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Outline and scope of the thesis

Leaves capture solar radiation and convert it into chemical energy by photosynthe-
sis. This energy, transformed in biomass through growth, forms the basis for food,
feed, and production of bio-energy. Uncovering the molecular mechanisms that
determine final leaf size is thus essential to respond to the increasing demand for
plants and plant-derived products. Whereas much research has been done on single
genes affecting leaf growth, the interactions between these growth regulators remain
largely unexplored. At the start of this thesis, only one case of positive epistasis in
Arabidopsis leaf growth had been described by Yunhai Li and co-workers, when a
dominant-negative point mutation in DA1, encoding an ubiquitin receptor, was com-
bined with the knock-out of the ENHANCER OF DA1 (EOD)1/BIG BROTHER,
coding for an E3 ubiquitin ligase. To further understand how growth regulating
genes are interconnected, the starting point of this work was to combine mutants
and overexpression lines that positively affect leaf growth. Using this approach, we
set out to answer several research questions:
(1) Can leaf growth be enhanced further by combining growth-promoting genes?
(2) What is the connection between genes that synergistically enhance leaf size?
(3) How do DA1 and BB/EOD1 control leaf size and plant development?
Since in science the road to distant answers is rarely straight, several side roads
grew out to other projects related to leaf growth and development. To keep a clear
overview of the total project, I will present the structure of the thesis below.
In the first part, two reviews are bundled to serve as an introduction and further
clarify the context of this thesis.

• Since there is much more than meets the bare eye in leaf growth, we describe
different techniques to visualize and quantify leaf growth in Chapter 1, start-
ing from macroscopic rosette observations to the molecular level.

• In Chapter 2, the mechanisms driving leaf growth are reviewed and genes
driving the major events that determine final leaf size are introduced.

The second part of this thesis contains five research chapters that detail the major
findings of our work.

• InChapter 3, a new method to visualize and measure organs at the vegetative
shoot apical meristem is presented. This technique allows quantification of
organs that are difficult to access, such as the shoot apical meristem and
emerging leaf primordia.

9



Scopes and outline

• An additional phenotyping method is described in Chapter 4, where the
possibilities of high-resolution X-ray computed tomography to visualize plant
growth are demonstrated.

• In Chapter 5, a combinatorial screen shows the effect of combining genes
that individually promote leaf growth. Several combinations synergistically
enhance leaf size resulting from two genes driving similar processes, but also
by stimulation of different mechanisms driving leaf growth. In this chapter,
research questions 1 and 2 are answered.

• In Chapter 6, a detailed study on how DA1 and BB/EOD1 control leaf
growth and development is presented. We show how these genes together
restrict leaf size and determine plant longevity. In this chapter, answers to
research question 3 are given.

• In the last research part, Chapter 7, we further build on the network de-
scribed in chapter 5 and describe a triple mutant, da1-1_eod1-2_samba, in
which growth is enhanced further. In this chapter, we provide additional an-
swers to research questions 1 and 2.

In the last, third part of this thesis, we place our findings in a broader context. Ad-
ditionally, future perspectives and methods to address the inevitable new questions
are discussed.

10
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1. A journey through the leaf:
Visualizing and quantifying leaf
growth

Hannes Vanhaerena,b, Nathalie Gonzaleza,b, Dirk Inzéa,b,1
a Department of Plant Systems Biology, VIB, B-9052 Ghent, Belgium
b Department of Plant Biotechnology and Bioinformatics, Ghent University, B-9052
Ghent, Belgium
1 Address correspondence to dirk.inze@psb.vib-ugent.be

This chapter was adapted from a chapter for the Arabidopsis Book

Author contributions: H.V. performed the literature search and was the main author
of the manuscript, N.G. and D.I. supervised the project and contributed to the writing
of the manuscript.
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A journey through the leaf

In Arabidopsis, leaves contribute to the largest part of the aboveground
biomass. In these organs, light is captured and converted into chemical
energy, which plants use to grow and complete their life cycle. A leaf
primordium starts as a small pool of cells at the flank of the vegetative
shoot apical meristem and develops into a planar, complex organ through
different interconnected cellular events. Over the last decade, numerous
phenotyping techniques have been developed to visualize and quantify
leaf growth, leading to the identification of a panoply of genes that con-
tribute to the final size of leaves. In this review, we will start at the
Arabidopsis rosette level and gradually zoom in from a macroscopic view
on leaf growth to a microscopic and molecular view. Along this journey,
we describe different techniques that have been key to identify important
events during leaf development and discuss approaches that will further
help unraveling the complex cellular and molecular mechanisms driving
leaf growth.

Introduction

Different plants species produce leaves that are very diverse in size and shape, rang-
ing for example from the huge leaves of giant rhubarb to the small leaves of Ara-
bidopsis thaliana. Between accessions of a species and even within a single plant,
leaf characteristics can differ significantly (Kerstetter and Poethig, 1998; Pérez-Pérez
et al., 2002). Such observable traits are commonly referred to as phenotypes, mak-
ing phenomics the biological research area that focuses on describing and measuring
these phenotypes. Many traits, such as leaf growth, are not only determined by
multiple genetic factors, but also by a plethora of environmental factors, such as
water and nutrient availability, light, day length (Cookson et al., 2007), and by the
interaction between both (El-Soda et al., 2014). Generally, phenotypes are scored as
a deviation from a control, for example a wild-type (WT) background or an environ-
mental control condition. Therefore all other parameters need to be kept constant
to make the correct conclusions. Since the final plant phenotype can be influenced
by micro-environmental fluctuations in growth chambers of different research groups
(Massonnet et al., 2010) and even by the position within a growth room, solid exper-
imental setups (Poorter et al., 2013) and if possible, randomization of plants across
the growth room are indispensable.
Phenotypes can be observed on the macroscopic, microscopic and molecular level.
New techniques are constantly being developed to facilitate and improve quantitative
plant phenomics, bringing us from destructive to high-throughput, non-destructive
phenotyping. Three important aspects that are continuously subject to improvement
are the resolution (spatial and temporal), the throughput (how many samples can
be analyzed in a given time) and the dimensionality (which phenotypic traits can be

14



A journey through the leaf

measured and how many conditions and genotypes can be screened) of phenotyping
(Dhondt et al., 2013), but improving these three aspects simultaneously remains
very challenging. This chapter will mainly focus on phenomics of the Arabidopsis
rosette and leaf, although many techniques presented here can also be applied to
other organs, such as flower petals. For the described methods, advantages and
possible drawbacks will be highlighted.

Throughput Resolution

What? Where? When? Why?

Figure 1.1.: Throughput and resolution in leaf phenomics. The gradual increase in
phenotyping resolution from the rosette to the leaf, the leaf to the cells and cells
to genes, helps answering scientific questions in plant research at different levels.
Generally, a higher resolution of phenotyping comes at a cost of lower throughput.

By gradually increasing the resolution of an observed phenotype, answers to the
questions “What?” (What is changed in terms of growth), “Where?” (Where/in
which leaves is the phenotype observed?), “When?” (When during development
are the changes occurring and which are the cellular processes that are affected?)
and “Why?” (Why do changes in molecular mechanisms drive these phenotypic
changes?) can be found (Fig. 1.1), extending our knowledge on the genetic networks
controlling leaf size. Considering the phenotype of plants at these different levels
can increase our understanding of the relation between the environment, genotype
and the resulting phenotype (Granier and Vile, 2014).

The Arabidopsis rosette

In contrast to animals, plants continuously produce new organs at meristematic
tissues, such as leaves, and can also form adventitious organs, such lateral roots,
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throughout their life span. During the vegetative developmental phase of Arabidop-
sis thaliana, leaves arise from the shoot apical meristem (SAM) as rod-shaped struc-
tures in a spiral pattern with very short internodes between them. Throughout their
development, leaves undergo different growth stages to mature into planar, photo-
synthetic organs organized in a flat rosette with little overlap (Fig. 1.1) (Rodriguez
et al., 2014). When transitioning to the reproductive, flowering stage, the vegetative
SAM transforms into an inflorescence meristem that gives rise to cauline leaves and
flowers (Alvarez-Buylla et al., 2010; Chandler, 2012). The small size of Arabidopsis
and its short life span facilitate numerous quantitative phenotyping methods. The
most basic way to quantify rosette size is to measure fresh and dry weight of the
plants at the end of the vegetative stage, giving insight in the plant’s areal biomass.
This method is however destructive and does not allow following the same indi-
vidual over time to increase the resolution of the measurements. For this reason,
non-destructive imaging of plants has been a widely used solution (Fig. 1.2a).

Non-destructive rosette imaging in the visible spectrum

The primary advantage of imaging the entire rosette is that it allows for high
throughput screening. Pictures can be taken at a single timepoint to measure plant
size (Fig. 1.2a) or over time to measure rosette growth (Fig. 1.2b) (Leister et al.,
1999; Zhang et al., 2012). Over the last years, several specialized automated growth
platforms equipped with imaging systems have been developed (Granier et al., 2006;
Walter et al., 2007; Jansen et al., 2009; Skirycz et al., 2011; Arvidsson et al., 2011;
Tessmer et al., 2013; Apelt et al., 2015). These setups are often combined with
specialized image analysis methods to obtain rosette growth measurements. Some
platforms allow weighing and irrigating each pot according to a predetermined wa-
tering regime, facilitating flexible and reproducible drought treatments (Granier
et al., 2006; Skirycz et al., 2011; Tessmer et al., 2013). Such automated phenotyp-
ing platforms are generally built in dedicated growth cabinets or chambers which
are monitored to keep environmental conditions as stable as possible. To correct for
micro-environmental gradients throughout the growth room, some platforms allow
for the randomization of plants (Tisné et al., 2013). Generally, plants are grown in
separate soil-filled pots, however systems exist in which plants grow hydroponically
(Harbinson et al., 2012). On a daily basis, a top-view picture is taken from the
growing rosette (Fig. 1.2a) which can be separated from the background, such as the
pot and soil. The rosette is isolated from the original images through image segmen-
tation. This can be based on splitting the images in their red, blue and green (RGB)
channels (Fig. 1.2a) (Leister et al., 1999) or by the non-linear conversion of RGB:
the hue, saturation and value (HSV) color space (Walter et al., 2007), for which
the hue is the most important dimension to discriminate plants from a background
(De Vylder et al., 2012). Alternatively, in case of grey-scale images, watershed-based
segmentation can be performed (Apelt et al., 2015). The isolated rosette can then be
converted into a binary image (Fig. 1.2a), enabling a variety of measurements (Box
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1). First of all, the projected rosette area can be measured, revealing effects of envi-
ronmental or genotype specific deviations in growth compared to control situations.
Other rosette characteristics, such as the perimeter and its convex hull (Fig. 1.2a)
are used to calculate parameters such as the surface coverage and stockiness of the
rosette (Box 1). Surface coverage is the ratio between the projected rosette and the
convex hull and describes how much of the surface of the convex hull is occupied
by the rosette. Plants composed of numerous leaves with short petioles will have a
high surface coverage. The stockiness is a mathematical measure of the roundness of
the rosette. If a rosette shows strong indentations, for example caused by elongated
petioles or leaves, the stockiness is low (Jansen et al., 2009) (Box 1). Over the past
years, the use of automated growth platforms has allowed large-scale experiments
that are challenging to carry out manually. For example, by screening a collection
of Arabidopsis transgenic lines showing an increased tolerance to severe drought
stress, it was found that these genotypes do not show an enhanced tolerance to mild
drought stress conditions (Skirycz et al., 2011). In addition, by quantifying various
shoot growth parameters for a recombinant inbred line (RIL) population, quantita-
tive trait loci (QTLs) that control plant rosette growth have been identified (Tisné
et al., 2013).

R

G

B

a

b

Figure 1.2.: Non-destructive rosette imaging. (a) Rosettes need to be isolated from
the background using image segmentation, in this example, based on splitting
the images in their red, blue and green (RGB) channels. The extracted binary
representation of the rosette allows measuring different parameter, such as the
projected rosette area (black), the convex hull (green) and the rosette perimeter
(red). (b) Imaged over time, the rosette can be followed from the emergence of
the cotyledons until bolting of the plants. Intrinsic to the spirally arrangement of
leaves, only few overlap occurs.

A similar fully automated phenotyping system has also been developed to measure
in vitro grown plants over time (Dhondt et al., 2014). In such a setup, petri-dishes
are positioned on a rotating disk and presented on an hourly basis to a mounted
camera. With this high temporal resolution of imaging, additional observations can
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be made, such as diurnal movements of the rosette leaves. These changes of the
leaf elevation angle, known as hyponasty, are influenced by temperature (Vile et al.,
2012), circadian rhythm and light conditions (Dornbusch et al., 2014), and can be
measured using laser scanning techniques (Dornbusch et al., 2012) or by combining
focused and depth images of the rosette (Apelt et al., 2015).

Imaging beyond the visible spectrum

Both the temporal resolution and the dimensionality/data richness can be increased
by imaging plants beyond the visible spectrum and several setups have been devel-
oped that take advantage of these spectra. By combining near-IR lighting, which is
outside of the visible spectrum of plants, and a camera equipped with a daylight filter
(and without the IR filter), plants can also be imaged during the night (De Vylder
et al., 2012; Dhondt et al., 2014; Apelt et al., 2015). This enables the detection of
differences in growth rate during the day and the night with an equivalent image
exposure (Apelt et al., 2015). Chlorophyll fluorescence imaging is widely applied
in plant research to measure photosynthetic performance, also in high-throughput
phenotyping systems (Jansen et al., 2009; De Vylder et al., 2012). Chlorophyll fluo-
rescence can be used as a tool to detect responses to abiotic and early biotic stresses
in plants (Chaerle and Van Der Straeten, 2000). Cold stress has been shown to nega-
tively influence the photosynthetic efficiency in Arabidopsis, whereas plants exposed
to drought stress did not show photo-inhibition (Jansen et al., 2009). Additionally,
biotic stresses have been shown to downregulate the transcription of photosynthesis
related genes (Bilgin et al., 2010), resulting in a reduction of photosynthetic effi-
ciency. Early and late stages of pathogen infections can be visualized and quantified
directly using fluorescence imaging (Chou et al., 2000; Matous et al., 2006; Berger
et al., 2007). Infrared thermal imaging provides information on the temperature
emitted from leaf surfaces, which is influenced by evaporation and transpiration of
leaves. The temperature of the leaf surface can therefore serve as a proxy for tran-
spiration and stomatal conductance. The use of infrared thermal imaging has led
to the identification of Arabidopsis mutants that are defective in stomatal closure
regulation (Merlot et al., 2002). Combining chlorophyll fluorescence and thermal
imaging can provide insights in the water use efficiency of plants (McAusland et al.,
2013). Hyper-spectral imaging collects information across the electromagnetic spec-
trum, beyond the limits of the human eye and standard cameras. According to
their composition, different materials leave a unique spectral signature at different
wavelengths, enabling their identification. Hyperspectral imaging has already been
proven successful as a non-invasive technique in plant research for various purposes,
such as mapping of leaf water content, analysis of the distribution of nitrogen and
detection of peroxidase activity (Higa et al., 2013; Kong et al., 2014; Yu et al., 2014).
Hyper-spectral imaging only recently became available for indoor measurements and
such systems are finding their way in laboratory research. In Arabidopsis, this tech-
nology has been applied to identify mutants with a different pigment content which
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could not be identified by analysis of visible colour or morphological changes (Mat-
suda et al., 2012). This technology is therefore very promising and its full potential
has not yet been reached since the interpretation of the different spectral bands is
not straightforward. To analyze the combinations of different spectra and give a bi-
ological meaning to observed differences, substantial calibrations and optimization
of the used wavebands are required (Matsuda et al., 2012).

Box 1 – Rosette parameters and calculations

Projected rosette area: The projected rosette area represents the area that is
occupied by the rosette in a top-view image (Fig. 1.2a). The rosette area is extracted
from images after picture segmentation and removal of the background. Due to
overlap of the rosette leaves and leaf curvature, the projected rosette area will differ
from the summation of the areas of its dissected leaves.

The convex hull of the rosette: The convex hull is the area defined by the
smallest convex set containing the rosette. Easily stated, the convex hull can be
considered as the area within a virtual rope wrapped around the rosette (Fig. 1.2a).
The size of the convex hull thus depends on the length of the leaf and petioles.

Rosette perimeter: The rosette perimeter is the length of the outline of the rosette
(Fig. 1.2a).

Stockiness: Stockiness is a mathematical measure of the roundness of the rosette
and is calculated as followed:

Stockiness = 4 π area

perimeter2

A perfect round object will have a stockiness of 1, whereas more irregular objects
will have lower values.

Surface coverage: Surface coverage describes the ratio between the projected
rosette and the convex hull. This value indicates how much of the surface of the
convex hull is occupied by the rosette. Plants carrying a lot of leaves with short
petioles will have a high surface coverage.

From the rosette to the leaf: individual leaf segmentation

High-throughput and non-destructive imaging makes phenotyping the complete Ara-
bidopsis rosette a widely used screening method to detect and quantify plant growth
characteristics, but the spatial resolution remains limited. Overlap of growing leaves,
although limited in Arabidopsis, can result in underestimations of the actual rosette
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size by only measuring the projected rosette area. This underestimation can be cor-
rected for by estimating the leaf area based on the leaf radius, defined as the length
from tip to the center of the rosette, and the curvature on the leaf tip (Tessmer
et al., 2013). However, it is doubtful that this method can be applied to plants
with an altered petiole length and extensive leaf curvature. The segmentation of
individual leaves from the rosette and leaf number attribution is a challenging task
(Janssens et al., 2013; Pape and Klukas, 2014), especially for small and overlapping
leaves. Apelt et al. (2015) have described how leaves can be segmented from the
rosette and are automatically assigned with the assumption that phyllotactic leaf
angles follow the golden angle. This setup, using Phytotyping4D, allows next to
rosette area measurements the identification of individual leaves and measurements
of their area over time. In addition to leaf overlap, hyponasty needs to be taken
into consideration when measuring rosette size at a sub-daily resolution since this
can affect the projected rosette area. By measuring the 3D plant area by combining
focused and depth images of the rosette, the angle of the leaves does not influence
the measurements (Apelt et al., 2015).
Some plant genotypes exhibit an extensive leaf curvature/waving (Palatnik et al.,
2003; White, 2006) or affect only a subset of the rosette leaves at a certain timepoint
(Gonzalez et al., 2010), which can lead to biased conclusions when only phenotyping
the rosette. To gain further insights into leaf growth characteristics, more detailed
analyses at the leaf organ level are required.

Imaging and measuring individual rosette leaves

To increase the resolution from the entire plant to the leaf level, leaves need to be
isolated from the rosette. Classically, this is achieved by dissecting the rosette leaves,
but it is also possible to segment the leaves from rosette images (Janssens et al.,
2013; Pape and Klukas, 2014; Apelt et al., 2015), allowing the identification and
measurements of individual leaves from the rosette (Apelt et al., 2015). These phys-
ical or virtual dissections enable measuring total leaf number of the rosette and the
extraction of individual leaf parameters, such as symmetry (Janssens et al., 2013),
area, length, width (Gonzalez et al., 2010) and the ratio between the latter two: the
leaf index (Tsukaya, 2002). Arabidopsis rosette leaves differ in size and morphol-
ogy between different accessions (Pérez-Pérez et al., 2002), but also within the same
plant of a given accession, a phenomenon referred to as heteroblasty (Tsukaya, 2002;
Poethig, 2013; Tsukaya, 2013) (Fig. 1.3a). The first, juvenile Arabidopsis leaves are
smaller, have a round shape and only bear trichomes at the adaxial side of the leaf.
Adult leaves have trichomes at the adaxial and abaxial sides of the leaf, are larger,
narrower and have more serrations (Kerstetter and Poethig, 1998; Tsukaya, 2013).
In depth studies on leaf growth dynamics mostly focus on one particular rosette leaf.
The selection of this leaf depends on the observed phenotype, (Gonzalez et al., 2010)
and on the experimental setups. To study the earliest stages of leaf development,
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the first appearing leaves are more accessible to dissect and measure or examine
in vivo with confocal microscopy (Kuchen et al., 2012) than the older leaves. In
contrast, sometimes older leaves are chosen to avoid potential seed effects on leaf
growth. Therefore, different research groups often focus on a particular rosette leaf
(Donnelly et al., 1999; Granier et al., 2006; Andriankaja et al., 2012; Kalve et al.,
2014).

Quantifying leaf growth in four dimensions

Leaf primordia initiate at regular positions from the peripheral zone of the SAM.
These initiation patterns, resulting in the spiral phyllotaxis, are determined by local
auxin maxima (Bayer et al., 2009). At 3 days after stratification (DAS), the pri-
mordia of the first leaf pair can be discriminated from the SAM (Fig. 1.3b). After 5
DAS, the third leaf emerges and is quickly followed by the fourth. Because of this
rapid succession, developing leaves are extensively covering the vegetative SAM and
the younger leaf primordia, making imaging and quantifying growth of these small
leaves challenging. Both optical and histological sectioning methods combined with
3D reconstruction of the images exist to visualize (Lee et al., 2006; Wuyts et al.,
2010; Vlad et al., 2014) and measure the volume of leaf primordia (Vanhaeren et al.,
2010) during their earliest stages of development (Fig. 1.3c). Later during devel-
opment, starting from 3-4 days after initiation (DAI) petioles start differentiating
(Kalve et al., 2014), and leaves can be micro-dissected from the apex with micro-
scissors or hypodermic needles. After clearing, these dissected leaves are mounted
on slides and imaged using a camera mounted on a binocular microscope, allowing
accurate measurements of the leaf blade area regardless of leaf curvature and folding
(Fig. 1.3d).
In addition to leaf length and width, leaf thickness increases during the course of
leaf development, albeit at a slower rate than the planar dimensions, explaining
the flattened leaf morphology (Kalve et al., 2014). Leaf thickness is determined by
dorso-ventral leaf expansion, which is influenced by both genotype and environment
(González-Bayón et al., 2006; Wuyts et al., 2012; Kalve et al., 2014). To assess
overall leaf thickness, histological (Beeckman and Viane, 2000) and optical sectioning
methods, such as multi-photon microscopy Wuyts et al. (2010) and high-resolution
X-ray computed tomography (HRXCT) (Fig. 1.3e,f) (Dhondt et al., 2010) can be
used.

Leaf growth parameters

Although single timepoint measurements can give indications on plant or leaf size,
it doesn’t allow calculating growth related parameters (Box 2), which require mea-
surements at multiple timepoints. Such measurements are mostly performed with a
fixed time interval. Leaf area from early time points until maturity typically displays
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Figure 1.3.: Quantitative phenotyping of the rosette leaf. (a) Heteroblasty within
an Arabidopsis rosette (accession C24). At the left, two embryonic cotyledons
precede the true leaves; leaves are arranged from left to right in order of emer-
gence from the SAM. (b) The first leaves (L) appear between the two cotyledons
(C) at 3 DAS. (c) Using 3D reconstructions of leaf primordia, volumes of pri-
mordia that are otherwise difficult to access can be measured. (d) Transparent
ethanol-cleared leaves allow visualization of the vasculature and more accurate
measurements of leaves with a strong blade curvature (red). (e) Using HRXCT
scanning, 3D representations of seedlings and leaves can be reconstructed from
optical sections (f) in which leaf thickness (orange) can be measured. (g) Total
vascular system (green), branching points (purple dots) and the leaf perimeter
(red) can be extracted semi-automatically from cleared leaves. (h) Trichome ex-
traction and patterning in a developing leaf using optical projection tomography
(OPT) (Lee et al., 2006). (i) The photochemical efficiency of PSII of leaves is high
before a dark treatment (D0), represented by the dark-blue colour. After 3 days
of dark induced senescence (D3) treatment, this photochemical efficiency is lower,
visualized by the light-blue colour and yellow patches.
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a sigmoidal curve (Box 2). Since the area of leaves is several orders of magnitude
larger than those of leaf initials, these data are generally plotted on a logarithmic
scale to allow a better discrimination when changes in size occur, especially at early
timepoints. Intrinsic to the underlying cellular processes driving leaf growth, Ara-
bidopsis leaves increase in size at different rates until leaf maturity is reached. These
growth patterns can be described using several parameters, such as relative and ab-
solute growth rate (RGR and AGR), and growth acceleration (Box 2). The size of a
leaf compared to its size on a previous timepoint corresponds to the relative growth
rate, whereas absolute growth rate reflects the plant area that is formed during a
certain unit of time. The leaf measurements on different timepoints can be fitted
with a local quadratic function, allowing smoothing of the growth curve. The first
order derivative of a point of this smoothed curve, the absolute growth rate, is a
measure of growth speed on that timepoint, representing the rate of change of the
area. The second order derivative of this smoothed growth curve gives the growth
acceleration, corresponding to the change of this growth rate (Tessmer et al., 2013).
The biological meaning of these mentioned parameters can be illustrated as follows.
During development, Arabidopsis leaves continuously increase in size at different
rates. At very early timepoints, leaf primordia almost double in area in a single day,
but the net size increase is small because these leaves are minuscule. This is hence
reflected in a low absolute growth rate, but very high relative growth rate. Later in
development, they will have a larger net increase in area in one day. This increase in
size will however not be as large compared to the previous timepoint, which will thus
be reflected by a high absolute growth rate and a lower relative growth rate in older
leaves. Positive and negative values of growth acceleration indicate the absolute
growth rate is enhanced or slowed down respectively. For example, upon transfer of
plants grown on control medium to medium containing osmotic compounds (Skirycz
et al., 2011), a negative growth acceleration reduces growth and leaf enlargement
is decreased compared to control conditions. These growth parameters give dif-
ferent views on the dynamics of leaf growth in variable genetic backgrounds and
environmental conditions.
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Box 2 – Rosette/leaf growth measurements

Leaf area over time: Measurements of the rosette/leaf blade area over different
timepoints, mostly with a fixed interval, can be used to calculate growth parameters.
Since the area of mature leaves is several orders of magnitude larger than those of
leaf initials, this data is generally plotted on a logarithmic scale to allow a better
discrimination of when changes in size occur, especially on young timepoints.

Absolute growth rate (AGR): The absolute growth rate, or growth velocity,
corresponds to the plant area that is formed during a certain unit of time. From
the growth curve, the measured timepoints are fitted with a local quadratic func-
tion, allowing smoothing of the curve. The first order derivative of a point of this
smoothed curve is the growth velocity on that timepoint. In leaves, the absolute
growth rate increases and reaches a peak in leaves that are in the expansion phase.

AGR = At − At−∆t

∆t = dA(t)
dt

Relative growth rate (RGR): The size of a rosette or leaf compared to the size on
a previous timepoint produces the relative growth rate. In non-destructive rosette
imaging, this can be calculated for individual plants using the following formula:

RGR = ln (At) − ln (At−∆t)
∆t

When using destructive measuring methods, this value is calculated with the mean
logarithmic transformed values of pooled samples for each timepoint (Hoffmann and
Poorter, 2002):

RGR = ln (At) − ln (At−∆t)
∆t

Growth acceleration: Growth acceleration is defined as the rate of change in
absolute growth rate and is hence calculated as the second order derivative of the
smoothed growth curve.

Acceleration = dA2 (t)
dt2
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Carbon assimilation and the sink-to-source transition in leaves

After the transition from proliferation to cell expansion, chloroplasts start differ-
entiating and the photosynthetic machinery is initiated. When the differentiation
of the photosynthetic apparatus is blocked, cell expansion is inhibited, suggesting
a link between these two processes (Andriankaja et al., 2012). Young leaves are
unable to assimilate enough carbon to be self-sustainable; therefore they depend on
the import of carbon in the form of sugars from older leaves, creating a source-sink
relation. In leaves, assimilated carbon is distributed to structural components, such
as proteins and cell wall material, and to energy storage such as starch. By 14CO2
labeling, starch content can be visualized with iodine stainings and quantified by
the enzymatic hydrolysis of starch to glucose. In addition, starch biosynthesis rates
and turnover can be measured using 14CO2 labeling (Hostettler et al., 2011) as well
as the allocation and partitioning of carbon in leaves (Kölling et al., 2013). Using
this method, older leaves that act as a carbon source have been shown to invest
more in starch than in proteins and cell wall, whereas younger sink leaves partition
assimilated carbon equally (Kölling et al., 2015). In addition, at the beginning of
the day, more carbon is transferred from source leaves to the sink tissues than at the
end of the day. These transported carbon sources are partitioned equally between
starch, proteins and cell wall material in these young leaves (Kölling et al., 2015).

Extracting leaf vasculature and trichome patterns

Procambial cells, the progenitors of vascular tissue, can already be detected during
early leaf development (Mattsson et al., 1999; Turner and Sieburth, 2003). Anal-
ogous to heteroblasty, different rosette leaves within an accession (González-Bayón
et al., 2006) and equivalent leaves from various accessions display different venation
patterns (Candela et al., 1999). Quantification of leaf venation parameters are facil-
itated by dark-field images of cleared leaves in which lignified mature xylem vessels
stand out due to their light-scattering properties. These high-contrast pictures can
be analyzed manually (Candela et al., 1999; González-Bayón et al., 2006; Rolland-
Lagan et al., 2009) or with semi-automated analysis methods, such as LEAF GUI
and LIMANI (Price et al., 2011; Dhondt et al., 2012). Different parameters can be
extracted from these images, such as the total vascular length, vascular complex-
ity (sum of the number of endpoints, branching points and vascular elements) and
vascular density (vein length per unit leaf area) Fig. 1.3g). Throughout leaf devel-
opment, the length and complexity of the total vascular system increase, whereas
vascular density reaches a peak around 14 DAS. Afterwards, vascular density de-
clines during further development since the leaf blade continues to expand and the
vascular system grows at a slower rate (Dhondt et al., 2012). Using vascular tissue-
specific reporter lines, time-lapse imaging of vascular development can be performed
by confocal laser scanning microscopy (CLSM) (Sawchuk et al., 2007). With optical
projection tomography (OPT), venation patterns can be extracted using region-
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growing algorithms, resulting in 3D representations of the vasculature from which
vein volumes can be quantified (Lee et al., 2006). With the latter technique, it
is possible to identify trichomes, which are specialized epidermal cells, to generate
trichome distribution maps (Fig. 1.3h). Similarly, trichome distribution can be mea-
sured using confocal imaging (Bensch et al., 2009) and HRXCT (Kaminuma et al.,
2008).

The end of the line: Leaf senescence

At the end of the Arabidopsis life cycle, mature leaves start senescing, enabling nu-
trient recycling and reallocation (Guiboileau et al., 2010). This process is governed
by developmental, environmental and hormonal signals (Khan et al., 2014). Senes-
cence is characterized by yellowing of the leaf and a reduction of the photosynthetic
apparatus, phenomena that can be mimicked by a dark treatment of leaves, called
dark-induced senescence (DIS) (Weaver and Amasino, 2001). DIS is a widely used
phenotyping method to accelerate leaf senescence in a consistent manner (Oh et al.,
1997). This process is commonly quantified by measuring the photochemical effi-
ciency of PSII using fluorescence imaging (Fig. 1.3i). This phenotyping technique
enabled for example the detection of genes playing a role in leaf senescence (Oh
et al., 1997) and longevity (Debernardi et al., 2014).
Measuring different aspects of leaf growth and quantifying growth dynamics over
time yield numerous insights into leaf development. A strict coordination of prolif-
eration and cell expansion during leaf growth determines its final size. To further
understand leaf growth and changes in leaf growth upon genetic and environmental
perturbations, phenotyping at the cellular level is required.

Phenotyping leaf development at a cellular level

During leaf development, several interconnected processes controlling leaf size occur:
i) primordium initiation, ii) pavement and meristemoid proliferation and iii) cell
expansion that can have different durations and rates (Gonzalez et al., 2012).
From the SAM leaf initials emerge in which cells grow through cytoplasmic en-
largement followed by mitotic cell division. While in ferns leaf blade development
depends on a marginal meristem (Boyce, 2007), its contribution in Arabidopsis is
unclear (Donnelly et al., 1999; Tsukaya, 2013). The different axes that determine the
flat morphology of leaves are formed early on (for a review: Tsukaya (2013)). Along
the dorso-ventral axis, specialized cell types are formed (Fig. 1.4). The narrow adax-
ial and abaxial epidermal layers isolate the inner leaf tissues from the environment.
allowing tightly controlled gas and water exchange through the stomata (Pillitteri
and Dong, 2013), the pores in the epidermis of which the opening is controlled by
specialized guard cells. The majority of photosynthesis occurs at the adaxial side of
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the leaf, in the pallisade parenchyma. Gas exchange primarily happens at the abax-
ial orientated spongy mesophyll, explaining the larger intracellular spaces between
spongy parenchyma cells and the higher stomatal density of the abaxial epidermis
(Fig. 1.4). This specialized cellular arrangement allows a maximal photosynthetic
efficiency, while water losses are reduced to a minimum. Facilitated by this planar
morphology of growing leaves, numerous techniques exist to visualize and quantify
cellular characteristics.

adaxial epidermis

palisade mesophyl

spongy mesophyl

abaxial epidermis

adaxial epidermis

palisade mesophyl

spongy mesophyl

abaxial epidermis

Figure 1.4.: Cell differentiation during leaf development. (a) Along the proximal-
distal axis of the leaf, a cell cycle arrest front proceeds in a basipetal direction,
coinciding with cell differentiation. Along the dorso-ventral axis (insets at the
left and right), specialized cell layers fulfill distinct functions and display different
morphological traits, which are the clearest in differentiating parts of the leaf.

Reporter lines to study growth

The use of reporters, such as β-glucuronidase (GUS) and the green fluorescent pro-
tein (GFP), has considerably advanced our knowledge of the localization, dynamics
and timing of the cellular processes driving leaf growth by fusing these reporter genes
to specific promoters. The GUS reporter system is a destructive method based on
the enzymatic conversion of glucuronides, from which 5-bromo-4-chloro-3-indolyl
glucuronide (X-Gluc) is most frequently used, into a coloured precipitate (Janssen
and Gardner, 1990). The incubation period in the substrate influences the produced
colour signal, but this period can differ between promoter-reporter constructs in
function of the strength of expression of the promoter and the penetration efficiency
of the substrate in the plant tissue. For example, one promoter-GUS construct can
lead to overstaining after 6 hours of incubation whereas another could show no sig-
nal at all. GUS staining is usually visualized with dark-field or light microscopy on
entire leaves or on histological sections (Donnelly et al., 1999). Three dimensional
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visualization of gene expression patterns using OPT can also be obtained by combin-
ing fluorescence OPT to detect the tissue of a specimen and transmission OPT using
visible light to determine GUS-expressing regions (Lee et al., 2006). Reporter lines
enable detection of tissue-specific gene expression in the leaf, but also the analysis of
the timing of cellular processes. By studying plants that carry the pCYCB1;1::GUS
reporter construct with a cyclin destruction box, ensuring degradation of the GUS
protein at the end of each mitosis, the transition from cell proliferation to cell ex-
pansion could be quantified (Donnelly et al., 1999). This transition starts at the
tip of the leaf where cells stop dividing and start differentiating and expanding.
This cell cycle arrest front proceeds along a proximal-distal axis (Figure 4), but the
exact timing of the cell cycle arrest differs between the epidermal and mesophyll
layers (Donnelly et al., 1999). Additional research studies on this transition event
using pCYCB1;1::CYCB1;1::GUS and pKLU::GUS reporter lines have shown that
the cell cycle arrest front does not proceed gradually, but is rather held at a same
position after initiation until it rapidly moves toward the base of the leaf (Kazama
et al., 2010). In addition, the use of pCYCB1,1::GUS has led to the proposition
of a second arrest front that regulates the activity of dispersed meristemoid cells
(White, 2006). These small cells continue to divide asymmetrically and give rise to
additional pavement cells and stomata.
In addition to the CYCB1;1 mitosis-specific marker, other marker lines specific for
hormones, such as the DR5::GUS (Ulmasov et al., 1997) and reporter lines specific
for trichomes, stomata, vasculature, leaf mesophyll and epidermal layers, can be
used to visualize and quantify leaf growth characteristics (Lee et al., 2006; Sawchuk
et al., 2007; Mustroph et al., 2009).
In vivo confocal microscopy can give more insights into the sub-cellular localization
of the proteins using translational GFP fusions. In contrast to roots which lack
chloroplasts, confocal and multi-photon imaging of leaves can be complicated by the
presence of chlorophyll that interferes with the fluorescence signals (Cheng et al.,
2001). Reporter lines with a strong GFP signal that can be distinguished from
background auto-fluorescence are powerful tools to study leaf growth (Sawchuk et al.,
2007; Kuchen et al., 2012). For example, by using plasma membrane targeted GFP
markers, cell division in the first leaf pair was followed in vivo with a confocal
microscope and enabled computational modeling of early leaf growth (Kuchen et al.,
2012). In vivo imaging of cells is however limited, since the illumination of the sample
eventually causes cell damage (Chen et al., 2001).

