlan and Hall, 2010). This way, a combined
pealk that would now span from the beginning of the most 5’ original peak
to the end of the most 3’ one was obtained.

The majority of peaks appear in only one library. Out of 4836 peaks that
come from the dataset divided by days, 3766 peaks have a score of 1, while
1070 peaks have a score of at least 2 in the complete dataset (both time
points). A table of the peaks with score of at least 2 can be found in the
Supplementary table 4.3. Using the data for each time point separately,
the frequency of peaks with scores 2 or 3 is shown in Figure 4.5.

Genes associated to peaks

A peak is considered to be associated to a gene if it falls in a genomic re-
gion within 3 kb upstream of the transcription start (TSS) site and 1 kb
downstream of the transcription termination site (TTS). Note that, using
this criteria, one peak can be associated to more than one gene, and one
gene can be associated to more than one peak.


https://drive.google.com/open?id=0B_FLIzlQvlygWFhBM2R4REhJUVU
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FIGURE 4.5: ChIP-seq peaks at 0 dpi. Distribution of num-
ber of peaks with score of at least 2 in all libraries separated
by dpi.

Out of the 4836 peaks that were identified, 4665 were within the 3
kb upstream and 1 kb downstream cutoff that was set. The other 171
peaks were located in intergenic regions at greater distances from anno-
tated genes. Out of the 4665 peaks, 1000 peaks had a score of 2 or higher.
Within the -3kb/+1kb range of these 1000 peaks, 327 genes were found.

The 1000 tier 2 combined peaks are originated from 2641 original peaks.
The position of the 2641 peaks with respect to the features of their asso-
ciated genes is depicted in Figure 4.6. To associate the peaks to a feature,
the summit of each original peak was considered.

The vast majority of peaks are located in the defined promoter region (3
kb upstream of the TSS). This suggests that CUC1 is more likely to bind to
regulatory regions in the genome, as it is expected for transcription factors.
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FiGURE 4.6: Original peak position. Position of ChIP-seq

original peaks in tier 2 group with respect to their associated

genes, separated by dpi. The associated feature is where the
summit is located.

Gene Ontology analysis

A gene ontology (GO) analysis was performed with the genes associated to
tier 2 peaks and an enrichment in categories related to translation, biosyn-
thetic process, generation of precursor metabolites and energy, RNA bind-
ing and ribosome was found (Figure 4.7).

Five peaks were found in the promoter of CUC1. This indicates that
CUCI is able bind directly to its own promoter.

Another TF that has several peaks in its promoter is APETALA1 (AP1).
Despite this, AP1 does not appear to be differentially expressed in our ex-
perimental conditions in the RNA-seq experiments of the same line or the
microarray experiments with the eep line (Chapter 2).

The AUXIN RESPONSE FACTOR 6 (ARF6) has been shown to interact
with BRASSINAZOLE-RESISTANT 1 (BZR1) and they share 51% of their
targets (Oh et al., 2014). There is a peak with a score of 3 at O dpi and 2
at 4 dpi present in the ARF6 promoter. This could provide a link between
CUC1 and the auxin and brassinosteroid hormonal pathways. ARF6 does
not appear as a DEG in the RNA-seq or microarrays carried out.

422 ChIP vs RNA-seq

In order to obtain a list of CUC1 direct transcriptional targets (genes that
are bound by CUC1 and that respond transcriptionally to it), the genes
associated to peaks in the ChIP-seq experiments can be compared to the
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FIGURE 4.7: Gene ontology analysis. Gene ontology cate-
gories overrepresented in the genes associated to peaks with
a score of at least 3. Color represents the level of signifi-

cance.
Gene ID Gene name Gene symbol Position of peak Peak score
NAC DOMAIN CONTAINING
AT2G33480 PROTEIN 41 NACO041 promoter-3kb
AT3G15170 CUP-SHAPED COTYLEDON1 CUC1 promoter-3kb

w N

AT3G16180 NITRATE TRANSPORTER 1.12 NRT1.12 promoter-3kb

TaBLE 4.1: Genes that appear in RNA-seq and ChIP-seq
datasets. The peak score and position is included.

ones that are differentially expressed in the RNA-seq experiments (Chapter
3).

The genes associated to the genomic regions where CUC]1 is bound are
putative CUC1 direct targets. Binding events may result in a transcrip-
tional response in some cases, but it has been observed that only a mi-
nority of genes with TFs bound in their vicinity show a change in their
expression activity (Kaufmann et al., 2010b; Wuest et al., 2012; Merelo,
Paz et al., 2013).

Genes that respond trasncriptionally to CUC1 and have peaks in their
vicinity with an inter-day score of 2 or higher are listed in Table 4.2.

Among those is CUC1 itself. As stated before, since the transgenic line
used for the experiments (the CUC line) is an overexpressing line in practice,
it is impossible to know whether the binding of CUC1 to its own promoter
is affecting its expression in this experimental conditions.

4.2.3 CUC1 binding sequence

In order to establish CUC1’s binding sequence, 100 bp sequences centered
in the summit from the 2641 peaks that gave origin to the score 2 peaks
were used to do a MEME-chip analysis. The three most enriched motifs are
shown in Figure 4.8.
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L

Ficure 4.8: CUC1 binding sequences. Motifs found by
MEME-chip analysis of the peaks with score 2 or higher.

The proteins that had sequences most similar to these motifs are WRKY7
(B motif), a Ca-dependent calmodulin binding protein with sequence sim-
ilarity to the WRKY transcription factor gene family, and CRABS CLAW
(CRC, motif A and C), a transcription factor with zinc finger and helix-loop-
helix domains involved in the specification of abaxial cell fate in the carpel.

The fact that the majority of the peaks are located in regulatory regions
(mainly promoters) suggests that the ChIP-seq experiments have been suc-
cessful and shows the potential regulatory function of CUC1. Despite this,
the correlation with genes that appear as differentially expressed in the
RNA-seq experiments performed in the same line and time point is quite
low. This has been observed for other TFs. For instance, in Busch et al.,
2010, only about 1% of the WUS response genes are direct targets. This is
about the same ratio obtained at 4 dpi. At O dpi it is about 5%.

On the other hand, if the comparison is done without taking into ac-
count the time point at which the experiment was made, a higher number
of putative direct transcriptional targets is obtained. About 15% of the
genes that respond transcriptionally to the elevated levels of CUC1 have a
binding site in their vicinity (tier 1 peaks). If peaks with scores of at least
2 are used, the overlap is about 2%.

One reason for this could be that, as explained in the RNA-seq Chapter,
the number of differentially expressed genes obtained in this experimental
setup is likely underestimated due to the high variability between biological
replicates and to the fact that CUC1’s overexpression is not very strong and
restricted to a specific domain. If this is the case, the overlap with the direct
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targets found by ChIP-seq is going to be small too.

In order to test this it would be useful to have a different transgenic like
overexpressing CUC1 at a higher level and maybe in a broader domain, ie.
using a 35S promoter.

4.3 Peak profiles

Profiles of some of the peaks obtained are depicted in Figures 4.9, 4.10,
4.11.

FIGURE 4.9: CUC1 LM15. Peak.

FIGURE 4.10: AP1 LM15. Peak.

FIGURE 4.11: SAC1 LM15. Peak.
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Gene ID Gene name Gene symbol Position of peak Peak score

NAC DOMAIN CONTAINING
AT2G33480 PROTEIN 41 NACO41 promoter-3kb

AT3G15170 CUP-SHAPED COTYLEDON1 CUC1 promoter-3kb
AT3G16180 NITRATE TRANSPORTER 1.12 NRT1.12 promoter-3kb

w N

TaBLE 4.2: Genes that appear in RNA-seq and ChIP-seq
datasets. The peak score and position is included.
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Chapter 5

Proteomics

5.1 Background

Plants are sessile organisms and as such they are forced to adjust their
metabolism, growth and development to a highly dynamic environment.
Many signaling processes converge at the level of gene regulation, where
transcription factors can modulate gene expression.

Protein-protein interaction is important to fine-tune the activity of TFs.
Multimeric protein complexes are often required for the execution of specific
biological functions (Immink, Kaufmann, and Angenent, 2010; Smaczniak
et al., 2012a; Pajoro et al., 2014). TF DNA binding specificity and mecha-
nisms of gene regulation can depend on the interaction with cofactors or
on the recruitment of other TFs or other types of transcriptional regulators,
such as chromatin remodelers.

Results obtained by ChIP-seq, RNA-seq and microarray analysis have
shown that CUC1 can act as an activator and a repressor of transcrip-
tion (Chapter 3, Chapter 2, Chapter 4). The identification of CUC1 protein
partners would aid to shed light on the mechanisms by which CUC1 can
modulate the transcription of its target genes.

For a long time, only targeted methods to detect protein complexes, such
as the traditional Western blot method, were available. The obvious disad-
vantage of this approach is the need of obtaining antibodies for the proteins
of interest or their tags. This is often time and resource consuming and
it requires previous knowledge of potential interactions, thus not result-
ing appropriate for the discovery of novel connections between previously
unknown protein partners. To overcome this obstacle, large-scale meth-
ods have been developed, using liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS), a highly sensitive procedure.

Smaczniak et al., 2012b described a method that combines affinity-
based protein complex isolation of endogenously expressed, fluorophore-
tagged proteins from intact plant tissues and is coupled to the identifica-
tion of interaction partners by label-free MS-based analysis. This approach
was successfully applied to characterize MADS-domain TF complexes in
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Smaczniak et al., 2012a using the floral induction system described before
(Wellmer et al., 2006, Section 1.7.1).

In the work presented in this Chapter this is the approach that has been
taken in order to characterize CUC1’s interactome.

5.1.1 CUC1 known interactors

It has been reported that CUCI1 is able to interact in yeast and in planta
with itself, forming homodimers, and with CUC2 and CUC3, forming het-
erodimers (Gongalves et al., 2015). The dimerization occurs through the
N-terminal highly conserved NAC domain, although it can be influenced
by the C-terminal regions. Two residues that allow the formation of salt
bridges (arginine-19 and glutamate-26) are essential for dimerization (Ernst,
Heidi A et al., 2004; Olsen et al., 2005).
To this date, no other CUC1 interactors have been described.

5.2 Results and discussion

5.2.1 Experimental design

The goal of this section is to identify proteins that are interacting with
CUCI1 in vivo. In order to achieve this, the CUC line (pCUC1:CUC1m-GFP
pPAP1:AP1-GR apl cal) and the API line (pAP1:AP1-GR apl cal) were used.
The experimental design is analogous to the one used for RNA-seq (Figure
5.1).

In this case, IP samples were obtained from the CUC line using anti-GFP
antibody. Suitable IP controls are essential for obtaining reliable results.
In order to correct for nonspecific binding of the GFP antibody to other
proteins, the AP1 line (pAP1:AP1-GR apl cal) was used.

Samples from the CUC line and the AP1 line were collected at 2 and 4
dpi. Protein extracts were immunoprecipitated with anti-GFP antibody and
processed in parallel throughout the experiment (detailed in Materials and
Methods).

Using this approach, proteins that are enriched in the IP samples from
the CUC line in comparison to the IP controls and their relative abundance
could be identified. In order to reliably estimate protein abundance ratios,
biological replicates were used. Table 5.1 indicates the number of replicates
for each time point and genotype.

Genotype Time Number of
(dpi) biological replicates

CUC line 2 3

AP1 line 2 2

CUC line 4 6

AP1 line 4 3

TaBLE 5.1: Proteomics sample information
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CUC line
pCUC1:.CUC1m-GFP
pAP1:AP1-GR ap1 cal

AP1 line
pAP1:AP1-GR ap1 cal

total protein ___ i ioitati CUC line
__, immunoprecipitation __, |, ~_ .
extract anti-GFP antibody LC-MS/MS AP\;S)ine

Ficure 5.1: Experimental design. Protein extracts from the
CUC line and the AP1 line at 2 and 4 dpi were immunopre-
cipitated and analyzed by mass spectrometry.

The presence of CUC1m-GFP was assessed through confocal microscopy
in the CUC line and the spatial specificity of its expression in the boundary
regions was confirmed (Figure 5.2).

FIGURE 5.2: CUC1 expression in the CUC line. CUClm-
GFP expression in pCUC1:CUC1m-GFP pAP1:AP1-GR apl
cal (CUC line) at 4 dpi.

It is important to note that the high sensitivity of the LTQ-Orbitrap XL
mass spectrometer used in this method permits the detection of low abun-
dance proteins in complex mixtures, as CUC1 protein is present mainly in
the boundary cells, which represent a small proportion of the inflorescence
tissue collected (Sieber et al., 2007, Figure 5.2).
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5.2.2  CUCI immunoprecipitation

In order to assess the IP process, both total and nuclear extracts were ob-
tained from inflorescences of the CUC line at 4 dpi, as described in Smacz-
niak et al., 2012b.

Immunoprecipitation with anti-GFP antibody (Abcam Ab290) was fol-
lowed by Western blotting (Figure 5.3). Pellets and flow through fractions
were also loaded to check if CUC1m-GFP was being lost during the IP pro-
cess.

A single band of the expected molecular weight corresponding to the
CUCI1m-GFP fusion protein (51 kDa) was detected in the immunoprecipi-
tated nuclear extract with the anti-GFP antibody (IP), whereas no protein
was detected in the pellet (P1) or flow-through samples (FT). This indicates
that there is no apparent loss of CUC1m-GFP protein during the IP proce-
dure (Figure 5.3).

Similarly, CUC1m-GFP is specifically detected in the sample derived
from the IP performed on total extract, although in this case additional
bands are detected. There is no detectable loss of protein in the pellets (P1
and P2) and flow-through (FT) fractions (Figure 5.3) from total extract.

Nuclei extract Total extract

P1 FT IP P1 P2 FT IP

kDa
70 —
55 = «—CUC1m-GFP

35—

Ficure 5.3: Western Blot of CUC1m-GFP IP. Western

Blot against immunoprecipitated CUC1m-GFP (anti-GFP Ab)

from total extract and nuclear extract (IP). Controls for first

(P1) and second (P2) pellets are shown, as well as for flow

through (FT). CUC1m-GFP has a molecular weight of 51
kDa.

Both extracts were analyzed by MS as a first assessment to determine
the best experimental approach. The results of this test showed that a
higher number of peptides could be recovered with better protein coverage
(how much of each protein can be identified) in the total extract compared
to the nuclear extract. This might be because the biochemical process of
isolating the nuclei can result in protein degradation or loss. Also, some
transcription factors do not localize exclusively in the nucleus and might
form complexes in the cytoplasm too.

To minimize a lengthy isolation process, get a better quality of peptide
mapping and to avoid loss of potential complexes, the results shown in this
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Chapter (5) come from experiments performed with IP samples from total

extracts.

5.2.3 Data analysis

After samples were analyzed in the LTQ-Orbitrap mass spectrometer, the
acquired LC-MS/MS raw data was loaded into the MaxQuant software and
analyzed as described in Smaczniak et al., 2012b.

Intensity Distribution

cuc1 2 dpi
—_ cuct 2 dpi
—_ cuct 2dpi
AP1 2 dpi
— AP12dpi
— CUC1 4 dpi
—_ CuUC1 4 dpi
— CUC1 4 dpi
—_ CUCT 4 dpi
— CUCH1 4 dpi
CUC1 4 dpi
AP1 4 dpi
AP1 4 dpi
— AP14dpi

Density

log1o(LFQ_Protein_Intensity)

FiGURE 5.4: Intensities distribution. Density plots of pro-
teomics samples detailed in Table 5.1 according to normal-
ized protein intensity.

