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In Arabidopsis, leaves contribute to the largest part of the aboveground biomass. In these organs, light is captured and con-
verted into chemical energy, which plants use to grow and complete their life cycle. Leaves emerge as a small pool of cells 
at the vegetative shoot apical meristem and develop into planar, complex organs through different interconnected cellular 
events. Over the last decade, numerous phenotyping techniques have been developed to visualize and quantify leaf size and 
growth, leading to the identification of numerous genes that contribute 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 develop-
ment and discuss approaches that will further help unraveling the complex cellular and molecular mechanisms that underlie 
leaf growth.

INTRODUCTION

Different plants species produce leaves that are very diverse in 
size and shape, ranging for example from the huge leaves of gi-
ant rhubarb to the small leaves of Arabidopsis thaliana. Between 
accessions of a species and even within a single plant, leaf char-
acteristics can differ significantly (Kerstetter and Poethig, 1998; 
Pérez-Pérez et al., 2002). Such observable traits are common-
ly referred to as phenotypes, making phenomics the biological 
research area that focuses on describing and measuring these 
phenotypes. Many traits, such as leaf growth, are not only de-
termined 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 environmental 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 dif-
ferent research groups (Massonnet et al., 2010) and even by the 
position within a growth room, solid experimental setups (Poorter 
et al., 2012) and if possible, randomization of plants across the 
growth room are indispensable. 

Phenotypes can be observed on the macroscopic, micro-
scopic and molecular level. New techniques are constantly being 

developed to facilitate and improve quantitative plant phenomics, 
bringing us from destructive to non-destructive and even high-
throughput phenotyping. Three important aspects of phenotyping 
that are continuously subjected to improvement are the resolu-
tion (spatial and temporal), the throughput (how many samples 
can be analyzed in a given time) and the dimensionality (which 
phenotypic traits can be measured and how many conditions and 
genotypes can be screened) (Dhondt et al., 2013), but simultane-
ously improving these three aspects 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. 

By gradually increasing the resolution of an observed phe-
notype, answers to the questions “What?” (What is changed in 
terms of growth), “Where?” (Where/in which leaves is the phe-
notype 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 mecha-
nisms drive these phenotypic changes?) can be found (Figure 1), 
extending our knowledge of the genetic networks controlling leaf 
size. Considering plant phenotypes at these different levels can 
increase our understanding of the relation between the environ-
ment, genotype and the resulting phenotype (Granier and Vile, 
2014).
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Some platforms allow weighing and irrigating each pot accord-
ing to a predetermined watering regime, facilitating flexible and 
reproducible drought treatments (Granier et al., 2006; Skirycz et 
al., 2011b; Tisné et al., 2013). Such automated phenotyping plat-
forms are generally built in dedicated growth cabinets or cham-
bers 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 ran-
domization 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 (Figure 
2a) which can be separated from the background, such as the pot 
and soil. The rosette is isolated from the original images through 
image segmentation. This can be based on splitting the images 
in their red, blue and green (RGB) channels (Figure 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 gray-scale images, watershed-based segmentation 
can be performed (Apelt et al., 2015). The isolated rosette can 
then be converted into a binary image (Figure 2a), enabling a 
variety of measurements (Box 1). First of all, the projected ro-
sette area can be measured, revealing effects of environmental 
or genotype specific deviations in growth compared to control 
situations. Other rosette characteristics, such as the perimeter 
and its convex hull (Figure 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 
area 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 stocki-
ness 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 ex-
ample, by screening a collection of Arabidopsis transgenic lines 
showing an increased tolerance to lethal stress, it was found 
that these genotypes do not show an enhanced tolerance to 
mild drought stress conditions (Skirycz et al., 2011b). In addi-
tion, by quantifying various shoot growth parameters for a re-
combinant inbred line (RIL) population, quantitative trait loci 
(QTLs) that control plant rosette growth have been identified 
(Tisné et al., 2013).

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 rotat-
ing disk and presented on an hourly basis to a mounted camera. 
With this high temporal resolution of imaging, additional observa-
tions can be made, such as diurnal movements of the rosette 
leaves. These changes of the leaf elevation angle, known as hy-
ponasty, are influenced by temperature (Vile et al., 2012), circa-
dian 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).