Quantifying cellular processes that underlie leaf growth

The movement of the cell division arrest fronts during leaf development was con-
firmed by an extended phenotypical study on the transition from cell division to cell
expansion (Andriankaja et al., 2012). In this study, microscopic drawings along the
entire abaxial epidermis of cleared leaves were produced using a differential inter-
ference contrast (DIC) microscope (also known as Nomarski microscopy) equipped
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Figure 1.5.: Cellular phenomics of leaf growth. (a) Digitalized epidermal cell draw-
ings can be analyzed using automated image analysis scripts that extract the sur-
face of the drawn area, cell area, stomatal count and pavement cell area. (b)
Dental resin imprints allow following dividing and expanding cells over different
timepoints in a non-destructive manner. (c) Cells directly above the mid-vein cells
and in close proximity to the leaf border are much larger and elongated compared
to other epidermal cells. Therefore, these regions are to be avoided when quan-
tifying average cell size and number in the leaf. (d) By combining multi-photon
image stacks and 3D reconstruction software, cell volumes across the different cell
layers can be visualized and quantified. The adaxial (upper) and abaxial (lower)
epidermal layers are displayed in purple, the cylindrical palisade parenchima cells
are colored in yellow and the irregular shaped spongy parenchyma cells are col-
ored in darker orange to red (Wuyts et al., 2010). (d) Nuclei of epidermal peels
visualized with a fluorescence microscope after DAPI staining (blue). Combined
with cellular representations of these peels, endoploidy maps can be made. Cells
with 2C nuclei are marked in yellow, orange cells have nuclei with a higher ploidy
level.
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with a drawing tube (Nelissen et al., 2013). Such cell drawings can be digitalized
and processed using automated image analysis scripts (Andriankaja et al., 2012)
(Fig. 1.5a), but they can also be analyzed manually using ImageJ (Nelissen et al.,
2013). The major advantages of using cleared leaves for cellular profiling are that
underlying mesophyll cell layers can also be measured (Ferjani et al., 2007) and that
the same leaf material can be used to measure leaf areas and the vasculature (see
‘Imaging and measuring rosette leaves’). Another approach to visualize and quan-
tify cell divisions uses aniline blue staining of callose in the newly formed cell walls.
This staining can be visualized using a fluorescence microscope, but trichomes need
to be removed to avoid interference with the fluorescence signal (Kuwabara et al.,
2011).
With imprinting techniques, the leaf epidermis can be visualized and cell size related
parameters can be quantified non-destructively. Agarose-mediated imprints can be
analyzed directly using DIC microscopy (Mathur and Koncz, 1997; Christensen,
2010) and dental resin imprints or nail polish replicas generated from these molds
can be imaged using light- and/or scanning electron microscope (SEM) (Fig. 1.5b)
(Geisler et al., 2000). Using the latter method, cellular dynamics of a single leaf
were followed for up to 12 successive timepoints to track asymmetric divisions of
meristemoid cells (Geisler et al., 2000). Such successive imprints can provide de-
tailed insights into the duration, extent and patterning of cell division and expan-
sion (Fig. 1.5b) (Elsner et al., 2012). Using epidermal imprints, the differentiating
puzzle-shaped pavement cells have been shown to occasionally divide, even after
differentiation was initiated (Elsner et al., 2012).
Various cellular parameters such as average cell area, cell number, cell circularity,
number of stomata, stomatal index and stomatal density and the cell area distribu-
tion (Box 3) can be extracted from these images. With cellular data over different
timepoints, cell division and expansion rates can be derived (Box 3). For all cellular
analysis, care needs to be taken that regions above the mid-vein and the border of
leaves are avoided, since in these regions, cells are much larger and display different
characteristics than other cells of the leaf blade (Kawamura et al., 2010) (Fig. 1.5c).
These large cells appear already early in development and comprise a relatively large
proportion of the total leaf area. Later in development, this proportion is reduced
since the leaf blade continuous to expand. The exact function of these cells, apart
from providing ruggedness to the leaf, remains unclear. Since cell division is arrested
in a tip-to-base gradient, it is also necessary to do two measurements at specific po-
sitions in the immature leaf: one at a quarter from both the base and tip of the leaf
and another halfway between the leaf margin and the mid-vein of growing leaves
(Nelissen et al., 2013).
Next to the epidermal cell layers, the palisade parenchyma layer is often used to
quantify cellular parameters (Horiguchi et al., 2006). The major advantage of this
tissue is that its cells are very uniform in shape and size compared to the epider-
mal layers (Fig. 1.4) since they lack cells of the stomatal cell lineage. However,
they are more challenging to access and intercellular spaces are found between the
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cells (Fig. 1.4). DIC microscopy on cleared leaves, as described above, is a very
straightforward method to measure the area the palisade parenchyma cells. Since
palisade cells are cylindrically elongated and spongy parenchyma cells can show ir-
regular shapes, histological transverse sections through the leaf (Kalve et al., 2014)
and measurements of cell volumes using multi-photon microscopy (Fig. 1.5d) (Wuyts
et al., 2010, 2012) provide additional information on the contribution of these cell
layers to the leaf biomass.

31



A journey through the leaf

Box 3 – Cellular measurements and calculations

Cellular measurements, calculations and statistics are commonly performed on a
specific cell layer. The abaxial epidermis, since juvenile leaves lack hindering tri-
chomes on this side, or the palisade mesophyll are mostly chosen for this. For the
definitions below, we used the abaxial epidermis as an example.

Average cell area: The average cell area of a leaf comprises both pavement cells
and stomatal guard cells. The small size of the latter will result in a skew distribution
to the right in maturing leaves, since the size of the expanding pavement cells will be
much larger than the mean (Fig. 1.5b, picture 3). Within a defined area of the leaf,
cell areas are measured, from which an average area is calculated. Alternatively,
the area in which cells are counted (Fig. 1.5b, picture 2) can be divided by the total
number of cells in that area. This method produces however an estimate of the
average cell size and does not yield the actual distribution of the cell sizes.

Average pavement cell area: The average pavement cell area can be calculated
analogously to that of the average cell area with the exception that the area of guard
cells is not taken into account (Fig. 1.5a, picture 5).

Total cell number/pavement cell number: The total cell and pavement number
per leaf can be calculated by extrapolating the total cell number or pavement cell
number, respectively, per drawn area (Fig. 1.5a, picture 2) to the total leaf area.

Stomatal density (SD): The SD is defined as the number of stomata per mm2 of
leaf area. This value is dependent on the total amount of stomata and the size of
the epidermal cells.

Stomatal index (SI): The SI describes the number of stomata compared to the
total number of cells, hereby normalizing for the size of the epidermal cells.

Cell division and expansion rate: Rates of cell division and cell expansion are
calculated as the relative rate of increase in cell number and cell size over time, re-
spectively. For this, the logarithmic values of means of cell size or cell number of the
measured timepoints are fitted with a local quadratic function, allowing smoothing
of the curve. The first derivative of this smoothed curve can be used as the relative
division and expansion rates.

Cell cycle duration: Cell cycle duration is calculated as the inverse of the cell
division rate.

Cell size distribution: Cell size distributions can be represented in frequency
tables, in which the count of cells within a defined size interval is displayed and
enables the detections of shifts in cell sizes. This representation allows for a more
detailed interpretation of the cellular data than a single value, such as the average
cell area.
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Cell expansion and endoreduplication

The absolute growth of leaves is highest when the majority of cells are maturing
and expanding. Whereas in proliferating tissue the expansion of cells is established
by the cytoplasmatic growth and doubling of nuclear DNA, the increase in cell
volume of differentiating cells is driven by turgor pressure. This cellular expansion
is established by several processes. First, a controlled modification of the cell wall,
resulting in cell wall relaxation, combined with an increase in size of the vacuole
drive cell wall deformation. Then, the cell wall is stiffened by cross-linking and new
cell wall material is secreted (Cosgrove, 2005). Turgor pressure, the main driving
force of this cellular growth, can be monitored in single cells by puncturing the cell
walls using pressure probes (Green and Stanton, 1967). This method is conventional,
but is however destructive and doesn’t allow measuring the pressure in small cells
since their volume is not sufficient to reach the required equilibrium between the
sap entering the probe and the remaining volume in the punctured cell (Green and
Stanton, 1967). The thickness of the Arabidopsis cell wall, the elastic modulus of
the cells and the turgor pressure can be measured in vivo using nano-indentations
(Forouzesh et al., 2013).

Leaf cell expansion and differentiation coincides with an increase in endoreduplica-
tion, also known as endoploidization, which is the doubling of chromosomal DNA
in the absence of chromosome separation and cytokinesis (De Veylder et al., 2001).
During early leaf development the majority of cells are mitotically active, these
leaves are therefore predominantly composed of 2C and 4C nuclei containing cells.
Later in development, ploidy levels can reach until 32C through endoreduplica-
tion. Endoreduplication levels are hence often used as developmental markers,
however a causal relation between endoreduplication levels and cell size is still un-
known (Tsukaya, 2013). Endoreduplication can be measured using flow cytometry,
a method allowing the measurement of DNA content by quantifying the fluorescence
of nuclei stained with the DNA-specific fluorochrome 4: 6-diamidino-2-phenylindole
(DAPI) (Nelissen et al., 2013). This approach pools all different cell layers of the
entire leaf, giving general insights into endoploidy levels on the organ level at a cer-
tain timepoint or over time. To correlate individual cell size with its ploidy level,
the area of epidermal cells and the relative fluorescence of their DAPI-stained nuclei
can be measured by isolating this cell layer using epidermal peels (Melaragno et al.,
1993) (Fig. 1.5e).

Proliferation, cell expansion and the coordination between these processes deter-
mine the final shape and size of a leaf. These cellular processes are controlled by
complex networks of genes. Therefore, links between the macro- and microscopic
phenotype and the underlying genetics can be made by phenotyping leaf growth on
the molecular level.
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Molecular phenotyping of leaf development

From initiation to maturation, different cellular processes coordinate leaf growth.
These cellular events are regulated by complex networks of genes (Gonzalez et al.,
2012; Tsukaya, 2013; Hepworth and Lenhard, 2014; Kalve et al., 2014; Rodriguez
et al., 2014). By phenotyping leaves molecularly during the different developmental
stages, and studying mutants and transgenic lines that alter final leaf size, the
molecular networks underlying leaf growth can be unraveled.

Profiling gene expression during leaf development

During primordium initiation and leaf axis formation, expression of different genes
coordinate and determine tissue identity and leaf outgrowth (Tsukaya, 2013). A
combined cellular and molecular phenotyping study on developing leaves has shown
that many genes displayed a gradual expression change during the transition from
cell proliferation to expansion (Andriankaja et al., 2012). The expression of numer-
ous genes which play a role in cell proliferation, such as ANGUSTIFOLIA3 (AN3 ;
AT5G28640), GROWTH-REGULATING FACTOR5 (GRF5 ; AT3G13960), KLUH
(KLU : AT1G13710) and many cell cycle regulating genes is high in fully proliferating
leaves. This expression gradually decreases during the transition from proliferation
to cell expansion and is found to be lower or even absent in leaves with predomi-
nantly expanding cells (Beemster et al., 2005; Andriankaja et al., 2012). Conversely,
negative regulators of the mitotic cell cycle, such as SIAMESE RELATED 1 (SMR1,
AT3G10525), and genes encoding expansins are upregulated at the onset of differ-
entiation compared to earlier stages of leaf development (Andriankaja et al., 2012).
For molecular phenotyping, the choice of the sampled material largely influences
the resolution. Obviously, by profiling the transcriptome of isolated leaves, more
development-specific growth regulators can be identified than when total seedlings
are used. For example, by comparing the effect of osmotic stress on proliferating,
expanding and mature leaves to whole seedlings, it was shown that almost none
of the transcriptional changes that occurred exclusively in proliferating and matur-
ing leaves could be retrieved in whole seedlings samples (Skirycz et al., 2010). Even
when micro-dissected leaves are sampled, various tissues and different cellular stages
are pooled. Isolation of specific developmental zones of the growing leaf by laser dis-
section prior to transcriptome analysis (Inada and Wildermuth, 2005) can enhance
the profiling resolution even further and provide a better view on the transcriptional
landscape in the leaf. This technique has already been successfully applied in leaves
to study the transcriptome of provascular cells (Gandotra et al., 2013).
Another tissue-specific approach has used the FLAG-epitope tagged ribosomal pro-
tein L18 under different tissue-specific promoters for translatome profiling. Ribosome-
associated mRNAs were immuno-purified from specific cell populations of seedlings
and hybridized against the Arabidopsis ATH1 Genome Array (Mustroph et al.,
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2009). Expression patterns of genes in specific cellular zones can be viewed in
the on-line Cell Type Specific Arabidopsis electronic fluorescent pictograph (eFP)
Browser (http://efp.ucr.edu/). This Arabidopsis eFP Browser integrates multi-
ple transcriptome datasets and allows visualization of gene expression levels over
different leaf developmental stages and other plant organs (Winter et al., 2007)
(http://bar.utoronto.ca/). Over the last years, transcriptome analysis were com-
monly done by hybridizing RNA samples onto the Arabidopsis ATH1 Genome Array,
representing approximately 22,800 genes (Redman et al., 2004). RNA-sequencing
uses direct sequencing of transcripts by deep sequencing technologies and is be-
coming increasingly popular because of its numerous advantages over microarray
technology (Mutz et al., 2013).

Forward and reverse genetics screens

Forward and reverse genetics are often used to identify genes regulating leaf growth.
Detecting new leaf growth regulators using forward genetic screens is not straightfor-
ward, since quantitative traits such as leaf growth are subjected to variation induced
by environmental conditions. In addition, changes in growth caused by an altered
gene expression can often be subtle. However, mutations resulting in dramatic in-
creases in leaf size have been described using this approach. The semi-dominant
GRANDIFOLIA-D (gra-D) mutants have been identified by a genetic screen from
a population of mutants generated through the use of irradiation. Genetic analysis
of these plants that produce very large leaves showed a large segmental duplica-
tion of the lower part of chromosome 4 (Horiguchi et al., 2009). Similarly, DA1
(AT1G19270) has been identified from an ethyl-methanesulphonate (EMS) screen
as a novel regulator of leaf and seed size. An additional screen of da1-1 mutants
treated with EMS identified the ENHANCER OF DA1 (EOD1 ) (Li et al., 2008)
which was found to be allelic to the previously described growth regulator BIG
BROTHER (BB; AT3G63530) (Disch et al., 2006).
Next to forward genetic screens, a large-scale reverse genetics study on a collection
of gene-indexed insertional mutants of Arabidopsis has recently been performed to
identify genes involved in leaf development (Wilson-Sánchez et al., 2014). This
screen resulted in the identification of 706 mutants exhibiting a leaf phenotype,
such as changes in rosette and/or leaf lamina size, leaf shape and colour. A publicly
available database of this study can be queried using the web application PhenoLeaf
(http://genetics.umh.es/phenoleaf).

Gene centric approaches

Phenotypic analysis of various mutants and transgenic lines that enhance leaf size
has allowed the identification of different pathways and numerous genes involved
in the regulation of leaf growth (Gonzalez et al., 2012; Hepworth and Lenhard,
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Figure 1.6.: Molecular mechanisms regulating leaf size. The different events
that can influence cell number, cell size and hence final leaf size (i.e. pri-
mordium initiation, the duration of proliferation, the rate of proliferation, meris-
temoid division, cell expansion rate and cell expansion duration) are presented.
These events are positively (green) and negatively (red) regulated by different
genes. (Proliferating zones in the leaf are shown in green and expanded zones
in yellow. (Abbreviations: ANT (AINTEGUMENTA: AT4G37750), APC10
(ANAPHASE PROMOTING COMPLEX 10 : AT2G18290), ARF2 (AUXIN RE-
SPONSE FACTOR 2 : AT5G62000), ARGOS (AUXIN-REGULATED GENE IN-
VOLVED IN ORGAN SIZE : AT3G59900), ARL (ARGOS-LIKE : AT2G44080),
AVP1 (ARABIDOPSIS THALIANA V-PPASE 3 : AT1G15690), CSC27a
(AT3G16320), CYCD3 (CYCLIN D3), EBP1 (A. THALIANA ERBB-3 BIND-
ING PROTEIN 1 : AT3G51800), GIFs: GRF1-INTERACTING FACTOR 1,2,3 :
AT5G28640, AT1G01160, AT4G00850), GRF3 (GROWTH-REGULATING FAC-
TOR 3 : AT2G36400), MED25 (MEDIATOR 25 : AT1G25540), miR396a
(MICRORNA396A: AT2G10606), miR396b (MICRORNA396B: AT5G35407),
quadruple DELLA (GAI (GIBBERELLIC ACID INSENSITIVE : AT1G14920)
RGA (REPRESSOR OF GA: AT2G01570) RGL1 (RGA-LIKE 1 : AT1G66350),
RGL2 (RGA-LIKE 2 : AT3G03450)), RPT2a (REGULATORY PARTICLE
AAA-ATPASE 2A: AT4G29040), SWP (STRUWWELPETER: AT3G04740),
TCP4 (TCP FAMILY TRANSCRIPTION FACTOR 4 : AT3G15030), TOR
(TARGET OF RAPAMYCIN : AT1G50030), ZHD5 (ZINC-FINGER HOME-
ODOMAIN 5 : AT1G75240)
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2014). (Fig. 1.6). For example, downregulation of SAMBA (AT1G32310) enhances
the volume of leaf primordia in early stages of development (Eloy et al., 2012) and
overexpression of AN3 enhances both the rate of cell division and the duration of the
cell division phase (Horiguchi et al., 2005; Lee et al., 2009). Similarly, overexpres-
sion of the brassinosteroid receptor encoding gene, BRASSINOSTEROID INSEN-
SITIVE 1 (BRI1 ; AT4G39400), the transcription factor GRF5 or the mi-RNA,
JAGGED AND WAVY (JAW ; AT4G23713), (Wang et al., 2001; Palatnik et al.,
2003; Horiguchi et al., 2005) increase leaf cell number by extending the duration
of cell division resulting in an increased leaf area. On the opposite, both DA1 and
EOD1 negatively regulate leaf size by limiting the duration of cell proliferation (Li
et al., 2008). Mutations in these latter genes lead to the formation of larger leaves.
Downregulation of the PEAPOD1/2 genes (PPD1,2 ; AT4G14713, AT4G14720) re-
sults in larger, dome-shaped leaves containing more cells, resulting from a prolonged
period of meristemoid division (White, 2006). In GIBBERELLIN 20-OXIDASE 1
(GA20OX1 ; AT4G25420) overexpressing plants, both cell number and size are in-
creased (Huang et al., 1998; Gonzalez et al., 2010). Cell size is positively regulated
by EXPANSIN 10 (EXP10 ; AT1G26770) and SMALL AUXIN UP-REGULATED
RNA19 (SAUR19 ; AT5G18010), since overexpression of these genes enhances cell
expansion (Cho and Cosgrove, 2000; Spartz et al., 2012). In contrast, SMALL
AUXIN UP-REGULATED RNA36 (SAUR36 : AT2G45210) negatively regulates
cell expansion since saur36 mutants produce bigger leaves containing larger cells
(Hou et al., 2013).
In conclusion, macroscopic and microscopic phenotypic analyses of mutants and
transgenic lines that enhance leaf size allow extending our knowledge of the processes
driving leaf growth. By profiling these mutants and wild-type plants molecularly,
new components of the leaf growth regulatory network can be discovered.

CONCLUSIONS AND PERSPECTIVES

Plant growth is a quantitative trait which is regulated by complex interconnected
genetic networks. To unravel these mechanisms that control leaf growth, many
research groups constantly are investing in the development of new phenotyping ap-
proaches and analysis tools (www.plant-image-analysis.org) to increase the spatial
or temporal resolution and enhance the throughput by which plants can be ana-
lyzed. The use of robotics allows the automation of large scale live imaging that
would be very challenging to carry out manually. For example, automated growth
platforms have enabled large screens of natural variants (Granier et al., 2006) and
transgenic lines Skirycz et al. (2011) to study their growth response under water
limiting conditions.
Phenotypes can be used as readout for a plethora of traits, such as efficiency of
photosynthesis, nutrient deprivation and various biotic and abiotic stress responses.
Increasing the resolution and dimensionality of automated high throughput systems
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by for example realizing the segmentation of individual leaves from a rosette image
(Apelt et al., 2015), combining measurements in different spectra (De Vylder et al.,
2012) and enabling different irrigation regimes (Granier et al., 2006; Skirycz et al.,
2011; Tisné et al., 2013), can result in very rich datasets. Together with recent
developments in large-scale sequencing resulting in detailed genotyping information
about different Arabidopsis accessions (Ossowski et al., 2008; Weigel and Mott, 2009;
Cao et al., 2011; Gan et al., 2011; Schneeberger et al., 2011; Long et al., 2013; Schmitz
et al., 2013), large-scale rosette growth, thermal and fluorescence phenotyping can
now be used to assess the relation between the genotype and phenotype in these
accessions and therefore allow the identification of novel genes regulating growth,
resistance to pathogen infections and water use efficiency. Subsequently, detailed
phenotyping of interesting candidates can further narrow down the time-frame for
molecular profiling to unravel the molecular basis of the initially observed traits.
Various genome wide association (GWA) experiments have already been performed
to study the natural variation explaining various sets of quantitative root growth
traits using high-throughput imaging systems in Arabidopsis (Ristova et al., 2013;
Ristova and Busch, 2014; Slovak et al., 2014).
Extensive cellular measurements during leaf development have generated detailed
insights into the cellular dynamics during the different phases of leaf growth. Ob-
taining these data is however laborious and/or time-consuming, arguing for more
automated setups to obtain high quality cell images suitable for data extraction.
High-throughput imaging using spinning disc microscopy has recently been applied
in plant research (Fitzgibbon et al., 2013) to perform large scale imaging of the leaf
epidermis.
Transcriptome analyses on different stages of leaf development (Beemster et al.,
2005; Andriankaja et al., 2012) and on leaf growth mutants or transgenic lines have
advanced our knowledge on leaf growth in the last years (Hepworth and Lenhard,
2014). However, within a growing leaf, different developmental cellular events occur
and distinct cell layers with specialized functions are present. In monocot plant
species, such as maize, these different growth zones are more straightforward to
isolate, allowing high resolution sampling of the leaves (Nelissen et al., 2012). Ad-
vanced sampling of developmental- and tissue-specific leaf material, facilitated by
fluorescence cell sorting (Grønlund et al., 2012) or laser dissection isolation (Gan-
dotra et al., 2013) combined with RNA-sequencing, will result in cell and stage
specific transcriptome maps that are already available for Arabidopsis roots (Birn-
baum et al., 2003).
Mathematic modeling has been proven to be a great tool to better understand
complex genetic networks (Middleton et al., 2010) and to predict patterning in Ara-
bidopsis growth, such as phyllotaxis (Jönsson et al., 2006). Since leaf growth is
a multifactorial trait, governed by multiple interconnected pathways, modeling will
become increasingly important to further comprehend this complexity. Several mod-
els have been developed to describe cellular and leaf organ growth. The cell-based
modeling framework VirtualLeaf allows users to investigate various aspects of tissue
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growth, such as cell division and growth, margin stiffness, tissue patterning and
the interplay between them (https://code.google.com/p/virtualleaf/) (Merks et al.,
2011). A mathematical model of the leaf epidermis, based on cellular dynamics of
epidermal cells, allowed measuring cell division and expansion rates during develop-
ment and showed that neighboring pavement cells with different sizes expanded at
different relative rates (Asl et al., 2011). In addition, through time-lapse imaging
of young leaves with confocal microscopy, growth dynamics and leaf shape forma-
tions were modeled, covering normal and perturbed growth of leaves (Kuchen et al.,
2012). With a multitude of datasets on rosette and individual leaf growth, cellular
dynamics and the continuous elucidation of the molecular pathways that underlie
leaf growth, the creation of such models that describe leaf growth will be facilitated.
Ideally, the outcome of single perturbations of the networks underlying leaf growth
and the effect of multiple combinations would be predicted from these models in the
future.

With recent advances in phenotyping techniques and platforms, RNA sequencing,
and proteomic and metabolomic approaches, very large data sets on leaf growth are
being produced in different labs world-wide. Ideally, these data sets can be inte-
grated and used for meta-analysis to strengthen established findings and to identify
new relationships between growth-regulating genes and mechanisms. This requires
however an objective data description using coherent phenotype onthology and con-
trolled vocabularies (Ilic et al., 2007; Avraham et al., 2008; Szakonyi et al., 2015, in
press) (http://www.plantontology.org/) and a correct description of the used phe-
notyping techniques. Similarly, a better annotation of the experimental metadata,
such as a detailed description of environmental conditions, the timing and exact tis-
sue of sampled material, must be provided to allow a correct comparison of data sets
(Furbank and Tester, 2011; Fiorani and Schurr, 2013). For example, since growth of
plants strongly differs between individual laboratories (Massonnet et al., 2010), the
use of standardized descriptions of developmental stages, such as seedling stage 1.04,
meaning the fourth rosette leaf became larger than 1mm (Boyes et al., 2001), can
provide more accurate information on the developmental timing than only reporting
the amount of days after stratification of the seeds.

In plant growth, phenomics is an important research field since it connects molec-
ular changes with a visible phenotype. By further development of phenotyping
methods and by combining phenomics with other research fields, such as genomics,
metabolomics, proteomics and transcriptomics (Liberman et al., 2012), a complete
and integrative systems biology view can be achieved, which will further extend our
knowledge of leaf growth and development. In respect to this integrative view on
leaf research, phenomics plays a central role since everything starts with the initial
observation of a growth trait. A thorough phenotypic analysis can in addition aid to
select the most relevant timepoint and tissue to sample material for other -omics ap-
proaches. The underlying molecular mechanisms of the observations can be further
tackled by for example exploring the transcriptomic and proteomic changes that un-
derlie the growth phenotype. In addition, ionomics (Salt et al., 2008) combined with
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phenomics can provide valuable information on how mineral nutrients and spore el-
ements are distributed in leaf tissue during its different developmental stages and
how these elements are distributed under nutrient and water limiting conditions.
Metabolic profiling of leaves during different developmental stages would deliver a
better understanding in the sink-to-source transition in Arabidopsis and provide
detailed insights in carbon allocation and nitrogen use under control and stress con-
ditions. A similar sink-to-source profiling study has been successfully applied in
Quaking aspen which carries large leaves (Jeong et al., 2004), but this approach is
very challenging using the small Arabidopsis leaves since large amounts of material
are required for metabolic profiling.
Outside the laboratory environment, a plethora of large-scale phenotyping methods
is used in crop breeding and agriculture and new approaches are developing in a rapid
pace (Walter et al., 2015). For example, thermal remote sensing is used to estimate
evaporation and drought stress agriculture (Maes and Steppe, 2012) and automatic
phenotyping pipelines have been developed to monitor the colour of grape berries
in the field (Kicherer et al., 2015). In addition, the coverage of field monitoring can
be increased by aerial phenotyping and multi-sensor approaches (Virlet et al., 2014;
Liebisch et al., 2015).
Taken together, phenomics plays a central role in plant research as readout for
underlying genetic or environmental changes. In addition, phenotyping helps to
select the most appropriate timepoints and tissue for molecular characterization of
the observed traits. Therefore, phenomics is an indispensable tool in the quest to
understand how leaf growth is regulated.
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Size control of multicellular organisms poses a longstanding biological
question that has always fascinated scientists. Currently the question is
far from being resolved because of the complexity of and interconnection
between cell division and cell expansion, two different events necessary
to form a mature organ. Because of the importance of plants for food
and renewable energy sources, dissecting the genetic networks underlying
plant growth and organ size is becoming a high priority in plant science
worldwide. Here, we review the current understanding of the cellular
and molecular mechanisms that govern leaf organ size and discuss future
prospects on research aiming at understanding organ size regulation.

Leaf growth: a complex sequence of interlinked
events

Leaves are the energy factories of plants. Through photosynthesis, leaves efficiently
absorb energy form sunlight and convert it into biological energy (Barber, 2009; Zhu
et al., 2010), which is used for food, feed and bio-energy production by mankind
(Edgerton, 2009). Because most photosynthesis occurs in leaves, it is obvious that
it is strongly influenced by leaf size and shape, both of which show remarkable
variation among plant species (Efroni et al., 2010). Dissecting the genetic networks
underlying plant growth and leaf size, therefore, represents an important challenge
not only because of the pivotal role of plants as food and renewable energy sources,
but also for a better understanding of size control in multicellular organisms.
In eudicots, leaves are initiated at the flank of the shoot apical meristem (SAM).
At the periphery of the dome-like SAM, groups of cells will form so-called leaf an-
lagen or primordia that grow out as rod-shaped protrusions containing a dorsal and
a ventral domain (Efroni et al., 2010), followed by a series of developmental pro-
cesses resulting in the formation of a mature leaf (Fig. 2.1). The conversion of a
leaf primordium into a mature leaf is usually described as consisting of two partially
overlapping phases (Donnelly et al., 1999; De Veylder et al., 2001; Breuninger and
Lenhard, 2010). During the first phase, cell proliferation occurs throughout the en-
tire primordium and generates new cells the size of which remains relatively constant
and small. In the second phase, cell division in the developing leaves has ceased and
further growth is mainly achieved by cell expansion, resulting in a large increase in
cell size. In Arabidopsis thaliana (Arabidopsis), the period of cell expansion is as-
sociated with endoreduplication, a cell cycle variant during which several rounds of
genome duplication occur without subsequent cell division (Beemster et al., 2005).
Leaf development is however more than the simple succession of these two essential
processes, cell division and cell expansion. During a transition phase, cell division
first ceases at the tip of the leaf and gradually most cells exit the cell cycle and
start to expand in a basipetal (from the tip to the base) direction (Donnelly et al.,
1999; Nath et al., 2003). But this general cell cycle arrest front does not progress
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as gradually as depicted previously, because it remains at an almost constant posi-
tion during a certain time period and then moves quickly towards the base of the
leaf blade (Kazama et al., 2010; Andriankaja et al., 2012). This suggests that, in
Arabidopsis, a meristem-like region in the blade base could maintain temporally a
constant size and provide new cells for differentiation similar to what has been de-
scribed previously in monocot leaves (Sylvester et al., 1990; Kavanová et al., 2006;
Rymen et al., 2007). In addition to the above described developmentally regulated
progression of cell proliferation and cell expansion, meristemoid cells which are dis-
persed in the leaf and generated by meristemoid mother cells, undergo asymmetric
divisions to form the stomatal guard cells or provascular cells (Nadeau and Sack,
2002; Fisher and Turner, 2007; Peterson et al., 2010).

With the current knowledge, leaf growth can be described best as the succession of
five overlapping and interconnected phases: an initiation phase, a general cell divi-
sion phase, a transition phase, a cell expansion phase, and a meristemoid division
phase. The final leaf size can only be achieved through a strict spatial and tempo-
ral genetic control and coordination of these five different events. The analysis of
mutants and transgenic lines with altered leaf size suggests that at least four of the
five mechanisms contribute to the final leaf size. Here, we discuss how alteration of
these different phases can affect the final leaf size and describe genes and networks
involved in each of these processes.

Meristem size

In the SAM, cells in the central zone divide to maintain a pluripotent stem cell
population, whereas in the peripheral zone, cells competent to differentiate into
leaves or flowers are generated (Braybrook and Kuhlemeier, 2010). It is conceivable
that alteration of the SAM size could influence final leaf area due to a variation in the
number of founder cells recruited to form the leaf initial. However, no clear evidence
exists to support this theory. Typically, a larger or smaller SAM is associated
with a shorter (Chaudhury et al., 1993; Clark et al., 1995; Kwon et al., 2005) or
prolonged (Werner et al., 2003; Higuchi et al., 2004) plastochron (interval in leaf
production), respectively. For example, clavata1 mutant has a larger SAM and an
increased leaf initiation rate and total flower number (Kwon et al., 2005). On the
other hand, in mutants affected in cytokinin action, such as plants overexpressing
CYTOKININ OXIDASE (CKX) or mutated in the cytokinin receptors, the SAM
is smaller and the leaf area is decreased (Werner et al., 2003; Higuchi et al., 2004).
Clearly, more research has to be performed to establish whether a causal relationship
exists between SAM size and leaf size.
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Figure 2.1.: Different developmental stages of Arabidopsis thaliana at the rosette,
leaf and cellular level. From inside to outside the circle different phases of devel-
opment (cell proliferation phase, meristemoid division phase and cell expansion
phase) are shown as picture of a rosette (day 4 to 20 after sowing), leaf 1-2 (day
4 to 20), and cell drawings of the abaxial side of leaf epidermis (day 4 to 20).
Dividing cells in the primary general cell division front are represented in green,
meristemoid cells in orange and expanding cells in yellow. Two drawings are rep-
resented for a leaf (base (inner) and tip (outer) of the leaf) when dividing (small
squared shape) and expanding cells (puzzle shape) are present underlining the
progression of the transition phase.
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Number of cells recruited to the primordium

The first phase of leaf development corresponds to the emergence of a primordium
from the SAM. The number of cells allocated to the leaf primordium has been
estimated, based on clonal analysis, at approximately 100 cells, but varies depending
on the plant species (Poethig and Sussex, 1985; Dolan and Poethig, 1998). One
would expect that when more cells are initially recruited to the leaf primordium, the
final leaf size could be larger because more cells would participate in the cell division
phase (Fig. 2.2). However, to our knowledge only one example in Arabidopsis has
been reported in which the number of cells allocated to the leaf primordium affects
the final organ size. In the struwwelpeter (swp) mutant, showing altered expression
of an RNA polymerase II transcription mediator, smaller leaves containing fewer cells
are produced. This decrease in cell number was observed in very young primordia,
suggesting that the initial cluster of cells, from which the leaf will develop, is reduced
in cell number (Autran et al., 2002).

Cell division rate

Progression through the different phases of the cell cycle requires a strict temporal
regulation of the activity of proteins involved in DNA replication and mitosis (Inzé
and De Veylder, 2006). Assuming that the development window in which new cells
are formed is constant, the time needed to complete a single cell cycle could influence
the total number of cells in the leaf and therefore its final area (Fig. 2.2). The exit
from mitosis, one of the crucial checkpoints in cell cycle progression, is controlled
by the anaphase promoting complex/cyclosome (APC/C), a protein complex that
regulates the destruction of pivotal cell cycle proteins such as A- and B-type cyclins
(Sullivan and Morgan, 2007; Marrocco et al., 2010). Overexpression of a subunit of
the APC/C complex, the APC10 protein, leads to the production of larger leaves
(Eloy et al., 2011). During the early stages of leaf development, faster degradation
of CYCLIN B1;1 (CYCB1;1) triggers an increased rate of cell division in trans-
genic plants overexpressing APC10 and, as a consequence, an increased final cell
number. Similarly, the overexpression of CELL DIVISION CYCLE PROTEIN 27
HOMOLOG A (CDC27a) in tobacco (Nicotiana tabacum), encoding another sub-
unit of the APC/C complex, increases organ size by enhancing the cell division rate
(Rojas et al., 2009).
Another E3 ubiquitin ligase complex, the SCF (the Skpl-cullin-F-box-protein), is
also essential for the regulation of the cell cycle, for example by degrading cell
cycle-dependent kinase inhibitors (Hershko, 2005; Ren et al., 2008). The SCF com-
plex, associated with a different F-box protein SLEEPY1 (SLY1), is also involved
in gibberellic acid (GA)-mediated degradation of the growth repressing DELLA
proteins (Peng et al., 1997; Silverstone et al., 2001). Plants in which DELLA
proteins are stabilized, e.g. in a sly1 mutant, show a dwarfed phenotype, partly
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due to a decreased cell proliferation rate (Achard et al., 2009). Conversely, in a
quadruple-DELLA mutant, mimicking constitutive GA activation, the cell division
rate is higher. However, this altered cell division rate is compensated in the sly1
and quadruple-DELLA mutants by a slower and faster disappearance, respectively,
of the cell division arrest front compared to controls (Achard et al., 2009). DELLA
proteins also restrain leaf growth by altering the rate of elongation of differentiated
cells. Increasing the amount of active GA by overexpressing GIBBERELLIN 20-
OXIDASE 1 (GA20OX1 ) also leads to the formation of larger leaves containing
more and larger cells (Huang et al., 1998; Coles et al., 1999; Gonzalez et al., 2010).
A reduced expression of CYCB1;1 and other cell cycle-related genes, can also lead
to a reduction of the cell proliferation rate as observed in the leaf primordia of the
GRF-INTERACTING FACTOR (gif )1 gif2 gif3 (hereafter gif1/2/3 ) triple mutant
(Lee et al., 2009). GIF proteins are putative transcriptional co-activators. The
decreased leaf area in the gif1/2/3 mutant also results from a reduced cell division
phase (see below). Interestingly, a smaller SAM is produced in the triple gif1/2/3
mutant.
The above examples show that the cell division rate is an important contributing
factor to the final leaf organ size. However, because it requires a tedious detailed
kinematic analysis (De Veylder et al., 2001), the time to complete an entire cell cycle
has been measured for only a few examples.