The normalized intensity distribution shows that a comparable amount
of protein was detected for samples at 4 dpi (Figure 5.4). Since there are
more biological replicates for this time point (Table 5.1), statistical analyses
were performed to obtain a list of proteins that are detected in the CUC line
at a higher level in comparison to the control line (Materials and Methods).
In this Chapter, proteins that are more abundant in the CUC line with a
FDR below 0.1 are considered to be significantly enriched.

On the other hand, very little amount of protein could be detected in
the sample that corresponds to the AP1 line at 2 dpi (Figure 5.4, blue line).
Since there was only one other replicate of this sample, the statistical sig-
nificance of the differential detection of proteins at 2 dpi could not be calcu-
lated. Therefore, the data obtained from the 2 dpi analysis was used only
to reinforce the evidence of presence of putative CUC]1 interactors found in
the 4 dpi time point analysis.
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5.2.4 CUCLI putative interactors

An indication that this kind of experiment is technically performing ade-
quately is to find the bait protein (CUC1) and its tag (GFP) amongst the
most enriched proteins in the line of interest in comparison to the control.
As expected, CUC1 and GFP appeared in the top 3 most enriched proteins
both at 2 and 4 dpi.

There were 38 proteins identified to be more abundant in the CUC line at
4 dpi with a FDR below 0.1, of which 20 also passed the 0.05 FDR threshold
(Figure 5.5, Table 5.2).

For downstream analysis, the predicted localization of the 38 proteins
that passed the 0.1 FDR cutoff was retrieved from the TAIR website (Down-
load > TAIR10 Genome Release > TAIR10-Subcellular_Predictions.xlsx).

. - Predicted
Gene ID Symbol Description Significance Localization
NAC transcription factor involved
AT3G15170 CUC1 in SAM and boundary formation FDR<0.05 Nucleus
Tag GFP Green fluorescent protein FDR<0.05 NA
AT1G79930 HSP91 heat shock protein 91 FDR<0.05 Cytoplasm
AT5G56500 TCP-1/cpn60 chaperonin family protein FDR<0.05 Chloroplast
AT3G13470 FDR<0.05 Chloroplast
AT1G79920 HSP70-15 Heat shock protein 70 family protein FDR<0.05 Nucleus
AT2G28000 CPNG60OA chaperonin-60alpha FDR<0.05 Chloroplast
AT1G55490 CPN60B,LEN1 chaperonin 60 beta FDR<0.05 Unknown
AT2G20580 RPN1A 26S proteasome regulatory FDR<0.05 Nucleus
subunit S2 1A
AT3G11130 NA FDR<0.05 Unknown
AT2G21060 GRP2B glycine-rich protein 2B FDR<0.05 Unknown
AT2G38040 CAC3 FDR<0.05 Chloroplast
ATCG00500 ACCD acetyl-CoA carboxylase carboxyl FDR<0.05  Chloroplast
transferase subunit beta
AT4G20360 RAB GTPase homolog E1B FDR<O0.1 Chloroplast
AT2G39730 RCA FDR<0.05 Chloroplast

Transposase-like gene with conserved

AT3G42170  DAYSLEEPER domains from the family of hAT transposases FDR<0.05 Nucleus
AT1G09100 RPTSB 20> Proteasome AAA-ATPase FDR<0.05 Nucleus
AT2G29550 tubulin beta-7 chain FDR<O.1 Cytoplasm
AT5G19780 tubulin alpha-5 FDR<O0.1 Cytoplasm
AT4G18850 FDR<0.1 Unknown
AT4G16155 dihydrolipoyl dehydrogenases FDR<0.05  Mitochondrion
AT3G13920 FDR<O0.1 Nucleus
AT3G26650 FDR<O.1 Chloroplast

homologous to the co-chaperon

DNAJ protein from E coli

Member of the Alfin1-like family of plant
AT5G26210 Al4 homeodomain containing proteins. Binds to FDR<0.05 Nucleus
di- or trimethylated histone H3 (H3K4me3/2).
Ribosomal protein S5 domain

AT3G44110 ATJ3, ATJ FDR<0.05 Cytoplasm

AT5G18380 2-like superfamily protein FDR<O0.1 Cytoplasm
AT4G15802 heat shock factor binding protein FDR<O.1 Nucleus
AT2G42520 FDR<O0.1 Unknown
26S proteasome regulatory subunit
AT1G20200 RPN3A FDR<0.05 Nucleus
S3 homolog A
AT3G61430 plasma membrane intrinsic protein 1A FDR<O0.1 Cell membrane
AT1G18210 Calcium-binding EF-hand family protein FDR<O0.1 Cell membrane
AT5G62700 tubulin beta chain 3 FDR<O.1 Cytoplasm
AT1G62940 acyl-CoA synthetase 5 FDR<O0.1 Unknown
AT1G53750 RPTIA ggguﬁ‘;tgﬁl‘f AAA-ATPase FDR<0.1 Nucleus
AT4G35100 plasma membrane intrinsic protein 3 FDR<0.1 Cell membrane
AT1G20010 tubulin beta-5 chain FDR<O.1 Cytoplasm
AT1G20620 catalase 3 FDR<0.1 Unknown
AT5G44340 tubulin beta chain 4 FDR<O0.1 Cytoplasm

TaBLE 5.2: Putative CUC1 interactors with a FDR below O.1.

There are 57 possible isoforms that correspond to the 38 proteins that
are enriched in the CUC line. During the MS data analysis, the fragments
obtained from the spectrometer are assigned to the proteins from which
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FiIGURE 5.5: Relative protein abundance. Logarithmic

abundance of proteins according to their ratio in the CUC
line vs. the API line. Color represents the level of signifi-
cance.

they derive, but fragments from different isoforms cannot always be un-
equivocally assigned to one of the variants within the same protein.

In the majority of cases, the predicted localization of these isoforms that
correspond to one protein are the same, but in some instances it can be
different. Thus, Figure 5.6 shows the predicted localization of each of these
57 isoforms.

Nuclear putative interactors

Since CUCI1 is localized in the nucleus, further investigation was initially
focused in nuclear localized putative interactors (the ones that pass the 0.1
cutoff and are nuclear, Table 5.3).

There are 10 putative interactors that matched this criteria, which can
be grouped in three categories according to their function: 26S proteasome
subunits, transcriptional regulators, and others.

First, four subunits of the 26S proteasome were found: RPT1A, RPT5B

(from regulatory Earticle triple-A ATPases), RPN 1A and RPN3A (from regulatory

particle non-triple-A ATPases).

The ubiquitin (Ub)/ 26S proteasome pathway is the predominant prote-
olytic system in plants. Selective degradation of proteins is essential for
plant physiology. This process is required in different situations, such
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FicURE 5.6: Protein predicted localization. Predicted lo-
calizations of all the detected isoforms at 4 dpi. Color indi-
cates the level of significance. NA corresponds to GFP.

as the removal of misfolded or abnormal proteins, or the degradation of
short-lived regulatory proteins. In the 26S proteasome, ubiquitin acts a a
recyclable recognition signal to make protein turnover selective and specific
(Smalle and Vierstra, 2004).

The 26S proteasome is a 2 MDa ATP-dependent proteolytic complex that
is divided into 2 subcomplexes: the 20S core protease (CP) and the 19S
regulatory particle (RP) (for a review, see Sadanandom et al., 2012). The RP
associates with the CP and regulates it, conferring ATP and Ub dependence
to the otherwise ATP and Ub independent CP. The RP itself is divided into
two subcomplexes, called Lid and Base, composed of 17 subunits. The
Base comprises six related AAA-ATPases (RTP1-6) and three non-ATPase
subunits (RPN 1, 2 and 10). The lid is formed by the RPN 3, 5-9 and 11-12
nonATP-ase subunits (Figure 5.7).

The RPT subunits are thought to facilitate substrate unfolding and open-
ing of the CP pore gating. The RPN subunits are presumed to act as recep-
tors for poly-Ub carrier proteins and other complexes from the Ub protea-
some cascade.

The subunits that appear as CUC1’s putative interactors form part of the
regulatory particle and are both ATPases (RPT1 and RPT5) and nonATPases
(RPN1 and RPN3). All of these subunits have been associated with cell cycle
related events.

In particular, RPN1 has been shown to interact with ubiquitin-binding
shuttle proteins, which suggests a role in substrate recognition. RPN1a is
essential for embryogenesis and showed cell division defects, where cyclin

["IFDR < 0.05
[TIFDR<0.1
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Gene ID Symbol Description Significance

AT3G15170 cucl NAC transcription facFor involved in SAM FDR<0.05
and boundary formation

AT2G20580 RPN1A 26S proteasome regulatory subunit S2 1A FDR<0.05

AT1G20200 RPN3A 268S proteasome regulatory subunit S3 homolog A FDR<0.05

AT1G53750 RPT1A 26S proteasome AAA-ATPase subunit RPT1A FDR<O0.1

AT1G09100 RPT5B 268S proteasome AAA-ATPase subunit RPT5B FDR<0.05

AT4G 15802 HSBP Heat shock factor binding protein FDR<O0.1

AT1G79920 HSP70-15 Heat shock protein 70 (Hsp 70) family protein FDR<0.05
Member of the Alfinl-like family of plant

AT5G26210 Al4 homeodomain containing proteins. Binds FDR<0.05
to di- or trimethylated histone H3 (H3K4me3/2).

AT3G42170 DAYSLEEPER Transposase-like gene with conserved domains FDR<0.05

from the family of hAT transposases

EUKARYOTIC TRANSLATION INITIATION
AT3G13920 ElFaAl FACTOR 4A1l. RNA helicase. FDR<0.1

TaBLE 5.3: Nuclear localized CUC1 putative interactors with
a FDR below 0.1

B1 was not properly degraded and irregular division panes were observed
(Brukhin et al., 2005)

RPN3 is essential for cell cycle progression in yeast (Bailly and Reed,
1999). In Nicotiana tabacum, NtRPN3 interacts with NtCDPK1, a calcium-
dependent protein kinase that is involved in the control of cell division and
differentiation (Lee et al., 2003).

The mutation of RPT1 in yeast caused strong growth alterations and
displayed a G; cell cycle defect (Rubin et al., 1998). RPT5 is essential for cell
viability during gametophyte development, as its mutation fails to degrade
mitotic cyclin and causes gametophytic lethality (Gallois et al., 2009).

Other members of the proteasome are involved in the specification of
leaf polarity (Huang et al., 2006). RPNb5A is essential for gametogenesis;
its mutants show severely dwarfed phenotypes and other defects are as-
sociated to alterations in the number of cells (Book et al., 2009). Two RP
members, RPN8a and RPT2a also participate in the repression of class-1
KNOX genes during leaf development (Huang and Huang, 2007).

It is worth noting that, even if more informative statistical analysis could
not be performed for the results at 2 dpi, several members of the 26S pro-
teasome also appear to be more abundant in the CUC line in comparison
to the control at this time point.

There is evidence that other TFs can interact with different members of
the proteasome and regulate the degradation of other proteins. In mam-
mals, the HOXA2 TF from the homeodomain HOX gene family is involved
in embryonic development and patterning and has been shown to interact
with two core proteasome subunits (PSMA3 and PSMB2) (Bergiers et al.,
2013).

Among the nuclear putative interactors (Table 5.3), two proteins poten-
tially involved in transcriptional regulation were found: DAYSLEEPER and
ALFIN-LIKE4 (AL4).

DAYSLEEPER is a transposase-derived protein resembling members of
the hAT-superfamily (Bundock and Hooykaas, 2005) that is predominantly
expressed in meristems, developing flowers and siliques (Knip et al., 2013)



68 Chapter 5. Proteomics

FiGURE 5.7: The 26S proteasome. The proteasome 20S core
protease is depicted in green and the 19S regulatory particle
in gray (Raasi and Wolf, 2007).

and is essential for plant development (Bundock and Hooykaas, 2005). It
is involved in gene regulation and its mutants show severe growth defects,
with slow growing seedlings, impaired cotyledon expansion and failure to
form normal leaves and floral organs (Bundock and Hooykaas, 2005).

ALFIN-LIKE4 is a member of the Alfinl-like family of nuclear-localized
PHD (plant homeodomain) domain containing proteins, and can bind to
di- or trimethylated histone H3 (H3K4me3/2), acting as a transcription co-
activator (Lee et al., 2009b)

The EUKARYOTIC TRANSLATION INITIATION FACTOR 4A (elF44) is also
a CUCI1 nuclear putative interactor (Table 5.3) that is not included in the
previous two groups. elF4A is coded by two Arabidopsis genes, elF4A1l
(AT3G13920) and elF4A2 (AT1G54270), and the two proteins share a 97%
similarity at the primary sequence level.

elF4A is a highly conserved ATPase and helicase involved in the initi-
ation of mRNA translation, a key target of post-transcriptional regulation
(Browning and Bailey-Serres, 2015; Bush et al., 2015). It is highly ex-
pressed in growing tissues, specially in meristems and flowers. eIF4A phys-
ically interacts with the cell cycle regulator CDKA (Hutchins et al., 2004;
Bush et al., 2016) and its mutants show defects in cell division and growth
in Brachypodium distachyon (Vain et al., 2011) and Arabidopsis (Bush et
al., 2015).

The mechanism by which elF4A affects cell growth remains to be elu-
cidated, although the elF4A-CDKA interaction could provide a molecular
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pathway for controlling translation in proliferating tissues and thus con-
tributing to cell size homeostasis in mersitems (Bush et al., 2016).

Another translation initiation factor, elF3, has been shown to interact
with the RP of the 26S proteasome (Paz-Aviram, Yahalom, and Chamovitz,
2008) and this interaction could be responsible for the regulation cell divi-
sion (Yen, Gordon, and Chang, 2003; Yahalom et al., 2001).

# JOSE: I could not find other TFs interacting with eif4A. Pdcd4 is a
tumor suppressor (nuclear/cytoplasmatic shuttling protein) and does in-
teract (couldnt access paper to get more specific info)

As in the case of the proteasomal subunits, it has been observed that
TFs from the HOX family can interact with another translation initiation
factor in mammals, eIlF4E, to stimulate translation efficiency and regulate
cell proliferation (Topisirovic et al., 2005).

There were two heat shock-related proteins in the nuclear putative in-
teractor group: HSP70-16 and HSBP.

The tissue specific localization of the transcripts of some of the genes
encoding for CUC1’s nuclear putative partners coincides with the boundary
region defined as the area where the pLAS promoter is active (Figure 5.8,
image obtained from the eFP Browser, Winter et al., 2007). This indicates
that these putative interactors are expressed in the same region as CUC1
and reinforces the evidence for their physical interaction.

Using the list of CUC1 putative nuclear interactors, a protein-protein
database was queried and the first order interactors for each of these pro-
teins were obtained (Figure 5.9). The broken orange lines represent the in-
teractions that have not been observed previously and were found through
the experiments presented in this Chapter.

Cytoplasmatic putative interactors

Table 5.4 contains the proteins that appear as putative CUC1 interactors
and are predicted to be localized in the cytoplasm, although CUCI1 is local-
ized in the nucleus. Several tubulin subunits appear in this list.