THE ARABIDOPSIS ROSETTE

In contrast to animals, plants continuously produce new organs at 
meristematic tissues, such as leaves, and can also form adventi-
tious organs, such as lateral roots, throughout their life span. Dur-
ing the vegetative developmental phase of Arabidopsis thaliana, 
leaves arise from the shoot apical meristem (SAM) as rod-shaped 
structures in a spiral pattern with very short internodes between 
them. Throughout their development, leaves undergo different 
growth stages to mature into planar, photosynthetic organs orga-
nized in a flat rosette with little overlap (Figure 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 weights of the plants at the end of the vegetative stage, 
giving insight in the plant’s areal biomass. This method is how-
ever destructive and does not allow following the same individual 
over time to increase the resolution of the measurements. For this 
reason, non-destructive imaging of plants has been a widely used 
solution (Figure 2a). 

Non-destructive rosette imaging in the visible spectrum

The primary advantage of imaging the entire rosette is that it al-
lows high-throughput screening. Pictures can be taken at a single 
timepoint to measure plant size (Figure 2a) or over time to mea-
sure rosette growth (Figure 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; Ar-
vidsson et al., 2011; Skirycz et al., 2011b; Tisné et al., 2013; Apelt 
et al., 2015). These setups are often combined with specialized 
image analysis methods to obtain rosette growth measurements. 

Figure 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 resolu-
tion of phenotyping comes at a cost of lower throughput.
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to drought stress do not show this photoinhibition (Jansen et al., 
2009). Additionally, biotic stresses result in the downregulation of 
photosynthesis-related genes (Bilgin et al., 2010), leading to a 
reduction of photosynthetic efficiency. Therefore, early and late 
stages of pathogen infections can be visualized and quantified 
directly using fluorescence imaging by measuring the effect on 
the photosynthetic apparatus (Chou et al., 2000; Matouš et al., 
2006; Berger et al., 2007). 

Infrared thermal imaging provides information about 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 transpiration and 
stomatal conductance. The use of IR thermal imaging has led 
to the identification of Arabidopsis mutants that are defective in 
stomatal closure regulation (Merlot et al., 2002). Combining chlo-
rophyll fluorescence and thermal imaging can provide insights in 
the water use efficiency of plants (McAusland et al., 2013). 

Hyperspectral imaging collects information across the elec-
tromagnetic spectrum, beyond the limits of the human eye and 
standard cameras. According to their composition, different ma-

Imaging beyond the visible spectrum

Both the temporal resolution and the dimensionality/data richness 
can be increased by imaging plants beyond the visible spectrum. 
Over the last years, several setups have been developed that 
take advantage of these spectra. 

By combining near-infrared (IR) lighting, which is outside of 
the visible spectrum of plants, and a camera equipped with a day-
light 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), enabling 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), and can be used to detect responses to abiotic and 
early biotic stresses (Chaerle and Van Der Straeten, 2000). For 
example, cold stress has been shown to negatively influence the 
photosynthetic efficiency in Arabidopsis, whereas plants exposed 

Figure 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 parameters, 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 coty-
ledons until bolting of the plants. Intrinsic to the spirally arrangement of leaves, only few overlap occurs. (c) From left to right: 2D focus image of an 
Arabidopsis rosette taken with the setup Phytotyping4D, Sobel edge filtered image, Euclidian distance transform of the edge-filtered image, segmented 
rosette leaves of the distance transformed edge image, automatic assignment of leaves assuming leaves follow the golden angle (1-6: first 6 leaves) 
(Apelt et al., 2015).
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ing 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 underes-
timations of the actual rosette size by only measuring the pro-
jected rosette area. To increase the resolution from the entire 
plant to the leaf level, leaves need to be isolated from the ro-
sette. Classically, this is achieved by physically dissecting the 
rosette leaves, but it is also possible to estimate the leaf area or 
to segment the leaves from rosette images. The leaf area can 
be estimated based on the leaf radius, defined as the length 
from the leaf tip to the center of the rosette, and the curvature 
on the leaf tip (Tessmer et al., 2013). However, this method may 
fall short for plants with an altered petiole length or extensive 
leaf curvature. 

The segmentation of individual leaves from rosette images 
and leaf number attribution is a challenging task (Janssens 
et al., 2013; Pape and Klukas, 2014), especially for small 
and overlapping leaves. However, Apelt et al. (2015) have 
achieved marking individual leaves by applying Euclidian dis-
tance transformations on the outline of leaf edges extracted 
from rosette pictures, followed by a smoothing of these dis-
tance-transformed images restricted to the segmented plant 
area (Figure 2c). In addition, individual leaf positions could be 
determined with the assumption that a phyllotactic pattern be-
tween subsequent leaves follows the “golden angle” (~137.5°). 
In addition to leaf overlap, hyponasty needs to be taken into 
consideration when measuring rosette size from images at a 
sub-daily resolution, because this can affect the projected ro-
sette area. By combining focused and depth rosette images, 
a 3D rosette surface can be reconstructed, which enables 
measuring the plant area with a negligible effect of leaf angles 
(Apelt et al., 2015)