Transition from cell division to cell expansion: spatial
and temporal control

The amount of cells that will be generated during the cell division phase of leaf
development will determine the final leaf size. In most cases analyzed, a direct
correlation is found between the number of cells and the organ size (Korner et al.,
1989; Meyerowitz, 1997). Therefore, the duration of the period during which cells
divide has a major impact on the final leaf size (Fig. 2.2). A large number of factors,
regulating the developmental control of the transition between cell division and cell
expansion have been described. Here, we mainly discuss the key growth regulators
for which relationships, such as physical interactions or transcriptional regulation,
are known.
As mentioned, the absence of GIF expression produces small leaves containing fewer
cells due to a decrease in the cell division rate, but also due to an earlier exit from
the cell division phase (Lee et al., 2009). Inversely, in plants overexpressing GIF,
leaves are larger and contain more cells (Horiguchi et al., 2005; Lee et al., 2009).
The GIF1 protein, also known as ANGUSTIFOLIA3 (AN3), interacts with members
of a family of putative transcription factors, GROWTH-REGULATING FACTOR1
(GRF1), GRF2 and GRF5 (Kim and Kende, 2004; Horiguchi et al., 2005), which
are also involved in the regulation of leaf growth by modulating cell proliferation.
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Figure 2.2.: Schematic representation of the cellular events leading to the forma-
tion of a mature leaf in wild type and plants producing larger leaves. In a wild-
type situation, after initiation from the SAM, primordia grow by a primary general
cell division front (green squares) that is progressively replaced by cell expansion
(white rectangle) from the tip to the base of the leaf. Meristemoid cells dispersed
in the leaf (orange squares) also divide in a secondary cell division front and will
give rise to stomata (dark grey square) and pavement cells (white rectangle). Six
events that can lead to the formation of larger leaves are represented: more cells
in the primordium, increased cell division rate, prolonged proliferation, increased
cell expansion rate, prolonged expansion and increased meristemoid division. Grey
squares and rectangles show similarities to the wild-type situation. Vascular cells
are not represented.
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In plants overexpressing GRF5, the leaf area is enhanced due to an increase in cell
number (Horiguchi et al., 2005; Gonzalez et al., 2010). In these plants, the initial
size and growth of the leaf is unaltered, but growth at later stages is faster, and the
duration is prolonged (Gonzalez et al., 2010). By contrast, down regulation of GRF5
in the grf5-1 mutant leads to the formation of slightly narrower leaves containing
fewer cells (Horiguchi et al., 2005). The other members of the GRF family are also
positive regulators of growth, since mutation in GRF1, GRF2 and GRF3 leads to
the formation of smaller leaves, whereas leaves are larger in plants overexpressing
GRF1 or GRF2 (Kim et al., 2003). The altered leaf size in the grf1/2/3 triple
mutant and the GRF-overexpressing lines is the result of a decrease and increase in
cell size, respectively (Kim et al., 2003). Seven of the nine members of the GRF
family, GRF1-4 and GRF7-9, are targeted by miR396 and plants expressing high
levels of miR396 produce narrow leaves containing fewer cells seemingly due to a
shorter developmental window during which cell division occurs (Liu et al., 2009;
Rodriguez et al., 2010; Wang et al., 2011). In plants overexpressing a miR396 resis-
tant GRF3, 35S::rGRF3, the period of cell division is prolonged, resulting in larger
leaves and a prolonged leaf longevity (Debernardi et al., 2014). Ectopic expression
of pANT::rGRF3 also results in larger leaves through enhanced proliferation but no
delay in leaf senescence, suggesting these processes can be uncoupled (Debernardi
et al., 2014). Interestingly, the SAM of plants overexpressing miR396 is smaller
(Rodriguez et al., 2010). The expression of miR396 is itself regulated by TCP4,
a member of the TEOSINTE BRANCHED1/CYCLOIDEA/PCF (TCP) transcrip-
tion factors family. TCP4 plays a key role in the coordination of cell division and
cell differentiation in leaves and is target for another miRNA, miR319 (Palatnik
et al., 2003). A point mutation in the miR319 target site of TCP4, reducing the
interaction with miR319, causes higher levels of miR396, lower amounts of GRF
transcripts and the formation of smaller leaves (Rodriguez et al., 2010). Similar
phenotypes are observed in transgenic lines with moderate overexpression of TCP4
(Rodriguez et al., 2010).

Other members of the TCP transcription factors with a binding site for miR319
have been implicated in the regulation of the cell division arrest front of leaves of
Antirrhinum majus, Arabidopsis and tomato (Solanum lycopersicum) (Nath et al.,
2003; Palatnik et al., 2003; Ori et al., 2007; Efroni et al., 2008). In the Arabidop-
sis jaw-D mutant, miR319 is overexpressed, causing a strong reduction of TCP2,
TCP3, TCP4, TCP10 and TCP24 expression and the formation of larger and highly
crinkled leaves (Palatnik et al., 2003; Schommer et al., 2008). Analysis of single,
double and triple mutants of these TCP genes showed that a variety of leaf sizes,
from slightly to strongly increased, and shapes, from flat to crinkly, can be obtained
underlining the redundant activity of these TCP genes that are subjected to reg-
ulation by miR319 (Schommer et al., 2008). At a cellular level, overexpression of
miR319 prolongs the maintenance of the mitotic activity along the margin of the
leaf leading to overgrowth of the margin and formation of leaves containing more
cells (Efroni et al., 2008).
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GRF and TCP transcription factors play an important regulatory role in the growth
and development of leaves in a functionally redundant manner. Other DNA-binding
proteins belonging to the APETALA 2 (AP2) family are also key regulators of the
final leaf size: the AINTEGUMENTA (ANT) and ANT-like (AIL) proteins. Over-
expression of ANT leads to an increase of leaf and flower size, whereas a loss-of-
function ant mutant produces smaller leaves (Krizek, 1999; Mizukami and Fischer,
2000). The leaf phenotype is explained by an increase or decrease in cell number in
the ANT gain-of-function and ant mutant, respectively. The ant mutant has also
larger cells. Ectopic expression of ANT causes additional cell division especially
during late development, whereas in the ant mutant fewer cell divisions occur, sug-
gesting that ANT plays an important role in the regulation of the duration of cell
proliferation (Mizukami and Fischer, 2000). In plants overexpressing ANT, a pro-
longed expression of CYCD3 is observed. CYCD3 is a G1-type cyclin of which the
expression is induced in response to growth stimuli and which is involved in cell cycle
initiation and progression in plants (Soni et al., 1995; Dewitte et al., 2003, 2007).
Overexpression of CYCD3 under the control of the strong Cauliflower mosaic virus
35S promoter does not lead to an increase of leaf size, but to a disturbed morphogen-
esis resulting from an increased cell division (Dewitte et al., 2003). However, when
CYCD3 is slightly overexpressed under the control of its own promoter, a moderate
increase in leaf area due to an increase in cell number is observed (Horiguchi et al.,
2009). A fine balance between the ability of cells to divide and grow is therefore
essential to control leaf size without affecting other developmental events such as
differentiation. ANT shares high sequence similarity with seven AIL proteins within
the DNA-binding domain (Nole-Wilson et al., 2005). An ant ail6 double mutant
produces leaves and flowers smaller than those of the ant mutant, showing that
ANT and AIL6 act redundantly to control leaf development (Krizek, 2009). The
action of ANT on organ size appears to be regulated by ARGOS (Auxin-Regulated
Gene involved in Organ Size), a gene encoding a small protein with no identifiable
functional domain and highly induced by auxin (Hu et al., 2003). Gain or loss of
function of ARGOS produces larger or smaller organs containing more cells or fewer
cells, respectively. In plants overexpressing ARGOS, a prolonged cell division period
coincides with a prolonged expression of ANT. Loss of function of ANT in ARGOS -
overexpressing plants inhibits the large-leaf phenotype, suggesting that ARGOS, by
an unknown mechanism but likely involving auxin signalling, functions upstream of
ANT to control organ size.

Besides transcription factors, other regulators can affect the duration of cell division
during leaf development. A point mutation in DA1, encoding a putative ubiquitin
receptor, leads to the formation of larger leaves and seeds (Li et al., 2008). In
the da1-1 mutant, the production of a dominant negative protein also affecting
the activity of DA1-related (DAR) proteins prolongs cell proliferation, resulting
in larger leaves containing more cells. A genetic screen for phenotypic enhancers
of da1-1 resulted in the isolation of several double mutants showing larger organs
than da1-1 (Li et al., 2008; Xu and Li, 2011). One of these enhancers, EOD1
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(ENHANCER OF DA1-1 ) previously known as BB (BIG BROTHER), encodes an
E3 ligase. A mutation in BB also causes the formation of larger leaves and petals in
the absence of the da1-1 mutation (Disch et al., 2006). BB negatively regulates the
duration of cell proliferation in leaves and petals. The mode of action of the DA1
and BB proteins likely involves proteolysis of a currently unknown growth regulating
factor. Overexpression of UBP15 has also been described to enhance final leaf by
promoting cell division (Liu et al., 2008). Interestingly, DA1 has been described to
negatively regulate UBP15 stability (Du et al., 2014). The E3 ubiquitin ligase DA2
has been shown to interact with DA1 and in the double mutant da1-1_da2-1, leaf
size is synergistically enhanced by an increase in cell number (Xia et al., 2013). In
contrast, leaf size is reduced in 35S::DA2 plants (Xia et al., 2013).
Plant hormones such as gibberellins (Coles et al., 1999; Fleet and Sun, 2005; Achard
et al., 2009) or auxin (Hu et al., 2003) are long known to play important roles in
regulation of growth. More recently a mobile growth stimulating signal distinct
from classical hormones has been described and at least requires the activity of the
KLUH (KLU ) gene encoding a cytochrome P450 (Anastasiou et al., 2007). In a klu
mutant, smaller organs are formed due to a premature arrest of cell proliferation,
whereas in plants slightly overexpressing KLU, leaves are larger and contain more
cells (Anastasiou et al., 2007; Kazama et al., 2010; Stransfeld et al., 2010).
The large amount of regulators involved in the control of the cell division arrest front
underlines that this switch during leaf development is crucial for the determination
of the final size and the establishment of differentiation processes.

Cell expansion

After the cell division phase, the leaf mainly grows further through turgor-driven
cell expansion, cell wall loosening and de novo synthesis of cell wall components
(Cosgrove, 2005). The duration of the cell expansion phase or the cell expansion rate
could affect the final leaf area (Fig. 2.2), but only a few regulators of cell elongation-
mediated leaf growth have been described. Well known examples are EXPANSINs
(EXP), cell wall-associated proteins involved in cell wall loosening and extension of
the cell wall (Sampedro and Cosgrove, 2005). The overexpression of EXP10 under
the control of its own promoter results in the production of larger leaves containing
larger cells (Cho and Cosgrove, 2000).
Overexpression of the stabilized fusion proteins of SMALL AUXIN UP RNA 19
(SAUR19 ) also enhances leaf size by stimulating cell expansion (Spartz et al., 2012).
These SAUR19 overexpression lines exhibit increased plasma membrane H+-ATPase
activity (Spartz et al., 2014), resulting in the acidification of the apoplast and auxin-
mediated cell expansion via an acid growth mechanisms.
The transition between the phase of cell division and cell expansion is often associ-
ated with a shift of cells undergoing mitosis to cells that continue to replicate their
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genome without subsequent mitosis, a process known as endoreduplication (Beem-
ster et al., 2005; Breuer et al., 2010). A correlation between ploidy level and cell size
has been reported in several plant species (Melaragno et al., 1993; Kondorosi et al.,
2000; Galbraith et al., 2001; Sugimoto-Shirasu and Roberts, 2003), but cells also
can grow dramatically without increasing the amount of nuclear DNA (De Veylder
et al., 2001). Although theoretically an alteration of endoreduplication could affect
the final leaf size by allowing an increased cell size, there is little evidence for such
a causal relation (Gonzalez et al., 2010). One exception is found in the larger leaves
resulting from a down-regulation of REGULATORY PARTICLE AAA-ATPASE 2a
(RPT2a) encoding a subunit of the 26S proteasome (Kurepa et al., 2009; Sonoda
et al., 2009). In the rpt2a mutant, production of larger cells that expand for a
longer time is associated with an increased ploidy level in leaves, but not in petals.
In Arabidopsis, CCS52A proteins play a major role in the switch from mitotic to
endoreduplication cycles. These proteins control the number of mitotic cells and
endoreduplication in differentiating cells. In plants overexpressing high levels of
CELL CYCLE SWITCH PROTEIN 52 (CCS52A) under a 35S promoter, cell size
is enlarged dramatically but leaf area is reduced (Baloban et al., 2013). However,
lower levels of CCS52A results in larger plants, probably because too high expression
interferes with cell division (Baloban et al., 2013).
Overexpression of other genes such as ARGOS-LIKE (ARL), a close homologue of
ARGOS, TARGET OF RAPAMYCIN (TOR), encoding a kinase, or ZINC FINGER
HOMEODOMAIN5 (ZHD5 ), encoding a transcription factor, also results in larger
organs containing larger cells (Hu et al., 2006; Deprost et al., 2007; Hong et al.,
2011), but the cause of the increased cell size remains unknown. Similarly, in plants
overexpressing CYP78A5/EOD3, leaf size is enhanced by an increase of the size of
the individual cells whereas in the mutants cell size is reduced, leading to smaller
leaves (Fang et al., 2012).

Meristemoid division

During the cell expansion phase, most cells start to differentiate, but some cells,
called meristemoids, still undergo several rounds of cell division. These cells will
form specific cell types such as stomatal guard cells or vascular cells (Nadeau and
Sack, 2002; Fisher and Turner, 2007; Peterson et al., 2010). The stomatal lineage not
only produces stomata, but also generates a large amount of epidermal cells (67% of
all pavement cells in cotyledons and 48% in leaves), because a meristemoid under-
goes up to three sequential asymmetric divisions thereby generating three pavement
cells (Geisler et al., 2000; Bergmann and Sack, 2007). The contribution of the meris-
temoid cells to leaf growth appears to be important (Fig. 2.2), because prolonging
the division phase of these cells by decreasing the expression of PEAPOD (PPD)
genes, encoding putative DNA-binding proteins, leads to the production of larger,
more dome-shaped leaves (White, 2006). Conversely, the overexpression of PPD
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genes results in the formation of smaller leaves. PPD regulates the arrest of a sec-
ondary cell cycle arrest front involving dispersed meristemoid cells. This secondary
cell cycle arrest front occurs after the arrest of a primary general cell division front
(Donnelly et al., 1999; White, 2006).

Control of leaf organ size: regulation of multiple
processes and compensation

An increasing number of growth regulators underline the complexity of leaf growth
control (Fig. 2.3) and the need for the integration of different processes such as the
timing of cell division, the transition of cell division to cell expansion, the rate and
extent of cell expansion and the control of meristemoid divisions. Some regulators
only affect one process, while other regulators affect multiple components of leaf
growth such as the GIF proteins which control both the cell division rate and the
duration of the cell division phase (Lee et al., 2009). Furthermore, although no clear
link between SAM size and leaf size has been described yet, a smaller SAM is also
produced in the gif triple mutant. Other regulators control leaf growth by affecting
both cell division and cell expansion. DELLA proteins inhibit leaf growth first by
altering the cell division rate during the proliferation phase, followed by altering
the cell expansion rate during the expansion phase (Achard et al., 2009). Similarly,
AUXIN RESPONSE FACTOR2 (ARF2), a member of a family of transcription
factors that mediate gene expression in response to auxin, is a repressor of growth
affecting cell division and cell expansion (Okushima et al., 2005; Schruff et al., 2006).
Conversely, EBP1, an ortholog of the human epidermal growth factor receptor-
binding protein ErbB-3, positively regulates leaf growth not only by promoting
cell proliferation during early leaf development, when the cell division rate is high,
but also by promoting cell expansion in differentiating cells (Horváth et al., 2006).
However, the proliferation phase is shortened when EBP1 is overexpressed. As a
consequence, gain and loss of function of EBP1 results in the formation of larger
and smaller organs, respectively.
The dual role of above growth regulators underlines the existing interconnections
between the different phases of leaf growth, and the required coordination between
the two essential processes, cell proliferation and cell expansion, to drive growth.
Another example highlighting this interconnectivity is the phenomenon of com-
pensation observed in different mutants (De Veylder et al., 2001; Tsukaya, 2003;
Horiguchi et al., 2006). In an3 or ant mutants, a decrease in cell number is associ-
ated with an increase in cell size, but not sufficient to compensate the decrease in
leaf area (Mizukami and Fischer, 2000; Horiguchi et al., 2005). Similarly, a decrease
in cell number caused by overexpression of ICK/KRP inhibitors of CYCLIN DE-
PENDENT KINASES results in a remarkable cell enlargement compensating the
reduced cell number (De Veylder et al., 2001). How the compensation phenomenon
is regulated remains unclear. Recently, the analysis of leaves that have a chimeric
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Figure 2.3.: Molecular mechanisms regulating leaf size. The different processes
occurring during leaf development (cell division and cell expansion) are repre-
sented. The different events that could influence the final leaf size (primordium
size, cell division or expansion rate, cell division or expansion duration, meris-
temoid division) and genes involved in positive (green) or negative (red) regu-
lation are shown. Abbreviations: SWP (struwwelpeter), APC10 (ANAPHASE
PROMOTING COMPLEX10 ), GIF (GRF-INTERACTING FACTOR), CDC27a
(CELL DIVISION CYCLE PROTEIN 27 HOMOLOG A), TCP (TEOSINTE
BRANCHED1/CYCLOIDEA/PCF), GRF (GROWTH-REGULATING FAC-
TOR), ARGOS (Auxin-Regulated Gene involved in Organ Size), ANT (AIN-
TEGUMENTA), AIL (AINTEGUMENTA-LIKE), CYCD3 (CYCLIN D3 ),
BB/EOD1 (BIG BROTHER/ENHANCER OF DA1-1 ), ARF2 (AUXIN RE-
SPONSE FACTOR2 ), KLU (KLUH ), EXP10 (EXPANSIN10 ), EBP1 (ErbB-
3 epidermal growth factor receptor binding protein), PPD (PEAPOD), RPT2a
(REGULATORY PARTICLE AAA-ATPASE 2a), ARL (ARGOS-LIKE), TOR
(TARGET OF RAPAMYCIN ), ZHD5 (ZINC FINGER HOMEODOMAIN5 ),
SMALL AUXIN UP RNA (SAUR), UBIQUITIN SPECIFIC PROTEASE (UBP),
CELL CYCLE SWITCH PROTEIN 52 (CCS52 ).
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expression of AN3 and KRP2 revealed that for an3 mutant the compensation ap-
pears non-cell autonomously whereas overexpression of KRP2 in a sector of wild
type leaves results in a cell-autonomous compensation (Kawade et al., 2010). The
non-cell-autonomous compensation in an3 suggests the existence of an intercellular
signalling molecule. These findings highlight the complex nature of the coordination
between cell proliferation and cell expansion.

Conclusions and outlook

At a cellular level, only two processes, cell division and cell expansion, are essential
to build a leaf. These two processes occur at different times during development, in
different cell types and at different rates, implying a complex spatial and temporal
modulation and coordination.

The different events that can positively affect leaf size are reviewed in Fig. 2.2. This
simplified scheme only takes into account the occurrence of the alteration of one
process and shows only a small portion of a leaf. In order to capture the effect of
the modification of several events at whole organ level, mathematical models will be
required.

An increasing number of organ growth regulators have been identified. They affect
cell proliferation and/or cell expansion and act at different moments and in different
cell types during leaf development. The existence of regulators with a dual role dur-
ing distinct phases of leaf development emphasizes the need to analyze the potential
alteration of cell division and cell expansion throughout the entire leaf development
when studying mutants affected in size. To assess the SAM and early leaf initials,
virtually impossible to visualize entirely by confocal microscopy, and to obtain accu-
rate volume measurements it is possible to combine serial histological sections with
three-dimensionally reconstruction (Vanhaeren et al., 2010). For older primordia,
kinematic analysis of cell division and cell expansion represents an adequate tool
to describe several parameters susceptible to be affected by mutations during leaf
development such as cell division and elongation rates and extent by measuring leaf
area, cell number and area during time. This method analysing cell division and
expansion dynamics is well established for Arabidopsis leaf and root as well as for
maize leaf (Rymen et al., 2010)).

Connections between growth regulators are starting to emerge from various stud-
ies as exemplified by the miR319-TCP4-miR396-GRF/GIF regulatory cascade. In
order to start building a network of leaf development, it would be interesting to
test interactions between known growth regulators affecting the same or different
processes by combining pathways (Pérez-Pérez et al., 2009). Because the extent
of cell expansion depends to some extent on the number of cells generated during
the proliferation phase, such combination of pathways might help to unravel the
interrelationship.
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Several genes promoting growth in Arabidopsis also increase growth and biomass
in other plant species. For example, overexpression of ANT in tobacco (Nicotiana
tabacum) or EBP1 in potato (Solanum tuberosum) increases organ size (Mizukami
and Fischer, 2000; Horváth et al., 2006). Ectopic expression of the rice GA20-oxidase
in rice (Oryza sativa) leads to the formation of plants twice as large as control plants
(Oikawa et al., 2004). Studies from Arabidopsis have therefore allowed selection of
individual genes that exert similar roles in other species but further system-level
studies aiming at identifying connections between growth regulators will ultimately
allow to design efficient strategies to engineer crop species with greater yield capacity.
The introduction of multiple transgenes has been succesfull to improve provitamin
A biosynthesis in rice (Oryza sativa) endosperm (Ye et al., 2000) or increase multiple
vitamins content in maize (Zea mays) endosperm (Naqvi et al., 2009). Understand-
ing the effects (additive, synergistic or negative) of combination of multiple growth
promoting genes involved in the regulation of similar or disctinct cellular processes
will be essential for the selection of the best pathways to be stacked for potential
application.
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Uncloaking the vegetative shoot apex of Arabidopsis thaliana

At the vegetative shoot apex of Arabidopsis thaliana, leaf primordia
are iteratively formed at the flanks of the shoot apical meristem (SAM).
The youngest leaf primordia and the SAM are extensively covered by
older proliferating leaves, making it difficult to obtain accurate volumet-
ric data from these structures. The combination of serial histological
sections combined with three-dimensional reconstruction software allows
us to acquire such data. Here, we compared the SAMs of wild-type plants
of the Columbia-0 and Landsberg erecta ecotypes and clavata3-2 (clv3-
2 ) mutants, known to produce a larger SAM. In addition, the SAM
size and morphology of plants overexpressing the GIBBERELLIN-20-
OXIDASE (GA20OX) gene was examined and the effect of mild osmotic
stress on primordium size was measured. With this method, efficient
three-dimensional visualization of gene expression patterns is also pos-
sible, as illustrated by the analysis of SHOOTMERISTEMLESS::GUS
and WUSCHEL::GUS reporter lines.

Introduction

At the shoot apex of Arabidopsis thaliana, young leaf primordia arise from the shoot
apical meristem (SAM) in a spiral way every 137.5°, also known as the golden angle
or Fibonacci spirals (Callos and Medford, 1994). As the SAM is essential for plant
development and organ formation, any modification in its size or shape is expected
to affect production and architecture of lateral organs, such as leaves. For example,
in the clavata3-2 (clv3-2) mutants of Arabidopsis thaliana that have a large SAM
(Clark et al., 1995), leaf primordia emerge more frequently than in the wild-type.
Many mutants have been described to produce abnormal leaves (Pérez-Pérez et al.,
2009) and, in some cases, these anomalies can be traced back to their primordial
stage or to the SAM structure and activity (Müller et al., 2006; Karim et al., 2009;
Szczesny et al., 2009). In addition, unfavorable growth conditions, such as osmotic
stress, can cause alterations in growth dynamics in early leaf development (Skirycz
et al., 2010) and possibly stress-induced changes in the architecture of the SAM
might occur. The shoot apex and the early leaf initials are nearly inaccessible be-
cause of their small size and the presence of covering leaves. As a consequence, few
absolute data, such as volume measurements, of the SAM and young leaf primordia
are available. In contrast, much more research has been carried out on inflores-
cence meristems (Reddy et al., 2004; de Reuille et al., 2005; Heisler and Jönsson,
2007) because emerging floral primordia tend to grow at a right angle to the main
apex (Smyth et al., 1990), making it considerably more accessible than the vegeta-
tive apex. Although several techniques have been used to visualize organs at the
shoot apex, some of them are limited to two-dimensional imaging and are inade-
quate to acquire volumetric data of organs as a whole. High-quality surface scans of
the apex can be produced with a scanning electron microscopy (Kayes and Clark,
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1998), but volume measurements are impossible because only a 2-dimensional image
is obtained. Confocal laser scanning microscopy can deliver high resolution stacks
of non-destructive optical sections that can be used to make three dimensional im-
ages. Unfortunately, confocal microscopy is limited by the thickness of the examined
specimen and the quality of the image decreases rapidly for optical sections deeper
than 60 to 80μm (Haseloff et al., 1997), making it virtually impossible to visual-
ize the entire vegetative SAM together with its young overhanging leaf primordia.
Two photon microscopes equipped with high resolution oil immersion lenses can
penetrate plant tissue up to 200μm (Feijó and Moreno, 2004), but these powerful
installations are not easily accessible. A recently developed visualization method
for plants, optical projection tomography, can produce three-dimensional images of
any organ and GUS expression domains, but the resolution of this technique is too
low to measure a SAM and further the process is quite time consuming (Lee et al.,
2006). Finally, meristem activity of Streptocarpus rexii has been visualized by serial
sectioning, but with low resolution (Nishii and Nagata, 2007).
Here, we combined serial histological sections with a reconstruction software to
visualize the Arabidopsis shoot apex three-dimensionally. The power and usability
of this technique lie in its simplicity. Everything that can be visualized in the series
of sections can be reconstructed and measured, from general morphology to gene
expression domains, with cellular resolution limited only by the thickness and quality
of the sections. Meristem reconstructions were made from Columbia-0 (Col-0) and
Landsberg erecta (Ler) wild-type, clavata3-2 mutants (Clark et al., 1995) and plants
overexpressing the GIBBERELLIN-20-OXIDASE (GA20OX) gene (Huang et al.,
1998). In addition we measured the effect of mild osmotic stress, known to cause a
decrease in size of leaf 3 at 9 DAS (Skirycz et al., 2010), on the earliest stages of its
formation. Measurements revealed for example that the SAM of the clv3-2 mutant
was 9-fold more voluminous than that of the wild-type. Moreover, two meristematic
GUS reporter lines, SHOOTMERISTEMLESS (STM)::GUS andWUSCHEL::GUS,
that are expressed in the SAM and are required for SAM formation and maintenance
(Endrizzi et al., 1996; Laux et al., 1996; Lenhard et al., 2002), were used to visualize
gene expression domains.

Results and discussion

Serial sectioning and labeling

As the youngest leaf primordia and the vegetative SAM are very small and are hidden
beneath the much older leaves, obtaining reliable morphological and volumetric
data has been very challenging. To solve this technical bottleneck, we first cut
the complete vegetative shoot apex in histological longitudinal sections. For the Ler
wild-type plants (Fig. 3.1a), a series of nine sections contained the entire SAM (45μm
width), but 16 subsequent sections (80μm width) were needed for the larger clv3-2
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SAM (Fig. 3.1b). Pictures taken from these sections were uploaded in AMIRA 5.2.1,
a three-dimensional reconstruction program that allows alignment of the pictures
and labeling of the different organs. Because the entire shoot apex was sectioned
and the positions of the organs in the images are very well preserved, multiple organs
like the SAM, leaves, primordia, stipules and large cells of leaf petioles were used
as natural marks to position one section to the other by translation and rotation of
the images (Figures S1 and S2 in Supplementary Information). The meristem base
was primarily defined as the point where the meristem joins the primordia (Laufs
et al., 1998) and based on the expression observed in the STM::GUS reporter line
(see below). The base of leaf primordia was set as the line between its own axil
and the axil of the leaf behind it (Figure S3 in Supplementary Information). Along
this line, the best fitting row of basal cell walls was chosen as an internal boundary.
The outer cell walls of the epidermis (leaves) and the L1 cell layer of the SAM were
marked as external boundary. Above selection criteria were consistently used for
each reconstruction. After surface rendering, a rough three-dimensional image was
obtained and the alignment could be checked for its effectiveness.

From images to three dimensions

After the SAM and primordia had been defined in each picture, a surface view was
generated to obtain a preview of these structures. The first surface view is a stack of
the individual labels (Fig. 3.1c) with a slightly smoothed transition from one section
to the other. We chose to further process the reconstruction and carry out a series
of simplifications followed by 10 smoothing steps, followed by a series of refining
(Fig. 3.2) to compensate for the sectioning artifacts and to obtain a more presentable
image. As an example, Fig. 3.1(c-j) illustrates the different processing steps for leaf
10 of a clv3-2 plant. First, the surface was simplified to 18,000 faces and gradually
to 9000, 4500, 2250 and finally 1125 faces, each time followed by 10 smoothing steps
(Fig. 3.1c-f). Afterwards, the surface was refined to 4500, 18,000 and 72,000 faces,
again each time iteratively followed by 10 smoothing steps (Fig. 3.1g-j).
The obtained reconstructions can be viewed from every angle and every element of
the complete reconstruction can be added or removed. In this manner, overlying
leaves and primordia can be removed one at a time, revealing phyllotactic abnor-
malities and hidden structures, such as the SAM. Representative examples of the
reconstructions of a clv3-2 and Ler wild-type SAM are shown in Fig. 3.4(a-d). To
demonstrate how these leaves can be removed one by one to reveal the SAM, a
movie of a clv3-2 meristem, hidden underneath young leaves is shown in appendix
S1 in Supplementary Information. The reconstructions also allow the determina-
tion of the leaf number of every reconstructed primordium (Fig. 3.4 a-d), thereby
enabling precise tracking of certain leaf phenotypes that become visible during early
leaf development.
Similar to the clv3-2 phyllotactic pattern of flower primordia (Szczesny et al., 2009),
emerging leaf primordia also appear irregularly, not according to the golden ratio.
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(a)

(b)

(c) (d) (e) (f)

(g) (h) (i) (j)

Figure 3.1.: Serial longitudinal sections of wild-type (a) and clv3-2 (b) SAM. For
the wild-type series, only the even pictures are shown and for the clv3-2 section
series, every third ones. Bars = 50 μm. (c-j) Step-by-step modification of leaf
10 of a 12-day-old clv3-2 plant. At the beginning (c), the sectioning artifacts are
still visible. First, the surface of the reconstructions is simplified to 18,000 (d),
4500 (e) and 1125 faces (f) and is subsequently refined to 4500 (g), 18,000 (h) and
finally 72,000 (i) faces. As a final result, a smoother reconstruction (j) is obtained.
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Fig. 3.4 (b and d) show a top view of a Ler wild-type shoot apex displaying a
normal phyllotaxis and a top view of a clv3-2 SAM, respectively. By following the
leaf numbers of the clv3-2 plant, (in this case, clockwise) the phyllotactic pattern
is clearly disturbed compared to the wild-type, especially between leaves 10 and
11, where the angle exceeds 225°. This altered phyllotaxis is probably caused by
the increased SAM surface, allowing the simultaneous formation of a high auxin
concentration in multiple areas that causes the emergence of new primordia (Smith
et al., 2006). As a consequence, the number of leaf primordia in clv3-2 is higher
than that of the wild-type at the same developmental stage (stage 1.03).

Smooth

X10
Simplify

Recompute

connectivity

Re ne

faces

OutputInput

(1) (2) (3)

(4)

(5)

(6)

Figure 3.2.: Scheme representing the simplification and refining procedure in
Amira 5.2.1 applied on every reconstruction. (1) The input, a rendered surface
image, is simplified to 18.000 faces. (2) After this simplification step, the con-
nectivity of the faces covering the surface is recomputed and (3) 10 smoothing
actions are applied. (4) These steps are gradually repeated until the surface of
the reconstruction is covered by 1125 faces. (5) This simplification is followed by
several steps of refining until 72,000 faces, each refining event is again followed by
10 smoothing steps. (6) The final reconstruction image can be saved as a separate
surface file.

Validation and optimization: three dimensional reconstructions
versus confocal microscopy

Fixating and embedding procedures expose plant tissue to unnatural conditions and
could, together with the sectioning, have an influence on the examined specimen.
In addition, the simplifying, smoothing and refining process improves the represen-
tation of the obtained images, but it could also have an effect on the volume of the
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(a) (b)

(d)

(e) (f)
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Figure 3.3.: Reconstructions of wild-type (Ler (a-b) and Col-0 (e)), clv3-2 (c-d)
and 35S::GA20OX (f) SAM (red) and leaf primordia (green). (a-d) Leaf numbers
in the order of appearance are indicated. Clv3-2 produced more leaf primordia
in the same period than the wild-type plants and shows a disturbed phyllotactic
pattern (d) clearly visible between leaves 10 and 11. The full arrows indicate
an angle of 225°, starting at the basis of leaf 10, whereas the dotted arrow goes
through the basis of leaf 11. The reconstructions for Ler and clv3-2 are not scaled
and for the upper right clv3-2 reconstruction (b), leaf 8 is hidden to show the
meristem. (e-f) The reconstruction for Col-0 and 35S::GA20OX are scaled on
their SAM height (WT = 50 µm, GA20OX = 65 µm). 35S::GA20OX plants
generally have a larger SAM volumecaused by an increase in SAM height.
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reconstruction. To validate the presented technique, we compared volume measure-
ments obtained by confocal images with histological samples of the same root tip.
Root tips were chosen as, in contrast to the vegetative SAM, confocal images of the
root tip can be easily obtained. First, root tips were treated with propidium iodide
for confocal imaging and a stack of optical images up to the middle of the root with a
thickness of 0.6 µm per section was obtained. After this, the same sample was trans-
ferred in a fixative solution and processed for serial sectioning. Both image series,
representing the same stack size, were uploaded in AMIRA and volume measure-
ments were compared. Then, the reconstruction that was based on the histological
sections was further processed step by step as described before to determine if a
compensation procedure for the sectioning artifacts is desirable, and if so, to what
extent. Our results show that the volume of the unprocessed initial surface view of
the reconstruction based on the histological serial sections was 41.299 x 103μm3 large
and only differed for 0.93% from the reconstruction based on the confocal images
that was 40.921 x 103μm3large. Further processing of the reconstruction based on
the histological sections lead to a systematic rise in volume up to 5.65% (Tab. 3.1).
This increase in volume by further processing the reconstructions was consistent in
other various samples, regardless the size of the reconstructed organ (Tab. 3.2). As
a consequence, we performed all measurements on unprocessed reconstructions and
only applied the image processing procedure to obtain more aesthetic and realistic
images.

Simplification Refining Smoothing steps Volume Difference
(# of faces) (# of faces) (x103 μm3) (%)

- - - 41.30 0.93
9000 - 10 41.46 1.32
2250 - 10 41.67 1.83
1125 - 10 42.95 4.95
1125 4500 10 43.17 5.49
1125 18000 10 43.22 5.61
1125 72000 10 43.23 5.65

Confocal control 40.92
Table 3.1.: Technical validation of the reconstruction technique compared to con-
focal microscopy on a root tip, and effect of the various image processing steps on
the volume measurement

Volumetric measurements of wild-type and mutant SAMs and
the effect of mild osmotic stress on leaf primordium size

One of the main applications of the three-dimensional reconstructions is that they
can be used to obtain accurate volumetric data. Based on the outcomes described
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above, we performed measurements on the unprocessed reconstructions. The clv3-
2 inflorescence and vegetative SAM are significantly larger than those of the Ler
wild-type (Clark et al., 1995; Szczesny et al., 2009), but numerical data are so far
missing. We measured five clv3-2 and five wild-type SAMs and found that the av-
erage clv3-2 meristem volume (Fig. 3.4a) is 498 x 103μm3, making this structure
9-fold larger than that of the wild-type, which is only 55.5 x 103μm3. Because clv3-2
mutants show a very dramatic phenotype, we compared the more subtle differences
between the meristems of Arabidopsis Ler and Col-0 ecotype (Fig. 3.4b). The aver-
age SAM volume of wild-type plants in Col-0 background is 117 x 103μm3, making
it twice as large as that of Ler (55.5 x 103μm3). Serial sections of GA20OX1 over-
expressing plants, known to grow faster (Huang et al., 1998), suggested an increase
in SAM size and, most frequently, a higher dome-like SAM was observed (Fig. 3.3e
and f). Measurements revealed that the average SAM volume of 35S::GA20OX1
lines (n=11) is approximately 184 x 103μm3, making it larger than the 117 x 103μm3

of the Col-0 wild-type SAM (n=8). In response to drought stress, plants repro-
gram their growth by still largely unknown processes. Nine days after stratification
(DAS), plants grown on 25 mM mannitol show a decrease of leaf 3 area due to a
reduction of cell number while neither cell division rates nor proliferation time is
reduced at this time point (Skirycz et al., 2010). To analyze whether this reduced
leaf size in stress treated plants is due to the incorporation of fewer cells in the leaf
primordium, three-dimensional reconstructions of leaf 3 were made of control (n=7)
and stress treated plants (n=10) at 7 DAS. The reconstructions and measurements
at 7 DAS showed that at this timepoint there are no volumetric differences between
the primordia of leaf 3 of mannitol treated and control plants (Fig. 3.4c). This leads
to the conclusion that the observed reduction in leaf area begins at a later stage (8-9
DAS) and is not due to the incorporation of fewer cells in the leaf primordium. In
summary, the presented 3D reconstruction method allows to quantify the effect of
mutations and growth conditions on the size, the shape and the volume of the SAM
and leaf primordia of various developmental ages.