Gene ID Symbol  Description Significance
AT1G79930 HSP91 heat shock protein 91 FDR<0.05
AT2G29550 TUB7 tubulin beta-7 chain FDR<O0.1
AT5G19780 TUAS tubulin alpha-5 FDR<O0.1

homologous to the co-chaperon DNAJ

AT3G44110 ATJS3, ATJ . . FDR<0.05
protein from E coli

AT5G 18380 NA Rlbosoma.I protelq S5 domain 2-like FDR<O.1
superfamily protein

AT5G62700 TUB3 tubulin beta chain 3 FDR<O0.1

AT1G20010 TUBb tubulin beta-5 chain FDR<O0.1

AT5G44340 TUB4 tubulin beta chain 4 FDR<O0.1

TaBLE 5.4: Cytoplasm localized proteins with an FDR below
0.1
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pLAS - organ boundaries

:rv'.e‘)‘.: pLAS - organ boundaries
AT3G42170 AT1G20200
DAYSLEEPER RPNSA

pLAS - organ boundaries pLAS - organ boundaries

AT1G53750 AT5G26210
RPT1A AL4

FIGURE 5.8: Expression profile of CUC1 putative interac-

tors. Images depicting the expression levels of CUC1 puta-

tive interactors according to the eFP Browser, particularly in
boundary regions(pLAS promoter).
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Chapter 6

Discussion and Conclusions

6.1 CUP-SHAPED COTYLEDONTI regulatory network

The main goal of this Thesis was to determine the transcriptional and post
transcriptional events related to the role of CUC1 during the early stages
of flower development. Several aspects of CUC1 function were analyzed
through the combination of complementary genome-wide approaches in-
cluding transcriptomics, transcription factor binding profiles and protein
interactome analyses. The results obtained from such techniques allowed
to elucidate a set of transcriptional targets, molecular pathways and CUC1
interactors with the intention of delineating the mechanisms by which this
NAC transcription factor contributes to the establishment of floral organ
boundaries. These results represent a substantial advance in the under-
standing of the molecular events that are controlled by CUC1 in this key de-
velopmental stage of plant development. In this regard, this Thesis provides
a foundational body of work that can be used to further explore CUC1’s reg-
ulatory network.

6.2 Transcriptomic response to elevated levels of CUC1 during

early flower development.

The transcriptomic landscapes associated to the role of CUC1 during early
flower development were defined by using different genetic backgrounds,
all of which shared the increased levels of CUC1 in meristematic tissues.
By both comparing the eepl and the CUCI lines to their controls (eep1 con-
trol and AP1 lines, respectively), it was possible to distinguish an increased
rate of upregulation of the downstream genes at early stages after floral
initiation. In the case of the eepl line it was even more clear that a shift
towards downregulation occurred at later stages. Among the shared DEGs
between both datasets (microarrays and RNA-seq), approximately 25% cor-
responded to nuclear proteins mostly consisting of transcriptional regula-
tors (transcription factors belonging to different TF families). In addition to
these, ARGONAUTE 3, which is present in ribonucleoprotein complexes in
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the cytosol, was also found. Altogether, these findings suggest that CUC1
may exert its control of organ boundaries by regulating other regulators of
transcriptional or post-transcriptional processes.

CUC1 expression is governed by the action of several hormone response
pathways, including auxins, cytokinins and brassinosteroids. The tran-
scriptomic analyses using both genomic platforms suggest that CUC1 may
also regulate some hormone responses downstream. This is the case of the
ABA signaling pathway, as CUC1 downregulates the expression of the ABA
receptor PYL5.

6.3 Genome-wide binding landscape of CUCL in floral tissues

The role of CUCI1 and its gene regulatory network was tested through the
analysis of transcriptomic data correlated with transcription factor genome-
wide binding (ChIP-Seq) data. This combined analysis is a powerful strat-
egy for the identification of transcription factor targets and the elucidation
of gene regulatory network circuitry. This approach has been recently illus-
trated by several recent studies in Arabidopsis including processes such as
floral transition (e.g. to define the mechanism of action of AP1 and SEP3)
and shoot apical stem cell maintenance (deciphering the regulatory net-
work of WUSCHEL).

CUC1 binds preferentially to regulatory regions (i.e. gene promoters)
very close to the transcriptional start site, confirming the main role of CUC1
as a transcription factor. Among bound genes, CUC1 seems to regulate
translation-related processes. This may impact translation efficiency by
altering the abundance of ribosomal proteins.

6.4 Elucidation of the CUCI protein interactome

Through the use of protein-protein interaction analyses, it was possible to
define a set of CUCI1 interactors in vivo, including several cytosolic and
nuclear proteins with diverse functions. Among these, it is worth high-
lighting the identification of several heat shock proteins, proteasome units
and transcriptional and translational regulators. Further experiments are
required to confirm the observed interactions. This should be addressed
by in vivo experiments, such as co-immunoprecipitation or bimolecular
fluorescence complementation (BiFC), and the validation of the nuclear in-
teractions should be approached first.

As previously described, it has been shown that CUC1 is able to repress
cell division (Sieber et al., 2007). While the mechanisms by which this oc-
cur are not fully understood, hormonal factors are thought to be involved.
The presence of several members of the 26S proteasome as putative CUC1
interactors is noteworthy, since it is well known that these factors are in-
volved in the regulation of the cell cycle. Another of the identified nuclear
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putative interactors, elF4A, also affects cell division. This raises the possi-
bility that the interactions with translational and post-translational related
proteins could mediate CUC1’s effects on cell division.

6.5 Future perspectives

For both the transcriptomic and ChIP-seq experiments, a possibility to im-
prove the results would be to use a single-cell approach, for instance using
fluorescent-tagged cell sorting (FACS).

When comparing the CUC line or the eep line with the controls, the
whole inflorescence-like tissue is being assessed. This means that the
source of RNA that is used for transcriptomic experiments derives from
functionally heterogeneous groups of cells. The effects of CUC1 (and CUC2)
on boundary formation are very specific to a finite group of cells and there
are mechanisms in place to ensure that they are restrained to these spa-
cial domains so that the surrounding tissues are able to grow normally.
The consequences of the alteration of the levels of these boundary genes
is likely to be subject to some kind of regulation in the surrounding cell
types, where a different set of transcriptional regulators is expressed and
may provide a feedback mechanism to prevent fluctuations that alter nor-
mal development. In consequence, by comparing the transcriptomes of the
whole inflorescence tissue, some of the changes caused by CUC1 may be
masked in this experimental setup.

The possible problem is that this would not be done in intact tissues,
but would require the preparation of protoplasts and, hence, some of the
particular developmental context would be missed.

It is possible that the low correlation observed between the genome-
wide binding of CUC1 and the transcriptional response to its elevated levels
could be due to the presence of other modulating factors. These may act
by either physically interacting with CUC1 or by affecting the context in
its vicinity, for example by altering chromatin structure in a way that pre-
vents the translational machinery to activate the expression of downstream
genes. By this or other means, this possibility could have a repressive effect
on CUC1’s transcriptional regulatory potential.

Considering this in the biological context of the activity of CUCI1, it
would make sense that its potential is limited. Even if at the level of its
own expression CUC1 is very restricted, it is of utmost importance to re-
strain its capacity to affect growth exclusively to the boundary regions.
Some of the discovered protein-protein interactions, in particular those re-
lated to the 26S proteasome, would be good candidates to further analyze
this possibility and try to advance our knowledge about CUCI.
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Chapter 7

Materials and Methods

7.1 Plant materials and growth conditions

The Arabidopsis thaliana accession used for all the lines employed in this
PhD thesis was Landsberg erecta (Ler). Ler is referred to as wild type (WT)
throughout the thesis.

7.1.1 Transgenic lines

Details about the transgenic lines are discussed in the Introduction.

The AP1 line : pAP1:AP1-GR apl cal

The API1 line was obtained from Dr. Frank Wellmer and is described in
O’Maoiléidigh et al., 2013.

The CUC line: pCUC1:CUCIm-GFP pAP1:AP1-GR apl cal

The CUC line was obtained in our laboratory by Dr. Jian Jin (former post-
doc). The AP1 line was transformed with a plasmid containing pCUC1:CUC1m-
GFP using Agrobacterium transformation and selected until a single inser-
tion line was obtained.

The eepl line: 355:AP1-GR apl cal eepl

The eepl line was obtained from Dr. Frank Wellmer, from Trinity College
Dublin.

7.1.2 Growth conditions

Seeds were sown directly on soil mixed with vermiculite and perlite (5:1:1)
for RNA-seq and ChIP-seq, microarrays and proteomic experiments. Af-
ter a 3 to 5 day vernalization period, plants were grown under long day
photoperiods (16 h light, 8 h dark, 20-23°C) in growth chambers.
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7.2 Dexamethasone induction

Cauliflower buds were treated with dexamethasone (10uM, Sigma-Aldrich)
with 0.01 % v/v ethanol and 0.015 % Silwet L-77 (De Sangosse) when the
main inflorescence stem was between O and 2 cm. Treatment was per-
formed using a plastic Pasteur pipette and placing drops over each bud to
cover them completely. Dexamethasone was applied once (at day O, after
collecting the corresponding O dpi sample) and for every biological repli-
cate, always at the same time of the day (between 14:30 and 15:30 hs, or
5.5-6.5 ZT).

7.3 Tissue collection from inflorescences

Tissue from the inflorescences was collected using jewelers forceps (Du-
mont, #55) and immediately frozen in liquid nitrogen. Collection before
treatment with dexamethasone constitutes samples referred to as "O dpi".
After collecting O dpi samples, floral buds were treated with dexamethasone
as described in Section 7.2 and subsequent time points were collected in
the same way at their respective time after treatment.

7.4 RNA extraction

Plant material was collected in liquid nitrogen and stored at —80°C until
further processing. The tissue was then ground in liquid nitrogen using
a mortar and pestle or an electric drill and polypropylene pellet pestles
(Sigma-Aldrich). Total RNA was extracted using Spectrum total RNA kit
(Sigma-Aldrich) according to the manufacturer’s recommendations. RNA
was resuspended in 50 mul of Milli-Q water. The same method was used
for RNA-seq experiments and RT-qPCR presented in Results. Total RNA
preparations used for RNA-seq analysis were treated with DNase I (Ambion)
to reduce contamination with genomic DNA.

7.5 gPCR

LightCycler® 480 SYBR Green PCR Master Mix (Roche) was used for gPCR
experiments in a LightCycler 480 II Instrument (Roche). Both in ChIP-
gPCR and RT-qPCR at least 3 technical replicates were used to obtain mean
values and perform subsequent calculations.

Relative abundance of mRNA transcripts (RT-qPCR) or chromatin frag-
ments (ChIP-gPCR) was calculated using the AA Ct method (Livak and
Schmittgen, 2001). Referencel (AT4G26930) and Reference2 (AT4G17740)
were used as reference/ housekeeping genes (see 7.12).

The qPCR reaction mix composition is detailed in Table 7.1 and the am-
plification conditions in Table 7.2.
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Reagent Volume (@)
SYBR Green PCR Master Mix 10
Primer Forward 100
Primer Reverse 100
Template 1-5
Water to 20

TaBLE 7.1: qPCR mix per reaction

Temperature Time
Step (°C) (min:sec) Cycles
Initial Taq activation 95 10 1
Denaturation 95 0:10 45
Annealing and extension 60 0:30

TaBLE 7.2: qPCR program

7.6 Chromatin immunoprecipitation

Chromatin immunoprecipitation was carried out as described in Kaufmann
et al., 2010a with some modifications, as follows.

Around 1.5 g of inflorescence tissue was used for each biological repli-
cate. Tissue was fixed for 30 minutes under vacuum with 1 % formaldehyde
and frozen in liquid nitrogen. 9 mu ul of GFP antibody (Abcam AB290) was
used for each ChlIP.

The full protocol can be found in the online Supplementary information.

7.6.1 Library preparation for ChlP-seq

Libraries were prepared using NEBNext® Ultra 11 DNA Library Prep Kit
for Illumina ® (#E7645S, New England Biolabs) with NEBNext® Multiplex
Oligos for Ilumina® (Index Primers Set 1, #£7335S, New England Biolabs).

For input libraries 1 ul of input ChIP was used. For IP libraries 40 ul
were used. The protocol for preparation was followed according to manu-
facturer’s instructions. Adaptors were diluted 1/25 and 1/10 for IP and
input samples respectively. 15 PCR cycles were used for ChIP-seq libraries.

In the size selection step with SPRI magnetic beads 40 ul and 20 ul were
used for the first and second step respectively.

7.7 Library preparation for RNA-seq

RNA extracted as described in Section 7.4 from the CUC line and the AP1
line was collected at O, 2 and 4 dpi and frozen at -80°C until library prepa-
ration.

Libraries were prepared at the Millard and Muriel Jacobs Genetics and
Genomics Laboratory from the California Institute of Technology.
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7.8 Bioanalyzer

To assess ChlIP-seq libraries size range, samples were loaded undiluted and
in a 1:5 dilution in Bioanalyzer High Sensitivity DNA chips (Agilent).

RNA samples for microarrays and RNA-seq were loaded on RNA Bioana-
lyzer chips to determine their purity and integrity. Only RNA samples with
RIN values over 8 were used for subsequent experiments.

7.9 Sequencing

All RNA-seq and ChIP-seq and RNA-seq libraries were sequenced at the Mil-
lard and Muriel Jacobs Genetics and Genomics Laboratory from the Califor-
nia Institute of Technology using a HiSeq2500 (Illumina) high throughput
sequencer.

7.10 Microarrays

Custom microarrays (Agilent) described in Kaufmann et al., 2010b were
used in Chapter 2 following manufacturer’s instructions.

RNA samples from inflorescences of about ~25 plants was extracted as
described in 7.4 and labeled with fluorescent dyes using the Quick Amp La-
beling Kit (Agilent). Microarray hybridizations (65°C, 16h) and washes were
performed with Agilent reagents and following standard protocols. Microar-
rays were scanned using an Agilent DNA Microarray Scanner G2565CA,
and data was acquired using Agilent’s Feature Extraction Software. Data
analysis is described in 7.14.5.

Four independent sets of biological samples were used for the experi-
ments. In each of the biological replicates of the time course experiment,
two samples derived from the eep1 line were labeled with one dye (i.e., Cy3),
and two samples derived from apl line plants were labeled with the alter-
native dye (i.e., Cyb). The dyes used for labeling RNA from a given genotype
(eepl and API lines) were switched for the two other biological replicates
to reduce dye- related artifacts. eepl line and AP1 line-derived samples for
each time point and biological replicate were co-hybridized. This experi-
mental setup resulted in a total of 6 hybridizations per set (0d, 1d, 2d, 3d,
4d and 5d; eepl vs. AP1 at each time point), and two biological replicate
sets labeled with each dye polarity (eepl1-Cy3/ AP1-Cy5, and vice versa).

Data analysis is described in 7.14.5.

7.11  Microscopy

Confocal microscopy images from the CUC line were obtained using an FV
1000 confocal microscope (Olympus). Images were processed and Z stacks
were assembled using Olympus FV software. To obtain the images, the
apices from the cauliflowers in the CUC line were dissected using sharp
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tweezers and then flattened and spread on glass slides. A drop of water
was poured over the tissue and a cover slide was placed on top of it.

7.12 Primers

All primers were designed using Primer3 online tool (http://bioinfo.ut.
ee/primer3).

Primers used for ChIP-qPCR were designed surrounding the peak center
in the corresponding peak identified in preliminary ChIP-Seq experiments.

7.13 Proteomics

Proteomics experiments were carried out during a short stay at the Univer-
sity of Potsdam in the laboratory led by Dr. Kerstin Kaufmann.

The protocol used for the identification of CUC1 protein complexes is
outlined thoroughly in Smaczniak et al., 2012b. All steps were followed as
described unless otherwise specified.

7.13.1 Plant material

About 0.75 g of cauliflower tissue from the CUC line was used for each
sample. Samples proceed from plants that were pooled according to the
time of collection after DEX treatment, and each biological replicate was
independent from each other (pools for each sample came from different
sets of plants) . It was stored at —80°C until the start of the experiments.

7.13.2 Protein extraction

Total protein extract was used, so steps 7-12 of Smaczniak et al., 2012b for
nuclear isolation were skipped. Step 15 was repeated twice more to make
sure no particles were left in the supernatant.