Physical or virtual dissections of leaves enable measuring 
total leaf number of the rosette and extracting 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 morphology between different acces-
sions (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, 2013a) (Figure 3a). 
The first, juvenile Arabidopsis leaves are small, round-shaped 
and bear trichomes only at the adaxial side. The larger, narrow-
er adult leaves bear trichomes at both adaxial and abaxial sides 
and have more serrations (Kerstetter and Poethig, 1998; Tsu-
kaya, 2013a). In-depth studies of leaf growth dynamics mostly 
focus on one particular rosette leaf. The selection of this leaf de-
pends on the observed phenotype (Gonzalez et al., 2010) and 
on the experimental setups. To study the earliest stages of leaf 
development, the first appearing leaves are more accessible to 
dissect and measure or examine in vivo with confocal micros-
copy (Kuchen et al., 2012) than the older leaves. In contrast, 
older leaves are sometimes chosen to avoid potential seed ef-
fects on leaf growth. Therefore, different research groups often 
focus and specialize on a particular rosette leaf (Donnelly et al., 
1999; Granier et al., 2006; Andriankaja et al., 2012; Kalve et al., 
2014b). 

terials leave a unique spectral signature at different wavelengths, 
enabling their identification. Hyperspectral imaging has already 
been proven to be successful as a non-invasive technique in 
plant research for various purposes, such as mapping of leaf wa-
ter content, analysis of the distribution of nitrogen and detection 
of peroxidase activity (Higa et al., 2013; Kong et al., 2014; Yu et 
al., 2014). Hyperspectral imaging only recently became available 
for indoor measurements and such systems are finding their way 
in laboratory research. In Arabidopsis, this technology has been 
applied to identify mutants with a different pigment content, which 
could not be identified by analysis of visible color or morphologi-
cal changes (Matsuda et al., 2012). This technology is therefore 
very promising and its full potential has not yet been reached, 
because the interpretation of the different spectral bands is not 
straightforward. To analyze the combinations of different spectra 
and give a biological meaning to observed differences, substan-
tial calibrations and optimizations of the used wavebands are re-
quired (Matsuda et al., 2012). 

Some plant genotypes exhibit an extensive leaf curvature/
waving (Palatnik et al., 2003; White, 2006) or affect only a sub-
set of the rosette leaves at a certain timepoint (Gonzalez et al., 
2010), which can lead to biased conclusions when only phenotyp-
ing the rosette. To gain further insights into leaf growth character-
istics, more detailed analyses at the leaf organ level are required. 

IMAGING AND MEASURING INDIVIDUAL ROSETTE LEAVES

From the rosette to the leaf: individual leaf segmentation

High-throughput and non-destructive imaging makes pheno-
typing the complete Arabidopsis rosette a widely used screen-

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 (Figure 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 con-
vex hull can be considered as the area within a virtual rope wrapped 
around the rosette (Figure 2a). The size of the convex hull thus de-
pends on the length of the leaf and petioles. 
Rosette perimeter: The rosette perimeter is the length of the outline of 
the rosette (Figure 2a). 
Stockiness: Stockiness is a mathematical measure of the roundness 
of the rosette and is calculated as followed:

Stockiness = 4	 � x area
	 perimeter2

A perfect round object will have a stockiness of 1, whereas more ir-
regular objects will have lower values. 
Surface coverage: Surface coverage, also referred to as compactness 
of a rosette, describes the ratio between the projected rosette and the 
convex hull. This value indicates how much of the surface of the con-
vex hull is occupied by the rosette. Plants carrying a lot of leaves with 
short petioles will have a high surface coverage.
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Quantifying leaf size in three dimensions

Leaf primordia initiate at regular positions from the peripheral 
zone of the SAM. These initiation patterns, resulting in the spi-
ral phyllotaxis, are determined by local auxin maxima (Bayer 
et al., 2009). At 3 days after stratification (DAS), the primordia 
of the first leaf pair can be discriminated from the SAM (Fig-
ure 3b). After 5 DAS, the third leaf emerges and is quickly fol-
lowed by the fourth. Due to this rapid succession, developing 
leaves are extensively covering the vegetative SAM and the 
younger leaf primordia, making imaging and quantifying the size 
of these small leaves challenging. Both optical and histologi-
cal 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 develop-

ment (Figure 3c). Later during development, starting from 3-4 
days after initiation (DAI) petioles start differentiating (Kalve et 
al., 2014b), 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 curva-
ture and folding (Figure 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 mor-
phology (Kalve et al., 2014b). Leaf thickness is determined by 
dorso-ventral leaf expansion, which is influenced by both geno-
type and environment (González-Bayón et al., 2006; Wuyts et 
al., 2012; Kalve et al., 2014b). To assess overall leaf thickness, 
histological (Beeckman and Viane, 2000; Kalve et al., 2014b) 