Visualization of gene expression domains

Like the SAM and primordia, gene expression domains can also be visualized and
measured when required. As a demonstration, we made serial sections of STM::GUS
and WUS::GUS reporter lines and reconstructed the expression domains (Fig. 3.5)
as described above. The SAM and the gene expression domains were reconstructed
separately and the images were combined in the final image. The reconstructions
show that STM is expressed in the entire SAM, which is consistent with its role to
maintain undifferentiated cells in the SAM (Endrizzi et al., 1996). At incipient pri-
mordia, STM expression is down-regulated (Fig. 3.5b, white arrow) to allow lateral
organs to be formed at the periphery (Long et al., 1996; Lenhard et al., 2002). More-
over, in the inflorescence meristems, the auxin transporter PIN1 is upregulated in
these sites (Heisler et al., 2005). The WUS expression domain is much smaller and
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Unprocessed Processed Difference
(x103 μm3) (x103 μm3)

clv3-2 SAM 520.0 549.0 5.6
clv3-2 leaf 4 2696.9 2837.7 5.2
Leaf 3 (control) 83.5 87.9 5.3
Leaf 3 (mannitol) 73.3 77.3 5.5
Col-0 SAM 122.1 128.6 5.4
Ler SAM 55.1 58.0 5.2

Table 3.2.: Effect of the image-processing procedure on various organs at the veg-
etative shoot apex
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Figure 3.4.: Volumetric measurements on clv3-2 and Ler wild-type SAM (a), com-
parison of the SAM of Col-0 and Ler ecotype (b) and the effect of mild osmotic
stress on leaf growth. The clv3-2 SAM (n=5) volume (a) is 9-fold larger the SAM
of control plants (n=5). (b) The SAM of Arabidopsis Col-0 plants (n=8) is twice
the size of the Ler SAM. (c) At 7 DAS, primordium volume of leaf 3 in 25 mM
mannitol treated plants (n=11) does not differ from those of control plants (n=7).
The error bars represent the standard error.
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(a)

(b) (c)

Figure 3.5.: Visualization of STM and WUS expression patterns. (a) Serial sec-
tions of Arabidopsis STM::GUS reporter line. From the sections through the
meristem, every second picture is shown. Bar = 50μm. (b) Reconstruction show-
ing that STM is expressed in the entire meristem, except at sites where new pri-
mordia are about to arise (white arrow). (b) WUS expression is located centrally
near the base of the SAM. Dashed line indicates the SAM boundary.
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is located in the center towards the base of the meristem (Fig. 3.5c), corresponding
to its function in maintaining the stem cell pool (Lenhard et al., 2002). Recently,
serial sections of the large maize (Zea mays) SAM were used for visualizing gene
expression domains by in situ hybridizations (Lee et al., 2009). However, no quanti-
tative data on the volume or surface of the reconstructed organs or gene expression
domains were provided. In conclusion, we developed a simple reliable technique to
visualize and measure three dimensionally the shoot apical meristem and young leaf
primordia, structures that because of their hidden nature are difficult to reveal using
confocal microscopy.

Experimental procedures

Plant material and growth conditions

The meristems were prepared from wild-type Arabidopsis thaliana (L.) Heyhn. (eco-
type Landsberg erecta [Ler]) plants, clavata3-2 (clv3-2 ) mutants and WUS::GUS
plants, whereas the STM::GUS and 35S::GA20OX1 plants were in Columbia-0 (Col-
0) background. The GA20OX1 overexpressing line was provided by Professor Peter
Hedden (Rothamsted research, UK) (Coles et al., 1999). The seeds were sterilized,
sown on Murashige and Skoog medium (Murashige and Skoog, 1962) and stored for
2 days in the dark at 4°C. The plants were grown at 21°C under 16h of light and were
harvested after 12 days (considering day 1 as the first day in the growth chamber).
Root tips were harvested from plants grown on vertically positioned plates at day
5. The plants grown under mild osmotic stress were treated as described by Skirycz
et al. (2010) and harvested at day 6 and 7.

Tissue preparation

The plant material was fixed in a 1% glutaraldehyde, 4% para-formaldehyde phos-
phate buffer solution (100 mmol/L, pH 7.2), placed 4 times for 15 min in a vacuum
desiccator and kept overnight at 4°C. The cotyledons and first two leaves were re-
moved with micro-scissors. The samples were put in embedding cassettes (Klinipath;
www.klinipath.nl), transferred to 70% ethanol, further dehydrated and infiltrated in
a Thermo Shandon Citadel 2000 Spin Tissue Processor (Thermo Fisher Scientific;
www.thermofischer.com). Dehydration was performed in 70% and 90% ethanol, each
step taking 2h, in 100% disinfectol for 1h and twice for 2h. The samples were placed
in xylene for 1h and, subsequently, twice for 1.30h, and finally, in 100% paraffin
at 65°C for 2h and 3h, until embedding. The plant tissue was embedded sepa-
rately with a Thermo Shandon Histocentre 2 Paraffin Embedding Centre (Thermo
Fisher Scientific), cut at 4-5 μm with a HM-360 MICROM microtome (GMI Inc.;
www.gmi-inc.com) equipped with a cool-cut grip to keep the samples at low tem-
peratures and with a water-based slide transfer system (35°C) to obtain continuous
ribbons of sections. The sections were transferred to coated Superfrost Plus slides
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(Menzl GmbH; www.menzel.de) and dried overnight on a hot plate (37°C) to en-
sure complete drying. The paraffin was removed by two washing steps of 10min
in Histoclear (National Diagnostics; www.nationaldiagnostics.com). The sections
were further washed in 100% ethanol for 5min and rehydrated in 100% ethanol for
3min, in 95%, 85%, 50% and 30% ethanol for 2min, finally, in water for 5min and
stained in a 0.05% toluidine blue solution for 7.5min. After washing off the remain-
ing toluidine in water for 5min, the sections were covered by DPX mountant (VWR
International; www.vwr.com) and a cover glass to prevent drying.

GUS Staining

The plants were prefixed in 90% acetone for 20 min and rinsed in a staining so-
lution (0.5mg/ml X-gluc, 0.1% TritonX100, 0.5mM ferricyanate, 50mM phosphate
buffer, pH 7) without X-gluc and transferred to a 5-bromo-4-chloro-3-indolyl-β-D-
glucuronide (X-gluc) solution. They were placed in a vacuum desiccator for 10min
and incubated for 3,5h (WUS::GUS) and overnight (STM::GUS) at 37°C. After
incubation, the plants were fixed and embedded in paraffin as described above. All
samples were sectioned at 4 μm. After rehydratation, the sections were stained for
10sec in a 0.05% ruthenium red solution. Finally, DPX mountant and a cover glass
were applied to prevent drying.

Three-dimensional reconstruction

Digital pictures were taken with an AxioImager (Zeiss; www.zeiss.com) at X20 with
the AxioVision 4.6 software. Two software packages were tested for the reconstruc-
tion. Reconstruct (Fiala, 2005) is a modest, but powerful open source application
that allows reconstructions from serial sections. It is very easy to use and the results
were good. However, we chose the commercial package Amira 5.2.1 (Visage Imaging;
www.visageimaging.com), because alignment, smoothing and measurement features
were more robust. To calibrate the pictures, voxel values (μm/pixel) for the X-, Y-
and Z-dimensions had to be entered. First, a picture of a scale bar taken at the same
magnification as the pictures for the reconstruction was cropped to 50 μm to obtain
the picture dimensions in pixels (99 pixels for the histological sections). Division
of the length in μm by the length in pixels produced both the X- and Y-voxel val-
ues (0.5051 μm/pixel). To calculate the Z-voxel value, the thickness of the sections
(μm) had to be converted to pixels. The section thickness was multiplied by 1.98
pixels/μm (99 pixels/50 μm) and the interval of the sections. This relative Z-voxel
value was multiplied by the previously obtained 0.5051 μm/pixel. As all sections
were used (interval = 1), the Z- voxel value corresponded to the original section
thickness, 5 μm/pixel for the wild-type and clv3-2 reconstructions and 4 μm/pixel
for the other reconstructions. The X-, Y- and Z values of the confocal images, twice
0.6667 μm/pixel and 0.6 μm/pixel respectively, were calculated in the same way and
based on the scale bar that was drawn directly in the original pictures. The channel
conversion was set to "luminance" to allow labeling of the sections. Images were
automatically aligned in AMIRA using the ‘gray values alignment’ method. This
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method compares the single gray values of two images. For this method, the more
pixels of two compared slices have the same gray values, the better the alignment
will be valued, meaning that this method tries to move one slice and calculates the
difference of the gray values of both images. The position of the slices to each other
is changed until a maximum quality is reached. Afterwards, the alignment can be
adjusted manually. The organs were traced manually and the reconstructions were
saved separately as a .surf file. Measurements, pictures and movies were made with
Amira 5.2.1.

Confocal microscopy
Root tips were harvested and incubated in a 1 µg/ml propidium iodide solution (2
µl/ml H2O) for two minutes. Z-stacks with a slice thickness of 0.60 µm were made
with a CLSM confocal microscope (Zeiss; www.zeiss.com) at X20 and analyzed
in AMIRA. After acquisition of the optical sections, the same samples were briefly
stained with ruthenium red (making the transparent root tips visible in the paraffin)
and further processed for serial sectioning as described above.
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Plant structure visualization by HRXCT

New developments in high-resolution X-ray computed tomography (HRXCT)
are promising for the broader application of this non-destructive imaging
method in plant sciences. Here, we demonstrate how detailed three-
dimensional morphological traits can be extracted rapidly from in vivo
Arabidopsis thaliana seedlings without sample manipulation. Further-
more, ex vivo scanning at sub-micron resolution allows the quantifica-
tion and visualization of the cellular organization of plant tissue samples,
making HRXCT a desired tool in developmental plant biology.

X-ray computed tomography: past and present

X-ray computed tomography (CT) is a minimally-invasive structural imaging method
that allows three-dimensional (3-D) reconstruction of scanned objects. This tech-
nique was first used as a medical diagnostic tool in 1971, but has since been applied
to a broad range of sciences, including natural, material, and earth sciences (Stuppy
et al., 2003; V. Cnudde, 2006). Today CT is commonly utilized in animal sciences,
mainly in cancer research, bone architecture study, angiogenesis, and in vivo imag-
ing of small animals. However, its first application in plants was not before the
late nineties in form of high resolution CT, at that time called micro-CT, in the
study of the architecture and morphological development of roots (Alain Pierret,
1999; Heeraman D.A., 1996). Since then, micro-CT has been applied in a number
of studies focusing on root architecture (Anders Kaestner, 2006; Tracy et al., 2010),
but apart from that this technology has hardly been adopted by plant scientists.
Micro-CT had primarily been used to visualize morphological features, but recent
significant improvements in the technical set-up have boosted the scanning resolution
to sub-micron level, filling the hiatus between visual observations and microscopic
imaging. This evolution forced the field to change the term micro-CT into high-
resolution X-ray computed tomography (HRXCT) (Cnudde et al., 2008; Van den
Bulcke et al., 2009). Developments in image analysis allowed 3-D rendering and ac-
quisition of volumetric data suitable for analysis, visualization, and quantification of
scanning results (Russ, 2007). Here, we introduce HRXCT as a method to visualize
plant structures of Arabidopsis thaliana at cellular resolution.

Principles of HRXCT scanning

A general HRXCT scanner comprises an X-ray tube, an X-ray detector, a sample
rotation stage and a computer. Most scanners use a micro-focus X-ray tube that
irradiates a conical X-ray beam projecting the sample onto a flat two-dimensional (2-
D) image detector. Rotation of the sample allows projections to be acquired under
different viewing angles. By transforming these 2-D projections, the volumetric data
can be reconstructed to represent the scanned object in a large 3-D matrix. Each
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element in this matrix is a voxel (3-D pixel), holding a grey value corresponding
to the attenuation of the X-rays as they pass through the sample that is correlated
with the density and the atomic number of the imaged material (Schambach et al.,
2010). Typically, this 3-D matrix is saved as 2-D images, called CT slices.

Depending on the resolution, the size of the object, and the desired signal-to-noise
ratio, a scan might take from several minutes to hours. Furthermore, the spatial
scanning resolution depends on the spot size of the X-ray source, the resolution
of the X-ray detector, and the used magnification of the system, which relates to
the diameter of the sample, indicating the trade-off between spatial resolution and
measured volume in the HRXCT scanning (Kaminuma et al., 2008). Samples in
this report were scanned with an in house developed multi resolution CT system
(www.ugct.ugent.be) that can accommodate samples with a maximum diameter of
37 cm (corresponding voxel size: 100 µm) and a maximum spatial resolution of 400
nm (corresponding sample diameter: 200 µm). All 3-D renderings were performed
using VGStudio Max 2.0 (www.volumegraphics.com).

In vivo scanning

The non-destructive and minimally invasive nature of HRXCT scanning should allow
the application of this technology for in vivo imaging. Previously, HRXCT has
already been applied to analyze bone tissue-forming cell cultures in a time lapse
taking snapshots during 44 days and to follow tuber growth of potato (Solanum
tuberosum) for one week (Ferreira et al., 2010; Hagenmüller et al., 2007). However,
the ionizing effect of the X-rays has to be taken into account (Zhou et al., 2006). In
our analysis we observed that daily in-vivo scanning of Arabidopsis seedlings resulted
in a temporal growth inhibition, pointing to the caution to be taken in analyzing
small plant samples in a time lapse. To obtain a reliable representation of plant
morphology during seedling development, we scanned different Arabidopsis plants
until 13 days after sowing at a spatial resolution of 10.4 µm (Fig. 4.1a,b). (A movie
and a stereo image of the 3-D rendering of an Arabidopsis shoot at day 13 were added
as supplementary material.) Moreover, to test the technology on very soft tissues, we
also scanned an Arabidopsis flower with a voxel size of 5 µm3 (Fig. 4.1c). Individual
scans took between 10 and 20 minutes and no sample preparation was needed. The
used spatial resolution reveals many detailed morphological features such as furrows
in the hypocotyls, branching of trichomes, the pollen sacs on the anthers, and the
stigma on the flower style (Fig. 4.1). With these 3-D reconstructions parameter
values, such as volume, area, thickness, and connectivity, can be extracted as well,
resulting in a detailed quantification of the scanned objects (see accompanying paper
by van der Niet).
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Figure 4.1.: In-vivo HRXCT scanning of an Arabidopsis Col-0 shoot and flower.
(a) Top view of different 3-D-reconstructed Arabidopsis seedlings at 7, 9, 11, and
13 days after sowing (DAS). Voxel size = 13.8 µm. Bar = 1 mm. (b) Side view of
an Arabidopsis seedling at 13 DAS. Voxel size = 8.8 µm. Scale bar = 1 mm. (c)
3-D reconstruction of an Arabidopsis flower (side view, horizontal section, vertical
section). Voxel size = 5 µm. Scale bar = 0.5 mm. Scanning periods < 20 minutes.
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Scanning with cellular resolution

Discrimination of individual plant cells by micro-CT was first obtained in woody
samples (Steppe et al., 2004). More recently, micro-CT had been used to quantify
the spatial distribution of the very large trichomes on Arabidopsis leaves (Kaminuma
et al., 2008). In the near past, visualization and quantification of sub-cellular fea-
tures and intracellular spaces in plant tissue (Cloetens et al., 2006; Verboven et al.,
2008) were achieved with very large synchrotron facilities, which are however not ac-
cessible for daily research. With the introduction of sub-micron resolution systems,
plant tissue samples can now be imaged with cellular resolution in a laboratory
environment. Our scans are accomplished ex-vivo after a fixation protocol (1 day)
including dehydration with alcohol and staining with iodine as a contrasting agent,
needed to exclude movement of the sample during the extended scanning period
and to improve the contrast within relatively soft tissues. An Arabidopsis hypocotyl
was recorded at a spatial resolution of 0.85 µm during a 1.6 hour scan (Fig. 4.2).
Individual cells are very distinctive on the separate CT slices (Fig. 4.2a,b). The
3-D representation gives volumetric insight in cellular organization of the tissue.
Subsequently, a segmentation was performed with the in house developed software
MORPHO+. Intracellular space was thresholded and virtually separated using a
watershed algorithm and subsequently color-coded according to its volume, allowing
quantification of cellular features within the 3-D reconstructed sample (Fig. 4.2c).

Comparison with other 3-D imaging techniques

Currently, a number of imaging techniques are available for visualizing 3-D ob-
jects, each with its own strengths and disadvantages. Positron emission tomogra-
phy (PET) and magnetic resonance imaging (MRI) are two non-destructive and
non-invasive scanning technologies that have been applied in plant sciences to ac-
quire 3-D structural information. PET scanning detects positron-emitting radio
nuclides and can be used to measure the distribution of products labeled with un-
stable isotopes, such as 11C-labeled photoassimilates (Jahnke et al., 2009). The
spatial imaging resolution ranges around 1 mm3. In plants, MRI is especially used
to map and quantify water flows in xylem and phloem vessels by the nuclear mag-
netic resonance (NMR) of water protons, but can also be used to deliver structural
information (Windt et al., 2009). The imaging resolution of MRI is generally around
30 µm3. In MRI images, the contrast depends on differences in water content instead
of density differences in HRXCT, making MRI a complementary imaging technique
for in-vivo analysis of soft tissues that usually give low-contrast data in HRXCT.
In general, the fast scanning protocols and the ease of use are in favor of HXCT. In
2006, optical projection tomography (OPT) was introduced as a method to capture
3-D data of primarily ex-vivo plant specimens (Lee et al., 2006). In transmission
OPT the signal depends on the amount of light absorbed by a cleared specimen.

101



Plant structure visualization by HRXCT

(c)

(b)

(a)

Figure 4.2.: Ex-vivo HRXCT scanning of an Arabidopsis hypocotyl at cellular res-
olution. (a) HRXCT slice showing a cross section of the hypocotyl. (b) HRXCT
slice showing a longitudinal section of the hypocotyl (note the secondary cell wall
thickening in the tracheids). (c) 3-D-reconstruction of a hypocotyl section with
false coloring of the cells according to size. Voxel size = 0.8 µm. Scale bar = 50
µm.
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This optical technique allows the visualization of gene expression patterns, which
is not straight forward with HRXCT. For OPT, the maximum spatial resolution is
5 µm3. At comparable spatial resolution, the primary advantage of HRXCT over
OPT is that no clearing and embedding of the specimens is needed, combined with
much shorter scanning times. For this reason, HRXCT is also preferred above gen-
eral sectional tomography, in which tissue cracks and cell wall damage often ruin
the sample (Steppe et al., 2004). Furthermore, HRXCT allows the visualization in
different directions and at accurate positions within the same sample (Fig. 4.2a,b).
The above comparison indicates that for relatively small samples HRXCT is a fast
method to obtain morphological 3-D information at a resolution superior to that
of other techniques. 3-D cellular tissue structure can be visualized by less related
microscopic techniques, such as by rendering Z-stacks of confocal images (Truernit
et al., 2008). However, many microscopic techniques suffer from low penetration
capacities, restricting the depth at which structures can be imaged. Confocal mi-
croscopes typically operate at a depth of 40 μm (Reihani and Oddershede, 2009).
This depth can be extended at the expense of spatial resolution using selective plane
illumination microscopy (SPIM) and optical coherence microscopy (OCM), with a
minimal voxel size of 6 and 1 μm, respectively (Huisken et al., 2004; Grieve et al.,
2005). Unfortunately, none of these microscopic techniques have been applied to
extract volumetric data of plant cells, prohibiting a comparison of their output
qualities to HRXCT. Nevertheless, HRXCT turns out to be an imaging technique
that succeeds very well in combining deep sample penetration with high resolution.

Concluding remarks and perspectives

The main limitation in HRXCT scanning is the trade-off between magnification and
measured volume. The larger the sample, the farther away it has to be positioned
from the X-ray tube to fit into the tip of the conical beam, reducing the distance
between the sample and the detector and, thus, the possible magnification. Future
improvements, especially the development of more sensitive detectors with higher
temporal and spatial resolutions, better X-ray tubes, and highly adapted scanning
protocols will allow imaging of larger objects at higher resolution. Larger samples
could also be imaged by connecting scans, in which the detector moves in an ex-
tended field of view or by making high resolution zoom-in scans of a part of the
object (Zeitler and Gladden, 2009). Reduction of the needed radiation dose might
improve the applicability of in-vivo scans, which could also be tackled by the use of
contrasting agents to mark the structures of interest. Furthermore, future imaging
challenges lie in coupling imaging techniques and combining the strength of specific
methods. Through this approach, HRXCT could provide detailed structural infor-
mation that might be overlaid with, for instance, functional activity and protein
localization from PET or fluorescence imaging, without the need of a new combined
scanner. Such data could be obtained by subsequent fusions of data sets recorded
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with separate scanners (Schambach et al., 2010). Moreover, detailed 3-D render-
ings of biological structures by HRXCT are very suited to building morphological
models within dynamic modeling approaches (Cresswell et al., 2007). In conclu-
sion, HRXCT is an imaging technology providing 3-D data at a resolution suited for
detailed analysis of morphological traits of in-vivo plant samples and at a cellular
resolution for ex-vivo samples.
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Several genes have been described to positively influence final leaf size
in Arabidopsis when mutated or overexpressed. However, the connec-
tions between these growth regulating genes are still poorly understood.
Clearly such knowledge would significantly contribute to understand the
biological processes driving leaf growth. In this study, we performed a
combinatorial screen with thirteen transgenic Arabidopsis lines with an
increased leaf size. Surprisingly, we found that from 61 analyzed com-
binations, 39% showed an additional increase in leaf size and most of
these resulted from a positive epistasis on growth. Similar to what is
found in other organisms in which such an epistasis assay was performed,
only few genes were highly connected in synergistic combinations. We
also observed a positive epistasis in the majority of the combinations
with samba, BRI1OE or SAUR19OE. Furthermore, positive epistasis was
found with combinations of genes with a similar mode of action, but also
with genes which affect distinct processes, such as cell proliferation and
cell expansion.

Introduction

Since Bateson introduced the term epistasis to describe the phenomenon that some
mutations seemed to be “stopping” or “standing above” the effect of other mutations
(Bateson, 1909), it became clear that interactions between multiple genes influence
many traits. Epistasis, or interaction between genes, therefore corresponds to any
deviation from the expected phenotype, predicted by combining the effects of indi-
vidual alleles or mutations (Fisher, 1918; Phillips, 2008). Only by identifying and
understanding the nature of these underlying gene interactions, we will gain better
insights in the regulation of complex traits and be able to dissect the architecture
of biological networks.
In the last decade, numerous studies on the effect of pairwise gene perturbations
have been conducted, primarily in the budding yeast Saccharomyces cerevisiae, to
systematically evaluate epistasis for several characteristics, such as fitness or syn-
thetic lethality (Tong et al., 2004; Jasnos and Korona, 2007; St Onge et al., 2007;
Dixon et al., 2009; Costanzo et al., 2010, 2011). These genome-scale genetic in-
teractions studies were facilitated by the availability of large collections of deletion
strains and the development of automated platforms to analyze the phenotypes of
double mutants (Tong et al., 2004). Since the first large-scale genetic interaction
study in yeast identified 4,000 genetic interactions among 1,000 genes when analyz-
ing synthetic lethality in double deletion mutants (Scherens and Goffeau, 2004), the
field advanced considerably. Currently, about 170,000 interactions are known among
5.4 million gene pairs screened to affect fitness (Baryshnikova et al., 2010; Costanzo
et al., 2010). Interestingly, these studies have shown that the majority of the genes
are infrequently connected in the genetic interaction network, while a small fraction
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of genes shows many interactions (Baryshnikova et al., 2010; Costanzo et al., 2010,
2011).

In higher organisms, large collections of mutants often do not exist and/or the gener-
ation of double mutants is much more labor-intensive and time-consuming. However,
in the nematode Caenorhabditis elegans, in Drosophila cell cultures and in human
cell lines, global analysis of genetic interactions have been performed by making
use of RNA interference libraries to generate double mutants (Lehner et al., 2006;
Byrne et al., 2007; Barbie et al., 2009; Horn et al., 2011). In C. elegans, systematic
mapping of interactions between genes functioning in the signaling and the transcrip-
tional networks that regulate development also revealed high connectivity of a small
proportion of genes in the network, while most genes have few interactions (Lehner
et al., 2006). In plants, although large collections of mutants are available for some
species such as Arabidopsis (Alonso et al., 2003) (http://www.arabidopsis.org/),
large-scale epistasis studies on double mutants are experimentally and practically
virtually impossible to achieve. On a smaller scale, newly identified mutants in
Arabidopsis are crossed with known mutants with similar phenotypes or within
the same biological process to test for allelic interaction or epistasis. For example,
genetic interactions among late flowering Arabidopsis mutants have been studied
by generating double mutants (Koornneef et al., 1998). Further, genetic modifier
screens are performed frequently through a random mutagenesis of individuals har-
boring one mutant gene to screen for second-site mutations that either enhance or
suppress the primary phenotype. An example in relation to leaf size is the iden-
tification of enhancer mutations of da1-1 further increasing leaf and seed size (Li
et al., 2008; Yao et al., 2008; Xu and Li, 2011; Fang et al., 2012). While epista-
sis can easily be detected for qualitative traits, such as synthetic lethality, which
are fairly straightforward to visually inspect, genetic interactions from quantitative
traits, such as organ growth or gene expression, are more difficult to identify, es-
pecially in multicellular organisms (Kroymann and Mitchell-Olds, 2005; Malmberg
et al., 2005; Xu and Li, 2011; Chapman et al., 2012; Steinhoff et al., 2012; Huang
et al., 2014). Estimating epistasis for quantitative categories of phenotypes implies
calculating how much the phenotype of a double mutant deviates from an expected
additive value based on the effect of the single mutations (Fisher, 1918), therefore
requiring accurate measurements of the phenotype of the single and double mutants.
Although enabling the identification of subtle interactions, these quantitative anal-
yses of gene interactions are not easily amenable to large-scale studies of complex
traits.

One example of such a complex quantitative trait in higher plants is leaf growth.
Leaves are essential to capture solar radiation and convert it into chemical energy by
photosynthesis, therefore contributing to a large part of plant biomass production.
As for most plant organs, their determinate growth pattern results in a relatively
constant size within a fixed environment. Leaf growth is mediated by a cell prolif-
eration phase followed by a cell expansion phase that initiates at the leaf top and
proceeds basipetally (Donnelly et al., 1999; Andriankaja et al., 2012). At least five
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different parameters contribute to the final leaf size (Gonzalez et al., 2012): the
number of cells incorporated in leaf primordia; the rate of cell division; the devel-
opmental window of cell proliferation; the timing of meristemoid division; and the
extent of cell expansion. Several genes have been described to, when downregulated
or ectopically (over)expressed, increase the final leaf size in Arabidopsis (Gonzalez
et al., 2009; Krizek, 2009; Breuninger and Lenhard, 2010) by affecting one or more
processes governing leaf growth. Whereas much research has been done on single
genes affecting leaf size, the interactions between these growth regulators remain
unexplored. So far, only one case of positive epistasis in Arabidopsis leaf growth
has been described when a dominant-negative point mutation in DA1, encoding an
ubiquitin receptor, is combined with the knock-out of the ENHANCER OF DA1
(EOD)1/BIG BROTHER, coding for an E3 ubiquitin ligase (Li et al., 2008).
In this study, we performed a combinatorial screen of transgenic Arabidopsis plants
producing larger leaves to identify positive epistatic effects on leaf growth. We
aimed to gain further insight in the links between genes controlling growth and the
mechanisms driving leaf development. We obtained binary combinations by crossing
thirteen transgenic lines with an increased leaf size and measured leaf and rosette
area of the single and double transgenics. We found that the leaf area of 38% of all
combinations was larger than the sum of those of the single mutants, resulting in
positive epistatic effects, whereas 23% of the combinations were smaller, showing a
negative epistatic effect.

Results

Gene selection and experimental setup

To identify positive epistatic effects on leaf growth, we analyzed pairwise pertur-
bations of thirteen genes positively affecting final leaf size in a gain- or loss-of-
function situation (Tab. 5.1) by measuring the individual and total leaf area. We
used lines in the Col-0 background, homozygous for a single-locus insertion of the
transgene of interest and shown to have a positive effect on all rosette leaves or
a subset of those (Cho and Cosgrove, 2000; Gonzalez et al., 2010; Spartz et al.,
2012). This enhanced leaf growth can result from the perturbation of genes affect-
ing cell division and/or cell expansion. The downregulation of SAMBA disturbs
the early stage of leaf development, since larger meristems are formed resulting in
larger leaves containing more cells (Eloy et al., 2012). A point mutation in DA1
or the downregulation of its enhancer, EOD1, leads to the production of larger
leaves with more cells due to an extended cell proliferation phase (Li et al., 2008).
Similarly, in plants overexpressing ANGUSTIFOLIA3 (AN3), AINTEGUMENTA
(ANT), ARABIDOPSIS VACUOLAR-PYROPHOSPHATASE (AVP1), GROWTH-
REGULATING FACTOR5 (GRF5) under the control of the constitutive 35S pro-
moter or BRASSINOSTEROID INSENSITIVE 1 (BRI1) under the control of its
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Table 5.1.: Growth regulators and transgenics used for binary combinations. (OE:
overexpression, LOF: loss of function, D: cell division, E: cell expansion, MD:
meristemoid division)
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own promoter, larger leaves containing more cells are formed because of an exten-
sion of the cell proliferation phase (Wang et al., 2001; Mizukami and Fischer, 2000;
Horiguchi et al., 2005; Li et al., 2005). On the other hand, an increased cell prolif-
eration at the edge of the leaf and a prolonged period of meristemoid division are
observed when the miRNA JAW is overexpressed and the PEAPOD (PPD) genes
are downregulated (Palatnik et al., 2003; White, 2006). When GIBBERELLIN 20-
OXIDASE 1 (GA20OX1 ) is overexpressed, an increase in cell number and cell size
leads to the formation of larger leaves (Huang et al., 1998; Gonzalez et al., 2010).
Finally, in plants overexpressing EXPANSIN 10 (EXP10) and SMALL AUXIN UP-
REGULATED RNA 19 (SAUR19) fused to a GFP tag, bigger leaves containing
larger cells are produced (Cho and Cosgrove, 2000; Spartz et al., 2012). Several
of these leaf growth-promoting genes are involved in hormonal pathways, confirm-
ing the importance of plant hormones in the regulation of growth processes: BRI1
encodes a brassinosteroid receptor, GA20OX1 catalyzes rate-limiting steps in late
gibberellic acid (GA) biosynthesis, ANT has been suggested to be involved in auxin
signal transduction and both AVP1 and SAUR19 in auxin transport (Huang et al.,
1998; Mizukami and Fischer, 2000; Wang et al., 2001; Li et al., 2005; Spartz et al.,
2012). To obtain pairwise perturbations, our strategy was to cross the homozygous
transgenic lines and to analyze the heterozygous progeny. We produced 102 het-
erozygous combinations, consisting of 78 paired combinations and 24 back-crosses
with the wild type (WT) used as controls (Fig. 5.1 – figure supplement 1). Be-
cause the homozygous line can be used as pollen donor or receptor, care was taken
that the crosses with the wild-type plants, producing the heterozygous control line,
maintained the same directionality. For example, a cross between ami-ppd (♀) and
SAUR19OE (♂) was compared to the offspring of the crosses ami-ppd (♀) X WT (♂)
and WT (♀) X SAUR19OE (♂). This approach standardizes for possible maternal
effects (Scott et al., 1998). Next, we checked the expression levels of the transgenes
in the obtained heterozygous double mutants as well as in the heterozygous control
lines. In the majority of the combinations, transgene expression levels were compa-
rable with those of the heterozygous controls (Fig. 5.1 – figure supplement 2). In
total, 61 combinations were used for further growth analysis. Sixteen plants per
genotype were grown in three independent repeats and at 21 days after stratifica-
tion (DAS), the size of each individual leaf of the rosette was measured, resulting
in 56,505 data-points, enabling us to estimate potential gene interactions for these
quantitative traits (Fig. 5.1 – figure supplement 3). Leaf area (LA) of the paired
combinations was compared to a theoretical, expected if non-interacting value (EX-
Pni), based on the size of the WT and both heterozygous controls. To estimate the
EXPni, we applied an additive model on a multiplicative scale by transforming the
data on log2 scale (Koornneef et al., 1998; Phillips, 2008; Horn et al., 2011):

log2(LAEXP ni) = log2(LAcontrol1) + log2(LAcontrol2) − log2(LAwild−type)

In order to identify combinations with strong synergistic or negative effects on leaf
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growth, we searched for significant leaf-genotype interactions (FDR<0.05). The sig-
nificance of the difference between the EXPni and the observed value was determined
using a mixed model (see Material and Methods). This calculation and comparison
was done for each combination (Fig. 5.1 - figure supplement 4 - 64). The LAs were
analyzed using repeated measurements to take into account dependencies between
the different leaves of the rosette. We also calculated the total rosette area, defined
as the sum of all individual leaves. Similarly as for leaf area, a rosette EXPni was
calculated.

Identification of positive and negative epistasis effects on leaf
growth

Among the 61 combinations analyzed, 23 pairwise crosses, almost 38%, were found
to have a rosette size significantly exceeding the EXPni value (FDR<0.05, (Fig. 5.1,
Fig. 5.2). In the strongest synergistic combinations, such as in BRI1OE_eod1-2,
BRI1OE_EXP10OE, BRI1OE_SAUR19OE, GRF5OE_SAUR19OE, BRI1OE_da1-1,
ami-ppd_SAUR19OE and samba_eod1-2 (at least 20% larger than the EXPni), the
positive effect on size was observed for all rosette leaves. Remarkably, although
out of the thirteen genes that were selected for this screen only two are involved in
increasing cell size (EXP10OE and SAUR19OE), almost half of the synergistic combi-
nations arose from combining cell proliferation-stimulating gene perturbations with
these two cell expansion-promoting genes, particularly with SAUR19OE (Fig. 5.2,
Tab. 5.1). We also observed a positive epistasis in the majority of the combinations
with samba, BRI1OE or SAUR19OE, suggesting that these growth regulators are
more prone to lead to synergistic effects in binary combinations (Fig. 5.2 - figure
supplement 1A).

Of all binary crosses analyzed, 39.2% resulted in plants with a rosette size exceed-
ing that of both heterozygous control lines and the WT (Fig. 5.1 and Supplemen-
tary file 1). Interestingly, 16 combinations resulted from a synergistic effect, while
eight were the result of an additive effect. Among the largest plants, synergistic
(GRF5OE_SAUR19OE and ANTOE_SAUR19OE, 39% and 38% larger than the WT,
respectively) and additive (da1-1_GA20ox1OE and ANTOE_AVP1OE, 38% and 36%
larger than the WT, respectively) effects could be found.

In addition, we also found that 23% of the combinations led to the formation of
smaller rosettes than expected. We observed that mainly combinations with jaw-D
and ami-ppd led to cases of negative epistasis. The total rosette area of these combi-
nations was similar or much smaller than that of WT plants, such as GRF5OE_jaw-
D (46% smaller than the WT), with the exception of da1-1_ami-ppd, which was
larger than the WT, but smaller than da1-1_col. (Fig. 5.1).

In conclusion, from this screen, we found that more than one third of the combina-
tions showed positive epistasis on leaf growth, resulting from combining either two
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Figure 5.1.: Heat map representing the effect of the binary combinations for rosette
and leaf area. The outer ring shows the percentage of the rosette size of the com-
binations compared to the WT (C/W). In the middle rings, percentages of the
observed sizes of the cotyledons (L0) until leaf 6 (L6) and the complete rosette
are shown compared to the expected if non-interacting value (EXPni). Significant
differences to the rosette EXPni value (FDR<0.05) allowed identifying synergis-
tic interactions (black line) and negative interactions (dashed line) between two
transgenic lines. The inner circle shows the color code with dark pink being the
lowest and deep green being the highest value. Combinations that are at least 5%
larger than each of their heterozygous controls are marked in bold.