7.13.3 Protein immunoprecipitation

Incubation at 4°C was done for 90 minutes with anti-GFP antibody (Abcam
290).

7.13.4 LC-MS/MS analysis

LC-MS/MS analysis was performed on a LTQ-Orbitrap mass spectrometer
as described in Smaczniak et al., 2012b.

7.13.5 Statistical analysis of results from MaxQuant

After initial peak intensities were determined and normalized using MaxQuant
software (Cox and Mann, 2008; Cox, Jurgen et al., 2011), statistical anal-
ysis was performed to identify proteins that were differentially identified in
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the CUC line as compared to the control (AP1 line) as described in Smacz-
niak et al., 2012b.

7.13.6 Protein extraction and Western blot

Western blot was performed on total protein extract and nuclei protein ex-
tract using cauliflowers from the CUC line at 4dpi. Both extracts were
obtained as described in Smaczniak et al., 2012b and 7.13.2.

About 50 ug of protein were denatured in loading buffer (100 mM Tris-
HCl pH 6.8, 4 % SDS , 200 mM DTT , 20 % glycerol, 0.002 % Bromophenol
Blue) at 95°C for 10 min. The SDS-PAGE gel was prepared with acrylamide
at 12 % for the resolving gel and 4 % for the the stacking gel. Samples were
ran at 20 mA for about 1 hour using the PageRulerTM Prestained Protein
Ladder (Thermo Fisher Scientific). Proteins were transferred on a Nitro-
cellulose membrane (Optitran BA-S 83, Whatman) by blotting for 1 hour
at 100 V with agitation at 4°C. Membrane was blocked with 3 % milk in
TBS-T (TBS with 0.25 % Tween) for 2 hours at room temperature followed
by 2 hours at 4 °C and then rinsed with TBS-T. Membrane was then incu-
bated with anti-GFP primary antibody (ab290, Abcam) in TBS-T (1/2000)
overnight at 4°C. Membrane was washed 3 times with TBS-T and secondary
antibody (IRDye® 800CW Donkey anti-Rabbit IgG H + L, Li-Cor) was incu-
bated in 3 % milk in TBS-T for 2 hours with agitation. Finally membranes
were washed 3 times with TBS-T and protein was detected by infrared flu-
orescence using an Odyssey® Imaging System (Li-Cor).

Gel was stained for 2 hours with Coomassie Brilliant Blue (0.1 %) and
destained using a methanol/acetic acid solution overnight.

7.14 Bioinformatic analyses

7.14.1 RNA-seq analysis

Raw reads from the eighteen libraries prepared were obtained in FastQ
format from Caltech and were analyzed using a custom pipeline, as follows.

First the quality of the reads was assessed using FastQC (http://wuw.
bioinformatics.babraham.ac.uk/projects/fastqc). Potential adaptor con-
tamination and low quality trailing sequences were removed using Trim-
momatic (Bolger, Lohse, and Usadel, 2014). The trimmed reads were then
aligned to the Arabidopsis reference genome (TAIR10) using STAR aligner
(Dobin et al., 2013). To obtain the number of reads that were assigned to
each gene, featureCounts was used (Liao, Smyth, and Shi, 2014). Down-
stream differential expression analysis was performed using DESeq2 (Love,
Huber, and Anders, 2014).

7.14.2 ChIP-seq analyses

A custom pipeline was used after obtaining raw reads from the sixteen

libraries in FastQ format.
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First the quality of the reads was assessed using FastQC (http://wuw.
bioinformatics.babraham.ac.uk/projects/fastqc). Potential adaptor con-
tamination and low quality trailing sequences were removed using Trim-
momatic (Bolger, Lohse, and Usadel, 2014). The trimmed reads were then
aligned to the Arabidopsis reference genome (TAIR10) using STAR aligner
(Dobin et al., 2013). Read duplicates from the PCR amplification step in the
sequencing process were removed using Picard MarkDuplicates and only
those uniquely mapped reads having a mapping score equal or higher than
30 (probability equal to or lower than 0.001 that a read is mismapped) were
kept. The resulting bam files from the IP and input samples were used to
call peaks using MACS2 (Zhang et al., 2008). Annotation of the peaks was
performed using HOMER (Heinz et al., 2010) and Bedtools (Quinlan and
Hall, 2010).

7.14.3 Gene Ontology analysis

Several tools were used to asses the enrichment of gene ontology categories
in different gene sets.

e Cytoscape (Shannon et al., 2003), BINGO app (Maere, Heymans, and
Kuiper, 2005).

e AgriGO (Du et al., 2010).

7.14.4 CUC1 binding sequence analysis

The MEME-ChIP tool from the MEME-suite was used to find the motifs that
were enriched in the vicinity of CUC1’s binding sites. The fasta files of the
sequences spanning 100 bp around the tier 2 peak summits was used. The
Arabidopsis DAP motifs database was used to find similar motifs (O’Malley
et al., 2016) and default options were used except for the maximum with
of the motifs to search for, that was set to 12.

7.145 eepl microarrays

Raw data from scans was imported into R (R Core Team, 2017) and analyzed
with the limma package (Ritchie et al., 2015). Background correction was
performed using the backgroundCorrect function using the normexp method
with maximum likelihood estimation of the background (Silver et al., 2009).
Within-array normalization was performed using the loess method and
between-array normalization using quantile normalization (Smyth and Speed,
2003). The linear model was fit using the 1mFit function and the ebayes
function, which uses empirical Bayes moderation of the standard errors
towards a common value. The p-values were corrected for multiple testing
using the BH method (Benjamini, Hochberg, and Yekutieli, Yekutieli and
Benjamini, 2001), which is the false discovery rate (FDR).
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Appendix A

Full tables

Full tables of results and complete protocols can be obtained in Supple-
mentary information (URL: https://drive.google.com/drive/folders/0B_
FLIz1QvlygYmNvOUtseGwxR3M7usp=sharing).

The PDF version of this Thesis contains links that can be used to open
the specified online document or folder.


https://drive.google.com/drive/folders/0B_FLIzlQvlygYmNvOUtseGwxR3M?usp=sharing
https://drive.google.com/drive/folders/0B_FLIzlQvlygYmNvOUtseGwxR3M?usp=sharing
https://drive.google.com/drive/folders/0B_FLIzlQvlygYmNvOUtseGwxR3M?usp=sharing
https://drive.google.com/drive/folders/0B_FLIzlQvlygYmNvOUtseGwxR3M?usp=sharing
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e Bustamante, M., J. Jin, O. Casagran, T. Nolan, and J. L. Riechmann.
2014. “Gene Expression Analysis by Quantitative Real-Time PCR for
Floral Tissues..” Methods in molecular biology (Clifton, N.J.) 1110(Chap-
ter 21):363-82.

e Bustamante, M., J. T. Matus, and J. L. Riechmann. 2016. “Genome-
Wide Analyses for Dissecting Gene Regulatory Networks in the Shoot
Apical Meristem..” Journal of Experimental Botany 67(6):1639-48.



Chapter 21

Gene Expression Analysis by Quantitative Real-time
PCR for Floral Tissues

Mariana Bustamante, Jian Jin, Oriol Casagran, Tania Nolan,
and José Luis Riechmann

Abstract

Real-time, or quantitative, reverse transcription polymerase chain reaction (qQRT-PCR), is a powerful
method for rapid and reliable quantification of mRNA abundance. Although it has not featured promi-
nently in flower development research in the past, the availability of novel techniques for the synchronized
induction of flower development, or for the isolation of cell-specific mRNA populations, suggests that
detailed quantitative analyses of gene expression over time and in specific tissues and cell types by qRT-PCR
will become more widely used. In this chapter, we discuss specific considerations for studying gene expres-
sion by using qRT-PCR, such as the identification of suitable reference genes for the experimental setup
used. In addition, we provide protocols for performing qRT-PCR experiments in a multiwell plate format
(with the LightCycler® 480 system, Roche) and with nanofluidic arrays (BioMark™ system, Fluidigm),
which allow the automatic combination of sets of samples with sets of assays, and significantly reduce reaction
volume and the number of liquid-handling steps performed during the experiment.

Key words Real-time PCR, qRT-PCR, Quantitative PCR (qPCR), SYBR Green I dye

1 Introduction

Difterential gene expression, over time or among different cell and
tissue types, is central to the developmental processes of all organ-
isms. In flower development studies, this aspect of gene function
has usually been approached by using methods to characterize spa-
tial patterns, or domains, of gene expression, such as in situ hybrid-
ization (see Chapter 14) and promoter—reporter gene fusions
(see Chapter 15). In contrast, real-time, or quantitative, reverse
transcription polymerase chain reaction (qQRT-PCR), which is a
powerful method for rapid and reliable quantification of mRNA
abundance, has not featured prominently in flower development
research. However, the development of techniques for the syn-
chronized induction of flower development (see Chapter 16), or for
the isolation of cell-specific mRNA populations (see Chapters 17-19),

José Luis Riechmann and Frank Wellmer (eds.), Flower Development: Methods and Protocols, Methods in Molecular Biology,
vol. 1110, DOI 10.1007/978-1-4614-9408-9_21, © Springer Science+Business Media New York 2014
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suggests that detailed quantitative analyses of gene expression over
time and in specific tissues and cells will become more broadly used
(not the least because such data will be needed for the character-
ization and ultimate modeling of the molecular gene regulatory
networks that control the development of the flower).

The qRT-PCR method involves three processes: The conver-
sion of mRNA into cDNA via reverse-transcription; the amplifica-
tion of the resulting cDNA by PCR; and the detection and
quantification in real time of the synthesized PCR amplification
products [1-3]. The reliability of the data obtained in qRT-PCR
experiments can be affected by several factors that impact on those
processes, including template quality (RNA integrity [ 3,4 ]), purity
[3, 5] and quantity, efficiency of the RT reaction, PCR primer
design, and efficiency of the PCR amplification [3]. To compensate
for between-sample variations in the amount of starting material
and in the efficiency of the qRT-PCR process, expression levels of
the genes of interest are reported relative to one or more reference
genes that are presumed to be uniformly and stably expressed
across the tissues or conditions tested in the experiment, and whose
abundance reflects the total amount of mRNA present in each sam-
ple. Thus, the reliability of QRT-PCR analyses is largely affected by
the suitability of the gene (or genes) that is selected as a reference,
i.e., by whether or not such a gene really fulfills the requirements
of a normalization control [6, 7].

Housekeeping genes, which function in basic cellular processes
and are expressed in all cells of an organism, have often been used
as reference genes to normalize the data in qQRT-PCR experiments
(e.g., genes such as glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), elongation factor-la ( EF-la), actin (ACT), or tubulin
(TUB)). However, the initial evidence indicating that housekeep-
ing genes are stably expressed was obtained using methods that are
mostly qualitative (for instance, RNA gel-blots and end-point
RT-PCR), and subsequent studies have demonstrated that in some
circumstances their expression may be regulated, or be unstable,
and thus show changes in transcript levels throughout develop-
ment or among different conditions or tissues. In addition, house-
keeping genes are usually expressed at higher levels than the typical
genes of interest. For these reasons, using them as reference genes
may introduce biases in the results obtained by qRT-PCR [6, 7].
For example, in a series of experiments designed to assess tradi-
tional Arabidopsisreference genes (including ACT2, ACT7, ACTS,
ADENINE PHOSPHORIBOSYLTRANSFERASE 1 (APTI),
EFla, EUKARYOTIC TRANSLATION INITIATION FACTOR
4A1 (elF4A), TUB2, TUB6, TUBY, UBIQUITIN 4 (UBQ4),
UBQ5, UBQI0, and UBQI1), it was found that eIF4A would
appear to be stably expressed over the course of silique develop-
ment when APT1, UBQS5, or eFla were used to normalize the
data, whereas its expression would appear quite variable when
TUBG was used as reference gene [6].
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In summary, the validity of “housekeeping” reference genes is
not universal, and is highly dependent on the experimental condi-
tions [7]. Thus, the selection of appropriate reference genes for the
normalization of qRT-PCR data has emerged as a crucial compo-
nent for successful expression studies carried out with this technol-
ogy, and statistical algorithms like geNorm [8] or BestKeeper [9]
have been developed for that purpose (see Note 1).

Concomitantly, the use of genome-wide technologies (i.e.,
DNA microarrays) to characterize gene expression changes across
many different tissues and developmental stages, environmental
conditions, or in response to biotic and abiotic stresses or pertur-
bations, has resulted in very rich datasets (for instance, [10]) that
can be mined to identify novel, better suited reference genes for
the desired experimental setup. For instance, Czechowski et al.
[11] analyzed a very large set of Arabidopsis data obtained with
Aftymetrix ATH1 GeneChip arrays to identify several hundred
genes that outperform traditional reference genes in terms of
expression stability throughout development and under a range of
environmental conditions. Subsequent qRT-PCR experiments per-
formed with a subset of those novel reference genes confirmed that
they showed superior expression stability and lower absolute
expression levels [11] (see Table 1) (see Note 2). The results
obtained in Arabidopsis have informed the selection of reference
genes in other plant species, as the corresponding orthologous genes
may also show stable expression (for an example in Leafy spurge,
see ref. 12). It candidate reference genes are selected based on orthol-
ogy, however, their suitability needs to be confirmed experimen-
tally, as such character is not always maintained across all experimental
conditions in all organisms [ 3] (for instance, see ref. 13).

The approach of using genome-wide data to select reference
genes has been further expanded and refined with RefGenes, an
online tool that allows easy identification of condition-specific ref-
erence genes [14]. RefGenes is based on the Genevestigator data-
base of normalized and well-annotated microarray experiments,
and is accessible through the Genevestigator Web page (www.
genevestigator.com). The appropriateness of using condition-
specific reference genes is based on the observation that for each
biological context a subset of stable genes exists that has a smaller
variance than either commonly used reference genes or genes that
were selected for their stability across all conditions [14]. In other
words, there is no gene that is universally stable, and for each bio-
logical context and specific experimental condition, the most
appropriate set of reference genes does vary.

Through RefGenes, users are able to select the microarray
experiments that are most similar to their chosen experimental
conditions (including tissue, developmental stage, treatment, etc. ).
Afterwards, the user indicates the set of target genes of interest
(up to ten genes can be tested at once). A search is then triggered
to identify those genes that have the lowest variance within the
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selected set of microarray experiments and a range of expression
that is similar to that of the target gene set. The result of the search is
graphically displayed, showing the top 25 best candidate reference
genes for the selected conditions. The behavior of these candidate
genes in the chosen (or in additional) tissues or experimental
conditions can then be explored using the Conditions tool of
Genevestigator. In addition, the novel candidate reference genes
that are identified using RefGenes should be validated for the
specific biological conditions (tissue type, treatment, etc.) of the
experiments to be performed, by using one of the aforementioned
algorithms (geNorm or BestKeeper) and preferably together with
commonly used reference genes.

The use of RefGenes to select reference genes for flower devel-
opment studies is illustrated in Figs. 1 and 2 and in Table 2. A set
of ten genes that participate in and /or are expressed at early stages
of Arabidopsis flower development was used as the target set
(including SUPERMAN -SUP, At3g23130-, LEAFY -LF7Y,
At5g61850-, AGL24-At4g24540-, YABBY3-YAB3, At4g00180-,
APETALA2 -AP2, AT4g36920-, AGL42 -At5g62165-,
SHATTERPROOEF2 -SHP2, At2g42830-, AGAMOUS -AG,
AT4g18960-, SEPALLATA3-SEP3,At1g24260-,and APETALA3
-AP3, At3g54340-, see ref. 15) to search for reference genes using
a subset of the genome-wide expression profiling data available in
Genevestigator (in particular, experiments under the Anatomy-
Inflorescence category). RefGenes returns a list of candidate novel
reference genes (Fig. 1, Table 2), which are then compared to tra-
ditional reference genes (see Fig. 2).

The detection of product formation in real time during the
amplification reaction of QRT-PCR experiments is carried out by
measuring the emission signal from either fluorescent double-
stranded DNA-binding dyes (such as SYBR® Green I and
EvaGreen®, see below), or template-specific fluorescent probes
(such as the TagMan® probe technology). A general protocol for
using SYBR Green I dye in a qRT-PCR experiment performed in a
LightCycler® 480 Real-Time PCR system (Roche) is provided
below (equally suited real-time PCR machines are available from
various manufacturers). In addition to standard real-time PCR sys-
tems, in which reactions are performed either in thin-wall PCR
tubes or in multiwell plates, new systems for high-throughput
analyses have been developed, which are based on nanofluidic
arrays (such as the BioMark™ system, Fluidigm). These arrays con-
tain nanofluidic networks that allow the automatic combination of
sets of samples with sets of assays, and significantly reduce reaction
volume (and thus the amount of material needed to perform an
assay) and the number of liquid-handling steps performed during
the experiment. A protocol for a qRT-PCR experiment using
EvaGreen® and the BioMark™ system is also provided.
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Fig. 1 Example of output results obtained when using the RefGenes tool with the indicated set of floral regula-
tory genes (SUP (AT3G23130), LFY (AT5G61850), AGL24 (AT4G24540), YAB3 (AT4G00180), AP2 (AT4G36920),
AGL42 (AT5G62165), SHP2 (AT2G42830), AG (AT4G18960), SEP3 (AT1G24260), and AP3 (AT3G54340)) and
microarray experiments under the Anatomy-Inflorescence category in Genevestigator

2 Materials

—

2.1 Tissue Collection RNase-free microcentrifuge tubes (1.5 mL).

and RNA Extraction 2. Plastic pellet pestles for 1.5 mL microcentrifuge tubes
(optional: a mixer motor or an electric drill).

3. Forceps (e.g., Dupont size #5).

4. Liquid nitrogen.

5. Vortex.

6. Microcentrifuge.

7. Spectrum Plant Total RNA Kit (Sigma-Aldrich) or an equiva-
lent total RNA isolation kit or reagents (see Note 3).

8. Spectrophotometer (such as a NanoDrop).

9. Agilent Bioanalyzer and associated reagents (Agilent RNA
6000 Nano kit).
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Fig. 2 Expression characteristics of some commonly used and novel reference genes in Arabidopsis inflo-
rescences (Genevestigator; Inflorescence category microarray experiments). (a) Traditional reference genes:
GAPDH (AT3G26650), ACT2 (AT3G18780), UBQ10 (AT4G05320), TUB6 (AT5G12250), TUA5 (AT5G19780).
(b) Novel reference genes: AT2G28390, AT5G15710, AT1G77140, AT5G10700, and AT4G24460. The novel
reference genes are more stably expressed throughout the experimental series, and their mean expression
level is generally lower than that of traditional reference genes, and thus closer to that of the typical genes of

interest

2.2 Reverse 1.

Transcription Reaction

2.
3.

High Capacity cDNA Reverse Transcription Kit (e.g., Applied
Biosystems; other commercial kits are available, but the proto-
cols provided below are based on this kit) containing dNTPs
(100 mM), MultiScribe reverse transcriptase (50 U/mL),
reverse transcription Random Primers, reverse transcription
buffer (10x), RNase inhibitor (20 U/mL).

RNase-free PCR-tubes.

Nuclease-free water.



370 Mariana Bustamante et al.
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. LightCycler® 480 SYBR Green I Master (Roche Diagnostics;

other commercial kits are available, but the protocols provided
below are based on this kit): ready-to-use hot-start PCR mix
containing FastStart Tag DNA Polymerase, reaction buffer,
dNTP mix (with dUTP, instead of dTTP), SYBR Green I dye,
and MgCl,.

2. LC 480 Multiwell Plate 96 (Roche Diagnostics) (see Note 4).
. Forward and reverse PCR primers at 100 pM each.

4. Nuclease-free water.

. TagMan PreAmp Master Mix 2x (Applied Biosystems).
. SsoFast EvaGreen SuperMix with Low ROX (Bio-Rad): 2x

real-time PCR mix, containing dN'TPs, Sso7d fusion polymerase,
MgCl,, ROX passive reference dye and stabilizers.

. 2x Assay Loading Reagent (Fluidigm).
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Candidate novel reference genes for Arabidopsis floral tissues identified
using RefGenes

Gene

Annotation

AT2G28390
AT5G15710
ATIG77140
AT5G10700
AT4G24460
AT5G22760
AT5G11380
AT5G04270
ATIG50170
AT3G59000
AT2G36480
AT5G52880
AT5G65620
AT5G60750
AT5G64970
AT3G61180
AT2G41790
AT5G13050
AT5G04920
AT3G59770

SAND family protein

Galactose oxidase /kelch repeat superfamily protein
Vacuolar protein sorting 45

Peptidyl-tRNA hydrolase IT (PTH2) family protein
CRT (chloroquine-resistance transporter)-like transporter 2
PHD finger family protein

1-deoxy-d-xylulose 5-phosphate synthase 3
DHHC-type zinc finger family protein
Sirohydrochlorin ferrochelatase B

F-box/RNI-like superfamily protein

ENTH /VHS family protein

E-box family protein

Zincin-like metalloproteases family protein

CAAX amino terminal protease family protein
Mitochondrial substrate carrier family protein
RING/U-box superfamily protein

Insulinase (Peptidase family M16) family protein
5-formyltetrahydrofolate cycloligase
EAP30,/Vps36 family protein

sacl homology domain-containing protein/WW
domain-containing protein

20x DNA Binding Dye Sample Loading Reagent (Fluidigm).
Exonuclease I (E. coli) (20,000 U/mL; New England Biolabs).
Exonuclease I Reaction Buffer 10x (New England Biolabs).

Forward and reverse PCR primers at 100 pM each.
Nuclease-free water.

TE Buffer: 10 mM Tris-HCL, pH 8.0, 1.0 mM EDTA
(TEKnova).

DNA Suspension Buffer; 10 mM Tris-HCL, pH 8.0, 0.1 mM
EDTA (TEKnova).

48.48 Dynamic Array IFC (Fluidigm).

0 2 N oo

10.

11.
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3 Methods

3.1 Tissue Gollection
and BRNA Extraction

3.2 Reverse
Transcription Reaction

The performance of the primers that are used in a qRT-PCR
experiment is crucial for obtaining high-quality results, and there
are several aspects that have to be considered for successful primer
design (see Note 5). There are public, searchable databases of
primer and probe sequences that have been used and validated in
real-time PCR assays, and can thus be an alternative to the time-
consuming primer design and experimental optimization steps (e.g.,
RTPrimerDB; http: / /medgen.ugent.be /rtprimerdb /). In addition,
there are many online resources for primer design, some of which
also provide access to a consultative design service, such as:

* Oligoarchitect: www.sigma.com /oligoarchitect

e RealTimeDesign:  https://www.biosearchtech.com /display.
aspx?pageid=54

*  QuantPrime: http://www.quantprime.de /

e IDT-qPCR: http://eu.idtdna.com/scitools/Applications/
RealTimePCR/

e Primer3: http://primer3.sourceforge.net/

*  Primer-BLAST: http: / /www.ncbi.nlm.nih.gov/tools/
primer-blast/

RNA quality (integrity and purity) is a critical factor for qRT-PCR
experiments.

1. Harvest at least 100 mg of the desired plant tissue (e.g., inflo-
rescences), into a 1.5 mL RNase-free microcentrifuge tube
containing liquid nitrogen.

2. Grind the tissue to a fine powder with the pellet pestles (and a
mixer motor), keeping the bottom of the tube immersed in

liquid nitrogen throughout the grinding process in order to
avoid RNA degradation (see Notes 6 and 7).

3. Follow the manufacturer’s instructions for the RNA
extraction kit.

4. Analyze the integrity of the isolated RNA using a Bioanalyzer
(or by using the 3’ /5" integrity assay, see ref. 3) and determine
the concentration by absorption at 260 nm (e.g., with a
NanoDrop spectrophotometer).

The reverse transcription reaction to synthesize cDNA from the
starting RNA material can be performed with various priming
strategies, enzymes, and experimental conditions [2, 3]. However, in
order to compare gene expression data across different experi-
ments or laboratories, these variables should be kept constant,
particularly ensuring that the same amount of RNA is added to



3.3 Quantitative
Real-time PCR:
LightCycler®

480 System

qRT-PCR for Floral Tissues 373

each reaction (or that the enzyme/protocol used results in a
proportional cDNA yield).

1. Prepare an RT master mix in a 1.5 mL tube according to the

following table:

Component Volume (per reaction) (ulL)
Water 4.2

10x RT Bufter (1x) 2

25x ANTP Mix (100 mM) 0.8

10x RT Random Primers 2

MultiScribe Reverse Transcriptase 1

. Add 10 pL of mastermix to each individual PCR-tube. Then

add 100-1,000 ng of each RNA sample, in a volume of 10 pL.
The final reaction volume is 20 pL. No-RT control reaction(s)
should be included in the experiment.

. Briefly centrifuge the tubes to collect the contents and to elim-

inate any air bubbles.

. Place the tubes in a thermal cycler using the following

conditions:
Step 1 Step 2 Step 3 Step 4
Temperature (°C) 25 37 85 4
Time 10 min 120 min 5 min 00

. Store cDNA samples at 4 °C (short term) or at =20 °C (for up

to 6 months).

. Set up your samples:

(a) Every gene—primer-pair combination used in a qPCR
should be tested to calculate primer efficiency (see Note 8).

(b) The cDNA samples resulting from the RT reaction may be
diluted in water, to obtain a final estimated concentration
between 5 and 10 ng/pL (estimation based on the initial
amount of RNA used in the RT reaction). This concentration
range is ideal for the qRT-PCR. All amplification reactions
should have a similar concentration of cDNA.

. Before loading the PCR plate, and in order to minimize pipet-

ting errors, it is important to prepare master mixes for each
primer pair used. The accuracy of qPCR is highly dependent
on accurate pipetting and thorough mixing of solutions.
To prepare the qPCR Master Mix, add components in the
order indicated in the table below. The protocol provided here
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3.4 Quantitative
Real-time PCR:
BioMark™ System

uses SYBR® Green I chemistry, but other PCR-product detection

chemistries could be used (se¢ Note 9).

Component

Volume (per reaction)
(uL) for 96-well plate

LC480 SYBR® Green I Master (2x)
(Roche Diagnostics)

Water
Primer Forward (10 pM)
Primer Reverse (10 pM)

10

6.4
0.8
0.8

3. Loading the plate: Once all master mixes for each pair of prim-
ers are prepared, start loading the plate by adding first the
Master Mix (18 pL) and then the cDNA samples (2 pL.). Avoid
producing bubbles. The final reaction volume in each well is
20 pL. Then add the No Template Control (NTC) and no-
Reverse Transcription control (no-RT, or RT-) reactions (see
Note 10). Seal the plate with LightCycler® 480 Sealing Foil by
pressing it firmly to the plate surface, using your hand or a
scraper. Sealing the plate properly is crucial to eliminate evapo-

ration at high temperatures.

4. Place the multiwell plate in a standard swing-bucket centrifuge
equipped with a rotor for multiwell plates with suitable adap-
tors. Balance it with a suitable counterweight (e.g., another
multiwell plate). Centrifuge the plate at 1,500 x g for 2 min.

5. Load the multiwell plate into the LightCycler® 480 Instrument
and set up the qPCR program (annealing temperature in the

PCR is primer-dependent):

Temperature (°C) Time Acquisition
Activation 95 10 min None
PCR (45 cycles) 95 10s None

60 30s None

72 30 s Single
Melting 95 2s None

65 15s None

95 - Continuous
Cooling 40 30s None

BioMark System arrays allow for the automatic combination of sets
of samples with sets of assays, significantly reducing reaction volume
and the number of liquid-handling steps performed during the
experiment. For instance, using the 48 x48 array (as described in this
protocol), 48 different samples (e.g., time-points in a time-course
experiment) can be tested with up to 48 different assays (e.g., genes).
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1. Specific Target Amplification (STA): This step is recommended
to increase the number of copies of target DNA.

(a) STA Primer Mix (500 nM):

Pool together 1 pL aliquots of all of the 100 pM primer
sets to be included in the STA reaction (up to 100
different assays).

Add DNA Suspension Buffer to make the final volume
200 pL.

Vortex to mix and briefly spin reaction tube.

(b) STA Pre-Mix:

In a DNA-free hood, prepare a Pre-Mix for the STA
reaction according to the following table:

Component Volume (per reaction) (uL)

TagMan PreAmp Master Mix 2.5
500 nM pooled STA Primer Mix 0.5
Water 0.75

Add 3.75 pL of STA Pre-Mix for each sample in a
96-well plate.

Add 1.25 pL of cDNA (at 5-25 ng/pL) to each reaction
well, making a final volume of 5 pL. Include a no-
PreAmplification control: add water instead of cDNA.
Seal the plate properly. Then, vortex and briefly spin
the plate.

(c) STA thermal cycle reaction:

Place the plate into the thermal cycler and run the
tollowing program (annealing temperature in the PCR
is primer-dependent):

Activation 16 cycles Hold
Temperature (°C) 95 95 60 4
Time 10 min 15 s 4 min 00

Eliminate the unincorporated primers from the STA
amplification reaction. Prepare Exonuclease Mix as
tfollows:

Component Per 5 pL sample
Water 1.4 L
Exonuclease I reaction buffer 0.2 uL

Exonuclease I (20 U /puL) 0.4 uL
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e Add 2 pL of Exonuclease Mix to each 5 pLL STA reaction.
Vortex, centrifuge, and place in a thermal cycler.

Digest Inactivate Hold
Temperature (°C) 37 80 4
Time 30 min 15 min 00

* Dilute the STA reaction to an appropriate final product
concentration, as shown below. A minimum dilution of

fivefold should be used.

Volume of water or TE Buffer

Volume of 5-fold dilution 10-fold dilution 20-fold dilution
STA Rx

7 L 18 pL 43 pL 93 uL

e Store diluted STA products at -20 °C or use immediately
for on-chip PCR.

2. Sample and Assay Mix preparation:

(a) Prepare Sample mix as shown below:

Volume per inlet
Component with overage (uL)

2x SsoFast EvaGreen Supermix with low ROX 3.0

20x DNA binding dye sample loading reagent 0.3

(b) In a new 96-well plate aliquot 3.3 pL of Sample mix and
add 2.7 pL of each STA and Exo I-treated sample.

(c) Seal the plate properly. Then, vortex and spin plate. Keep
on ice.

(d) Prior to preparing the Assay mix, combine the two prim-
ers of each primer pair making a final concentration of
20 uM.

(e) Prepare Assay mix as shown below:

Component Volume per inlet with overage (ulL)

2x Assay loading reagent 3.0
1x DNA suspension buffer 1.5

(f) In a new 96-well plate, aliquot 4.5 pL. of Assay mix and
add in 1.5 pL of the primer pair mix at 20 pM.

(g) Seal the plate properly. Then, vortex and spin the plate.
Keep on ice.
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3. Priming the 48 x48 Dynamic Array™ IFC

(a) Inject control line fluid into each accumulator on the chip.
Load the chip within 60 min of priming (refer to instrument
manufacturer’s instructions for details).

(b) Remove and discard the blue protective film from the
bottom of the chip.