114



Combining growth-promoting genes

genes both stimulating cell proliferation, or either one gene enhancing cell prolifer-
ation and the other cell expansion.

BRI1OE AVP1OE samba jaw-D

ami-ppd GA20OX1OE da1-1 AN3OE ANTOE

GRF5OE eod1-2

A B

Col-0

ANTOE-AVP1OE

ANTOE-SAUR19OE

da1-1-GA20OX1OE

SAUR19OE

GRF5OE-SAUR19OE

EXP10OE

Figure 5.2.: Network representing the combinations showing positive epistasis on
total rosette area and leaf series of gene combinations with a large effect on leaf
size. (a) The connections between two transgenics indicate the observation of a
synergistic effect on rosette size. Two transgenics producing larger leaves resulting
from an increased cell area are SAUR19OE and EXP10OE. (b) Both synergistic
(GRF5OE-SAUR19OE and ANTOE-SAUR19OE) and additive combinations (da1-
1-GA20ox1OE and ANTOE-AVP1OE) lead to plants strongly enlarged up to 39%
compared to the WT. In order to flatten the leaves for area measurements, cuts
were made in the blade.

Reciprocal and homozygous combinations

To strengthen the observed effects of pairwise perturbations and to further exclude
that the observed phenotypes were influenced by maternal effects, we made re-
ciprocal crosses of selected synergistic combinations, namely SAUR19OE_ami-ppd,
EXP10OE_BRI1OE and SAUR19OE_BRI1OE. We measured the leaf area at 21
DAS and could confirm the synergistic effects for all three combinations (Fig. 5.3A,
Fig. 5.3 - figure supplement 1-3). Next, we generated homozygous lines for two
synergistic combinations, ami-ppd_SAUR19OE and samba-eod1-2, and one additive
combination, producing nevertheless a very large rosette, da1-1_SAUR19OE. Trans-
gene expression levels in these homozygous lines were verified and found comparable
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to those in the homozygous single lines (Fig. 5.3 - figure supplement 4). We con-
firmed a synergistic effect on the rosette sizes in homozygous ami-ppd_SAUR19OE

and samba_eod1-2 plants (24% and 8% larger than the rosette EXPni respectively)
(Fig. 5.3B, Fig. 5.3 - figure supplement 5-6). The combination da1-1_SAUR19OE,
which produced among the largest plants in the screen, but did not enhance leaf size
synergistically, was also found to be particularly large when homozygous, since its
rosette size was 61% larger than that of the WT (Fig. 5.3B, Fig. 5.3 - figure supple-
ment 7, Fig. 5.2 - figure supplement 2). From these experiments we could confirm
the observed positive epistatic effects in a selected set of double mutants from our
screen of heterozygous combinations in a reciprocal direction and/or homozygous
status.
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Figure 5.3.: Heat map representing the effect of the binary combinations for rosette
and leaf area (A) in reciprocal heterozygous crosses and (B) homozygous lines.
C/W represents the percentage of the rosette size of the combinations compared
to the WT. Percentages of the observed sizes of the cotyledons (L0) until leaf 6 (L6)
and the complete rosette are shown compared to the expected if non-interacting
value (EXPni). The color code represents the range of differences with dark pink
being the lowest and deep green being the highest value.

Cellular analysis of ami-ppd-SAUR19OE

In order to explain the cause for the observed synergistic phenotype at a cellu-
lar level, we quantified cell numbers and cell size in the homozygous combination
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ami-ppd_SAUR19OE. In the ami-ppd line, in which PPD1 and PPD2 expression is
downregulated, the increased leaf size results from a prolonged division of meriste-
moids (White, 2006), whereas overexpression of SAUR19 leads to cell enlargement
(Spartz et al., 2012). Samples of leaf 3 were harvested at 21 DAS, cleared and cell
drawings of the abaxial epidermis were analyzed. As shown in Fig. 5.4, the larger
leaves of SAUR19OE contain less but larger cells, whereas in leaves of ami-ppd more
cells are produced. In the latter, an observed reduction in average cell area re-
sults from the presence of a larger amount of smaller cells surrounding the stomata
which do not reach the mature wild-type size (Fig. 5.4). In the homozygous ami-
ppd-SAUR19OE line, we observed an increased cell number compared to the WT,
but to a lower extent than in the ami-ppd line, and an increased cell area similar
to that of SAUR19OE. Thus the effect of SAUR19OE allows for an increased cell
expansion of the many small cells resulting from PPD1 and PPD2 downregulation.

Discussion

In order to identify potential interactions existing within the genetic network regu-
lating leaf growth, we pairwised combined thirteen gene perturbations each leading
to an enhanced leaf size and looked for positive interactions resulting in an increased
leaf area larger than the additive combination of the single perturbations.
From this screen, we found that 61% of the paired perturbations showed epistasis:
38% of the studied gene combinations further enhanced leaf organ size synergistically
and 23% negatively influenced leaf size. Studies using limited numbers of mutations,
random or affecting a specific trait, also showed that epistasis is common, although
lower levels of interactions were found (Clark and Wang, 1997; Magwire et al.,
2010). In D. melanogaster, for example, 35 of 128 (27%) of random paired mutations
showed epistasis (Clark and Wang, 1997). Larger-scale studies, in systems allowing
automated quantitative assays, identified between 13 and 35% of epistatic effects
(Byrne et al., 2007; St Onge et al., 2007). The large number of interactions we
identified could be explained by the fact that we studied a set of perturbations,
including loss and gain of function, leading to one particular phenotype, namely an
increase of leaf area. In model systems permitting genome-wide genetic interactions
assays, all genes are either knocked down or knocked out and these perturbations can
therefore affect the studied trait, for example fitness, by increasing it or decreasing
it. In D. melanogaster, the study of ten mutations leading to an increased life span
showed that paired combinations have high levels of connections, with 21 significant
epistatic interactions in males and/or females (47 %) observed (Magwire et al.,
2010).
Interestingly, three genes, SAMBA, BRI1 and SAUR19, were found to lead to a
synergistic effect in the majority of combinations they were part of. Large-scale
genetic interaction studies in yeast and nematodes have shown that most genes in a
network have only a few interactions, while a limited number of genes show multiple
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Figure 5.4.: Cellular basis of the difference in leaf size observed for the homozy-
gous line ami-ppd-SAUR19OE and the corresponding controls. (a) The graphs
represent the percentage difference of leaf area, cell number and cell area between
a transgenic and the WT. (n = 3; * P <0.05). (b) Representative drawing of
cells in the different lines. Cells are colored in function of their area. Red: cells
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dark green: cells larger than 6.4E-3 mm2, stomata are marked in grey.
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interactions and are therefore considered as network hubs mediating across-process
connections (Lehner et al., 2006; Baryshnikova et al., 2010; Costanzo et al., 2010).
Despite the relative small scale of the study presented here, our observations suggest
that SAMBA, BRI1 and SAUR19 play a central role in the leaf growth regulatory
networks.
Two of these highly connected genes in synergistic combinations, BRI1 and SAUR19,
have a known role in hormone signaling. Interestingly, yeast studies have shown
that highly connected genes in a genetic network tend to be pleiotropic and multi-
functional (Costanzo et al., 2010), similar to plant hormones which regulate multiple
processes. BRI1 is a receptor of the brassinosteroid (BR) hormone which plays a
crucial role in several biological processes, including leaf growth, as severe dwarfism
is observed in bri1 mutants and other mutants of the BR biosynthesis and signaling
pathways (Clouse et al., 1996; Vert et al., 2008). BRI1 is highly expressed in all
organs during early seedling development (Friedrichsen et al., 2000) similarly to
highly connected genes in yeast which show high mRNA levels (Costanzo et al.,
2010). Additionally, introduction of BRI1OE into P10::CKX3OE, which has a smaller
rosette size than WT plants, results in positive epistatic effects on shoot growth
(Vercruyssen et al., 2011), highlighting the importance of this gene in leaf growth
regulation. SAUR19 belongs to the family of SAUR genes known to be rapidly
and strongly induced by auxin (Hagen and Guilfoyle, 2002), which plays a major
role in the initiation of leaf primordia, the formation of vascular patterns and leaf
shape, but also in the regulation of leaf cell expansion (Chen et al., 2001; Wilmoth
et al., 2005; Scarpella et al., 2010). SAUR19 is a positive regulator of cell expansion,
most likely through the modulation of auxin transport (Spartz et al., 2012). Our
findings therefore suggest that alterations of BR or auxin signaling in the binary
combinations could potentiate the effect of several growth-promoting genes.
Interactions between BR and other plant hormones have been shown for several phys-
iological and developmental processes (Choudhary et al., 2012; Li and He, 2013; Zhu
et al., 2013). BR and auxin interactions exist at multiple levels, including hormone
synthesis, transport, signal transduction, and gene transcription. For example, mi-
croarray studies have revealed similar effects of BR and auxin on a large number
of genes, including a member of the SAUR family, SAUR15 (Goda et al., 2004;
Nemhauser et al., 2004; Walcher and Nemhauser, 2012). Interestingly, exogenous
application of both hormones leads to a synergistic induction of many common tar-
gets (Nemhauser et al., 2004; Vert et al., 2008). In addition, auxin can increase
the biosynthesis of BRs (Chung et al., 2011; Yoshimitsu et al., 2011) and the BR-
regulated BIN2 kinase contributes to a synergistic increase in auxin-induced gene
expression (Vert et al., 2008). The overexpression of both BRI1 and SAUR19, in-
volved in BR perception and auxin transport, respectively, could therefore amplify
the effect of both hormones, hereby leading to the observed synergism in leaf growth.
Studies in yeast have shown that most genetic interactions occur between genes
involved in the same biological process, except for highly connected genes (Tong
et al., 2004; Costanzo et al., 2010). In agreement with these studies, we found
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that by combining AN3OE with GRF5OE , shown to interact in a yeast two-hybrid
assay (Horiguchi et al., 2005), the leaf size is increased more than expected. A sim-
ilar effect is seen when BRI1OE and ami-ppd, both producing enlarged and curled
leaves (Wang et al., 2001; White, 2006), are combined. Moreover, PPD genes reg-
ulate the division of dispersed meristemoid cells in the leaf epidermis, which will
give rise to the stomatal lineage (White, 2006) and BRs have been shown to con-
trol stomatal development (Gudesblat et al., 2012; Kim et al., 2012; Khan et al.,
2013). In addition, in BRI1 overexpressing seedlings, PPD2 has been reported to
be downregulated (Gonzalez et al., 2010). In literature, the combination of da1-eod
has been reported to show a positive epistatic effect on leaf growth. Both pro-
teins are suggested to work in ubiquitin-mediated proteolysis that could modulate
the activity of a shared, yet unknown target (Li et al., 2008). However, not only
combining growth-regulating genes that are interconnected can lead to larger phe-
notypes than expected, also combining cell proliferation with cell expansion leads
to positive effects on leaf size as found in the combinations ami-ppd-SAUR19OE,
GRF5OE-SAUR19OE and samba-EXP10OE. In addition, the combination of lines
positively affecting distinct growth processes seems to allow compensating negative
effects sometimes observed when constitutively expressing or completely downreg-
ulating growth regulators, such as observed in ami-ppd-SAUR19OE (Fig. 5.4). In
plants overexpressing GRF5 and jaw-D, each promoting cell proliferation, a reduc-
tion in cell area has also been reported (Gonzalez et al., 2010). Interestingly, when
these genes are combined with SAUR19OE, a synergistic effect on growth can be
observed, similar to ami-ppd-SAUR19OE. This suggests that the double transgenic
line can acquire the benefits from both genes and therefore enhance leaf size more
than expected. Such compensation could be lacking in the negative combinations
we observed, therefore leading to the formation of smaller plants than expected. For
example, by combining GRF5 and jaw-D, both producing more but smaller cells,
the negative effect on leaf size could be caused by overstimulation of cell division
that affects the overall growth as observed when E2Fa and DPa are overexpressed
simultaneously (De Veylder et al., 2002). These findings highlight the challenge
of studying genetic interactions in multicellular organisms, compared to single cell
systems such as yeast. Genetic interactions observed at the organ level can reflect
connections between genes working in the same pathway, but also the interconnec-
tion of several processes such as cell division and cell expansion which occur in
different cell types and tissues, at different rates and developmental stages. Al-
though yeast is heavily used as a model to identify genetic interactions, it will be
essential to also use multicellular organisms as a model for genetic interactions to
capture the complex relationship between developmental processes.

In this study we searched for binary combinations of growth-regulating genes exhibit-
ing an increase in leaf growth larger than the addition of the two single transgenic
parents. In plants and animals, the phenomenon of heterosis or hybrid vigor corre-
sponds to the increased performance of a hybrid offspring compared to its parents
(Schnable and Springer, 2013). Heterosis has been proposed to arise from vari-
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ous mechanisms such as intra-allelic dominance and intra-allelic over-dominance,
but emerging evidence also exists for the contribution of inter-gene interactions, or
epistasis (Kaeppler, 2012; Chen, 2013; Schnable and Springer, 2013). Our findings
suggest that differences in expression of growth-promoting genes in natural variants
could lead to synergistic effects in hybrids. For example, one could imagine that
in one variant, PPD is lowly expressed, whereas SAUR19 is highly expressed. The
combination of both genes in a cross of natural variants could lead to a synergis-
tic increase in leaf size as observed in our study. Heterosis could therefore origi-
nate, in part, from the assembly of the effects of various pairwised combinations
of growth-regulating genes. Another theory to explain heterosis describes the fact
that hybrid vigor allows for the compensation of small negative alleles (Kaeppler,
2012; Chen, 2013; Schnable and Springer, 2013). In our study, we also found that
negative effects of some perturbations can be compensated in pairwised combina-
tions, allowing the appearance of a synergistic effect on growth, such as in the cross
ami-ppd_SAUR19OE.

So far, genetic engineering of crops mainly has been commercially successful for in-
put traits, such as insect tolerance and herbicide resistance (http://www.isaaa.org).
Engineering quantitative, yield-related traits, such as drought tolerance and en-
hanced biomass production, turned out to be much more difficult. The current
study illustrates that gene combinations have great promise to successfully engi-
neer quantitative traits. Furthermore, the observation that genes stimulating cell
proliferation combine remarkably well with genes enhancing cell expansion, argues
for a need for further in-depth analysis of how single genes promote organ growth.
A better understanding of the mode of action of growth- and/or yield-enhancing
genes will allow for rationalizing which gene stacks have the highest probability to
give successful results. Future prospects of combining multiple genes or even en-
tire circuits of networks using synthetic biology approaches offer great perspectives
to further enhance crop yield and to deliver sufficient food for the growing world
demand.

Materials and methods

Plant material

Seeds of A. thaliana (L.) Heyhn. ecotype Columbia-0 (Col-0) and all mutants
(Tab. 5.1) were grown on soil and kept in the same growth room for 25 days, when
flower stalks started to emerge. For all single insertion locus transgenic lines, binary
crosses were made in one direction; for a selection of lines, reciprocal crosses were
made and homozygous lines were produced.
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Growth analysis
All plants were grown on plates containing half-strength MS medium (Murashige and
Skoog, 1962) supplemented with 1% sucrose with a density of one plant per 4 cm2.
The seeds were stratified for 2 days at 4°C and placed in growth rooms kept at 21°C
and 16-h day/8-h night cycles. Plants were grown in three experiments, consisting
of 16 replicates per experiment. To ensure environmental conditions are similar
between the experiments, they were performed consecutively in the same growth
chamber on the same shelf. To prevent positional effects on plant growth, all plates
were randomized every two days. We set out to grow all genotypes simultaneously
in three repeats, but due to germination issues with some seed batches, a total of
5 experiments have been performed to obtain three repeats for each genotype, with
the exception of the cross ANTOE_da1-1 for which we could obtain results in one
repeat. At 21 DAS, individual leaves (cotyledons and rosette leaves) were dissected
at the base of the petiole and their area was measured with ImageJ v1.45 (NIH;
http://rsb.info.nih.gov/ij/).

RNA extraction, cDNA preparation and q-RT-PCR
Total RNA was extracted from flash-frozen seedlings with TRIzol reagent (Invitro-
gen, Belgium). To eliminate the residual genomic DNA present in the preparation,
the RNA was treated by RQ1 RNAse-free DNase according to the manufacturer’s
instructions (Promega, The Netherlands, http://www.promega.com) and purified
with the RNeasy Mini kit (Qiagen, Belgium, http://www.qiagen.com). Complemen-
tary DNA was made with the iScriptTM cDNA Synthesis kit from Biorad (Biorad,
Belgium, http://www.bio-rad.com) according to the manufacturer’s instructions. Q-
RT-PCR was done on a LightCycler 480 (Roche, Belgium, http://www.roche.com)
in 384-well plates with LightCycler 480 SYBR Green I Master (Roche) accord-
ing to the manufacturer’s instructions. Primers were designed with the Primer3
(http://frodo.wi.mit.edu/) (Supplementary file 2). Data analysis was performed
using the ∆∆CT method (Pfaffl, 2001), taking the primer efficiency into account.
The data was normalized using six normalization genes (UBQ10, CDKA1, CBP20,
AT1G13320, AT2G32170, and AT2G28390 ) according to the GeNorm algorithm
(Vandesompele et al., 2002).

Microscopy for epidermal cell size measurements
For the cellular analysis, samples of leaf 3 were cleared in 70% ethanol and mounted
in lactic acid on a microscope slide. The total leaf blade area was measured for 10
representative leaves under a dark-field binocular microscope. Abaxial epidermal
cells along the complete proximal-distal axis of the leaves were drawn with a micro-
scope equipped with differential interference contrast optics (DM LB with 403 and
633 objectives; Leica) and a drawing tube. Photographs of leaves and scanned cell
drawings were used to measure leaf and cell area, respectively, with ImageJ v1.45
(NIH; http://rsb.info.nih.gov/ij/), from which the cell numbers were calculated (De
Veylder et al., 2001).
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Statistical analysis
The leaf series data analysis yields the size of each individual leaf of the rosette.
From these data, the rosette area was calculated by the summation of the area of
all separate leaves. A mixed model analysis was performed on the log2 transformed
rosette areas using Genotype as a fixed factor. Each experiment was repeated three
times. This Experiment effect was included as a random factor in the model to
account for correlation between measurements done within the same experiment.
The Genotype*Experiment interaction was included in the model when it was found
to be significant (p < 0.05), based on a likelihood ratio test. For all described
combinations the variation attributed to the Genotype was much larger than that
attributed to the interaction between Genotype and Experiment. Severe outliers,
caused by germination problems, were removed prior to the analysis. Least square
means estimates for the rosette area were calculated.
Significant differences between the rosette area (RA) of the cross and its parental
lines, as well as with the reference plants, were determined using the described mixed
model (WALD-type III tests of fixed effects). To test for synergistic effects following
null hypothesis was set up:

log2(RAEXP ni) = log2(RAcontrol1) + log2(RAcontrol2) − log2(RAwild−type)

Through log-transformation of the data, we apply an additive model with a multi-
plicative scale (Koornneef et al., 1998; Phillips, 2008; Horn et al., 2011). As control
lines the appropriate heterozygous parental lines were used.
By rearranging terms we get:

log2(RAEXP ni) − log2(RAcontrol1) − log2(RAcontrol2) + log2(RAwild−type) = 0

A FDR multiple testing correction was applied. Synergistic effects were assumed
when the null hypothesis was rejected at a FDR level of 0.05. The model was fit with
the mixed procedure from SAS. To estimate repeatability (broad sense heritabilities
at the individual level), the mixed model was refit with genotype, experiment and
genotype*experiment as random terms in the model (Supplementary file 3).
The leaf series data was analyzed using repeated measurements analysis with either
the hpmixed or mixed procedure from SAS. Data for leaves up to leaf 6 was included
in the analysis. The four variance-covariance structures available in the procedure
were tested and the best structure was determined based on the AIC values. For
all combinations the unstructured structure was selected as the best. The mean
model included the main effects Genotype and Leaf, and their interaction term.
To account for dependencies of observations made within the same experiment,
experiment was added as random factor in the model. Based on a likelihood ratio
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test the Genotype*Experiment interaction was incorporated in the model when p
< 0.05. Several contrast hypotheses were set up. For all leaves, the area in the
reference line was compared to that in the cross and both parental lines. Synergistic
effects of the cross were determined for each leaf, as described previously.
For the cross ANTOE_da1-1, there was only one experiment that yielded results,
therefore Experiment was not included as a factor in the model.
All statistical analyses were performed with SAS® 9.3 (SAS Institute Inc., 2011,
Cary, North Carolina). Residual diagnostics were carefully examined.

Supplemental data

All supplemental material of this chapter can be found in the online version of this
manuscript: http://elifesciences.org/content/early/2014/04/28/eLife.02252/article-
data
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In Arabidopsis, leaves contribute to a large part of above-ground biomass
and provide energy for the plant to complete its life-cycle. However fi-
nal leaf size is remarkably constant under fixed environmental conditions
and several genes have been described to regulate leaf growth. In the
double mutant da1-1_eod1-2 , leaf size is dramatically increased by en-
hanced cell proliferation. Here, we show that during the early prolifer-
ative stage of leaf growth, leaves of da1-1_eod1-2 are developmentally
younger whereas they are already larger than those of the wild type.
In addition to this increase in leaf size, da1-1_eod1-2 plants show a
prolonged longevity. Conversely, strong constitutive overexpression of
EOD1 resulted in early senescence and dwarfed plants, which could par-
tially be rescued by ectopic expression of DA1 . With these results, we
show that DA1 and EOD1 together function to restrict leaf size and that
EOD1 promotes senescence in a dosage dependent manner.

Introduction

Arabidopsis leaf growth is determined by different cellular and developmental events
that are regulated by complex networks of genes. Over the last years, numerous
genes have been identified to regulate one or more of these events (Gonzalez et al.,
2012; Hepworth and Lenhard, 2014). Initially, leaves are formed at the flanks of the
shoot apical meristem and grow during the earliest stages of development through
proliferation (Tsukaya, 2013; Kalve et al., 2014). Downregulation of samba has been
shown to result in larger leaf primordia during this very early stage of development
(Eloy et al., 2012). Later, cells stop dividing at the tip of the leaf and a cell cy-
cle arrest front proceeds in a basipetal direction (Donnelly et al., 1999; Kazama
et al., 2010; Andriankaja et al., 2012). The duration of the cell proliferation phase
is extended in plants overexpressing AINTEGUMENTA (ANT ), ANGUSTIFOLIA
3 (AN3 ), GROWTH REGULATING FACTOR 3 (GRF3 ), GROWTH REGULAT-
ING FACTOR 5 (GRF5 ), and JAGGED AND WAVY (jaw-D) and larger leaves
are produced (Mizukami and Fischer, 2000; Palatnik et al., 2003; Horiguchi et al.,
2005; Gonzalez et al., 2010; Debernardi et al., 2014). Similarly, in da1-1 mutants,
which harbor a dominant-negative mutation in the ubiquitin receptor DA1, leaf
size is enhanced through a prolonged period of cell division (Li et al., 2008) and
mutations in BIG BROTHER (BB), encoding an E3 ligase, also lead to the pro-
duction of larger leaves due to a prolonged period of cell division (Disch et al.,
2006). During the transition from cell division to expansion, chloroplasts start dif-
ferentiating (Andriankaja et al., 2012) allowing the leaves to serve as an energy and
nutrient source for other sink tissues. Further leaf growth is driven by the division of
meristemoids, dispersed meristematic cells in the epidermis, and by cell expansion
(Tsukaya, 2013; Kalve et al., 2014). These meristemoids, located between expand-
ing and differentiating pavement cells, continue dividing asymmetrically, a process
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that is negatively regulated by the PEAPOD transcription factors (White, 2006).
Finally, final leaf size is established after a cell expansion phase, which has been
shown to be enhanced by ectopic expression of EXPANSIN 10 (EXP10 ), SMALL
AUXIN UP REGULATED 19 (SAUR19 ) and CCS52A1 and in the saur36 mutant
(Cho and Cosgrove, 2000; Spartz et al., 2012; Baloban et al., 2013; Hou et al., 2013).
At the end of the Arabidopsis life cycle, leaves start aging. During this period, which
coincides with the degradation of chlorophyll, the reduction of photosynthetic ac-
tivity and yellowing of leaves (Lim et al., 2007), nutrients are redistributed to other
organs (Guiboileau et al., 2010). Leaf senescence is regulated by different hormones
(Khan et al., 2013) and specifically counteracted by cytokinins (Zwack and Rashotte,
2013), as illustrated by the prolonged longevity observed in plants overexpressing
the cytokinin activated transcription factor CYTOKININ RESPONSE FACTOR
6 (CRF6 ) (Zwack et al., 2013) and the cytokinin receptor HISTIDINE KINASE
3 (AHK3 ) (Kim et al., 2006). In addition, several leaf growth regulators, such
as SAUR36 (Hou et al., 2013), GROWTH REGULATING FACTOR 3 (GRF3 )
(Debernardi et al., 2014), GRF5 Vercruyssen et al. (2015), jaw-D Schommer et al.
(2008) have been shown to play an additional role in leaf senescence.

By analyzing binary combinations of genes enhancing leaf growth, positive and neg-
ative epistasis on leaf growth has been observed (Vanhaeren et al., 2014), which
can indicate a potential genetic link between these genes. Such combinatorial ap-
proaches have recently been applied on seeds to reveal genes that work in the same
pathway as DA1 to control plant organ size (Li et al., 2008; Xia et al., 2013; Du
et al., 2014; Peng et al., 2015). DA1 encodes a ubiquitin receptor that restricts cell
proliferation (Li et al., 2008). DA1 shares high amino acid similarity with seven
other predicted proteins in Arabidopsis, which are referred to as DA1-RELATED
(DAR) genes (Li et al., 2008). The SUPPRESSOR OF DA1 2 (SOD2), encoded
by the positive regulator of leaf growth UBIQUITIN SPECIFIC PROTEASE 15
(UBP15 ) (Liu et al., 2008), represses the da1-1 enlarged seed phenotype observed
in da1-1_ubp15 double mutants (Du et al., 2014). In addition, DA1 has been shown
to negatively affect UBP15 stability, hereby limiting seed and leaf growth (Du et al.,
2014). T-DNA insertion mutants of the DA2 gene, which encodes an E3 ubiquitin
ligase, produce larger seeds and leaves (Xia et al., 2013). Moreover, seed and leaf
growth were synergistically enhanced in da1-1_da2-1 double mutants and pull-down
experiments showed that DA2 and DA1 physically interact (Xia et al., 2013). The
plant-specific E3 ligase BB, which also restricts cell division (Disch et al., 2006), has
been identified as an ENHANCER OF DA1 1 (EOD1 ), since mutations in this gene
amplify the growth effect of the da1-1 mutation (Li et al., 2008). This observation
could suggest that DA1 and BB/EOD1 together play a major role in controlling
leaf size. However, a profound analysis on how this double mutant synergistically
increases leaf size has not been carried out and the connection between these genes is
still unclear. Here, we describe how growth is affected in da1-1_eod1-2 throughout
leaf development and show that at very early stages of leaf growth, leaves are in a
younger developmental stage whereas they are already much larger than those of the
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WT. In addition, we show that strong overexpression of EOD1 results in stunted
growth and produces axillary vegetative rosettes. Interestingly, in the double overex-
pression line 35S::DA1_35S::EOD1, the dwarfed 35S::EOD1 phenotype is partially
complemented, indicating a direct connection between DA1 and EOD1. Moreover,
in this double mutant, leaf senescence is greatly enhanced whereas it is delayed in
da1-1_eod1-2, suggesting an additional role of these proteins in leaf longevity in
addition to the control of final leaf size and a role for EOD1 in the regulation of
axillary meristem development.

Results

Leaf size is synergistically enhanced in da1-1_eod1-2

The E3 ligase BIG BROTHER (BB) has previously been identified as an EN-
HANCER OF DA1 1 (EOD1 ) in a genetic modifier screen. Together, da1-1 and
eod1-2 synergistically enhance the seed and petal size (Li et al., 2008). In order
to quantify the effect on leaf growth, da1-1, eod1-2 and the double mutant da1-
1_eod1-2 were grown in vitro for leaf area analysis. At 21 days after stratification
(DAS), the first leaf pair of da1-1 and eod1-2 plants was larger than that of the wild-
type (WT) (Fig. 6.1A). In the double mutant, da1-1_eod1-2, the size of these first
leaves was significantly larger than the expected if non-interacting value (Vanhaeren
et al., 2014), whereas the younger leaves were similar in size or smaller than the
WT (Fig. 6.1A). Measurements over time showed that already very early in devel-
opment, at 7 DAS, the leaves of both single mutants and da1-1_eod1-2 were larger
than those of the WT (Fig. 6.1B, Fig. 6.2A). For each line, we calculated the growth
saturation point, the first timepoint at which leaves reached 90% of the maximum
leaf area (Material and methods). The leaves of the eod1-2 reached a saturation
point at 23 DAS, whereas both da1-1 and the WT reached this point at 25 DAS.
The double mutant continued growing for a longer time since the saturation point
was found only at 27 DAS. Fully matured leaves of da1-1, eod1-2 and da1-1_eod1-2
were respectively 63%, 14% and 120% larger than those of the WT. Since no larger
phenotype was observed in the younger leaves of the double mutant at 21 DAS and
leaves of da1-1_eod1-2 were found to grow longer, we also performed measurements
over time of the area of the third and fourth rosette leaf to verify if they would
eventually grow larger than the WT leaves, as was observed in the first leaf pair.
At 14 DAS, leaf three of da1-1_eod1-2 was similar in size compared with the WT
and eod1-2, but was found to be smaller than da1-1. However, the third leaf of
da1-1_eod1-2 became larger than that of the WT and da1-1 at 21 and 27 DAS
respectively (Fig. 6.1C). Similarly, whereas the fourth leaf of the double mutant was
smaller than the WT and both da1-1 and eod1-2 at 14 DAS, it continued to grow
until its size exceeded that of the WT and both single mutants (Fig. 6.1D). For both
the third and fourth leaf of da1-1_eod1-2, a synergistic effect on size was observed
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at 27 DAS (Fig. 6.1C-D). These results showed that in da1-1_eod1-2, the first leaves
and also younger rosette leaves grew larger than those of the WT and that the size
of these leaves was synergistically enhanced.
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Figure 6.1.: Leaf growth analysis of da1-1, eod1-2 and da1-1_eod1-2. (A) Leaf
measurements at 21 DAS. (B) Leaf area measurements over time of the first leaves,
(C) leaf three and (D) the fourth leaf. (* marks the timepoint at which a synergistic
effect starts to be observed)

The transition from proliferation to cell expansion is delayed in
da1-1_eod1-2 leaves

Since the first leaf pair of the single mutants and da1-1_eod1-2 were already larger
at 7 DAS, we performed a cellular analysis of epidermal cells over the transition from
cell division to cell expansion. Interestingly, at 7 DAS, before this transition, da1-
1 and da1-1_eod1-2 already had much larger leaf primordia containing more cells
(Fig. 6.2A). In eod1-2, leaf area was increased to a lesser extent and cells were larger,
but no difference in cell number was found (Fig. 6.2A). Cell size was also significantly
enlarged in the double mutant at this timepoint (Fig. 6.2A). Distribution of the cell
areas showed that a greater proportion of da1-1_eod1-2 dividing cells were found to
be larger than those of the WT, but showed no skewed distribution of the cell areas
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in either of the lines, suggesting the cells were not yet expanding at this timepoint
(Supplemental Fig. S1A). From 9 to 12 DAS, during the transition from proliferation
to expansion, the average cell area of da1-1_eod1-2 was smaller than that of the WT,
indicating that the cells of the double mutant started expanding later (Fig. 6.2B).
The average area of da1-1 and eod1-2 pavement cells were found to be intermediary
in size during this transition period (Supplemental Fig. S2A). Cell size distributions
from 8 to 12 DAS showed that more large, expanding cells were present in the
WT than in the double mutant, suggesting that the WT leaves were entering the
cell expansion phase earlier than da1-1_eod1-2 (Fig. 6.2C, Supplemental Fig. S1B-
E). At 13 DAS, average pavement cell area and cell area distribution of the WT
and the double mutant were similar (Fig. 6.2B, Supplemental Fig. S1F). These
data suggested that in the double mutant, the duration of the cell division period
was prolonged and leaf development was delayed. To confirm this, we measured
ploidy levels over time on the first leaf pair. These measurements showed that the
endoreduplication index (EI) of da1-1_eod1-2 leaves was lower than that of the WT
between 9 and 20 DAS, indicating that on average, cells of the double mutant had
undergone less rounds of endoreduplication than those of the WT (Fig. 6.2D). After
25 DAS, the EI of da1-1_eod1-2 and the WT were found to be similar (Supplemental
Fig. S2B). The EI of the single mutants showed intermediate values between the
WT and da1-1_eod1-2 (Supplemental Fig. S2B). Taken together, these observations
show that in addition to a prolonged period of cell division, leaves of da1-1, eod1-
2 and da1-1_eod1-2 are larger than those of the WT at very early stages of leaf
development, driven by different cellular mechanisms.

Transcriptome analysis shows da1-1_eod1-2 leaves are in a
developmental younger stage

Already at 7 DAS, all mutants were found to be larger than the WT. Therefore, we
harvested the first leaf pair at 6 DAS for transcriptome analysis. At this timepoint,
all cells of the leaves still have the potential to divide. Remarkably, while only 9
and 146 genes were found to be differentially expressed in eod1-2 and da1-1 respec-
tively, 1232 genes were differentially expressed in the double mutant. We compared
these 1232 differentially expressed genes in da1-1_eod1-2 with a publicly available
developmental transcriptome dataset on the third Arabidopsis leaf from 8 DAS to
13 DAS, spanning the transition from cell division to cell expansion (Andriankaja
et al., 2012). We found that the genes that are upregulated in da1-1_eod1-2 were
significantly enriched (10-fold, p < 1E-16; χ2 test) for genes that are downregulated
during the transition from cell division to cell expansion. Conversely, genes down-
regulated in da1-1_eod1-2 were significantly enriched (17-fold, p < 1E-16; χ2 test)
for genes that are upregulated during this transition (Supplemental Table S1). For
example, AN3, ANT, KLUH (KLU ) and GRF5, which are specifically expressed in
dividing cells of leaves, were found to be expressed at a high level in da1-1_eod1-2.
In contrast, SIAMESE RELATED 1 (SMR1 ), a negative regulator of cell division
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Pavement cell area distribution 11 DAS
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Figure 6.2.: Cellular characteristics of da1-1_eod1-2 show a shift around the tran-
sition from proliferation to cell expansion. (A) Percentage increase of leaf area,
cell number and cell area of da1-1, eod1-2 and da1-1_eod1-2 compared to the
WT. (B) Average leaf pavement cell area over the transition from proliferation to
cell expansion in da1-1_eod1-2 and the WT. (C) Distribution of pavement cell
area of da1-1_eod1-2 and the WT at 11 DAS. On the X-axis, the lower values of
the cell area classes are shown. (D) The endoreduplication index of da1-1_eod1-2
and the WT from 9 to 20 DAS.
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and a promoter of endoreduplication, and several expansins were found to be down-
regulated (Supplemental Table S2). In addition, FLOWERING LOCUS C (FLC ), a
repressor of floral transition was strongly upregulated in da1-1_eod1-2. To confirm
these results, we measured the expression levels of a subset of these genes and other
marker genes of leaf development with Q-RT-PCR. For this, we micro-dissected the
first leaf pair of the WT, da1-1, eod1-2 and da1-1_eod1-2 from 5 DAS to 12 DAS,
spanning the transition from proliferation to expansion and checked the expression
level of genes that have been described to gradually be down- or upregulated over the
transition from cell division to cell expansion (Andriankaja et al., 2012). We found
that the expression genes of the first category, such as AN3, ANT and CYCLINB1-1
(CYCB1-1 ) was stronger in da1-1_eod1-2 during the transition from proliferation
to expansion, whereas the expression genes of the latter category, such as BASIC
HELIX-LOOP-HELIX PROTEIN 38 (BHLH38 ), BHLH100 and KIP RELATED
PROTEIN 1 (KRP1 ) was reduced compared with the WT (Fig. 6.3A-F). The ex-
pression levels of these genes in the single mutants always showed intermediate
results (Supplemental Fig. S3A-F). These observations at the transcriptome level
confirmed this shift between da1-1_eod1-2 and the WT, and showed that despite
of their larger size, da1-1_eod1-2 leaves were still in a younger developmental stage
than those of the WT already before the transition from cell division to expansion.
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Strong EOD1 overexpression induces dwarfism and outgrowth of
axillary rosettes

Since in da1-1 and eod1-2 mutants leaf size is increased, we generated overexpres-
sion lines of both single genes and the double overexpression line by crossing the
strongest DA1 and EOD1 overexpression lines (35S::DA1_35S::EOD1++) to quan-
tify the effect on leaf growth. For both DA1 and EOD1, we phenotyped strong and
mild overexpression lines by making leaf series at 21 DAS. Leaf series analysis showed
a reduction in leaf area in mild 35S::EOD1 overexpression lines (35S::EOD1+)
(Supplemental Fig. S4A), consistent with what had been shown previously (Disch
et al., 2006). In strong 35S::EOD1 lines (35S::EOD1++), plant growth was stunted
(Fig. 6.4A). Remarkably, in a large portion of 35::EOD1 plants, normally shaped
vegetative leaves emerged from within the stunted rosettes at a later timepoint
(Fig. 6.4B). Microscopic analysis revealed that these leaves originated from extra
vegetative meristems that were formed in the axils of the small rosette leaves of
35S::EOD1++ (Fig. 6.4C). Surprisingly, these meristems produced rosettes with nor-
mal leaves, although expression levels of EOD1 in these rosettes were found to be
similar to those of the stunted main rosette (Fig. 6.4D). We analyzed the expression
level of several transcriptional regulators that are involved in the formation and
outgrowth of axillary meristems, such as REGULATOR OF AXILLARY MERIS-
TEMS 1 (RAX1 ) and LATERAL SUPPRESSOR (LAS) (Keller et al., 2006; Ra-
man et al., 2008) in the WT, 35S::EOD1++ and the axillary rosettes of 35S::EOD1
(35S::EOD1++ AR). We found that the expression of RAX1 was stronger in the
main rosette of 35S::EOD1++ compared to the WT, but not in the axillary rosettes
(Fig. 6.4F), whereas LAS was lower expressed in the axillary rosettes, but no differ-
ence was observed between the WT and the main 35S::EOD1++ rosette (Fig. 6.4G).
Low levels of sugar or auxin in 35S::EOD1++ plants, and more specifically leaf ax-
ils, could result in premature outgrowth of dormant axillary meristems, causing the
emergence of vegetative rosettes. To test whether 35S::EOD1++ were impaired in
auxin signaling or transport, we performed a gravitropic experiment which showed
that 35S::EOD1+and 35S::EOD1++ plants were still able to respond to gravitropic
changes (Fig. 6.4H). This suggests that a general auxin response is not completely
impaired in 35S::EOD1++ plants.