(c) Place the chip into the IFC controller for the 48 x48
Dynamic Array IFC.

(d) Run the Prime script for the 48 x48 Dynamic Array IFC.

(e) DPipette 5 uL of each assay and 5 pL. of each sample into
their respective inlets on the chip.

(f) Place the chip to the IFC controller and run the Load Mix
program.

(g) After the program has run, take out the chip from the IFC
controller and remove any dust particle from the chip
surface.

(h) Place the chip in the Biomark System and run the fol-
lowing program (annealing temperature in the PCR is
primer-dependent):

Activation 30 Cycles Melting

Temperature (°C) 95 96 60 60 95
Time 60 s 5s 20s 3s 1°C/3s

Different methodologies can be used for determination of the
Quantification Cycle, Cq [16] (previously referred to as Ct/Cp/
takeoft point):

e The threshold cycle method measures the Cq at a constant
fluorescence level. These constant threshold methods assume
that all samples have the same amplicon DNA concentration at
the threshold fluorescence. The strength of this method is that
it is extremely robust, but the threshold value needs to be
adjusted for each experiment.

e The second derivative method calculates Cq as the second
derivative maximum of the amplification curve. It is not user-
dependent and is widely used.

Before performing the actual analysis, it is important to validate
the data according to a variety of criteria (preferably following the
Minimum Information for Publication of Real-time PCR Experiments:
MIQE guidelines, see Note 11, ref. 16). In particular:

e Check amplification curves. A normal amplification plot has
three distinct phases; linear baseline, exponential and plateau.
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3.5.1 Absolute
Quantification

3.5.2 Relative
Quantification

e Check controls (RT-, NTC).

e  Check that the slope of the standard curve is between -3.2
and -3.5.

e  Check technical replicates. They should be within 0.5 Cq of
each other.

*  Check melting peaks (when using a binding dye, or probes
such as Molecular Beacons or Scorpions that are not hydro-
lyzed during the reaction) to verify that single, specific amplifi-
cation products have been synthesized in the reaction.

Absolute quantification relies on measurement to a standards curve
constructed using the real-time PCR data obtained from amplifica-
tion of these standards of known concentrations of template.
Commonly, standards are derived from purified dsDNA plasmid,
in vitro-transcribed RNA or in vitro-synthesized ssDNA. A stan-
dard curve (plot of Cq value against log of amount of standard) is
generated using different dilutions of the standard. The Cq value
of the target is compared with the standard curve, allowing calcula-
tion of the initial amount of the target. It is important to select an
appropriate standard for the type of nucleic acid to be quantified.
This method requires having the same efficiency of amplification in
all reactions (reactions with experimental samples and reactions
with the external standards). When using absolute quantification
for determination of mRNA concentration, it is usual to correct
absolute copy number of the specific target relative to absolute
copy number of one or more reference genes

Relative quantification relies on comparing the expression level of
a target gene relative to a reference gene between a control sample
and the test samples. Normalization to reference genes is the most
common method for controlling for variation in qRT-PCR experi-
ments. It is used to measure the relative change in mRNA expres-
sion levels. Many mathematical models are available. Most common
relative quantification methods are:

(a) Pfaffl model [17]: combines gene quantification and normal-
ization into a single calculation (Eq. 1). This model adjusts the
amplification efficiencies ( E) from target and reference genes in
order to correct differences between the two assays.

ACq target (control—sample)
( target )

Ratio = (1)

)ACq reference (control—sample )

reference

(b) 2-24¢ method [18]: This is a simpler version of the first model.
Target and control amplification efficiency (Erger a0d Eicference)
are assumed to be maximum (100 %, i.e., a value of 2, indicating
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amplicon doubling during each cycle) (Eq. 2). In addition
the relative expression of the target in all test samples is com-
pared to that in a control or calibrator sample

Rﬂtlo _ 2—[A(}q Sample—ACq control ] (2 )

4 Notes

1. geNorm is a widely used algorithm to determine the most sta-

ble reference from a given set of candidate genes on the basis
of the M value (the M value is the internal control gene-stabil-
ity measure, defined as the average pair-wise variation of a par-
ticular gene with all other control genes; genes with the lowest
M values have the most stable expression) [8]. geNorm calcu-
lates and compares the M value of each pair of genes, and elim-
inates the gene with the highest M value, and then repeats this
process with the remaining genes until the pair of genes with
the lowest M value is identified. Thus, the genes forming this
pair are considered as optimal reference genes among the ini-
tial candidate set.

. The genome-wide analyses performed by Czechowski et al. led

to the identification of many novel reference gene candidates,
with purportedly better expression characteristics than tradi-
tional reference genes [11]. In these analyses the SD/MYV ratio
(SD/mean expression value, i.e., the coefficient of variation, or
CV) for each gene in all the given experimental conditions
(developmental series, abiotic stress series, hormone series,
nutrient starvation and re-addition series, diurnal series, light
series, and biotic stress series) is calculated. The gene that has
the lowest CV value is considered as the gene with the most
stable expression, and therefore a potential reference gene.
Through these analyses, 25 reference genes, including 20
novel and 5 traditional ones, were recommended [11]. These
genes were then validated by qRT-PCR and their expression
stability ranked using the geNorm algorithm (see Table 1).

. There are specific plates and films for the LC480 system that

have been designed to ensure the best heat transfer from the
thermal block and minimal autofluorescence, which is impor-
tant in order to achieve a good signal-to-noise ratio in the
detection of amplification products. In this protocol, we sug-
gest using the LC 480 Multiwell Plate 96 from Roche.

. The RNA preparation should be free of contaminating genomic

DNA, so we recommend using a previously tested commercial
kit for RNA isolation (se¢ Note 10).

. For primer design, it is important to consider the following

points: (1) PCR products should be short (the ideal length is
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from 70 to 250 bp); (2) The gene-specific forward and reverse
primers should have similar melting temperatures (Tm) and
length; (3) Primers should be between 15 and 25 nucleotides
long and with a G/C content of around 50 %. (4) Primers
should have low or no self-complementarity, in order to avoid
the formation of primer dimers; (5) For the same reason, avoid
pairs of primers that show sequence complementarity at their
3’ ends; (6) Primers that span introns or cross intron/exon
boundaries are advantageous because they allow to distinguish
amplification from c¢cDNA or from contaminant genomic
DNA. Primers should be ordered with desalt purification.
Primer stock solutions should be prepared with DNase/
RNase-free water. Make aliquots to avoid contamination and
repeated freezing/thawing. Original stock of PCR primers
should be stored at —-20 °C, and working dilutions at 4 °C for up
to 2 weeks.

. The presence of liquid nitrogen inside the microcentrifuge

tubes during tissue grinding should be avoided, to prevent
potential loss of tissue by nitrogen spill, or by the popping of
the tube if closed with liquid nitrogen inside. Tubes can be
pre-chilled in liquid nitrogen. As an alternative for grinding
the tissue, mortar and pestle could be used instead of pellet
pestles and an electric drill.

. Both fresh and frozen (-80 °C) tissue can be used as starting

material, and ground plant material can be stored at -80 °C
before RNA purification. However, do not allow the frozen
material to thaw before grinding or before the first solution of
the RNA purification procedure is added.

. Make a four-step dilution series (1:4 dilutions) from cDNA

samples. In order to evaluate the efficiency of the PCR reac-
tion, it is important to generate at least one standard curve for
each primer pair. A standard curve graph is made by plotting
the Ct/Cp values on the y-axis and the logarithm of the input
amounts on the x-axis. The slope of the line of this plot will
give the efficiency of the reaction according to the equation
E=[10¢1/slope)] — 1 slope should be between -3.2 and -3.5 and
R?>0.98.

. SYBR® Green I and EvaGreen® are the most used dye chemis-

tries, due to cost and simple optimization process. However,
these dyes bind to any double-stranded DNA formed in the
reaction, including primer-dimers and other nonspecific reac-
tion products, which may result in an overestimation of the
target concentration. Other methods, such as hydrolysis
probes, may also be used. Probe-based qRT-PCR relies on the
sequence-specific detection of a desired PCR product. It utilizes
a fluorescently labeled target-specific probe, which results in
increased specificity and sensitivity.
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10. No template controls (NTC) should be included for each pair of

11.

primers tested to ensure that there is no reagent contamina-
tion. In these control reactions, water is added instead of sample,
so no amplification is expected. In case the NTC reaction
shows the synthesis of amplification products (i.e., the presence
of a contaminant), measures such as pipette decontamination,
using new primers aliquots, or thorough bench cleaning
might be necessary. No reverse transcription controls (no-RT,
or RT-) are used to detect the presence of contaminant genomic
DNA in the RNA samples. If the RT- reaction shows the
synthesis of amplification products, the corresponding RNA
samples should be treated with DNase prior to their use in the
reverse transcription reaction. If the primers were designed to
span an intron or an intron/exon boundary, it is not necessary
to perform a no-RT control.

MIQE Guidelines [16]. The MIQE guidelines were published
in response to the recognition that several publications contain
little information that describes the qPCR or that gives the
reader the opportunity to determine the quality of the experi-
ment. The result of these omissions is that several publications
contain misleading conclusions based on inadequate quality
control of the technical process. The MIQE guidelines contain
a step-by-step guide and checklist, which leads the experi-
menter through the process of experiment validation. This has the
additional function of providing a framework for publication
analysis by peer reviewers and journal editors. Several publishing
houses are now requiring that MIQE guidelines are followed
for papers containing qPCR data.
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Abstract

Shoot apical meristem activity is controlled by complex regulatory networks in which components such as transcrip-
tion factors, miRNAs, small peptides, hormones, enzymes and epigenetic marks all participate. Many key genes that
determine the inherent characteristics of the shoot apical meristem have been identified through genetic approaches.
Recent advances in genome-wide studies generating extensive transcriptomic and DNA-binding datasets have
increased our understanding of the interactions within the regulatory networks that control the activity of the mer-
istem, identifying new regulators and uncovering connections between previously unlinked network components.
In this review, we focus on recent studies that illustrate the contribution of whole genome analyses to understand

meristem function.

Key words: Arabidopsis, cell-type specific, shoot apical meristem, stem cell, transcriptome, WUSCHEL.

Introduction

The shoot apical meristem (SAM) is responsible for generat-
ing all postembryonic above-ground organs of a plant, such
as stems, leaves and flowers (Barton, 2010; Ha et al., 2010).
Established during embryogenesis, the SAM remains active
during the entire lifecycle of the plant, providing it with the
capacity to generate organs throughout every stage of its
development. This capacity relies on a small population of
stem cells that are located in the centric region of the meris-
tem, a highly regulated microenvironment termed the stem
cell niche (reviewed in Aichinger et al., 2012; Dinneny and
Benfey, 2008; Perales and Reddy, 2012; Sablowski, 2007,
2011). A stem cell niche is also present in the root apical
meristem (RAM) and both types of meristems share addi-
tional organizational characteristics (e.g. organizing cent-
ers that maintain their respective stem cell populations and

differentiation zones) (Dinneny and Benfey, 2008), as well as
similarities in molecular mechanisms [for instance, conserved
transcriptional regulators that control plant stem cell func-
tion (Sarkar et al., 2007; Zhou et al., 2015)]. However, the
SAM and the RAM differ in the effect that specific hormones
have upon their activity (e.g. auxin and cytokinin: Dello Toio
et al., 2008; Zhao et al., 2010), and in the fact that the SAM
can give rise to a large set of sub-specialized meristems such
as inflorescence, flower, sympodial and branch meristems,
among others (reviewed in Bartlett and Thompson, 2014).
In addition, the SAM possesses the unique characteristic of
determining the spatial arrangement of aerial organs around
the stem, a process known as phyllotaxis. The regular spacing
of lateral organs along stems and branches and flowers (e.g.
whorled, clockwise or anticlockwise spiral) differs among

© The Author 2016. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved.

For permissions, please email: journals.permissions@oup.com

9T0Z ‘2z Yo N U0 YNO130dVd 3d VINONOLNY LYLISHAAINN e /Bloseuinolpioxogx(y/:dny wols pspeojumoq



1640 | Bustamante et al.

species and it can vary between the embryonic, young and
reproductive phases within the same organism (Traas, 2013).

The molecular and cellular mechanisms underlying the
organization and activity of the SAM have been extensively
studied over the past twenty years, by using sophisticated
combinations of genetic, molecular, imaging and modeling
approaches. This has resulted in a detailed — although still
incomplete — characterization of a molecular regulatory net-
work that operates extensively at the transcriptional level and
that also includes hormone signaling and intercellular move-
ment of proteins and microRNAs (Fig. 1). Whereas a major-
ity of our current knowledge on this topic is derived from
studies in Arabidopsis, genes related to the maintenance and
organization of the SAM are highly conserved among dif-
ferent plant species and mutations in key regulators result in
comparable severe developmental defects. The mechanisms
and regulation of SAM development and function, and of
plant stem cell niches and stem cell homeostasis, have been
the subject of several recent detailed reviews (Barton, 2010;

A

[ stem cells (CLV3)

28 organizing center (WUS)

I =uxin maximum (PIN)

@ organ boundaries (CUC, KNATE)

Meristem
Maintenance

Gaillochet et al., 2015; Ha et al., 2010; Holt et al., 2014).
Here, a short introduction to these topics is provided, but the
focus is on the contribution that recent genome-wide analyses
have made to our understanding of the SAM and on how
they have expanded the interactions and networks character-
ized through genetics. Genome-wide analyses of meristem
function and development were pioneered for the study of
the RAM, in particular by the development of methods for
root cell type-specific expression profiling (e.g. Birnbaum
et al., 2003, 2005; Nawy et al., 2005; Brady et al., 2007). More
recently, these and other techniques have been developed
for genomic analyses in the SAM and aerial meristems and
organs (e.g. Yadav et al, 2009; Jiao and Meyerowitz, 2010;
Yadav et al., 2014).

The SAM is a dome-shaped structure that is organized into
several clonally distinct cell layers and subdivided into dif-
ferent zones or functional domains (Fig. 1). In dicotyledon-
ous plants such as Arabidopsis, the SAM consists of three
cell layers (L1 to L3). An external L1 overlies the L2, both

Fig 1. General overview of the shoot apical meristem organization and regulation in the context of organ differentiation. (A) Cells from the shoot apical
meristem (SAM) are arranged in layers. L1, L2 and L3 represent three clonally distinct cell groups occupying the tunica and corpus. The SAM architecture
is organized in a central zone (CZ), encompassing the stem cell niche (SCN) and the organizing center (OC), the peripheral zone (PZ) and the rib zone
(R2). The molecular events determining the maintenance of the SAM are in tight coordination with organ differentiation processes. Leaf primordia are
indicated in three different developmental stages (PO, P1, P2). Regulation of boundaries and organ emergence in these primordia begins with auxin peaks
and the activity of ASYMMETRIC LEAVES 1 (AST), both repressing the meristem-promoting activities of KNOX genes and cytokinins (CK). HD-ZIPIII
genes are then induced by AS1, playing an antagonistic role with KANADI (KAN) for promoting leaf differentiation and patterning. The ARGONAUTE family
member ZWILLE (ZLL) is expressed in the vasculature underlying the SAM and sequesters miR165/166 to prevent the repressing role of HD-ZIPIIl genes
in the shoot meristem primordium, thus promoting stem cell maintenance. (B) Stem cell-regulation machinery in the SAM. A pool of pluripotent stem cells
is maintained by a WUSCHEL/CLAVATA3 (WUS/CLV3) negative-feedback loop, maintaining the proper number of stem cells in the SAM. CLV3, CLV'1

and WUS are expressed in overlapping domains between the SCN and the OC. CLV3 is a mobile glycopeptide ligand perceived by CLV1 and CLV2 for
restricting WUS to its narrow domain in the L3, conferring a stem cell-restricting signal delivered to the stem OC cells. WUS, as stem cell-promoting
protein, migrates from the OC into the SCN (dashed lines), enhancing the expression of CLV3. CK provide in the center of the SAM a positional cue

to maintain the expression domain of WUS. SHOOT MERISTEMLESS (STM) activates CK biosynthesis through LONELY GUY (LOG), which converts
cytokinin riboside 5-monophosphates (CKRps) into active CK. Higher sensitivity to CK in the OC is achieved by repression of ARR7. The bHLH factor
HECATE1 (HECH) is a direct repression target of WUS in the OC. HEC1 activates proliferation (P) through cell-cycle regulators in stem cells. STM and
related KNOX genes also keep cells in an undifferentiated state by repressing AS7 and gibberellic acid (GA) biosynthesis in stem cells. CUC genes are
negatively regulated by STM and auxin-dependent signaling, restricting their expression to the boundary region.
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growing in a two-dimensional way by anticlinal cell division
(originating cell walls are perpendicular to the apex surface)
and together comprising the tunica (Barton, 2010; Shapiro
et al., 2015). An innermost layer, L3, comprises the corpus
and grows in a three-dimensional manner, with both peri-
clinal and anticlinal cell divisions. Each of these histogenic
layers gives rise to different tissues. In general, epidermis is
formed from the L1 layer while gametes arise from the L2.
The pericycle and internal tissue of organs form from the L3
and further corpus cells (Poethig, 1987).