EOD1 induced dwarfism is rescued by co-expression of DA1

In contrast with 35S::EOD1++, leaves of strong 35S::DA1 overexpression lines
showed no size difference compared to the WT (Supplemental Fig. S4B), confirming
recent findings (Peng et al., 2015). Remarkably, when the dwarfed 35S::EOD1++

line was crossed with 35S::DA1, plant growth was partially restored in the progeny
(Fig. 6.4I). To exclude that this rescued phenotype resulted from silencing of the
35S::EOD1 construct, we measured gene expression levels of this double overex-
pressor and found that both constructs were still overexpressed to a high level in
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Figure 6.4.: Rescue of the EOD1 induced dwarfism by DA1. (A) Strong over-
expression of EOD1 results in stunted plant growth and (B-C) the emergence
of axillary rosettes (AR). In these 35S::EOD1++ plants, a floral stalk (FS)
can still grow out from the main rosette (MR). Relative expression levels of
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the combination (Supplemental Fig. S4C). Recently, DA1 has been proposed to be
involved in mediating the degradation of UBIQUITIN-SPECIFIC PROTEASE 15
(UBP15) by the proteasome (Du et al., 2014), therefore, since 35S::DA1 comple-
mented the 35S::EOD1 dwarf phenotype without altering EOD1 expression levels,
DA1 could also negatively regulate EOD1 stability.

Interaction partners of DA1 and EOD1

DA1 rescued the 35S::EOD1++dwarfed phenotype by post-transcriptionally mod-
ulating EOD1. Therefore, we hypothesized both proteins could physically inter-
act, leading to the inactivation or degradation of EOD1. Transient expression of
35S::GFP-DA1 and 35S::RFP-EOD1 in tobacco showed that both proteins co-
localize in the cytoplasm and the nucleus (Supplemental Fig. 5). Subsequently,
we performed a BI-Fluorescence Complementation assay in tobacco, however, no
fluorescence and hence interaction of both proteins was detected with this method.
A YEAST 2 HYBRID (Y2H) assay could not be carried out due to strong auto-
activation of EOD1 ; therefore, we used Tandem Affinity Purification to identify the
interactors of DA1, DAR1 and EOD1. Using C-terminal tagged DAR1 proteins, we
identified UPB12 and DAR4 as putative interactors in cell cultures. Interestingly,
TAP experiments in planta using DA1 as bait also identified UBP12, the closely
related UBP13 and DAR2 as interactors. Similar TAP experiments with EOD1 did
not reveal interacting proteins. Since EOD1 is a functional E3 ligase (Disch et al.,
2006), its targets are possibly targeted for degradation and therefore the interaction
could be very short and unstable, which complicates their identification. To stabilize
the binding of EOD1 with its targets, we converted very conserved cysteine and his-
tidine amino acids within the RING domain of EOD1 to alanine (EOD1C215A,H217A)
to disrupt the interaction with the conjugating E2 enzyme. TAP in cell cultures
on this EOD1C215A,H217A in cell cultures identified many interactors, for which few
showed a ubiquitinylation site (Supplemental Table S3). Gene Ontology (GO) anal-
ysis using MAPMAN (Usadel et al., 2006) revealed no significant enrichment. For
all these putative interactors, we verified with Phenoleaf (Wilson-Sánchez et al.,
2014) if the knock-out mutants showed a leaf phenotype. Some candidates, such
as LONGIFOLIA 2 (LNG2 ) have been described in regulating leaf growth by pos-
itively promoting polar cell elongation (Lee et al., 2006). The interaction between
EOD1 and these proteins will need to be confirmed in the future. Amongst these
interactors, DA1 was not retrieved, probably since expression of DA1 in cell cultures
is too low.

EOD1 induces leaf senescence in a dosage-dependent manner

In addition to its enlarged leaf phenotype, da1-1_eod1-2 also exhibited a longer life
span than theWT (Li et al., 2008) and leaf yellowing was found to be reduced in older
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plants (Supplemental Fig. S6A). In contrast to the double mutant, leaf senescence
was remarkably advanced in 35S::DA1_35S::EOD1++ (Fig. 6.5A). In addition, the
senescence marker gene SAG12 was only found to be strongly expressed in the leaves
of the double overexpression line (Supplemental Fig. S6B). Since da1-1_eod1-2 and
35S::DA1_35S::EOD1++ visually showed contrasting senescence phenotypes, we
measured the expression level of several senescence related genes with Q-RT-PCR.
These experiments confirmed that a positive regulator of senescence, ARF2, was
upregulated in 35S::DA1_35S::EOD1++ plants, whereas it was downregulated in
da1-1_eod1-2. In contrast, AHK3 and CRF6, cytokinin related genes that promote
leaf longevity, were downregulated in the double overexpressor line and upregulated
in the double mutant (Fig. 6.5B). Interestingly, in the single overexpression lines,
a visual senescence phenotype could only be observed in strong 35S::EOD1 plants
(Fig. 6.5C). One week before bolting, the oldest leaves of these 35S::EOD1++ plants
had already died and the younger rosette leaves showed strong senescence. At this
stage, no visual senescence was observed in milder 35S::EOD1+ overexpressors or
35S::DA1 plants (Fig. 6.5C). A dark-induced senescence assay confirmed that after
3 days of dark treatment, da1-1 and eod1-2 mutants showed less signs of senescence,
which was more pronounced in the double mutant. Strong 35S::DA1 overexpression
lines showed no difference to the WT, whereas the mild 35S::EOD1 overexpressor
only shows a slight increased senescence (Fig. 6.5D). Together, these results show
that in da1-1_eod1-2, senescence is delayed and that EOD1 promotes leaf senescence
in a dosage dependent manner.

Discussion

Leaf growth is enhanced in da1-1_eod1-2 through both
overlapping and different developmental events

At 21 DAS, the first leaf pair of da1-1_eod1-2 showed a remarkable increase in
leaf size, whereas the younger leaves were found to be similar or smaller than the
WT. However, measurements over time of leaf 3 and 4 showed that later in devel-
opment, they became larger than those of the WT and both single mutant lines.
Moreover, a synergistic effect on growth could be observed for these leaves at 27
DAS, as was seen for the first leaf pair at 21 DAS. Previously, da1-1 and eod1-2
have been described to enhance leaf growth through a prolonged period of cell di-
vision (Disch et al., 2006; Li et al., 2008) which is enhanced further in the double
mutant. However, the primordia of the first leaf pair already showed an increase
in size in all mutants before the transition from proliferation to expansion is ini-
tiated. Interestingly, whereas in da1-1 these enlarged leaves contained more cells,
cell number is unaltered in eod1-2, but cell size is enhanced. In the double mutant,
both cell number and cell size were increased at 7 DAS. This indicates that in both
da1-1 and da1-1_eod1-2, leaf growth is driven by a combination of two events: a
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larger leaf primordium resulting from either an increased cell division rate or either
an enhanced number of cells that were incorporated in the primordium, combined
with a prolonged division period (Li et al., 2008; Gonzalez et al., 2012). In the
double mutant, the combination of a larger primordium and a prolonged transition,
which is enhanced by the additional mutation eod1-2, leads to a synergistic effect on
leaf growth. Interestingly, similar rosette phenotypes as da1-1_eod1-2 at 21 DAS
can be observed in other transgenic lines in which cell division is enhanced. For
example, in plants overexpressing GRF5 and jaw-D the size of the first leaf pair is
increased, but the younger leaves are smaller than the WT (Gonzalez et al., 2010).
A prolonged period of cell proliferation in leaves could therefore result in delay in
development of the younger rosette leaves. In contrast to da1-1_eod1-2, the double
overexpression line GRF5OE_jaw-D did not produce larger leaves (Vanhaeren et al.,
2014), most likely because in the latter combination, growth is hampered by over-
proliferation, which is also observed in 35S::CYCD3;1 (Dewitte et al., 2003) and
E2Fa_DPa overexpressing plants De Veylder et al. (2002).

Leaves of da1-1_eod1-2 are developmentally younger but larger
than those of the WT

Analogous to the observation that younger leaves of da1-1_eod1-2 show a delay
in development at 21 DAS, cellular measurements showed that the pavement cells
of the double mutant started expanding later than the WT, indicating that these
leaves are in a developmental younger stage (Donnelly et al., 1999; Kazama et al.,
2010; Andriankaja et al., 2012). Similarly, ploidy measurements showed that the
onset of endoreduplication was delayed in da1-1_eod1-2. Transcriptome analysis on
proliferating leaves showed a stronger expression of genes that stimulate cell division
in the double mutant compared with the WT, and a downregulation of cell expan-
sion related genes. In addition to this single timepoint, Q-RT-PCR experiments
on micro-dissected leaves spanning the period of the transition from cell division
confirmed that da1-1_eod1-2 leaves were developmentally younger than the WT.
Genes promoting cell division in leaves, such as AN3 and ANT (Mizukami and
Fischer, 2000; Horiguchi et al., 2005) and the mitotic marker CYCB1-1, were found
to be expressed more in da1-1_eod1-2 than in the WT. In contrast, genes that
are upregulated during the transition from cell division to cell expansion, such as
the negative regulator of cell division, KRP1, and two iron deficiency-responsive
bHLH transcription factor genes, BHLH38 and BHLH100, that are linked to the
sink/source transition in leaves (Andriankaja et al., 2012, 2014), were lower ex-
pressed in da1-1_eod1-2. Our phenotypic and transcriptomic data suggest that in
the leaves of da1-1_eod1-2, the transition from cell division to cell expansion is pro-
longed for at least one or two days. During this period, the larger pool of cells in the
leaf primordium can divide longer, resulting in a synergistic effect on leaf growth.
After the transition from cell division to cell expansion, average cell size and cell size
distribution of da1-1_eod1-2 were found to be comparable to the WT. In addition,
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transcript levels of the tested marker genes were similar after this transition, sug-
gesting that the leaves of the double mutant are in a younger developmental stage
before and during the transition, but then could mature normally.

EOD1 induced dwarfism is rescued by DA1

Strong overexpression of EOD1 resulted in dwarfed plants producing axillary veg-
etative rosettes, suggesting a loss of apical dominance, which causes the premature
outgrowth of dormant meristems. Apical dominance is generally assumed to be con-
trolled by auxin and depletion of auxin in leaf axils is required to allow outgrowth
of axillary meristems in Arabidopsis and Tomato (Wang et al., 2014). Recently,
sugars have been proposed to be the initial regulator of apical dominance (Mason
et al., 2014). Auxin induction assays in seedlings on a minimal BB/EOD1 promoter
construct fused to the LUCIFERASE reporter gene showed no induction upon ex-
posure to the auxin transport inhibitor NPA and only a modest induction upon
treatment with the auxin analog NAA (Breuninger and Lenhard, 2012). In addi-
tion, GUS staining of neither transcriptional or translational GUS fusions under
the BB/EOD1 promoter showed differences upon auxin or any other major phyto-
hormone treatment (Disch et al., 2006). We demonstrated that 35S::EOD1 plants
showed normal gravitropic responses, suggesting that in these plants, auxin trans-
port or signalling is not generally impaired, leading to the premature emergence of
the axillary rosettes. Plant ectopically overexpressing CDKA under a STM promo-
tor have been shown to produce two vegetative rosettes side by side (Gaamouche
et al., 2010). These rosettes are resulting however from a split SAM whereas in
35S::EOD1++they grow out from vegetative axillary meristems. More likely, EOD1
is involved in controlling axillary meristem development, since RAX1 was found
to be strongly expressed in 35S::EOD1++. Interestingly, in plants overexpressing
RAX1, a fraction of plants show a similar emergence of new apical meristems in the
axils of leaves (Keller et al., 2006), suggesting EOD1 could be operational in the
pathway controlling RAX1 expression. RAX1 and LAS1 regulate axillary meristem
development through two parallel pathways, since the mutations show an additive
effect and expression of one gene in the mutant background of the other showed no
difference to the WT (Müller et al., 2006). Since the transcripts of LAS were unal-
tered compared to the WT, EOD1 could work independently from LAS. Additional
Q-RT-PCR experiments on REGULATOR OF AXILLARY MERISTEM FORMA-
TION (ROX), which is positively regulated by both LAS and RAX1 (Yang et al.,
2012), could confirm this hypothesis.
Remarkably, the axillary rosettes displayed a normal phenotype in contrast to
the main rosette, whereas expression levels of EOD1 were found to be similar,
suggesting a yet unknown post-transcriptional regulation of the EOD1 protein.
The dwarfed 35S::EOD1++ phenotype was found to be partially restored in the
35S::EOD1++plants in which DA1 was overexpressed. Since expression levels of
EOD1 in 35S::DA1_35S::EOD1++were very similar compared to EOD1 expression
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in the single 35S::EOD1++ overexpression line, this regulation is most probably
post-transcriptionally. DA1 has been described to modulate the stability of UBP15,
a positive regulator of leaf growth (Liu et al., 2008; Du et al., 2014). Therefore, DA1
could similarly destabilize EOD1 proteins. However, 35S::DA1, plants do not phe-
nocopy the eod1-2 phenotype (Supplemental Fig. 4B and independently shown by
Peng et al. (2015)), since no enlarged flowers or leaves can be observed, suggesting
a more complex interaction between DA1 and EOD1.

Interaction between DA1, EOD1 and DAR proteins

Here, we found that both DA1 and DAR1 interacted in vivo with UPB12 and
that DA1 could bind UBP13. Plant growth is severely reduced in the ubp12_ubp13
mutant, suggesting they could play a role in leaf growth (Cui et al., 2013). However,
the exact role of UBP12 and UBP13 in leaf growth and their molecular relation to
DA1 remains unknown. Since DA1 restricts plant size, these proteins could act
as positive regulators of plant growth. Phenotypic analysis of UBP12 and UBP13
overexpression lines could identify their role in leaf growth and in vitro protein assays
can show a potential destabilization of these proteins by DA1, which has already
been shown for UBP15 (Du et al., 2014). In addition to UBP12 and UBP13, DA1
and DAR1 were found to bind DAR2 and DAR4 respectively, suggesting that DA1
and DAR proteins closely interact to regulate organ size.
Previously, a modifier screen has been carried out on da1-1, which identified sev-
eral repressors and enhancers, such as the SUPPRESSOR OF DA1 2/UBIQUITIN-
SPECIFIC PROTEASE 15 (SOD2/UBP15 ) and BB/EOD1 (Li et al., 2008; Du
et al., 2014). Overexpression lines of UBP15 and ubp15 mutants have been shown
to result in opposite phenotypes. Whereas 35S::UBP15 plants produce larger leaves,
roots, flowers, seeds and show a delay in flowering, ubp15-1 plants have smaller or-
gans, leaves are more serrated and plants flower earlier (Liu et al., 2008). UBP15 has
been identified as a repressor of da1-1, sod2, since sod2/ubp15 mutants repressed
the larger seed phenotype of da1-1. DA1 has been shown to physically interact
with UBP15 and in the da1-1 background, UBP15 is more stable than in the WT,
suggesting DA1 negatively modulates the stability of UBP15 (Du et al., 2014). How-
ever, overexpression of DA1 does not phenocopy ubp15-1 mutants, suggesting that
besides DA1, other proteins are required to regulate the stability of UBP15.
The enlarged flower and seed phenotype of the da1-1 point mutation has been be
observed in double da1ko_dar1-1 T-DNA mutants, but not in the da1ko single
mutant (Li et al., 2008; Peng et al., 2015), indicating that the da1-1 mutation has a
dominant-negative effect on DA1 and DAR1 in flowers and seeds. However, leaves
of da1ko_dar1-1 double mutants were found to be smaller than the WT (Peng
et al., 2015), suggesting that the da1-1 point mutation could affect another DAR
protein in leaves. In addition, the observation that DA1, DA2 and the related DAR
proteins closely interact could suggest they could physically interact as heterodimers
to degrade substrates.
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Our results have shown that DA1 might also negatively regulate BB/EOD1 sta-
bility or activity, since ectopic expression of DA1 is sufficient to partially rescue
the 35S::EOD1 dwarfed phenotype. However, 35S::DA1 plants don’t phenocopy
the bb/eod1 knock-out mutants, which produce larger leaves and flowers. In addi-
tion, leaves of 35S::DA1_35S::EOD1++ plants are smaller than the WT, which is
also observed in mild 35S::EOD1+ lines. Together, these data suggests a mutual
regulation between both DA1 and EOD1, leading to an equilibrium of these pro-
teins. Additionally, both proteins should have common but also different targets
that regulate leaf growth. EOD1 is able to interact with DA1 in vitro (personal
communication of M. Bevan and Y. Li) and DA1 can be ubiquitinated by EOD1,
which activates a peptidase activity of the ubiquitinylated DA1 (DA1ub). Subse-
quently, DA1ub can destabilize several targets, such as UBP15, but also EOD1,
resulting in an equilibrium between DA1 and EOD1 proteins. This feedback mech-
anism fits with our observation that DA1 was able to partially restore the dwarfed
phenotype of 35S::EOD1. The in vitro ubiquitinylation of DA1 by EOD1 and the
subsequent cleavage of EOD1 by DA1ub are currently being addressed in our group
in planta. Based on these findings and our current knowledge, we propose a path-
way in which DA1, EOD1 and their interactors and targets function to regulate leaf
growth Fig. 6.6.

Senescence is delayed in the da1-1_eod1-2 double mutant and
enhanced by ectopic expression of EOD1 in a dosage dependent
manner

The da1-1_eod1-2 double mutant and the 35S::DA1_35S::EOD1++ show opposite
senescence phenotypes. In the double mutant, both flowering time and leaf yellowing
are delayed. This delay in senescence was confirmed transcriptionally, by measuring
the expression of response genes of cytokinin, a plant hormone that inhibits senes-
cence (Zwack and Rashotte, 2013). Both AHK3 and CRF6, which stimulate plant
longevity (Kim et al., 2006; Zwack et al., 2013) were expressed more in da1-1_eod1-2
than in WT leaves. Conversely, the auxin repressor ARF2, a positive regulator of
senescence (Lim et al., 2010) was found to be downregulated in the double mutant.
The observed delay in flowering could influence the longevity of the plants and hence
postpone leaf senescence. However, a by analyzing leaf senescence in late-flowering
mutants, it has been shown that these two processes can be uncoupled (Hensel et al.,
1993).

Senescence was also severely increased in several strong EOD1 overexpression lines,
since before bolting, the oldest leaves had died and the younger leaves were found to
be yellowing. In 35S::DA1_35S::EOD1++, DA1 negatively regulates the stability of
EOD1 and therefore reduces its protein levels. These plants displayed an interme-
diate senescence between the mild and strong 35S::EOD1++ plants. This suggests
EOD1 accelerates leaf senescence in a dosage dependent manner.
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Figure 6.6.: Growth-regulating network in which DA1 and EOD1 control leaf size.
(Modified from Du et al. (2014), the dotted connections represent findings from
this thesis, green and red arrows indicate positive and negative regulations, re-
spectively, black lines indicate additional protein-protein interactions)
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Interestingly, besides da1-1_eod1-2, other transgenic lines in which cell proliferation
is enhanced show similar effects on leaf senescence. For example, in 35S::GRF5,
35S::rGRF3 (which is resistant to miR369 degradation) and 35S::AN3, a prolonged
period of cell division resulted in larger leaves (Horiguchi et al., 2005; Gonzalez et al.,
2010; Debernardi et al., 2014) and both flowering time and senescence were delayed
(Debernardi et al., 2014; Vercruyssen et al., 2015). In contrast, leaves of grf5-1, grf3-
1 and an3-1 were smaller, contained less cells (Horiguchi et al., 2005; Debernardi
et al., 2014) and displayed a mild acceleration of senescence (Debernardi et al., 2014).
Similarly, in jaw-D, which has high levels of miR319, cell proliferation was enhanced
and flowering and senescence were delayed (Palatnik et al., 2003; Schommer et al.,
2008). These observations could suggest that the senescence delay in these lines was
a direct consequence of the prolonged proliferation phase. However, it was shown
for GRF3 that the increase in leaf size could be uncoupled from the control of leaf
senescence (Debernardi et al., 2014). Expression of rGRF3 under its own promoter
resulted in an increase in cell division and a normal senescence timing, whereas
lines that constitutively overexpress rGRF3 had more cells and showed longevity
(Debernardi et al., 2014). In jaw-D, the duration of cell division is enhanced and
the jasmonic acid biosynthesis is disturbed. Senescence in these plants could be
restored when increasing concentrations of MeJA were applied, separating the effect
of enhanced cell division and prolonged leaf longevity (Schommer et al., 2008).
Targeted downregulation of DA1 and EOD during early leaf development using
specific promoters driving anti-sense or miRNA constructs could show if leaf growth
and longevity in da1-1_eod1-2 can be uncoupled.

Conclusions

Plant organ growth is a complex trait, regulated by tightly interconnected networks
that control organ size in a context dependent manner. DA1 has been shown to play
a central role in the post-transcriptional control of genes regulating leaf size. In this
pathway, DA1 and its interactors, such as DA2 and EOD1, together destabilize
positive and negative regulators of leaf growth. Additionally, similar pathways exist
that regulates the size of other organs, such as flower and seeds. However, in these
organs, DA1 probably also regulates the stability of its targets in concert with
other interacting proteins than in leaves. Over the last years, many targets of DA1
have been discovered, which regulate different processes of leaf growth. In addition,
several interactors of DA1 have been identified that together restrict leaf and seed
size, such as DA2 and BB/EOD1. Here, we propose that DA1, in strict coordination
with EOD1 restricts plant organ size and controls leaf senescence. Ubiquitinylation
of DA1 by EOD1 is required to activate its peptidase activity and restrict the period
of cell division, allowing leaves to differentiate and provide the plant’s energy to
successfully complete its life cycle and the reciprocal negative regulation towards
EOD1 overcomes a premature differentiation and senescence. Taken together, DA1
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and EOD1 are pivotal for normal plant growth and targeted modulation of these
genes and other members of this growth regulatory pathway can be of high value
for improving crop productivity.
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Material and methods

Plant material
All described mutants and overexpression lines were in the Col-0 background. For
genotyping experiments, RNA was extracted from flash-frozen seedlings. For the
microarray and expression analysis over the transition, whole seedlings were har-
vested in an excess of RNAlater solution (Ambion). After overnight storage at
4◦C, the first leaf pair was dissected under a binocular microscope on a cooling
plate with precision microscissors. Dissected leaves were transferred to an eppen-
dorf tube, frozen in liquid nitrogen, and ground with a Retsch machine and 4-mm
metal balls. For the senescence assay, all leaves of seven da1-1_eod1-2, Col-0 and
35S::DA1_35S::EOD1++ of 23 day old rosettes were dissected and flash frozen.

Growth analysis
All plants were grown on plates containing half-strength MS medium supplemented
with 1% sucrose with a density of one plant per 4cm2 . The seeds were stratified for 2
days at 4°C and placed in growth rooms kept at 21°C and 16-hr day/8-hr night cycles.
For all growth analysis, plants were grown in three experiments, consisting of 16
replicates per experiment. For the leaf series analysis, individual leaves (cotyledons
and rosette leaves) were dissected at the base of the petiole at 21 DAS and their
area was measured with ImageJ v1.45 (NIH; http://rsb.info.nih.gov/ij/). For leaf
measurements over time, the leaves were harvested and cleared in ethanol overnight,
afterwards they were stored in lactic acid and mounted on microscopic slides. Leaf
area was measured with ImageJ v1.45 (NIH; http://rsb.info.nih.gov/ij/).

Leaf area analysis
A linear mixed model was fit to the data. The response was log transformed to
stabilize the variance. The fixed effects model consisted of the main effects of line
and time and their interaction. Line and time were both considered as classification
variables. The Satterthwaite approximation for computing the denominator degrees
of freedom for the tests of fixed effects was used. The experiment factor was put
as random term in the model to account for the correlation between the plants
grown together. Residual diagnostics were carefully examined. Interest was in the
differences between the lines at each timepoint. Therefore at each timepoint, all
pairwise comparisons between the lines were calculated and p values were adjusted
with the Tukey-Kramer adjustment method for multiple comparisons. A difference
was called significant when the adjusted p value was smaller than 0.05. The first
timepoint at which average predicted values reached 90% of the maximum leaf area
was called the saturation timepoint. These timepoints were compared between the
lines. All analysis were performed with SAS software (Version 9.4 of the SAS System
for windows 7 64bit. Copyright © 2002-2012 SAS Institute Inc. Cary, NC, USA.
www.sas.com)
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Microscopy for epidermal cell size measurements

For the cellular analysis, the total leaf blade area of cleared leaves was measured for
at least 10 representative leaves under a dark-field binocular microscope. Abaxial
epidermal cells at the tip of the leaves were drawn with a microscope equipped with
differential interference contrast optics (DM LB with 403 and 633 objectives; Leica)
and a drawing tube. Photographs of leaves and scanned cell drawings were used to
measure leaf and cell area as described by Andriankaja et al. (2012).

RNA extraction, cDNA preparation and q-RT-PCR

The RNA extractions were performed with TRIzol reagent (Invitrogen, Belgium).
To eliminate the residual genomic DNA present in the preparation, the RNA was
treated by RQ1 RNAse-free DNase according to the manufacturer’s instructions
(Promega, The Netherlands, http://www.promega.com) and purified with the RNeasy
Mini kit (Qiagen, The Netherlands, http://www.qiagen.com). Complementary DNA
was made with the iScript cDNA Synthesis kit from Biorad (Biorad, Belgium,
http://www.bio-rad.com) according to the manufacturer’s instructions. Q-RT-PCR
was done on a LightCycler 480 (Roche, Belgium, http://www.roche.com) in 384-well
plates with LightCycler 480 SYBR Green I Master (Roche) according to the manu-
facturer’s instructions. Primers were designed with the Primer3 (http://frodo.wi.mit.edu/).
(Supplementary Table S4) Data analysis was performed using the ΔΔCT method
(Pfaffl, 2001), taking the primer efficiency into account. The data was normalized us-
ing six normalization genes (AT1G13320, AT2G32170, and AT2G28390) according
to the GeNorm algorithm (Vandesompele et al., 2002). Extracted RNA from micro-
dissected primordia of the first leaf pair at 6 DAS (three biological repeats) was
hybridized to the ATH1 array (Affymetrix). Expression data were processed with
the robust multichip average (background correction, normalization, and summa-
rization) in BioConductor (Gentleman et al., 2004). Differentially expressed genes
were identified with the BioConductor package Limma (Smyth, 2004).

Flow cytometry

For flow cytometry analysis, at least 3 leaves (15 DAS) per each timepoint of a
biological repeat (n=3) were chopped with a razor blade in 200 µL of Cystain UV
Precise P Nuclei Extraction buffer (Partec), followed by the addition of 800 µL of
staining buffer and filtering through a 50-µm filter. Nuclei were analyzed with the
Cyflow MB flow cytometer (Partec) and the FloMax software.
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Protein localization and TAP tagging

35S::RFP-DA1 and 35S::GFP-EOD were transiently co-expressed inNicotiana tabacum
and fluorescence was measured with a CLSM confocal microscope (Zeiss; www.zeiss.com)
at X40. Tandem affinity purification experiments were done by using Arabidopsis
cell cultures overexpressing tagged DA1, DAR1, EOD1 and EOD1C215A,H217A
proteins. For the TAP in cell cultures (DAR1, EOD1C215A,H217A) the bait ORFs
were cloned for CaMV 35S promoter-driven expression and C-terminal fusion to the
GS-TAP tag (Bürckstümmer et al., 2006) in entry clones that were subsequently re-
combined with the pKCTAP destination vectors (Van Leene et al., 2008) by Multisite
Gateway LR reactions. Arabidopsis cell suspension cultures (PSB-D) were trans-
formed without callus selection as previously described (Van Leene et al., 2007). The
in planta TAP using C-terminal DA1 fusion proteins was performed as described
before (Eloy et al., 2012). Tandem affinity purification of protein complexes was
done using the GS tag (DA1, DAR1) or GSgreen tag (EOD1C215A,H217A) followed
by a downscaled purification protocol as described (Van Leene et al., 2015). TAP
eluates were analyzed on an LTQ Orbitrap Velos. The data was analyzed with
MaxQuant (Cox and Mann, 2008) (http://www.maxquant.org/) using trypsinP as
digestion mode and oxidation(M) and K-glygly as variable parameters. A minimum
score for modified and unmodified peptides of 30 was applied and a false discovery
rate of 0.01. To obtain the final list of interactors, background proteins were filtered
out based on frequency of occurrence of the copurified proteins in a large dataset of
543 TAP experiments using 115 different bait proteins (Van Leene et al., 2015).

Dark-induced senescence

Chl fluorescence measurements were performed at room temperature on in soil grown
plants using Closed FluorCam FC 800-C (Photon Systems Instruments). The fifth
leaf was dissected from the rosette at 25 DAS, before plants started bolting. Dis-
sected leaves were floated on 3 m M MES (2-(N-Morpholino)-Ethanesulfonic acid
(Duchefa, The Netherlands). The Fv and Fm parameters were measured after 3, 4,
5 and 6 days of dark treatment.
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Supplemental material

Supplemental tables

Supplemental Table 1: Genes upregulated in da1-1_eod1-2 that are downregulated
in during the early transition from proliferation to cell expansion

Gene Description

AT1G02800 ATCEL2 (Arabidopsis thaliana Cellulase 2); hydrolase, hydrolyzing O-glycosyl compounds

AT1G13710 KLUH/CYP78A5 (cytochrome P450, family 78, subfamily A, polypeptide 5)

AT1G23000 heavy-metal-associated domain-containing protein

AT1G28360 ATERF12/ERF12 (ERF domain protein 12); DNA binding

AT1G44760 universal stress protein (USP) family protein

AT1G47990 ATGA2OX4 (GIBBERELLIN 2-OXIDASE 4); gibberellin 2-beta-dioxygenase

AT1G53180 similar to unknown protein [Arabidopsis thaliana]

AT1G71870 MATE efflux family protein

AT1G74430 MYB95 (myb domain protein 95); DNA binding / transcription factor

AT1G75430 transcription factor

AT1G75440 UBC16 (ubiquitin-conjugating enzyme 15); ubiquitin-protein ligase

AT2G01940 SGR5 (SHOOT GRAVITROPISM 5); nucleic acid binding / transcription factor/ zinc ion binding

AT2G15790 SQN (SQUINT)

AT2G22680 zinc finger (C3HC4-type RING finger) family protein

AT2G26330 ER (ERECTA, QUANTITATIVE RESISTANCE TO PLECTOSPHAERELLA 1)

AT2G29890 VLN1 (VILLIN 1); actin binding

AT2G34700 pollen Ole e 1 allergen and extensin family protein

AT2G35120 glycine cleavage system H protein, mitochondrial, putative

AT2G35950 EDA12 (embryo sac development arrest 12)

AT2G37210 similar to unknown protein [Arabidopsis thaliana]

AT2G47720 similar to AtATG18a (Arabidopsis thaliana homolog of yeast autophagy 18 (ATG18)

AT3G02000 ROXY1; thiol-disulfide exchange intermediate

AT3G02550 LOB domain protein 41 / lateral organ boundaries domain protein 41 (LBD41)

AT3G06220 DNA binding / transcription factor

AT3G13910 similar to unknown protein [Arabidopsis thaliana]

AT3G21770 peroxidase 30 (PER30) (P30) (PRXR9)

AT3G22540 similar to unknown protein [Arabidopsis thaliana]

AT3G23290 similar to unknown protein [Arabidopsis thaliana]

AT3G24450 copper-binding family protein

AT3G25670 leucine-rich repeat family protein

AT3G48410 hydrolase, alpha/beta fold family protein

AT4G00820 IQD17 (IQ-domain 17); calmodulin binding
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AT4G02290 glycosyl hydrolase family 9 protein

AT4G04620 ATG8B (AUTOPHAGY 8B); microtubule binding

AT4G04630 similar to unknown protein [Arabidopsis thaliana]

AT4G10270 wound-responsive family protein

AT4G12890 gamma interferon responsive lysosomal thiol reductase family protein / GILT family protein

AT4G14720 PPD2 (PEAPOD 2)

AT4G18020 APRR2 (PSEUDO-RESPONSE REGULATOR 2); transcription factor

AT4G24960 ATHVA22D (Arabidopsis thaliana HVA22 homologue D)

AT4G27450 similar to unknown protein [Arabidopsis thaliana]

AT4G32540 YUC (YUCCA); monooxygenase/ oxidoreductase

AT4G32710 kinase

AT4G32870 similar to unknown protein [Arabidopsis thaliana]

AT4G33950 OST1 (OPEN STOMATA 1); kinase/ protein kinase

AT5G01075 similar to conserved hypothetical protein [Medicago truncatula]

AT5G03790 ATHB51/LMI1 (LATE MERISTEM IDENTITY1); DNA binding / transcription factor

AT5G07180 ERL2 (ERECTA-LIKE 2); kinase

AT5G13790 AGL15 (AGAMOUS-LIKE 15); DNA binding / transcription factor

AT5G15120 similar to unknown protein [Arabidopsis thaliana]

AT5G43460 lesion inducing protein-related

AT5G44730 haloacid dehalogenase-like hydrolase family protein

AT5G46590 ANAC096 (Arabidopsis NAC domain containing protein 96); transcription factor

AT5G47600 heat shock protein-related

AT5G49700 DNA-binding protein-related

AT5G57390 AIL5 (AINTEGUMENTA-LIKE 5); DNA binding / transcription factor

AT5G59320 LTP3 (LIPID TRANSFER PROTEIN 3); lipid binding

AT5G62100 ATBAG2 (ARABIDOPSIS THALIANA BCL-2-ASSOCIATED ATHANOGENE 2)

AT5G62230 ERL1 (ERECTA-LIKE 1); kinase

AT5G64900 ATPEP1/PROPEP1 (Elicitor peptide 1 precursor)

Supplemental Table 2: Genes downregulated in da1-1_eod1-2 that are upregulated
in during the early transition from proliferation to cell expansion

Gene Description

AT1G01970 pentatricopeptide (PPR) repeat-containing protein

AT1G04110 SDD1 (STOMATAL DENSITY AND DISTRIBUTION); subtilase

AT1G04420 aldo/keto reductase family protein

AT1G04680 pectate lyase family protein

AT1G11850 similar to unknown protein

AT1G12090 ELP (EXTENSIN-LIKE PROTEIN); lipid binding

AT1G14150 oxygen evolving enhancer 3 (PsbQ) family protein

AT1G19150 LHCA6 (Photosystem I light harvesting complex gene 6); chlorophyll binding

AT1G32080 membrane protein, putative

AT1G52910 similar to unknown protein [Arabidopsis thaliana]

AT1G53230 TCP3
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AT1G54040 ESP (EPITHIOSPECIFIER PROTEIN)

AT1G56050 GTP-binding protein-related

AT1G64770 similar to unknown protein [Arabidopsis thaliana]

AT1G65450 transferase family protein

AT1G68520 zinc finger (B-box type) family protein

AT1G70410 carbonic anhydrase, putative / carbonate dehydratase, putative

AT1G70890 major latex protein-related / MLP-related

AT1G72610 GLP1 (GERMIN-LIKE PROTEIN 1); manganese ion binding / metal ion binding / nutrient reservoir

AT1G74880 NDH-O (NAD(P)H:PLASTOQUINONE DEHYDROGENASE COMPLEX SUBUNIT O)

AT2G01590 unknown protein

AT2G04780 FLA7 (FLA7)

AT2G10940 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein

AT2G20570 GPRI1 (GOLDEN2-LIKE 1); transcription factor

AT2G20870 cell wall protein precursor, putative

AT2G21140 ATPRP2 (PROLINE-RICH PROTEIN 2)

AT2G21210 auxin-responsive protein, putative

AT2G23670 YCF37 (Arabidopsis homolog of Synechocystis YCF37)

AT2G29290 tropinone reductase, putative / tropine dehydrogenase, putative

AT2G31170 tRNA synthetase class I (C) family protein

AT2G33180 similar to hypothetical protein [Triticum aestivum]

AT2G35820 similar to unknown protein [Arabidopsis thaliana]

AT2G39470 photosystem II reaction center PsbP family protein

AT2G41340 eukaryotic rpb5 RNA polymerase subunit family protein

AT3G01500 CA1 (CARBONIC ANHYDRASE 1); carbonate dehydratase/ zinc ion binding

AT3G05890 RCI2B (RARE-COLD-INDUCIBLE 2B)

AT3G10970 haloacid dehalogenase-like hydrolase family protein

AT3G13470 chaperonin, putative

AT3G14210 ESM1 (EPITHIOSPECIFIER MODIFIER 1); carboxylic ester hydrolase

AT3G14760 similar to hypothetical protein [Triticum aestivum]

AT3G16250 ferredoxin-related

AT3G23810 SAHH2 (S-ADENOSYL-L-HOMOCYSTEINE (SAH) HYDROLASE 2); adenosylhomocysteinase

AT3G26960 similar to unknown protein [Arabidopsis thaliana]

AT3G46540 epsin N-terminal homology (ENTH) domain-containing protein / clathrin assembly protein-related

AT3G47250 similar to unknown protein [Arabidopsis thaliana]

AT3G47380 invertase/pectin methylesterase inhibitor family protein

AT3G50685 similar to p-166-4_1 [Pinus resinosa]

AT3G51420 strictosidine synthase family protein

AT3G51600 LTP5 (LIPID TRANSFER PROTEIN 5); lipid transporter

AT3G56290 similar to Os01g0823600 [Oryza sativa (japonica cultivar-group)]

AT3G57160 unknown protein

AT3G63140 mRNA-binding protein, putative

AT4G30580 ATS2 (EMBRYO DEFECTIVE 1995); 1-acylglycerol-3-phosphate O-acyltransferase/ acyltransferase

156



Forever young

AT4G36540 BEE2 (BR ENHANCED EXPRESSION 2); DNA binding / transcription factor

AT4G38770 PRP4 (PROLINE-RICH PROTEIN 4)

AT5G13650 elongation factor family protein

AT5G14740 CA2 (BETA CARBONIC ANHYDRASE 2); carbonate dehydratase/ zinc ion binding

AT5G20630 GLP3 (GERMIN-LIKE PROTEIN 3); manganese ion binding / metal ion binding / nutrient reservoir

AT5G44130 fasciclin-like arabinogalactan-protein, putative

AT5G49910 cpHSC70-2 (HEAT SHOCK PROTEIN 70-7); ATP binding / unfolded protein binding

AT5G52010 zinc finger (C2H2 type) family protein

AT5G55450 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein
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Supplemental Table 3: List of putative EOD1C215A,H217A interactors (UB site indi-
cates the presence of a ubiquitination site)

Locus UB site Gene description

AT1G15440 Periodic tryptophan protein 2 (Putative uncharacterized protein)

AT1G20480 4-coumarate–CoA ligase-like 2 (EC 6.2.1.-)

AT1G30680 Twinkle homolog protein

AT1G32500 Protein ABCI7

AT1G44900 DNA replication licensing factor MCM2

AT1G59540 Kinesin-like protein

AT1G60070 AP-1 complex subunit gamma-2

AT1G60780 AP-1 complex subunit mu-2 (Adaptor protein complex AP-1 subunit mu-2)

AT1G71410 Putative uncharacterized protein At1g71410

AT1G78050 Phosphoglycerate/bisphosphoglycerate mutase

AT2G03270 Putative DNA-binding protein (Putative helicase)

AT2G18450 Succinate dehydrogenase [ubiquinone] flavoprotein subunit 2

AT2G22300 Calmodulin-binding transcription activator 3

AT2G27880 Protein argonaute 5

AT2G29440 Glutathione S-transferase U6 (AtGSTU6)

AT2G31810 Acetolactate synthase small subunit 2

AT2G35050 Protein kinase family protein

AT2G39770 Mannose-1-phosphate guanylyltransferase 1

AT2G41080 Pentatricopeptide repeat-containing protein

AT2G47000 ABC transporter B family member 4

AT3G02170 Yes Protein LONGIFOLIA 2

AT3G15590 Pentatricopeptide repeat-containing protein

AT3G16630 Kinesin-13A (AtKinesin-13A)

AT3G18090 DNA-directed RNA polymerase D subunit 2b (AtNRPD2b)

AT3G20170 Armadillo/beta-catenin-like repeat-containing protein

AT3G25060 Yes Putative pentatricopeptide repeat-containing protein

AT3G45620 DWD motif protein

AT4G19490 Vacuolar protein sorting-associated protein 54

AT4G28480 DNAJ heat shock protein

AT4G37250 Yes Probable LRR receptor-like serine/threonine-protein kinase

AT5G02150 Protein Fes1C

AT5G02890 At5g02890 (HXXXD-type acyl-transferase-like protein)

AT5G07060 Zinc finger CCCH domain-containing protein 53 (AtC3H53)

AT5G09500 40S ribosomal protein S15-3

AT5G11420 Putative uncharacterized protein At5g11420

AT5G21326 CBL-interacting serine/threonine-protein kinase 26

AT5G57090 Auxin efflux carrier component 2 (AtPIN2)
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Supplemental figures
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Supplemental Fig. 1: A-F Cell area distribution of the WT and da1-1_eod1-2 from
7-13 DAS
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Leaf growth is governed by complex networks of genes controlling cell
division and cell expansion, and perturbing their expression often results
in changes in final leaf area due to an altered cell number or cell size. In
our previous study, we have performed a combinatorial screen to iden-
tify interactions between genes that enhance leaf growth and found that
many of the obtained paired combinations trigger growth in a synergistic
manner (Vanhaeren et al., 2014). To analyze if growth can be enhanced
further, we selected mutants for which all binary combinations showed
positive epistasis to generate triple combinations. This process was how-
ever severely hampered by increasing gene silencing events. Here, we de-
scribe a triple combination da1-1_eod1-2_samba, in which leaf growth
is further stimulated and larger seeds, flowers and root systems are pro-
duced. Our results show that plant organ size can be enhanced to a
remarkable extent by simultaneously altering the expression of multiple
growth-regulatory genes and we discuss future approaches to optimize
gene stacking in plants.

Introduction

Growth in both single-cell eukaryotes, such as Saccharomyces cerevisiae, and com-
plex organisms, like Caenorhabditis elegans, Drosophila melanogaster and Arabidop-
sis thaliana, is a multi-factorial trait, governed by complex interconnected genetic
networks (Dikicioglu et al., 2013; Tuck, 2014; Lin et al., 2013; Kalve et al., 2014). In
Arabidopsis, numerous genes enhancing leaf growth when mutated or overexpressed
have been described (Krizek, 2009; Gonzalez et al., 2012; Hepworth and Lenhard,
2014). In our previous study, we have shown that numerous heterozygous combina-
tions of growth-enhancing genes resulted in positive epistasis on leaf size, often by
combining genes that promote different mechanisms of leaf growth (Vanhaeren et al.,
2014). For example, in the double transgenic line ami-ppd_SAUR19OE, overexpres-
sion of SAUR19 compensates for the production of many small cells resulting from
PPD downregulation by inducing increased cell expansion. Combining mutants and
overexpression lines that individually promote leaf growth is therefore a success-
ful strategy to further enhance leaf size. To test if leaf size can be increased even
more when more growth-regulating genes are perturbed, we aimed at generating
triple combinations of mutants for which all binary combinations showed positive
epistasis. Here, we describe the effect of the triple mutant da1-1_eod1-2_samba on
plant growth and discuss future perspectives of combinatorial approaches to further
enhance plant organ size.
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Results

Based on our previous study (Vanhaeren et al., 2014), we looked for possible triple
combinations for which all binary combinations show positive epistasis on leaf growth
in order to generate triple mutants. Seven possible triple combinations met this
criterion (Tab. 7.1), however, during the generation of these triple mutants, the
presence of similar selection markers in the constructs impeded the selection of
some homozygous combinations, and more importantly, increasing silencing events of
overexpression constructs proved to be the major technical bottleneck. Nevertheless,
we successfully obtained the triple mutant da1-1_eod1-2_samba, in which the da1-
1 mutation results from a dominant-negative point mutation and both eod1-2 and
samba from a T-DNA insertion (Disch et al., 2006; Li et al., 2008; Eloy et al., 2012).

Candidate combination Obstruction
ami-ppd_BRI1OE_SAUR19OE Silencing BRI1
BRI1OE_GRF5OE_SAUR19OE Silencing SAUR19
BRI1OE_EXP10OE_SAUR19OE Silencing EXP10
BRI1OE_da1-1_eod1-2 Silencing BRI1
ANTOE_eod1-2_ samba All kanamycin
ANTOE_samba_SAUR19OE Silencing SAUR19
da1-1_eod1-2_samba /

Table 7.1.: Candidate triple combinations for which all binary combinations mutu-
ally show positive epistasis and the obstructions hindering the generation of these
lines.

The effect on leaf growth of da1-1_eod1-2_samba was quantified by analyzing leaf
series from plants grown in vitro for 21 days after stratification (DAS). Measurements
showed that the first leaves of the triple mutant were remarkably larger (2.25-fold)
compared to the wild type (Col-0, WT) (Fig. 7.1). In addition, roots, seeds and
flowers showed a striking increase in size (Fig. 7.1B-D). Total root biomass of da1-
1_eod1-2_samba was 2.4-fold larger and seeds 2.3-fold heavier than those of the
WT. Flow cytometry analysis excluded that these enlarged phenotypes were caused
by polyploidization (Figure 7.1 – figure supplement 1).
The first leaf pair of da1-1_eod1-2_samba also showed a significant increase in size
(Fig. 7.2A, Figure 7.2 – figure supplement 1A and figure supplement 2A ) compared
to all double mutants, which in turn produced significantly a larger first leaf pair
than their respective single mutants (Figure 7.2 – figure supplement 1B-D). This
enhanced leaf size mostly resulted from an increased cell number, whereas cell size
remained unaltered (Fig. 7.2A, Figure 7.2 – figure supplement 2A-C). In addition,
total root biomass, primary root length and lateral root number was significantly
increased in da1-1_eod1-2_samba compared to all double mutants (Fig. 7.2B, Figure
7.2 – figure supplement 3D-F), as well as seed size and weight (Fig. 7.2C, Figure 7.2 –
figure supplement 2G-H). Total seed yield was however reduced in the triple mutant
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A

C

D

B

WT

da1-1_eod1-2_samba

WT da1-1_eod1-2_samba

WT da1-1_eod1-2_samba

WT da1-1_eod1-2_samba

Figure 7.1.: Phenotypic characterization of da1-1_eod1-2_samba compared to the
WT. (A) Leaf series at 21 DAS (two cotyledons at the left followed by nine true
leaves) show a dramatic increase in leaf size in da1-1_eod1-2_samba (lower) com-
pared with the WT (upper, bar = 10 mm). (B) The root system of the triple
mutant (right) was larger compared with the WT (left) due to a longer primary
root and the outgrowth of more and larger lateral roots (bar = 20 mm). (C) Seed
size of the triple mutant (right) exceeded that of the WT (left, bar = 500 µm). (D)
Flowers were increased in size in da1-1_eod1-2_samba (right) and could harbor
more petals and anthers than WT plants (left, bar = 3mm).
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to a similar extent as in all double lines compared to WT (Fig. 7.2C, Figure 7.2 –
figure supplement 2I). Finally, the occurrence of flowers carrying more than four
petals (as in WT plants) was higher in the triple mutant than in the double and
single lines (Fig. 7.2D, Figure 7.2 – figure supplement 3).

To test whether the enlarged leaves resulted from positive epistasis, we compared
the leaf area of the double homozygous mutants and da1-1_eod1-2_samba to a cal-
culated expected if non-interacting value (EXPni). For all double lines, leaf size and
cell number showed positive epistasis at 21 DAS (Figure 7.2 – figure supplement
4A). Interestingly, although samba leaves showed no increase in pavement cell num-
ber, both da1-1_samba and eod1-2_samba had a higher cell number than da1-1 and
eod1-2, respectively (Figure 7.2 – figure supplement 2C). We also calculated the EX-
Pni values for the measured root and seed growth parameters in the double mutants.
In contrast to the leaf-related data, root biomass and seed yield showed negative
epistasis in all lines (Figure 7.2 – figure supplement 4A), meaning that the size of
these parameters was smaller than the effect of the single mutants combined. The
EXPni for da1-1_eod1-2_samba could be calculated from different perspectives, by
using the three single lines or a double mutant and one single line (‘Material and
methods’). Since leaf area varied in function of the genotype, these calculated EX-
Pni values differed from each other. However, regardless of which EXPni was used,
the enlarged first leaf pair of da1-1_samba_eod1-2 showed positive epistasis (Figure
7.2 – figure supplement 4B). In the majority of comparisons, a negative effect on
root biomass was observed; however, root biomass of the triple mutant was shown
to be significantly increased compared to the WT, the single mutants and all dou-
ble mutants (Fig. 7.2, Figure 7.2 – figure supplement 2D). For the other measured
growth parameters, no consistent epistatic effect could be observed.

We performed additional leaf size measurements on a later time point, at 36 DAS.
The average rosette area of all mutant lines showed a significant size increase com-
pared to the WT (Fig. 7.3A). In both single eod1-2 and samba lines, the first leaf
pair showed no difference to the WT at 36 DAS, whereas in eod1-2_samba, these
leaves were more than 40% larger than the WT (Fig. 7.3B, Figure 7.3 - figure supple-
ment 1A). Similarly, when EOD1 or SAMBA were mutated in the da1-1 genotype,
leaf size became 47% and 32%, respectively, larger than that of da1-1 single mutant
(Fig. 7.3B, Figure 7.3 – figure supplement 1B-C). The fully matured first leaf pair of
da1-1_eod1-2_samba still showed positive epistasis (Figure 7.3 – figure supplement
1D). Remarkably, whereas the first two leaves of the triple mutant were larger than
those of da1-1_samba and eod1-2_samba, the first leaf pair of da1-1_eod1-2 had
become similar in size at 36 DAS (Fig. 7.3B, Figure 7.3 – figure supplement 1D).
Cellular analysis of da1-1_eod1-2 and da1-1_eod1-2_samba leaves also showed no
difference in cell number and cell area (Figure 7.3 – figure supplement 2).
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Figure 7.2.: Difference of leaf, root, seed and flower parameters of da1-1_eod1-
2_samba compared with the double mutants. (A) Leaf area of da1-1_eod1-
2_samba was enlarged compared with all double mutants at 21 DAS, mostly by an
increase in cell number. (B) Total root biomass, primary root length and lateral
root number were all significantly increased in the triple mutant. (C) Although
seed yield of da1-1_eod1-2_samba was not significantly changed compared with
the double mutants, both seed size and seed weight were increased. (D) In the
WT, all flowers had four petals. The flowers of da1-1_eod1-2 and da1-1_samba
mutants often carried more petals, whereas in eod1-2_samba, a flower with five
petals was observed sporadically. In da1-1_eod1-2_samba, only 36% of the flowers
had four petals, more that 10% of the flowers harbored six petals and flowers with
even seven petals were observed (D). Bars indicate the standard error of the mean
(SEM) (* : p< 0.05).
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Figure 7.3.: Area of the rosette and the first leaf pair of the WT and all mutant
lines at 36 DAS. (A) All mutant lines showed a significant increase in rosette
size compared with the WT. The rosette size of all double mutants was larger
than those of their respective single mutants. The rosette of da1-1_eod1-2_samba
was larger than each single mutant line and eod1-2_samba. (B) From all single
lines, only da1-1 showed a significant increase in the first leaf pair compared with
the WT. Remarkable, the first two leaves of da1-1_eod1-2 and da1-1_samba were
larger than those of da1-1. In eod1-2_samba, leaf size was enhanced compared with
the WT, whereas both single mutants, eod1-2 and samba, showed no increase in
size. The first two leaves of the triple mutant were larger than both da1-1_samba
and eod1-2_samba, but da1-1_eod1-2 leaves were similar in size. (c: significant
difference to Col-0, d: significant difference to da1-1, e: significant difference to
eod1-2, s: significant difference to samba, y: significant difference to da1-1_samba,
z: significant difference to eod1-2_samba, p<0.05)
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Discussion and perspectives

Various models of genetic interactions have been described to explain positive epis-
tasis (Pérez-Pérez et al., 2009). In our previous study, we showed that combining
genes promoting similar, but also different, mechanisms driving leaf growth can lead
to positive epistasis (Vanhaeren et al., 2014). To explore if we could promote leaf
growth even further, we produced a triple gene combination with da1-1, eod1-2 and
samba, since all double combinations with these genes synergistically enhance leaf
growth (Li et al., 2008; Vanhaeren et al., 2014). Measurements at 21 DAS showed
a remarkable increase in leaf size compared to all double homozygous mutant lines,
indicating that the boundaries of stimulating leaf growth in Arabidopsis were still
not reached. In addition, other organs such as seeds, roots and flowers, which are
all very important agronomic traits, were enlarged compared to the WT and all
double mutants. Compared to the WT, cell number in da1-1_eod1-2_samba leaves
was further enhanced, whereas cell area was not altered. This shows the potential
to further increase final leaf size by stimulating cell expansion through additional
perturbation of cell size regulators, such as EXP10, SAUR19, SAUR36 or CCS52A1
(Cho and Cosgrove, 2000; Spartz et al., 2012; Baloban et al., 2013; Hou et al., 2013).

Leaf measurements showed that in eod1-2 and samba mutants the first leaf pair is
not significantly different from the WT at 36 DAS. However, the first two leaves of
da1-1_eod1-2 and da1-1_samba were larger than those of da1-1, and eod1-2_samba
produced larger first two leaves than the WT, all through an increase in cell num-
ber. This observation suggests potentiation (Pérez-Pérez et al., 2009) of eod1-2 and
samba in these genotypes, hence enhancing their effect on leaf growth. Remark-
ably, when the samba mutation is introduced in the da1-1_eod1-2 genotype, plants
are much larger at 21 DAS than the double mutant, whereas no extra increase in
leaf size, cell number or cell size could be observed at 36 DAS. These observations
indicate that in the da1-1_eod1-2 genotype, samba accelerates development rather
than directly increasing final leaf size, whereas in da1-1_samba and eod1-2_samba,
samba does contribute to the final leaf size. A plausible hypothesis for these ob-
servations could be that for example differential expression of EOD1, a negative
regulator of cell division (Disch et al., 2006), changes the steady state of at least a
part of the genetic network that controls cell division. For some proteins, threshold
levels at which they become active might not be exceeded in this single mutant
line. Additional disturbance of this new steady state by abolishing the expression
of SAMBA, which has been shown to advance early development and increase cell
number (Eloy et al., 2012), could cause these thresholds to be surpassed in the com-
bination, hence enhancing leaf size in the double mutant. However, common genes
between da1-1, eod1-2 and samba that promote cell division could already operate
optimally in da1-1_eod1-2, explaining the absence of an additional increase in leaf
size in the triple mutant. Alternatively, regulatory elements which are unchanged
in the single mutants but are activated in da1-1_eod1-2 could counteract the effect
of samba on cell number, but not on the speed of growth. In conclusion, because in
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single mutants not only one gene but rather an entire regulatory network is affected,
the effect of an additional mutation can have different effects on the networks in
the mutant background where it is introduced. These complex relations, such as
potentiation and dependency, symbolize the multifactorial nature of growth, which
can therefore only be further unraveled with combinatorial approaches.

In some transgenic lines that increase leaf size, pleiotropic and less favorable effects
on plant growth can be observed. For example, a delay in flowering time has been
reported in jaw-D (Palatnik et al., 2003), whereas plants overexpressing GA20OX1
flower earlier (Huang et al., 1998). In the samba mutant, leaf growth is promoted,
but the absence of the SAMBA protein interferes with mitosis I of pollen microspore
development, resulting in a reduced fertility (Eloy et al., 2012). In some cases, addi-
tional undesired cellular effects have been observed. For example, in both jaw-D and
GRF5 overexpressing plants, an increase in cell number has been shown, whereas
final cell size was significantly reduced (Gonzalez et al., 2010). Conversely, constitu-
tive overexpression of SAUR19 results in plants with larger, but fewer, cells (Spartz
et al., 2012; Vanhaeren et al., 2014). Additionally, gene silencing proved to be a
prominent problem that increases when selecting for homozygous lines and when
more genes are combined. For these reasons, a more targeted approach to combine
growth-promoting genes is required. Although the use of, on one hand, constitutive
overexpression gene constructs and, on the other hand, complete knock-out mutants
(often caused by T-DNA insertion) has greatly advanced plant research, improving
quantitative traits in plants, such as leaf growth, could benefit more from the use
of developmental stage- or organ-specific promoters. This can be illustrated by two
studies showing that expression of CYCD3;1 and CCS52A under the 35S promoter
of Cauliflower mosaic virus results in stunted plants (Dewitte et al., 2003; Baloban
et al., 2013), whereas an extra copy of CYCD3;1 and the constitutive but lower
expression level of CCS52A by the sunflower ubiquitin promoter enhance leaf size
(Horiguchi et al., 2009; Baloban et al., 2013). Overexpressing or downregulating
growth-regulating genes under an endogenous, organ-specific or developmental pro-
moter could therefore bypass undesired pleiotropic effects. If for example SAUR19
is expressed under the control of a promoter that is only active during the cell ex-
pansion stage of leaves, the reduction in cell number observed when the gene is
constitutively expressed (Vanhaeren et al., 2014) could possibly be avoided. Like-
wise, by only downregulating samba in vegetative tissue, plant fertility could possibly
be not compromised.

To address these hurdles, new approaches, such as the use of synthetic promoters,
could provide a solution. From existing transcriptome data on leaf development
(Beemster et al., 2005; Skirycz et al., 2010; Baerenfaller et al., 2012; Andriankaja
et al., 2012), enriched sequences in promoter regions of genes that show a simi-
lar expression pattern during specific developmental stages of leaf growth could be
identified. With such conserved motifs, minimal synthetic promoters could be con-
structed and used for a more targeted overexpression and downregulation of genes
affecting leaf growth, hence avoiding possible drawbacks on plant development. An
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example of a well-known synthetic promoter construct in plant research is DR5 (Ul-
masov et al., 1997), which is widely used as a transcriptional reporter for auxin
accumulation in Arabidopsis and other species such as poplar (Spicer et al., 2013)
and maize (Gallavotti et al., 2008). Experience with the DR5 promoter also sug-
gests that synthetic promoters built from highly conserved motifs could possibly
work across species. Recent progress in gene synthesis, targeted gene editing meth-
ods (Kumar and Jain, 2015), novel cloning techniques facilitating the combination of
multiple genes in binary vectors (Lampropoulos et al., 2013; Engler et al., 2014) and
the introduction of very large T-DNA fragments in plants (Untergasser et al., 2012)
provides new opportunities for simultaneously targeted modifications of multiple
players of the growth-regulating network.
Plant growth is mediated by complex genetic networks which allow maximal adapt-
ability to both intrinsic developmental signals as well as external cues. Whereas
single genes can be identified that stimulate whole plant and plant organ growth,
gene combinations, as exemplified by the triple combination discussed here, have
great potential to provide more insight into the mechanisms controlling leaf size and
further enhance growth. Synthetic biology approaches will additionally enable to
improve the precision of gene expression and will accelerate high-throughput testing
of gene combinations. Furthermore, systems biology approaches will continue to
unravel the molecular networks that govern organ growth and as such provide more
knowledge of which genes in a network to modify in a specific tissue or developmental
phase in order to maximize the outcome.
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Material and methods

Plant material and growth conditions
The homozygous da1-1_eod1-2_samba lines were selected from crosses of homozy-
gous da1-1_samba and eod1-2_samba plants, generated from the heterozygous com-
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binations previously described (Vanhaeren et al., 2014). Plants were grown in vitro
on plates containing half-strength MS medium supplemented with 1% sucrose with
a density of one plant per 4 cm2 for the experiment at 21 DAS. Plants grown for
36 days were grown with a density of one plant per 8 cm2 to avoid overlapping of
rosettes. Plants used for root analysis were grown on square plates positioned ver-
tically in the growth room for 14 days at a density of 7 plants per plate. Seeds for
all experiments were stratified for 2 days at 4°C and plants were grown in growth
rooms kept at 21°C and 16-h day/8-h night cycles. For all growth experiments,
three independent biological experiments were performed.

Growth analysis
At 21 and 36 DAS, individual leaves (cotyledons and rosette leaves) were dissected
at the base of the petiole and their area was measured with ImageJ v1.45 (NIH;
http://rsb.info.nih.gov/ij/). An expected if non-interacting value (EXPni) was cal-
culated with a multiplicative model (Vanhaeren et al., 2014), based on the leaf area
(LA) of the control plants. Because the EXPni for da1-1_eod1-2_samba can be
calculated from different perspectives, we used four calculations using different con-
trols to obtain these values. For the calculation of the EXPni based on the LA of
the single mutants, the following formula was applied:

EXPni (da1 − 1 , eod1 − 2 , samba) = LAda1−1 ∗
(
LAeod1−2

LACol−0

)
∗
(
LAsamba

LACol−0

)

To calculate the EXPni based on the LA of the double mutants and the LA of a
single mutant, following calculations were used:

EXPni (da1 − 1_eod1 − 2 , samba) = LAda1−1_eod1−2 ∗
(
LAsamba

LACol−0

)

EXPni (da1 − 1_samba, eod1 − 2 ) = LAda1−1_samba ∗
(
LAeod1−2

LACol−0

)

EXPni (eod1 − 2_samba, da1 − 1 ) = LAeod1−2_samba ∗
(
LAda1−1

LACol−0

)

Digital scans of root plates were analyzed with ImageJ v1.45 (NIH; http://rsb.info.nih.gov/ij/).
The average seed area was calculated by scanning and measuring more than 500
seeds of 6 independent seed stocks per line. The average seed weight was obtained
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by weighing 200 seeds of each seed stock. Seed yield was calculated by measuring
the total seed weight of the individual seed stocks.

Cellular analysis

Samples of the first leaf pair of 21 and 36 DAS plants were cleared in 70% ethanol and
mounted in lactic acid on a microscope slide. The total leaf blade area was measured
for at least 15 leaves under a dark-field binocular microscope. For each repeat,
abaxial epidermal cells of three leaves were drawn with a microscope equipped with
differential interference contrast optics (DM LB with 403 and 633 objectives; Leica)
and a drawing tube. Photographs of leaves were measured with ImageJ v1.45 and
scanned cell drawings were analyzed using an automated analysis script to quantify
cell number and cell area (Andriankaja et al., 2012).

Flow cytometry

For flow cytometry analysis, 3 soil-grown seedlings (15 DAS) per biological repeat
(n=3) were chopped with a razor blade in 200 µL of Cystain UV Precise P Nuclei
Extraction buffer (Partec), followed by the addition of 800 µL of staining buffer and
filtering through a 50-µm filter. Nuclei were analyzed with the Cyflow MB flow
cytometer (Partec) and the FloMax software.
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Figure 7.1 – figure supplement 1. Ploidy levels in all mutant lines and the WT.
Ploidy levels in all mutant lines show that the increase in organ size does not result
from polyploidization.
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Figure 7.2 – figure supplement 1. (A) Leaf series of homozygous da1-1_eod1-
2_samba, double mutants and WT. Leaf series show that the first leaf pair of the
triple mutant was larger than that of the WT and all double homozygous mutants.
Bars indicate the standard error of the mean (SEM). The heatmap represents the
percentage of the measured leaf area of the triple mutant compared with the expected
if non-interacting value (EXPni), calculated with a multiplicative model (‘Material
and methods’). In the first row, the EXPni was calculated based on the size of
all single mutants (da1-1, eod1-2, samba), in the second, third and fourth row,
the EXPni was calculated based on the size of the double mutants and one single
mutant. For all comparisons, the first leaf pair of the triple mutant was larger than
the EXPni. (B) Leaf series of homozygous da1-1_eod1-2. Leaf series at 21 DAS
show that the first leaf pair of da1-1_eod1-2 was larger than that of the WT and
the single mutants. The heatmap shows that the first leaf pair was larger than the
EXPni, indicating positive epistasis. (C) Leaf series of homozygous da1-1_samba.
Leaf series at 21 DAS show that almost all leaves of da1-1_samba were larger than
those of the WT and the single mutants. The heatmap showed that all leaves,
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except for leaf 3, were larger than the EXPni, indicating positive epistasis. The
legend represents the color coding of the percentage difference of the observed leaf
size to the EXPni, with dark red being the lowest and deep green being the highest
value. (D) Leaf series of homozygous eod1-2_samba. Leaf series at 21 DAS show
that all leaves of eod1-2_samba were larger than those of the WT and the single
mutants. The heatmap shows that all leaves were larger than the EXPni, indicating
positive epistasis. The legend represents the color coding of the percentage difference
of the observed leaf size to the EXPni, with dark red being the lowest and deep green
being the highest value.
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Figure 7.2 – figure supplement 2. (A) Area of the first leaf pair of the WT and
all mutant lines. At 21 DAS, a significant increase in leaf size of the double mutant
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lines compared with the single lines can be observed. In the triple mutant da1-
1_eod_samba, leaf size is enhanced further. (B) Pavement cell area of the WT and
all mutant lines. At 21 DAS, abaxial leaf pavement cell area of da1-1_eod1-2 was
significantly smaller than that of the WT and da1-1. The pavement cells of da1-
1_samba were significantly smaller than those of the WT and samba. Pavement
cells of da1-1_eod1-2_samba were significantly smaller than those of samba. (C)
Pavement cell number of the WT and all mutant lines. At 21 DAS, abaxial leaf
pavement cell number of da1-1 was significantly larger than that of the WT. Cell
number in the double and triple mutants were all significantly increased compared
with the WT and their respective single mutants. (D) Figure 2 – figure supplement
8. Root biomass of the WT and all mutant lines. At 14 DAS, the root biomass of
all single lines was larger than that of the WT. All double lines and da1-1_eod1-
2_samba produced a larger root system than any of their single control lines. (E)
Primary root length of the WT and all mutant lines. At 14 DAS, the primary root
length of all single, double and triple lines was longer than that of the WT. In da1-
1_eod1-2, root length was larger than both single lines. In da1-1_samba, primary
root length was shorter than samba, eod1-2_samba had a larger primary root than
eod1-2. The root length of the triple mutant was increased compared with all single
lines. (F) Lateral root number of the WT and all mutant lines. At 14 DAS, all
mutant lines except eod1-2 had more lateral roots than the WT. eod1-2_samba had
more lateral roots than eod1-2, and both da1-1_eod1-2 and da1-1_eod1-2_samba
had more lateral roots than their respective single mutants. (G) Average individual
seed area of the WT and all mutant lines. All mutant lines except eod1-2 produced
larger seeds than the WT. In addition, seeds of all double mutants and the triple
mutant were larger than those of their respective single mutants. (H) Average seed
weight of the WT and all mutant lines. All mutant lines produced heavier seeds
than the WT. In addition, seeds of all double mutants and the triple mutant were
heavier than those of their respective single mutants. (I) Total seed yield of the WT
and all mutant lines. In samba, the double mutant lines and da1-1_eod1-2_samba,
total seed yield was significantly reduced compared with the WT. In da1-1_eod1-2
and the triple mutant, seed yield was significantly reduced compared with da1-1
and eod1-2. da1-1_eod1-2_samba showed no significant reduction compared with
samba. In da1-1_samba, seed production was less than in both da1-1 and samba,
whereas in eod1-2_samba, only a significant reduction compared with eod1-2 was
observed. (c: significant difference to Col-0, d: significant difference to da1-1, e:
significant difference to eod1-2, s: significant difference to samba, p<0.05)
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Figure 7.2 – figure supplement 3. Relative occurrence of petals per flower. In
Col-0, eod1-2 and samba, all flowers carried four petals. In da1-1, 38% of the flowers
counted five petals, which was also observed in the combination eod1-2_samba, al-
though sporadically (3%). In da1-1_eod1-2 and da1-1_samba, many flowers carried
five and even six petals. In the triple combination, the majority of flowers had more
than four petals and up to seven petals per flower could be observed.
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Figure 7.2 – figure supplement 4. (A) Heat map representing the epistatic effect
of the double homozygous combinations on leaf, root and seed parameters. A clear
positive epistatis on leaf growth and leaf cell number was detected for all double
mutants, whereas seed yield and root biomass were negatively affected in all lines.
The legend represents the color coding of the percentage difference of the observed
parameters to the EXPni, with dark red being the lowest and deep green being
the highest value. (B) Heat map representing the effect of the triple homozygous
combination on leaf, root and seed parameters. Regardless of which comparison was
used, leaf size of da1-1_eod1-2_samba showed positive epistasis. In the majority of
comparisons, a negative effect on root biomass was observed. In the first row, the
EXPni was calculated based on the size of all single mutants (da1-1, eod1-2, samba),
in the second, third and fourth row, the EXPni was calculated based on the size of
the double mutants and one single mutant. The legend represents the color coding
of the percentage difference of the observed parameters to the EXPni, with dark red
being the lowest and deep green being the highest value.
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Figure 7.3 – figure supplement 1. (A) Leaf series of eod1-2_samba, its mutant
controls and the WT at 36 DAS. Leaf series at 36 DAS show positive epistasis in the
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first four leaves of the double mutant compared with the single mutants. The double
mutant shows an increase in size for these leaves, although a phenotype is absent
in both single mutants. (B) Leaf series of da1-1_eod1-2, its mutant controls and
the WT at 36 DAS. Leaf series at 36 DAS show positive epistasis in the first three
leaves of da1-1_eod1-2 compared with the single mutants. Although the first three
leaves were not significantly increased in eod1-2, the leaves of the double mutant
were much larger than those of da1-1. (C) Leaf series of da1-1_samba, its mutant
controls and the WT at 36 DAS. Leaf series at 36 DAS show positive epistasis in
the first leaf pair of da1-1_samba compared with the single mutants. The youngest
leaves of da1-1_samba are much larger than those of da1-1 and reach the size of
samba leaves. (D) Leaf series of the triple, the double mutants and the WT at 36
DAS. Leaf series at 36 DAS show positive epistasis in the first leaf pair of the triple
mutant. In the first row, the EXPni was calculated based on the size of all single
mutants (da1-1, eod1-2, samba), in the second, third and fourth row, the EXPni was
calculated based on the size of the double mutants and one single mutant. The size
of the first leaf pair of da1-1_eod1-2_samba is larger compared with da1-1_samba
and eod1-2_samba, but no difference between the oldest leaves of da1-1_eod1-2
and da1-1_eod1-2_samba could be observed. However, some younger leaves were
still slightly larger in the triple mutant compared with da1-1_eod1-2. The legend
represents the color coding of the percentage difference of the observed leaf size to
the EXPni, with dark red being the lowest and deep green being the highest value.
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Figure 7.3 – figure supplement 2. Relative difference between da1-1_eod1-2 and
da1-1_eod1-2_samba at 36 DAS. No significant differences in leaf size (p = 0.495),
cell number (p = 0.174) and cell size (p = 0.057) could be observed in the first
leaf pair of da1-1_eod1-2_samba compared with da1-1_eod1-2 on 36 DAS (Bars =
SEM).
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Pushing the limits of plant phenotyping

Huge efforts have been done by the plant community to develop new and optimize
existing phenotyping techniques. Not only has the throughput of phenotyping raised
over the past years by the use of automated phenotyping platforms (Granier et al.,
2006; Skirycz et al., 2011; Tisné et al., 2013), also the resolution and dimension-
ality of phenotyping has increased. An excellent example to illustrate this is the
recent realization of the automated segmentation of individual leaves from a rosette
(Apelt et al., 2015). The phenotyping setup “Phytotyping4D” allows next to detailed
rosette area measurements the segmentation and identification of individual leaves
and measurements of their area over time in a non-destructive manner. Rosette
leaves display diurnal movements that influence the projected rosette area during
the day. These hyponastic movements can hinder accurate projected rosette imaging
at different timepoints. Apelt et al. (2015) showed that hyponasty can be circum-
vented by using 3D representations of the rosette that are obtained by combining
focused and depth images of the rosette. By combining measurements in different
spectra (De Vylder et al., 2012; Matsuda et al., 2012), plant size and different phys-
iological aspects of growth can be measured simultaneously, resulting in very rich
datasets.
This thesis specifically contributed to the development of two additional techniques
to quantify leaf size: the visualization and size measurement of organs at the shoot
apex of Arabidopsis (Vanhaeren et al., 2010) and the visualization of plant struc-
tures by high-resolution X-ray computed tomography (HRXCT) (Dhondt et al.,
2010). The first technique enables accurate volumetric measurements of small or-
gans that are difficult to access, such as initiating leaf primordia and the vegetative
shoot apical meristem. The strength of this reconstruction technique lies in its
simplicity and accessibility since it makes use of widely available equipment. In ad-
dition, good free and open-source alternatives for the proprietary software AMIRA
that was used are available, such as Reconstruct (Fiala, 2005; Lu et al., 2009) or
TRakEM2 (http://fiji.sc/TrakEM2) (Cardona et al., 2012). The major downside
of this technique is that acquiring images from histological sections is very labo-
rious. By combining for example specialized staining protocols and confocal or
multi-photon microscopy (Truernit et al., 2008; Wuyts et al., 2010), the penetrance
and hence the depth of optical sections through the vegetative shoot apex could be
of sufficient quality to be used for 3D reconstructions of the organs. These images
could even allow measurements on the cellular level, which can be analyzed with
other specialized software packages, such as MorphoGraphX (de Reuille et al., 2014).
Additionally, HRXCT can provide high resolution in vivo scans, delivering detailed
optical sections, of plant material without any sample preparation, hereby drasti-
cally reducing the workload of the experiment. From these optical sections, also leaf
length and thickness could be measured, whereas total leaf area and leaf curvature
and trichome patterns can be obtained from the 3D rendered reconstructed plants.
X-Ray Computed Tomography is also used to non-destructively visualize and mea-
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sure plant root systems in soil (Mairhofer et al., 2013). However this method is non-
destructive, exposure to X-radiation could however result in damaged plant cells,
leading to a reduction in growth. In our experiments, we observed that growth of
plants that were scanned on a daily basis was compromised. X-ray studies involving
seeds from 70 flowering plant species has shown that the influence of radiation on
plant growth depended on the doses of irradiation and the plant species (Johnson,
1936). In addition, plants that are exposed to X-rays after germination are less sus-
ceptible, indicating that the embryonic and germination stages are more sensitive
to X-ray exposure (Johnson, 1936; Zappala et al., 2013).