The SAM is also subdivided into three functional domains
or zones, which are different from layers (Fig. 1): the cen-
tral zone (CZ), the peripheral zone (PZ) and the rib zone
(RZ). Whereas layers are clearly distinguished in histological
sections, zones or domains can be defined by distinct gene
expression patterns (Reddy and Meyerowitz, 2005; Yadav
et al., 2009), reflecting the transcriptional and developmental
programs that are governing each of them. The CZ includes
both tunica (L1 and L2) and corpus (L3) cells, and is where
the stem cells are located. Underneath the stem cells lies the
organizing center (OC), a small group of cells that sustains
them. Cells from the CZ divide at a slow rate. Daughter cells
are displaced laterally into the PZ, a ring of cells that sur-
round the CZ and that is characterized by a high mitotic
activity, or basally into the RZ. Cells in the PZ undergo
sequential differentiation gaining distinct identities and giv-
ing rise to organ primordia (Reddy et al., 2004; Heisler et al.,
2005), whereas the RZ will give rise to the inner tissues of
the stem. As cells are passively displaced through these differ-
ent functional domains by cell division and growth, they need
to assess their position relative to the neighboring cells and
adjust their fate or identity accordingly, for the SAM to main-
tain its functional domains. Thus, the dynamic nature of the
SAM depends on intercellular communication. Furthermore,
organ initiation requires precise spatiotemporal gene activa-
tion in coordination with the instructive signal of auxin (also
related to phyllotaxis) (Ha et al., 2010; Vernoux et al., 2010,
2011).

Tunica and corpus cells within the CZ are symplasmically
interconnected by plasmodesmata (PD) (Rinne and van der
Schoot, 1998). The arrangement of PD between the cen-
tral and peripheral zone gives rise to symplasmic fields, and
changes in intercellular signaling achieved by positional clos-
ing of PD may shift the developmental phase of the SAM
and specify, for instance, the zones of organ differentiation
(Sager and Lee, 2014).

Initiation and establishment (patterning) of the Arabidopsis
shoot meristem in the embryo, and its activity throughout
plant development, relies on the expression in very specific
domains of several genes that code for transcription factors
(TFs) or signaling proteins. CUP-SHAPED COTYLEDON1
(CUCI), CUC2 and CUC3, encoding partially redundant
NAC TFs, are required for SAM initiation and bound-
ary formation (Zadnikova and Simon, 2014): cuc double
mutants generate a continuous fused cup-shaped cotyledon
structure without a SAM (Aida er al, 1997, Takada et al.,
2001; Vroemen et al., 2003). The homeodomain TF SHOOT
MERISTEMLESS (STM) is also essential for meristem

SAM genomic and network analyses | 1641

initiation and maintenance, with the latter requiring the right
balance between cell proliferation and differentiation. STM
promotes proliferation and inhibits cellular differentiation
and endoreduplication (Endrizzi et al, 1996; Long et al.,
1996; Scofield et al, 2013). Consistent with this, ectopic
expression of STM-like genes, such as the KNOTTED gene
in maize, causes the formation of ectopic meristems (Smith
etal., 1992).

Within the established SAM, the stem cell population is
stably maintained throughout development by the CLAVATA
(CLV)/WUSCHEL (WUS) pathway and a mechanism that
involves communication between the OC and the CZ (Waites
and Simon, 2000; Ha et al., 2010; Gaillochet et al., 2015)
(Fig. 1). WUS, like STM, codes for a homeodomain TF
(Mayer et al., 1998) and both factors act in parallel path-
ways that are connected through cytokinin action (Gaillochet
et al., 2015). WUS acts to promote stem cell identity and is
required, together with CLV proteins, for the long-term func-
tioning of the SAM (Yadav et al, 2010). WUS expression
is localized in a group of cells belonging to the organizing
center (OC) found at the L3 (corpus). The CLV3-CLV1 (and
-CLV2/CORYNE) ligand-receptor interaction complex was
identified from the group of clavata (cIv) mutants that exhib-
ited increases in SAM size and higher number of floral organs
(Clark et al., 1997; Fletcher et al., 1999; Jeong et al., 1999).
This complex restricts stem cell number and promotes cell dif-
ferentiation in the SAM in a feedback regulatory loop involv-
ing WUS (Brand et al., 2000; Schoof et al., 2000). CLV1, a
receptor kinase, and the receptor-like CLV2 and CRN recog-
nize the small protein CLV3 after it is secreted from the tunica
and probably diffused throughout PD (Fletcher ez al., 1999;
Rojo et al., 2002). PD are also important for WUS movement
from the OC into the tunica-CZ cells (Daum et al., 2014).

Establishment, patterning and maintenance of the SAM
involve many additional factors and interactions among
them, which are described in several recent detailed reviews
(see Fig 1, and Ha et al., 2010; Perales and Reddy, 2012; Holt
et al., 2014; Gaillochet et al., 2015). The brief morphologi-
cal, organizational and genetic schema outlined above is pro-
vided here as background for the genome-wide studies on the
Arabidopsis SAM performed over the past few years, which
are the main subject of this review. Transcriptomic and other
genome-wide studies of SAM initiation and maintenance
have uncovered previously unknown links and interactions
among different components of the meristem developmental
machinery in Arabidopsis (Table 1). Here, we will focus on
some novel insights that have been gained through the use of
these experimental approaches.

Gene regulatory networks of central stem
cell regulators

Gene expression profiling of the different functional zones
and cell types that constitute the SAM was initially ham-
pered by the fact that the respective domains are very small
[for instance, the Arabidopsis SAM contains ~35 stem cells
(Reddy and Meyerowitz, 2005)]. However, by marking
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Table 1. Genome-wide analyses of shoot apical meristem development

Process studied

Genomic experimental
approach

Plant material

Genome-wide observations Reference

Gene expression map of the
SAM

Gene expression map of the
SAM

WUS transcriptional network
and target genes

WUS transcriptional network
and target genes

HEC1 transcriptional network
and target genes

Gene expression atlas of the
meristem-to-leaf boundary
region

KANT transcriptional network
and target genes; REV target
genes

KAN1 transcriptional network
and target genes

KAN1 transcriptional network
and target genes

KANT transcriptional network
and target genes

Cell sample-specific gene
expression profiling. Protoplast
FACS and microarrays.

Cell sample-specific gene
expression profiling. Protoplast
FACS and microarrays.

WUS-responsive genes;
microarrays. Genome-wide
identification of chromatin
regions bound by WUS;
ChlIP-chip.

WUS-responsive genes;
microarrays. Computational
modeling.

HEC1-responsive genes;
microarrays.

Cell type-specific gene
expression profiling; TRAP-seq.
Genome-wide yeast one-hybrid
screens.

KAN1-responsive genes;
microarrays.

Genome-wide identification of
chromatin regions bound by
KANT; ChiP-seq. KAN1-
responsive genes; microarrays.

KAN1-responsive genes;
microarrays.

KAN1-responsive genes;
RNA-seq

Four different cell samples of
SAMs of ap1 cal mutant plants.

Ten different cell populations
(clonal cell layers and domains)
of SAMs of ap71 cal mutant
plants.

Apices of several genetic
backgrounds and lines
(microarrays). Apices of
35S:WUS-GR seedlings
(ChIP-chip).

SAMs of 35S:WUS-GR ap1 cal
plants.

Inflorescence apices of hec1,2,3

triple mutants and of a HECT -
inducible line.

Seedling immunopurified
polysomes from boundary-
region and leaf primordia cels.

35S:KAN1-GR seedlings.

35S:FLAG-GR-KANT1 seedlings

(ChIP-seq). 35S:KAN-GR
seedlings (microarrays).

35S:KAN1-GR seedlings.

35S:FLAG-GR-KAN1 seedlings.

~2500 genes differentially expressed among  Yadav et al., 2009
CZ, RM and PZ cell types.

~2200 genes identified as ‘cell population Yadav et al., 2014
differentially expressed genes’ (CPEGs) in the
CZ and PZ domain datasets. 1456 CPEGs
were identified across the L1, L2 and L3
SAM cell populations; 472 across the CZ,
organ primordia, organ boundaries and
outer PZ; 1031 in vascular cell populations

in comparison with the L2 cell layer; and 292
in meristematic and non-meristematic L1 in
comparison with the L2 cell layer.

675 WUS-responsive genes and 164 high-
confidence chromatin regions bound by
WUS in vivo (corresponding to 159 genes),
were identified. Overlap of the two datasets
identified 8 direct and responsive WUS
targets.

Identification of 641 genes differentially
expressed in response to WUS activation;
189 of those identified as direct targets.
Results were superimposed onto the cell
type-specific SAM gene expression map
(Yadav et al., 2009, 2014).

463 HEC1-responsive genes were identified.
80 of these genes responded to both HEC1
and WUS (Busch et al., 2010), in the majority
of cases in an antagonistic fashion.

466 up-regulated genes and 868 down-
regulated genes in the boundary domain
compared to leaf primordia. 103 TFs
identified as interacting with the promoter
regions of TFs that regulate boundary and
axillary meristem formation.

Identification of 265 genes differentially
expressed in response to KAN1 activation.

Busch et al., 2010

Yadav et al., 2013

Schuster et al.,
2014

Tian et al., 2014

Reinhart et al.,
2013
Identification of 4183 chromatin regions Merelo et al., 2013
bound by KAN1; 1802 of them contained

a conserved motif, corresponding to 3151
potential KAN1 target genes. Identification of
500 KAN1-responsive genes. Overlap of the
two datasets identified 211 direct and down-
regulated KAN1 targets.

Identification of 222 genes differentially
expressed in response to KANT activation;
104 of those identified as direct targets (82
down-regulated and 22 up-regulated).
Identification of 969 genes down-regulated

in response to KAN1 activation; 661 of them
are also identified in the ChlIP-seq dataset
(Merelo et al., 2013). Combination with
additional KAN1 gene expression profiling
data (Merelo et al., 2013; Reinhart et al.,
2013) identifies a set of 72 high-confidence
direct targets that are both bound and down-
regulated by KANT.

Huang et al., 2014

Xie et al., 2015
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specific cell types with a fluorescent reporter to allow their
isolation by FACS (a methodology pioneered for studies on
root development and the RAM, see Birnbaum et al., 2003,
2005; Nawy et al., 2005; Brady et al., 2007) and using the
apetalal cauliflower double mutant background (in which
there is a massive over-proliferation of inflorescence-like
meristems), it was possible to define a gene expression map
of the Arabidopsis SAM (Yadav et al., 2009, 2014). This
allowed the definition of gene expression profiles for specific
cell populations and functional domains of the SAM, and
the identification of novel genes with unique expression pat-
terns within the meristem. An interesting finding from these
experiments was that among the genes that are differentially
expressed (up-regulated) in cells from the CLV3-expression
domain (that is, in stem cells in the L1 and L2 of the CZ),
there is an enrichment of genes involved in DNA metabo-
lism, DNA replication and repair, histone and DNA modi-
fications, and chromosome organization and biogenesis:
from ARABIDOPSIS THALIANA BREAST CANCER
SUSCEPTIBILITY] (ATBRCAI), to TELOMERASE
REVERSE TRANCRIPTASE (ATTERT), to SIRTUINS
(SIR1, SIR2) (Yadav et al, 2009). A subsequent higher-
resolution gene expression map of the SAM indicated that
these genes involved in DNA repair pathways and telomere
maintenance are specifically expressed in cells of the L2 layer
(Yadav et al., 2014). This may reflect a selective pressure
for avoiding mutations in the L2 stem cells, from which the
germ cells are derived (Yadav et al, 2009, 2014). Another
link between the physiology of the meristem and the gene
expression map could be established for LI-specific gene
expression (i.e. expression in the SAM epidermis), since GO
categories or genes that were enriched in the corresponding
datasets included those involved in wax biosynthesis and in
pathogen defense (Yadav et al., 2014). Finally, gene expres-
sion in the L3 layer (corpus) was enriched for GO terms and
genes related to photosynthesis, ionic homeostasis, and the
response to multiple hormones (Yadav ez al., 2014), provid-
ing molecular support for the presence of a functional chlo-
roplast machinery in the SAM.

These and other studies have shown that cell-type specific
transcriptome analyses display higher sensitivity, in this case
when compared to gene expression profiling experiments
conducted with whole organs or more complex samples. In
particular, there were over 1000 genes for which expression
was detected in the cell-type specific SAM datasets, but not
in the entire AtGenExpress developmental series of wild-
type plants (Schmid et al., 2005): rare transcripts and genes
that might be expressed in only a few cells or cell-types of the
meristem, as further shown by in situ hybridization experi-
ments for selected genes (Yadav et al., 2009). Cell-type spe-
cific or spatially-defined unique expression patterns might be
indicative of a relevant role in the SAM and therefore the
corresponding genes are good candidates for reverse genet-
ics experiments. The abundance of cell-type specific expres-
sion within the context of a tissue or structure of varied cell
types, as is the SAM, is also indicative of complexity in tran-
scriptional regulation, and >1700 genes were identified as
specific to SAM cell types (Yadav et al., 2009). In line with
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this presumed complexity, expression was detected for >1200
TF-coding genes and ~23% of those showed differential
expression among the different SAM cell populations (Yadav
etal.,2014).