However, the major potential of HRXCT lies in the cellular resolution, which can be
achieved by ex-vivo imaging of stained tissues. Currently, cellular measurements on
leaves are mostly obtained by analyzing drawings of cleared leaves, obtained with a
differential interference contrast microscope equipped with a drawing tube (Nelissen
et al., 2013) or from microscopic pictures of the leaf cells. Analyzing cellular pa-
rameters of leaf growth using such drawings is an accessible method for most labs,
but requires a lot of manual work. In addition, if more than one cell layer must be
imaged; additional drawings need to be made. As mentioned above, using confo-
cal or multi-photon microscopy, all cell layers of the leaf can be imaged, however,
capturing large parts of the leaves is not straightforward. As we demonstrated on
an Arabidopsis hypocotyl, cellular imaging of plant tissue is possible with HRXCT
(Dhondt et al., 2010). Since even cells with a small diameter, such as the vascu-
lar xylem cells, can be imaged, this technique would also allow imaging of young,
developing leaves. Since the resolution of HRXCT scanning is dependent on the
diameter of the sample, leaves that are very small in size could be the ideal mate-
rial to further explore the limits of this technique. In addition, technologies such
as Combined X-Ray Fluorescence and Absorption CT (XRF-CT) enables measur-
ing the distribution of all elements in a biological sample, such as Zn, Cu, and Fe,
(Pereira et al., 2007). Such a setup could for example allow the visualization of bro-
mides in β-galacturonidase (GUS) stained plant tissue. A similar 3D visualization
of GUS patterns in plants has been achieved with optical projection tomography
(Lee et al., 2006), but HRXCT could provide a much higher resolution and allow
the visualization of iron and manganese, elements that are abundantly present in
differentiating chloroplasts. In addition, optimized sample treatment protocols and
contrasting agents will continue to enhance the discrimination of plant tissues and
allow imaging at a higher resolution (Staedler et al., 2013).

The combination of high throughput phenotyping by automation, flexible irrigation
regimes of plants, imaging in different spectra and sophisticated image analysis tools
will allow faster and more detailed screening of Arabidopsis transgenic lines to detect
discover and study genes altering plant growth. In addition, recent developments
in large-scale sequencing resulting in the detailed genotyping information about
different Arabidopsis accessions can now be used to assess the relation between the
genotype and phenotype in these accessions and therefore allow the identification of
novel genes regulating growth, resistance to pathogens and water use efficiency.
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The good, the bad and the beauty of gene stacking

Over the last years, screens on double mutants have been performed to identify the
interactions between genes in numerous model organisms, such as the budding yeast
Saccharomyces cerevisiae (Dixon et al., 2009), Caenorhabditis elegans (Lehner et al.,
2006; Hartin et al., 2015), Drosophila (Horn et al., 2011; Mackay, 2015) and Ara-
bidopsis (Koornneef et al., 1998). The introduction of multiple genes, often referred
to as gene stacking, has been amply applied in plants to improve specific traits,
such as resistance or photosynthesis. By introducing a bacterial shunt in Arabidop-
sis chloroplasts catabolizing the photorespiratory substrate, glycolate, energy losses
through photorespiration could be reduced (Kebeish et al., 2007) and by introducing
cyanobacterial Rubisco in tobacco, higher rates of CO2 fixation were observed (Lin
et al., 2014). In addition, rice seeds can be fortified with Provitamin A and folate
by targeted expression of their biosynthesis pathways (Ye et al., 2000; Storozhenko
et al., 2007). To further enhance leaf size and to reveal potential connections be-
tween genes regulating leaf size, we performed a combinatorial screen on mutants
that individually enhance leaf size in this thesis. We found that leaf growth could
be enhanced in a synergistic manner by combining genes that drive similar and dif-
ferent cellular processes. These cellular mechanisms that drive leaf growth, such
as cell division for example, are regulated by different molecular pathways. These
pathways could either stimulate cell division in parallel or at some point converge to
one single master regulator of growth. The latter would imply that few master reg-
ulators, acting as hubs of growth would control leaf size. Modulating the expression
or stability of such master regulators could then result in a maximal stimulation
these processes that drive leaf growth. However, it is evolutionary highly unlikely
that the control of important cellular processes would converge to one single gene,
since letting the success of growth and therefore successful completion of the plant’s
life-cycle depend on one gene would jeopardize plant survival. Rather than this, sev-
eral pathways are likely to stimulate such pivotal cellular processes from different
angles. For example, cell division is positively controlled by BRI1 and AVP1, which
are involved in brassinosteroid signaling and auxin transport respectively (Wang
et al., 2001; Li et al., 2005; Gonzalez et al., 2010). Overexpression of the transcrip-
tion factors GRF5 and rGRF3 also result in larger leaves containing more cells
(Horiguchi et al., 2005; Debernardi et al., 2014). In addition, post-translational
regulation, such as protein degradation, plays an important role in the regulation
of cell division. Overexpression of the ANAPHASE-PROMOTING COMPLEX 10
(APC10 ), part of the APC/cyclosome (APC/C), results in larger leaves (Eloy et al.,
2011) due to enhanced rates of cell division during the early stages of leaf devel-
opment. Downregulation of SAMBA, a plant-specific negative regulator of APC/C
also results in larger leaves (Eloy et al., 2012). By combining these different path-
ways, plant growth can be stimulated further. Functional redundancy of pathways
and genes is often observed in crucial processes regulating plant development, such
as hormone biosynthesis, transport and signaling (Hua and Meyerowitz, 1998; Rieu
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et al., 2008; Krecek et al., 2009; Moffat et al., 2012; Korasick et al., 2013). In addi-
tion, central cell cycle regulators belong to large gene families and have the potential
for functionally overlap. Single mutants of these genes therefore often show no visi-
ble phenotype. To circumvent such redundancies, single mutants can be crossed, or
alternatively, artificial micro RNAs (amiRNAs) can be used to knock-down multiple
genes with a similar specific sequence (Jover-Gil et al., 2014).

In the second part of this thesis, we combined growth regulating genes to identify
connections between these genes and to further improve plant productivity. Gene
stacking is without a doubt an excellent tool to enhance plant biomass production,
since many binary combinations showed an additional increase in size compared to
their single control mutant lines. Using gene stacking, such different pathways can
be modulated to further enhance leaf growth. However, since constitutive down-
regulation or overexpression of genes can result in undesired pleiotropic effects and
gene silencing is a major bottleneck in classical crossing, more targeted approaches
will be needed to efficiently optimize plant growth. First of all, a profound knowl-
edge of the mode of action of each gene is needed to identify the growth benefits,
and equally important, the costs, such as negative effects on growth. For example,
in samba mutants, growth of leaves and roots are enhanced, but plant fertility is
compromised since pollen development is disturbed (Eloy et al., 2012). Targeted
downregulation of SAMBA in vegetative tissues using small RNA-mediated gene
silencing, which is commonly used in plant biotechnology (Baykal, 2010), would
circumvent this negative effect on growth. Things really get complex when genes
control growth in a context dependent manner, which can be illustrated by the triple
mutant da1ko_dar1-1_dar1-2, that produces larger seeds and flowers, but smaller
leaves than the WT (Peng et al., 2015). Sometimes, constitutive ectopic expression
of a gene outside its biological expression context could lead to potential negative
effects, but it can also result in unexpected positive effects in other organs. By ex-
pressing KLUH (KLU ) under a GA2OX6 promoter in maize, its expression domain
is increased, resulting in more cell divisions and an increase in final leaf size, whereas
constitutive overexpression of KLU in Arabidopsis results in smaller plants (Xiao-
huan Sun, Hilde Nelissen and Dirk Inzé, unpublished data). In addition to tissue
specificity, also the strength of the promoter is of pivotal importance. Constitutive
overexpression of GRF5 only results in enlarged plants when the expression level
is very high (Vercruyssen, personal communication). Similarly, as demonstrated in
this thesis in the chapter ’Forever young: How DA1 and EOD1 control leaf growth
and development’ leaf growth reduction and senescence are induced by BB/EOD1
in a dosage-dependent manner. Technically, the gene combinations screen used in
this thesis was hampered by silencing of overexpression constructs, most probably
caused by sequence similarities in the T-DNA constructs, such as the Cauliflower
mosaic virus promoter (CaMV 35S) and the antibiotic markers. In 20% of the het-
erozygous combinations, we found that the expression level of the constructs was
reduced to a minimum in the double line. Therefore, these combinations were ex-
cluded from our analysis, which significantly reduced the coverage of our screen.
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During subsequent selection rounds to isolate homozygous double and triple lines,
this problem unfortunately increased severely. Therefore, new approaches besides
classical crossing are desirable to study gene combinations.

To address hurdles such as gene silencing and pleiotropic negative effects caused
by constitutive expression, endogenous or developmental specific promoters can be
used, as illustrated by overexpression of CYCD3;1 (Horiguchi et al., 2009), CCS52A
(Baloban et al., 2013) and KLU (Xiaohuan Sun, Hilde Nelissen and Dirk Inze,
unpublished data). In addition, targeted gene editing, for example by removing
miRNA-binding sites (Debernardi et al., 2014), can enhance transcript stability in
the gene’s biological context. New approaches, such as the use of synthetic pro-
moters, could also provide a solution. From existing transcriptome data on leaf
development (Beemster et al., 2005; Skirycz et al., 2010; Andriankaja et al., 2012;
Baerenfaller et al., 2012), enriched sequences in promoter regions of genes that show
a similar expression pattern during specific developmental stages of leaf growth
could be identified. With such conserved motifs, minimal synthetic promoters could
be constructed and used for a more targeted overexpression and downregulation of
genes affecting leaf growth, hence avoiding possible drawbacks on plant develop-
ment. An example of a well-known synthetic promoter construct in plant research
is DR5 (Ulmasov et al., 1997), which is widely used as a transcriptional reporter for
auxin accumulation in Arabidopsis and other species such as poplar (Spicer et al.,
2013) and maize (Gallavotti et al., 2008). Experience with the DR5 promoter also
suggests that synthetic promoters built from highly conserved motifs could possibly
work across species. Recent progress in gene synthesis, targeted gene editing meth-
ods (Kumar and Jain, 2015), novel cloning techniques facilitating the combination
of multiple genes in binary vectors (Lampropoulos et al., 2013; Engler et al., 2014)
and the introduction of very large T-DNA fragments in plants (Untergasser et al.,
2012) together provide new opportunities for simultaneously targeted modifications
of multiple players of the growth regulating network. This strategy has recently been
initiated in our group and will greatly enhance the possibilities of gene stacking in
the future.

From our combinatorial screen of growth-enhancing genes, we found that in the
majority of the combinations, plant growth was enhanced more in the combination
than in either of the single lines. In addition, many gene combinations together
enhanced leaf size synergistically, suggesting a genetic link between these genes
(Pérez-Pérez et al., 2009). Interestingly, we found that in a large proportion of
these double lines, the synergistic effect on leaf size resulted from combining two
different cellular mechanisms, cell division and cell expansion (Vanhaeren et al.,
2014). The case study of the combination ami-ppd_SAUR19OE demonstrated that
an increased SAUR19OE mediated cell expansion of the enlarged pool of ami-ppd
cells resulted in the synergistic effect, even if the cross contained less cells than the
single ami-ppd line. In addition, in the combination da1-1_eod1-2, cell proliferation
is stimulated on two fronts, a larger pool of cells before the transition from cell
division to cell expansion and a prolonged period of cell division. These findings
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show that on top of combinations of genes that work in converging pathways or genes
that physically interact, such as da1-1_eod1-2, da1-1_da2-1, AN3OE_GRF5OE and
GRF3OE_AN3OE (Horiguchi et al., 2005; Li et al., 2008; Xia et al., 2013; Debernardi
et al., 2014), combinations of genes steering different mechanisms of plant growth
can result in synergism in leaf growth (Vanhaeren et al., 2014) and seed size (Fang
et al., 2012). Such observations of positive epistasis should always be very carefully
interpreted, since they are indicative, but not conclusive for genetic interactions.
Therefore, additional experiments are always mandatory to elucidate the biological
meaning of the observed positive epistasis.
Since leaf growth is regulated by many genes, combinatorial approaches are also an
excellent tool to study the interactions between growth enhancing genes. During
the last years, such epistasis studies facilitated the discovery of many genes in the
DA1 related pathway regulating leaf and seed size (Li et al., 2008; Xia et al., 2013;
Du et al., 2014; Peng et al., 2015). In addition, combinatorial approaches can reveal
the potentiating effects of one gene to other genes, even in leaves where both single
genes show no phenotype. This has been demonstrated by the triple combination
da1-1_eod1-2_samba in chapter 7 ’Plant growth beyond limits’. Whereas eod1-2 and
samba don’t display a growth phenotype on the first leaf pair in the single lines at
36 DAS, they are able to potentiate each other and da1-1 in all double homozygous
combinations da1-1_eod1-2, da1-1_samba and eod1-2_samba. Alternatively, two
genes both stimulating growth could result in a negative effect on leaf growth when
combined, resulting from over stimulation of a cellular process or negative feedback
on growth. In the first leaves of the triple mutant da1-1_eod1-2_samba, unlike in all
double mutants of these genes, no extra potentiation was observed and the leaf size,
cell number and cell size were similar to those of the double da1-1_eod1-2 mutant at
36 DAS. In this triple mutant, negative regulators of samba which are not activated
in single da1-1 or eod1-2 mutants could repress the samba-mediated enhanced cell
division. However, an increase in flower, root and seed size was observed, suggesting
that in these tissues, overlapping but different growth regulatory networks control
final organ size, again demonstrating the context dependency of genetic pathways.
These results could not have been obtained by studying the independent mutants,
highlighting the value of combinatorial approaches.
A next step in uncovering the networks that drive growth in this triple mutant is
to identify the interactors and downstream targets of DA1, EOD1 and SAMBA.
Since all genes are involved in post-transcriptional regulation, studying changes in
the proteome will gain more insights in the mechanisms that drive leaf growth in
this pathway. Such approaches will be discussed later in this chapter.

Physiological properties in gene combinations

By combining mutants and overexpression lines in which overlapping and different
cellular processes are stimulated, leaves can grow larger than expected. Besides the
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underlying genetic networks, altered physiological responses are likely to cause this
enhanced growth in these gene combinations. Some combinations could for example
have an increased photosynthetic performance, more efficient nutrient uptake or a
better energy-use. In addition, it would be of great interest to verify if these lines,
which show positive epistasis on growth in control conditions, similarly enhance
leaf size in unfavorable conditions such as in water or nutrient limiting environ-
ments. By measuring leaf size, photosynthetic performance and water use efficiency
of combinations that show positive and negative epistasis on leaf growth in control
and suboptimal conditions, the underlying physiological changes that correlate with
promotion and restriction of growth could be uncovered.

Functional analysis of DA1, EOD1 and their
interaction

In a broad sense, second site mutation screens can also be considered as combinato-
rial approaches since they aim at identifying repressors or enhancers of an original
phenotype. Such a screen has been carried out on da1-1, which identified several
enhancers and suppressors, such as BB/EOD1 and the SUPPRESSOR OF DA1
2/UBIQUITIN SPECIFIC PROTEASE 15 (SOD2/UBP15 ) (Li et al., 2008; Du
et al., 2014). In addition, da1-1 and eod1-2 mutants show a delay in senescence
which is more pronounced in the double mutant. Inversely, overexpression of EOD1
leads to advanced senescence in a dosage-dependent manner, but 35S::DA1 plants
show no difference to the WT. Further identification of the upstream regulators
and the downstream targets DA1 and EOD1 will further unravel the pathway in
which they regulate leaf growth and axillary meristem development. Below, several
experiments to further elucidate this pathway are proposed.

Ubiquitinylation of DA1 and cleavage of EOD1 in vivo

Recently, is has been shown that DA1 is ubiquitinylated by EOD1 in vitro (Yunhai
Li and Michael Bevan, personal communication). Upon this ubiquitinylation, a
peptidase function is activated and DA1ub can cleave downstream targets. One
of these targets is EOD1, resulting in an equilibrium between DA1ub and EOD1.
To demonstrate this activation-repression system in planta, we have made several
crosses between DA1 and EOD1 lines. To confirm the ubiquitinylation of DA1,
we crossed 35S::GFP-DA1 with a mild 35S::EOD1. Western blots using anti-GFP
from 35S::DA1 and 35S::GFP-DA1_EOD1 plants will show if in the latter, the size
of GFP-DA1 is increased due to the addition of ubiquitin on DA1. To show the
cleavage of EOD1, we crossed 35S::RFP-EOD1 lines with 35S::DA1 plants. With a
Western blot using anti-GFP, the reduction of RFP-EOD proteins can be quantified
and the cleavage product can be visualized.
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Identifying transcriptional regulators of EOD1 and DA1

Yeast one Hybrid (Y1H) is considered a ‘bottom-up’ approach, designed to identify
TFs that regulate a gene of interest (Brady et al., 2011; Taylor-Teeples et al., 2015).
By performing Y1H screen using a cDNA library of Arabidopsis thaliana, upstream
transcriptional factors (TFs) of EOD1 and DA1 can be identified. A prey library
that is only composed of TF cDNAs (Mitsuda et al., 2010) can be used to decrease
the chance of missing out low abundant TFs. Alternatively, a new method to identify
upstream transcriptional regulators in planta, reverse Chromatin Immunoprecipita-
tion (reverse-CHIP), is currently being developed in the PSB Department in the
’Functional Interactomics’ group of Prof. Geert De Jaeger. To determine whether
the TFs that bind to their promoters act as transcriptional activators or repressors,
their activity can be tested in vivo using luciferase assays. In addition, Tandem
Chromatin Affinity Purification (TChAP) (Verkest et al., 2014) could reveal the
specific binding of these TFs on the promoter regions of DA1 and EOD1.

EMS mutagenesis of EST_UBQ::EOD1

Analogous for what has been done for da1-1, a second site mutation screen on a
strong EOD1 overexpression line, resulting in dwarfed plants, could identify sup-
pressors of this phenotype. Since the constitutive overexpression of BB/EOD1 re-
sults in the production of only few seeds, an estradiol inducible overexpression line
(EST_UBQ::EOD1 ) can be used to circumvent this propagation problem. In such
lines, the overexpression of BB/EOD1 under a strong ubiquitin promoter and hence
its growth phenotype, is only induced upon estradiol treatment (Barbez et al., 2012).
Ethyl methane sulfonate (EMS) induces random mutations in the genome (Qu and
Qin, 2014). By performing this genetic screen on EST_UBQ::EOD1, mutations
resulting in a growth recovery can be identified (Fig. 7.4). These suppressors can
be interactors of BB that are required to execute its function, direct targets that
underwent a conformational change, preventing these proteins from being ubiqui-
tinylation/degraded or proteins that are further downstream of the BB pathway.

Tandem Affinity Purification to identify interactors of BB

By performing Tandem Affinity Purification (TAP) on seedlings, coupled to mass
spectrometry (Van Leene et al., 2015), interactors of EOD1 and DA1 can be iden-
tified. During this thesis, we already performed several TAP experiments and iden-
tified few interactors of DA1. However, by using mutated proteins, the efficiency
of TAP could be enhanced. RING-type E3 ligases, such as EOD1, directly bind
E2 proteins at their RING domain. Ubiquitinylation of the target protein can lead
to its degradation (Fig. 7.5a), which hinders isolation and identification of these
proteins. To prevent this degradation, TAP can be performed with modified BB
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Figure 7.4.: EMS screen on Big Brother overexpressing line. Plants carrying an
estradiol inducible BB overexpression construct grow normally under control con-
ditions, but show the growth phenotype when grown on medium supplemented
with estradiol. An EMS mutagenesis screen on seeds of this line on estradiol con-
taining medium will detect mutations that restore this reduced growth phenotype.

proteins that are mutated in the RING domain to abolish the interaction with E2
proteins. By converting very conserved cysteine and histidine amino acids within
the RING domain of EOD1 to alanine, mutant EOD1 proteins (EOD1C215A,H217A)
will be unable to interact with the conjugating E2 enzyme (Fig. 7.5b). In addition,
EOD1 fusion proteins that stabilize the interaction with their substrates by fusing
a tagged BB to ubiquitin associated domains (UAD) can be generated. Upon ubiq-
uitinylation, the UAD will bind the ubiquitin on the target, which will stabilize the
complex (Fig. 7.5c). This technique has already been successfully applied in yeast
(Mark et al., 2014). Additionally, using a fusion protein of EOD1 and a mutated E2
that is unable to transfer ubiquitin, the interaction between EOD1 and its target
could be also stabilized (Fig. 7.5d). To decrease competition for substrates with the
endogenous BB and to ensure only biological relevant interactors are isolated, these
mutant and fusion proteins should be expressed under the endogenous pEOD in the
eod1-2 mutant background. For DA1, TAP experiments on plants overexpressing
the dominant-negative DA1 protein, which has been shown to result in the da1-1
phenotype by out competing the endogenous DA1 and DAR1 in seeds and flowers
(Li et al., 2008; Peng et al., 2015), could reveal additional interactors of DA1.

Identification of EOD1 ubiquitinylation targets

Proteome-wide ubiquitinylation targets of EOD1 could be identified using recent
developed technologies, such as COmbined FRActional DIagonal Chromatography
(COFRADIC). To enrich for targets that are ubiquitinylated by BB and reveal the
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Figure 7.5.: Tandem Affinity Purification to identify interactors of BB. The E3-
ligase Big Brother tags targets with ubiquitin for degradation (a), which compli-
cates the identification of these interactors. The interaction between BB proteins
and its targets can be enhanced by targeted mutation of its RING domain that
interacts with the E2 (b). In addition, BB fusions proteins with an ubiquitin as-
sociated domain (UAD) TRAP (c) or a mutated E2 protein (d), can stabilize the
interaction between BB and its targets.

specific ubiquitinylation sites, COFRADIC technology (Stes et al., 2014) combined
with LC-MS/MS can be used. This technology has proven to be very successful for
detecting ubiquitinylation sites in human Jurkat cells and is now being introduced
in plant research. Starting from the total protein extract, all primary amino groups
are blocked by acetylation (Fig. 7.6). Next, an ubiquitin specific protease, USP2cc,
is added, creating new freed ε-amino groups on lysines that were ubiquitinylated. A
second round of acylation, now with Gly-BOC (N-tert-butoxycarbonyl), tags these
freed sites. After trypsin digestion, peptides are fractioned a first time by Reversed
Phase High-Performance Liquid Chromatography (RP-HPLC). Removal of the BOC
group upon trifluoroacetic acid (TFA) treatment changes the retention time of these
tagged peptides as these become more hydrophilic. As a result, they can be then
enriched following a series of RP-HPLC runs identical to the first RP-HPLC run.
These peptides are finally analyzed by LC-MS/MS.

The most appropriate plant material for this technique is leaf tissue from the in-
ducible EST_UBQ::EOD1 plants, in which the expression of EOD1 is initiated
upon estradiol treatment. By harvesting samples after induction, developmental
differences and alternatives steady states of the growth network, which can occur in
mutant lines, will be avoided. With this technique, targets of EOD1 can be identified
and the specific ubiquitinylated site of the targets can be detected. Alternatively, a
complimentary technique exists to enrich for ubiquitinylated targets using very spe-
cific antibodies recognizing the ubiquitin remnant upon trypsin digestion (Udeshi
et al., 2013), and identify the targets and their ubiquitinylation sites by LC-MS/MS.
For this approach, the same transgenic plant lines as for COFRADIC may be used.
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Figure 7.6.: . All primary amino groups from the proteome are blocked by chem-
ical acetylation. Then, ubiquitin chains are specifically removed by a deubiquiti-
nase (USP2cc), hereby creating new primary amino groups. These amino groups
are chemically modified with a tag that allows specific isolation of these ubiqui-
tinylated peptides during subsequent COFRADIC chromatographic runs. These
isolated peptides can be identified with LC-MS/MS. (Figure adapted from Stes
et al. (2014))

Phenotypic and molecular characterization of interactors of DA1
and EOD1

The known interactors and the newly identified regulators and targets of DA1 and
EOD1 can be further characterized by subjecting single and double mutants and/or
overexpression lines to growth analysis. This way, the role of these genes in leaf
growth and this genetic network driving plant organ size can be unraveled further.
In addition, considering the peptidase activity of DA1 and the ubiquitinylation
activity of EOD1, in vitro and in vivo assays can be performed to assess stability
of these interacting proteins. Since UBP12 and UBP13 were found to interact with
DA1, they could be a potential cleavage target like UBP15 (Du et al., 2014). Further
research on these proteins as described above could reveal their relation to DA1 and
their function in plant growth

Conclusion

Plant organ size, and more specifically leaf growth is a very complex trait regulated
by several cellular mechanisms driven by different genetic pathways, consisting of
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highly interconnected genes. Whereas over the years, much knowledge has been
gained in the action of single genes in growth, the networks around these genes
are far from clear. As has been demonstrated by the network around DA1, DA-
related proteins and BB/EOD1, combinatorial approaches can play a pivotal role
in the future of deciphering the underlying genetic networks of plant growth. In
addition, a profound knowledge on the action of growth-regulating genes and new
biotechnology tools to specifically alter the expression of these genes with a high
spatio-temporal resolution will allow bringing plant biomass production to the next
level.
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Summary
Leaf growth is a complex trait and is regulated by interconnected pathways con-
trolling several events, such as the initiation of the leaf primordium, cell prolifer-
ation, cell expansion and meristemoid division. Many genes have been described
to enhance final leaf size, but the connections between these genes are still poorly
understood. To further understand the action of growth-regulating genes and to
detect connections between these genes, we optimized new phenotyping techniques
and analyzed the effect of double and triple mutants on leaf growth in this thesis.
Because of their small size, the shoot apical meristem and initiating leaf primordia
of Arabisopsis thaliana are very hard to access. By combining serial histological
sections with 3D reconstruction software, we developed a pipeline to accurately
measure these organs and reveal phenotypic changes early on in development. In
addition, we demonstrate that with High-Resolution X-ray Computed Tomography,
high resolution in vivo scannings of Arabidopsis plants can be made without sample
preparation. Even more, ex-vivo scans can reach a cellular resolution, which is a
promising perspective for the future of leaf phenotyping.
To study the connections between growth-regulating genes, we crossed 13 transgenic
lines that individually enhance leaf size and analyzed the leaf area of the heterozy-
gous progeny. Many gene combinations showed an extra increase in leaf size, even in
a synergistic manner. In contrast, several combinations showed a negative effect on
leaf growth, suggesting a negative regulation between the pathways in which these
genes function or an over-stimulation of a cellular process, such as cell proliferation.
Such negative or positive epistasis in a combination suggests a genetic interaction
between the involved genes. In our screen, we found that many synergistic effects
resulted from genes that function in a converging pathway, but also from stimu-
lating different cellular mechanisms, such as cell proliferation and cell expansion.
As a follow-up, we performed a detailed analysis of the combination da1-1_eod1-2,
which shows a positive epistasis on leaf growth. Already at early timepoints, the
first leaves of da1-1_eod1-2 are larger than the WT, but they are in a younger de-
velopmental stage. However the younger leaves of da1-1_eod1-2 grow slower than
those of the WT, they keep growing until they exceed the size of the WT leaves
and those of the single mutants. Finally, these younger leaves show a synergistic
effect on growth, similarly as the first leaf pair. In contrast, high overexpression
of EOD1 results in small plants that are stunted in growth and produce axilarry
rosettes. This dwarfed phenotype can however be rescued by ectopic expression of
DA1 without affecting the expression levels of EOD1, suggesting that DA1 regu-
lates EOD1 post-transcriptionally. In addition, EOD1 promotes leaf senescence in
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a dosage dependent manner, showing balanced protein levels of EOD1 is crucial for
normal plant development.
As a next step, we selected three genes for which each mutual homozygous binary
combination enhanced leaf size synergistically. Based on this criterion, we selected
the triple combination da1-1_eod1-2_samba. Whereas the single mutants eod1-2
and samba showed no increase in size in the first leaf pair at 36 DAS, leaf area
was enhanced by an increase in cell number in the double mutant eod1-2_samba,
suggesting that both genes potentiate each other in this genetic background. Simi-
larly, the size of da1-1 mutants was enhanced by additional mutations of EOD1 and
SAMBA. Remarkably, in the triple mutant da1-1_eod1-2_samba, this potentiation
is absent and final leaf area is similar to that of da1-1_eod1-2 at 36 DAS, but plants
grew faster. This suggests that in leaves, regulatory elements which are unchanged
in the single mutants but are activated in da1-1_eod1-2 could counteract the effect
of samba on cell number, but not the speed of growth. In contrast, seeds and flowers
of da1-1_eod1-2_samba are larger than those of all double mutants. This suggests
that similar, but different networks control leaf, root, seed and flower growth, but
these networks regulate growth in a tissue dependent manner. In addition, because
in single mutants not only one gene but rather an entire regulatory network is af-
fected, the effect of an additional mutation can bring this entire network in the
mutant background to a new steady-state.
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Samenvatting

Bladgroei is complex en wordt gereguleerd door verschillende processen zoals het
ontstaan van het blad primordium, celdeling, cel expansie en deling van meriste-
moide cellen. Er zijn reeds veel genen gekarakteriseerd die de groei van bladeren
bevorderen, maar er is weinig geweten over de connectie tussen deze regulatoren.
Om de individuele werking en de link tussen deze groei-regulerende genen beter te
begrijpen hebben we in deze thesis verschillende fenotyperingstechnieken verfijnd en
het effect van combinaties van positieve regulatoren op bladgroei geanalyseerd.

Het vegetatieve apicale meristeem en de jonge bladprimordia van de modelplant
Arabidopsis thaliana zijn moeilijk toegankelijk. Door seriële histologische coupes
te combineren met 3D reconstructie software hebben we een methode ontwikkeld
om accuraat het volume van dergelijke organen te meten. Hierdoor kunnen veran-
deringen die erg vroeg tijdens de ontwikkeling optreden ontdekt worden. Ook tonen
we aan dat we met behulp van High-Resolution X-ray Computed Tomography met
een hoge resolutie reconstructies kunnen maken van levende Arabidopsis planten
zonder enige behandeling van het weefsel. Bovendien kunnen scans op behandeld
plantenweefsel een cellulaire resolutie bereiken, wat veelbelovend is voor de verdere
toekomst van blad fenotypering.

Om de link tussen genen die groei reguleren te bestuderen, hebben we 13 transgene
lijnen die op zichzelf bladgroei bevorderen gekruist en de grootte van de bladeren
van hun nakomelingen geanalyseerd. In vele combinaties is de groei extra gestim-
uleerd, zelfs op een synergistische manier. Sommige combinaties vertonen echter een
negatief effect op groei, wat duidt op een negatieve regulatie tussen de pathways van
deze genen of op overstimulatie van een cellulair proces, zoals celdeling. Dergelijke
negatieve en positieve epistase wijzen op een genetische interactie tussen de be-
trokken genen. In onze screen namen we inderdaad synergie waar in combinaties
van genen die in convergerende pathways werken. Ook door genen te combineren
die verschillende cellulaire mechanismen stimuleren, zoals celdeling en cel expansie,
kan synergie bekomen worden. Ter opvolging hiervan bestudeerden we in detail de
combinatie da1-1_eod1-2, waarin bladgroei synergistisch gestimuleerd wordt. Al erg
vroeg in ontwikkeling zijn de eerste bladeren van deze dubbele mutant groter dan
het wild type (WT), hoewel ze nog steeds in een jonger ontwikkelingsstadium blijken
te zitten. Hoewel de jongere bladeren aanvankelijk kleiner zijn dan het WT, blijven
ze doorgroeien zodat ze groter worden dan het WT en de enkele mutanten. Hoge ex-
pressie van EOD1 resulteert echter in kleine planten met ernstige groeistoornissen.
Deze dwerggroei kan hersteld worden door een gelijktijdige overexpressie van DA1.
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Aangezien het expressieniveau van EOD1 onaangeroerd blijft in deze combinatie,
wordt EOD1 door DA1 gereguleerd op het proteïne niveau. Bovenop de versto-
orde groei ontstaan in een grote fractie van de 35S::EOD1 planten extra vegetatieve
rozetten en verouderen planten die meer EOD1 proteïnes bevatten veel sneller. Dit
wijst erop dat de balans van EOD1 cruciaal is voor een normale ontwikkeling van
de planten.
Vervolgens hebben we 3 genen geselecteerd waarvoor elke onderlinge homozygote
combinatie bladgroei synergistisch bevordert. Gebaseerd op dit criterium, hebben
we de driedubbele mutant da1-1_eod1-2_samba gegenereerd. Hoewel de enkele
mutanten eod1-2 en samba het eerste bladpaar netto niet bevorderen, produceert
de dubbele mutant eod1-2_samba wel grotere bladeren die meer cellen bevatten.
Dit doet vermoeden dat in deze nieuwe genetische achtergrond de mutaties elkaars
actie versterken. Bladgroei van da1-1 wordt gelijkaardig gestimuleerd door extra
toevoeging van een mutatie in EOD1 of SAMBA. Tegen onze verwachtingen in von-
den we geen dergelijke extra stimulatie in de da1-1_eod1-2_samba trippel mutant,
die sneller groeiden, maar waarvan de bladeren uiteindelijk even groot waren dan
deze van de da1-1_eod1-2 dubbel mutant. In tegenstelling tot bladgroei vonden
we dat de grootte van de zaden en bloemen van da1-1_eod1-2_samba wel groter
waren dan deze van alle dubbel mutanten. Dit wijst erop dat gelijkaardige, maar
toch verschillende netwerken de groei van bloemen, zaden, wortels en bladeren rege-
len, afhankelijk van het weefsel of orgaan. Omdat in mutanten bovendien niet één
gen, maar eerder een volledig netwerk van genen verstoord is, zal een bijkomende
genetische verstoring verschillende effecten tot gevolg kunnen hebben, afhankelijk
van de genetische achtergrond waarin het wordt geïntroduceerd.
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