The gene expression map of the Arabidopsis SAM has also
facilitated the characterization and analysis of the transcrip-
tional programs that are directly controlled by WUS, by pro-
viding a reference dataset to frame results obtained through
other genome-wide approaches and experiments (Busch
et al., 2010; Yadav et al., 2013). WUS is the key TF for stem
cell specification and maintenance in the SAM and it has
been shown to be capable of acting both as an activator and a
repressor of transcription (Ikeda ez al., 2009). However, until
recently very few WUS target genes were known: AGAMOUS
(AG) (Lenhard et al., 2001; Lohmann et al., 2001), four two-
component Arabidopsis Response Regulator (ARR) genes
(Leibfried et al., 2005) and CLV3 (Yadav et al., 2011). The
identification of ARRs as targets of WUS provided a mecha-
nistic link between plant hormones (cytokinin) and the CLV/
WUS stem cell network, whereby the direct repression by
WUS of ARRS5, ARR6, ARR7 and ARRIS5 transcription
appears necessary for proper meristem function (4RR genes
would negatively influence meristem size) (Leibfried et al.,
2005). With respect to CLV3, it was shown that the WUS
protein, synthesized in cells of the OC, migrates into the CZ
where it directly activates CLV3 transcription by binding to
its promoter, and computational modeling showed that main-
tenance of the WUS gradient is essential for regulating stem
cell number (Fig. 1) (Yadav et al., 2011). Additional experi-
ments demonstrated that WUS moves to the stem cells in the
L2 and L1 via plasmodesmata in a highly regulated fashion,
and that this movement is required for WUS function and,
thus, stem cell activity (Daum et al., 2014). The direct regula-
tion of CLV3 by WUS and the importance of WUS gradients
— that extend radially into the PZ where stem-cell progeny
cells differentiate (Yadav et al., 2011) — are now central tenets
of the stem cell regulatory network in Arabidopsis. However,
whereas the identification of these direct interactions contrib-
uted to understanding the molecular circuitry of the network,
they did not fully explain the mechanisms by which WUS
controls stem cell homeostasis.

A 355:WUS-GR apl cal system was used to identify WUS-
responsive genes [in this system, WUS is activated through
the application of dexamethasone (dex) and direct WUS
targets can be identified through the combined application
of dex and cycloheximide] (Yadav et al., 2013). The experi-
ments identified over 600 WUS-responsive genes and showed
a predominance of repression versus activation. Among the
WUS-responsive genes, 49 up-regulated and 140 down-reg-
ulated genes were classified as direct WUS targets. The gene
expression profiling data could then be correlated with the
cell-type gene expression map of the SAM (which was also
obtained in an apl cal background) and it was found that
a majority of the WUS-activated genes are expressed in the
central parts of the SAM, whereas the majority of WUS-
repressed genes are normally expressed in the PZ. In particu-
lar, it was observed that WUS represses a large number of
differentiation-promoting TF-coding genes, including TFs
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involved in promoting lateral organ polarity and differen-
tiation, such as KANADII (KANI1), KANADI2 (KAN2),
ASYMMETRIC LEAVES 2 (AS2) and YABBY3 (YAB3),
TFs involved in cell fate specification and inflorescence stem
growth [KNAT1/BREVIPEDICELLUS (BP), BELLI-LIKE
HOMEODOMAIN 5 (BLHY)], and others (Yadav et al.,
2013), which also correlates with previous lines of evidence
suggesting that WUS represses differentiation (Busch et al.,
2010; Yadav et al., 2010, 2013).

These results, combined with computational modeling
and transient gene manipulations and live imaging, indi-
cated that WUS controls stem cell maintenance in part by
directly repressing a group of differentiation-promoting TFs
and excluding them from the CZ, thus preventing premature
differentiation of stem cells (Yadav ez al, 2013). The dual
function of WUS in regulating its own level by activating its
negative regulator CLV3 and repressing differentiation would
lead to a robust homeostatic mechanism that balances stem
cell numbers and differentiation rates in a dynamic cellular
environment (Yadav et al., 2013). This dual function could
involve having different WUS thresholds for CZ and PZ regu-
lation (Yadav et al., 2013), and makes the WUS gradient a
central component of the SAM mechanism of function.

The genome-wide regulatory activities of WUS were also
studied by transcriptional profiling of shoot apices of wus and
clv3 mutant plants, and of WUS- and CLV3-inducible over-
expressing lines, together with WUS ChIP-chip experiments
(genome-wide DNA binding) (Busch et al., 2010). CLV1 was
identified as a direct target that is repressed by WUS, sug-
gesting that WUS might indirectly sustain its own expression
by directly repressing one of its repressors through a regu-
latory loop that would involve the fine-tuning of expression
levels rather than an on/off switch for CLV1, given that the
expression domains of WUS and CLV1 overlap (Busch et al.,
2010). Other direct targets of WUS were three members of
the TOPLESS/ITOPLESS-RELATED (TPL/TPR) fam-
ily of transcriptional corepressors, TPL, TPRI and TPR2
(Busch et al., 2010), which are involved in embryonic pattern-
ing and auxin signaling (Long et al., 2006; Szemenyei et al.,
2008). The regulatory interaction of WUS with this group
of genes appears complex, as WUS induction resulted in an
increase in TPL expression and in a reduction for TPR2. In
addition, TPRI and TPR?2 are expressed in the periphery of
the SAM but excluded from the WUS expression domain,
and at the same time strongly expressed in young flowers in
domains overlapping with that of WUS (Busch et al., 2010).
Nevertheless, these results as well as the GO-term analysis of
the set of WUS targets suggested that WUS has the poten-
tial to influence auxin signaling and that the regulation of
the cytokinin/auxin balance may be central to SAM function
(Busch et al., 2010). Furthermore, WUS had previously been
found to interact with TPL/TPR proteins, and the obser-
vation that the WUS C-terminal sequences involved in the
interaction were required to complement the wus-/ mutant,
or that ectopic expression of a WUS allele lacking them pro-
duces a dominant negative phenotype, indicated the impor-
tance of this interaction for WUS function (Kieffer et al.,
2006; Causier et al., 2012).

HECATEI (HECI), which codes for a bHLH TF and was
initially described as involved in the development of female
reproductive tissues together with the closely related HEC2
and HEC3 genes (Gremski et al., 2007), was another gene
identified as a WUS repressed direct target (Busch et al.,
2010; Schuster et al., 2014). Triple hecl hec2 hec3 mutants
displayed SAMs that were significantly reduced in size,
whereas expressing HEC! from the stem cell-specific CLV3
promoter led to massive SAM expansion, and no pheno-
typic alteration was caused by expressing HECI in the PZ
from the UFO promoter. Altogether, these results indicated
that HEC1 specifically stimulates proliferation of stem cells
(Schuster et al., 2014). HEC1 was found to repress CLV3 and
WUS and, conversely, repression of HECI in the OC is an
essential function of WUS in SAM maintenance, highlight-
ing the opposing functions of these two stem cell regulators
(Schuster et al., 2014).

To help dissecting HEC! roles in the SAM, gene expres-
sion profiling experiments were conducted using apices of
hecl hec2 hec3 triple mutants and using a HECI-inducible
line. Strikingly, these analyses revealed that HEC1 and WUS
show very similar functional signatures, evidenced by the
enrichment of the same GO-term categories (response to
stimulus, metabolic processes, regulation of metabolic pro-
cesses and transport), suggesting that the coordinated regu-
lation of metabolic processes and hormone signaling are
essential functions of these stem cell regulators (Schuster
et al., 2014). A vast majority of the genes that were identi-
fied as responding to both TFs showed opposite responses
(activated by WUS — repressed by HECI1, and vice versa),
in line with the antagonistic behavior of WUS and HECI1
in the SAM (Schuster et al., 2014). HEC1 was also found to
enhance expression of several cell cycle genes (in agreement
with its role in stimulating cell proliferation), as well as of the
cytokinin response genes ARRS5, ARR7 and ARRI5 (which
are repressed by WUS).

Altogether, these results showed functions of HECI1 that
are strictly cell-type specific and that the stem cell regulators
WUS and HECI share, at a global gene-regulatory level, the
integration of hormone-related pathways implicated in the
correct functioning of the SAM. Moreover, the existence of
multiple feedback loops in a SAM regulatory circuitry that
is much more complex than previously anticipated through
genetic analyses was also highlighted (Schuster ez al., 2014).

The central role that WUS plays in stem cell and SAM
functioning is mirrored in other types of meristems. In partic-
ular, the WUS-RELATED HOMEOBOX 5 (WOXY5) gene is
expressed in the root meristem quiescent center and it is capa-
ble of functioning interchangeably with WUS in the control
of shoot and root stem cell niches (Sarkar ez al., 2007; Zhou
et al., 2015). Like WUS, WOXS5 also represses differentiation
of stem cells that are neighboring its domain of expression.
WUS, WOXS5, and also WOX4, which defines the vascular
stem cell niche, all have as conserved interacting cofactors
HAIRY MERISTEM (HAM) transcriptional regulators
(Zhou et al., 2015). Thus, it appears that WUS/WOX pro-
teins, the interaction with HAM proteins and repression of
differentiation programs, are all key features of a conserved

9T0Z ‘2z Yo N U0 YNO130dVd 3d VINONOLNY LYLISHAAINN e /Bloseuinolpioxogx(y/:dny wols pspeojumoq



mechanism for the specification and maintenance of stem
cells within all plant meristems (Zhou et al., 2015).

Establishment of organ boundaries
between the SAM and axillary meristems in
Arabidopsis.

As stem cells from the SAM divide, daughter cells are dis-
placed laterally and might eventually give rise to axillary mer-
istems and lateral organs. This process requires the formation
of a meristem-to-organ boundary region, which involves
cells located between the SAM and the arising organs stop-
ping growing (Aida and Tasaka, 2006; Rast and Simon,
2008). The genetic programs and regulatory networks that
control the processes of organ boundary and axillary mer-
istem formation are not well defined, although some key
Arabidopsis TF-coding genes that participate in the process
have been identified through genetic analyses, such as CUCI-
3 (see above), REGULATOR OF AXILLARY MERISTEMS
genes (RAXI-3), LATERAL SUPPRESSOR (LAS) and
REGULATOR OF AXILLARY MERISTEM FORMATION
(ROX) (Greb et al., 2003; Keller et al, 2006; Raman et al.,
2008; Yang et al., 2012). The fact that organ boundary cells
are very low in abundance has also hindered the application
of genomic approaches to their study.

Cell-type specific gene expression profiling in the meris-
tem-to-leaf boundary region was recently conducted using
the TRAP-Seq method (for information on the method, see:
Mustroph et al., 2009; Jiao and Meyerowitz, 2010). A TRAP-
Seq line that made use of the LAS promoter characterized
the translatome of the boundary region, whereas a line using
the ASYMMETRIC LEAVESI (ASI) promoter captured
the translatome in emerging leaf primordia but excluding the
SAM (Tian et al., 2014). This allowed the identification of
>1300 genes that were differentially expressed between the
boundary domain and the developing leaf. This genome-wide
approach was combined with a yeast one-hybrid screen that
interrogated ~1200 Arabidopsis TFs with a set of regulatory
regions from genes that are boundary regulators, such as
CUC2 and LAS. Integration of these two datasets allowed
derivation of a gene regulatory network that links most
previously isolated key regulators, by defining new interac-
tions among those factors and also identifying new genes
affecting boundary and axillary meristem formation (e.g.
DORNROSCHEN —DRN- and SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE9/15 -SPL9/15-). New regula-
tory relationships between CUC2 and LAS, or between
RAX1/3 and CUC2, were found. This study also revealed a
direct interaction between CUC2 and MiRI164c, a miRNA
with boundary-specific expression and that targets CUCI
and CUC2 (Baker et al, 2005; Raman et al., 2008; Sieber
et al., 2007), suggesting the occurrence of reciprocal regula-
tion between these two key regulators of boundary formation
(Tian et al., 2014). ARR1 was also found to directly activate
LAS, providing a molecular link between axillary meristem
initiation and cytokinin signaling. In addition, the organ-
boundary cell translatome showed enrichment for several
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hormone-responsive genes, hinting to participation of addi-
tional hormones (brassinosteroids, ethylene, abscisic acid) in
boundary-region physiology, beyond the recently described
roles of auxin and cytokinin (see Wang et al., 2014a, b).

KANADI1 target genes and leaf primordia
development

The KANADI genes (KANI to KAN4), members of the GARP
family of TFs, control polarity associated patterning processes
and play key roles as regulators of abaxial (the lower side of
the leaf) identity and meristem formation in Arabidopsis.
KANI-4 act antagonistically with the class IIl homeodomain
leucine zipper (HD-ZIPIII) genes PHABULOSA (PHB),
PHAVOLUTA (PHV) and REVOLUTA (REV), which pro-
mote adaxial (upper side of the leaf) identity in organ primor-
dia (Bowman and Floyd, 2008). During the formation of the
Arabidopsis leaf blade (also known as lamina, the flat part
of the leaf), KAN1-4 and PHB/PHV/REV maintain a sta-
ble abaxial/adaxial boundary and promote growth in a coor-
dinated manner (Fig. 1) (Bowman and Floyd, 2008). Other
regulatory genes that are involved in the process of specifying
adaxial/abaxial sides include the MYB TF ASYMMETRIC
LEAVESI (AS1), ASYMMETRIC LEAVES?2 (AS2), coding
for a LOB-domain protein, both promoting adaxial iden-
tity, and members of the YABBY (YAB) gene family and the
AUXIN RESPONSE FACTOR genes ARF3 and ARF4, for
abaxial fate (Merelo et al., 2013). In addition to their role in
determining the adaxial/abaxial polarity of leaf primordia,
other studies have shown that KAN genes are also capa-
ble of repressing the formation of new meristems, whereas
HD-ZIPIII genes promote their formation (Talbert et al.,
1995; McConnell and Barton, 1998; Kerstetter et al., 2001;
Huang et al., 2014).

Until recently, AS2 was the only known direct target gene
of KANI1 (KANI represses 4S2 transcription on the abaxial
side) (Wu et al., 2008). However, four different genome-wide
studies have sought to identify KANI targets (Merelo et al.,
2013; Reinhart et al., 2013; Huang et al., 2014; Xie et al.,
2015). In contrast to the studies described above, the identifi-
cation of KANI target genes was not conducted using shoot
apices or cell-type populations, but rather whole seedlings.
However, the conclusions may be relevant for KANT roles in
the patterning of leaf primordia. First, KANI directly tar-
gets several genes of the adaxial/abaxial polarity network,
such as PHB, and seems to act primarily as a repressor.
Second, KANI targets several genes involved in auxin sign-
aling, expanding previous reports that indicated that KAN
activity was related to regulation of PIN-FORMEDI (PIN1)
expression, possibly influencing auxin movement and acting
antagonistically to HD-ZIPIII TFs (Izhaki and Bowman,
2007; llegems et al., 2010). In fact, KAN1 was found to reg-
ulate genes involved in auxin transport (members of the PIN
family, PINOID, PLA2A, WAG2, AUXI and others), auxin
signaling (DFL1, DFL2, WESI, ARF3/4 among them) and
auxin biosynthesis (7441 and YUCY). In addition, it was
found that a subset of target genes is oppositely regulated by
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KANI and by REV — including some of the auxin signaling
genes — indicating that one of the possible mechanisms for
the antagonistic activities of these two factors in polarity
patterning might be the opposite regulation of shared tar-
gets, and that through their antagonistic activities they may
contribute to the production of auxin gradients that func-
tion as positional signals.

Final remarks

Over 25 years of intense genetic and molecular studies on the
Arabidopsis SAM have resulted in the identification of many
key regulatory factors that control the establishment, pat-
terning and functioning of the meristem, as well as stem cell
homeostasis. These genes soon started to be integrated in gene
circuits, feedback mechanisms and small networks to explain
SAM properties. Therefore, a suitable genetic mechanistic
background was available to start overlying genome-wide
approaches to study SAM function, much like it happened,
for instance, in the cases of floral development, the floral tran-
sition, or root development. The minute nature of the object
of study, however, imposed additional technical difficulties
for applying genomic methods. However, the combination of
cell-type specific genomics approaches, live imaging and math-
ematical modeling has substantially deepened our understand-
ing of the SAM, while at the same time made clear that there is
still much to learn about what arguably is, in E. Meyerowitz’s
words, ‘the most important object on Earth’ (Coghlan, 2000).
At a mechanistic level, the vast majority of our knowledge on
the SAM is derived from Arabidopsis, which particularly in
this field has lived up to its role as a ‘model system’.
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