Figure 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 emergence 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 primordia 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 (red) 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 extraction and pattern-
ing 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 color. After 3 days of dark induced senescence (D3) treatment, this photochemical efficiency is lower, 
visualized by the light-blue color and yellow patches. 
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and optical sectioning methods, such as multi-photon micros-
copy (Wuyts et al., 2010) and high-resolution X-ray computed 
tomography (HRXCT) (Figure 3e,f) (Dhondt et al., 2010) can 
be used.

Leaf growth parameters

Although single timepoint measurements can give indications 
of plant or leaf size, it does not allow calculating growth-related 
parameters (Box 2), which require measurements at multiple 
timepoints. Such measurements are mostly performed with a 
fixed time interval. Leaf area from early timepoints until maturity 
typically displays a sigmoidal curve. Since the area of mature 
leaves is several orders of magnitude larger than that of leaf 
initials, these data are generally plotted on a logarithmic scale to 
allow a better discrimination between genotypes or treatments, 
especially at early timepoints. Intrinsic to the underlying cellular 
processes driving growth, Arabidopsis 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 absolute growth rate (RGR and AGR) and growth 
acceleration (Box 2). The ratio of the area of a leaf to its size on 
a previous timepoint corresponds to the RGR, whereas AGR 
reflects the area that is formed during a certain unit of time. 
The leaf measurements at different timepoints can be fitted with 
a local quadratic function or a complete curve fitting, allowing 
smoothing of the growth curve. The first order derivative of this 
smoothed curve, the AGR, is a measure of growth speed on 
that timepoint, representing the change of growth over time. 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 normal leaf development, the 
area of an initiating leaf primordium almost doubles in a single 
day; this is hence reflected in a high RGR. Later during develop-
ment, these fold changes decline and the RGR will hence de-
crease over time. The absolute size of a leaf increases the most 
in the middle of its active growth period. Therefore, the AGR of 
leaves will reach a peak at this timepoint and typically displays 
a bell-shaped curve. Positive and negative values of growth 
acceleration indicate that the AGR is enhanced or decreased, 
respectively. For example, upon transfer of plants grown on con-
trol medium to medium containing osmotic compounds (Skirycz 
et al., 2011a), a negative growth acceleration reflects a reduc-
tion in growth rate compared to control conditions. These differ-
ent growth-related parameters provide complementary views of 
the leaf growth dynamics in variable genetic backgrounds and 
environmental conditions. 

Quantifying carbon assimilation and distribution in leaves

In leaves, carbon is fixed via the Calvin cycle, supplying the 
energy and building blocks for plant growth (Streb and Zeeman, 
2012). Young leaves are unable to assimilate carbon and are 
not self-sustainable until chloroplasts start differentiating and 

the photosynthetic activity is switched on. These young leaves 
therefore 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. Several methods exist to visualize and mea-
sure starch content and the carbon distribution between and 
within leaves. Starch content can be visualized using iodine 
staining and quantified by the enzymatic hydrolysis of starch to 
glucose. By 14CO2 labeling, starch biosynthesis rates and turn-
over (Hostettler et al., 2011) and the allocation and partition-
ing of carbon in leaves (Kölling et al., 2013) can be measured. 
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 car-
bon 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. Similar to the as-
similated carbon, the imported carbon is equally distributed be-
tween starch, proteins and cell wall components in these young 
leaves (Kölling et al., 2015). 

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 cal-
culate various growth parameters. Since the area of mature leaves 
is several orders of magnitude larger than those of leaf initials, these 
data are generally plotted on a logarithmic scale. 

Absolute growth rate (AGR): The absolute growth rate, sometimes 
referred to as 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 function, allow-
ing smoothing of the curve. The first order derivative 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 -Δt 	  =	 dA(t)
	 Δt	 	 dt

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

RGR = 	ln(At) – ln(At -Δt)
	 Δt

When using destructive measuring methods, this value can be calcu-
lated with the mean logarithmic transformed values of pooled samples 
for each timepoint (Hoffmann and Poorter, 2002):

RGR = 	ln(At) – ln(At -Δt)
	 Δt

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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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). Analogous 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 ve-
nation parameters are facilitated 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 
complexity (sum of the number of endpoints, branching points 
and vascular elements) and vascular density (vein length per unit 
leaf area) (Figure 3g). Throughout leaf development, the length 
and complexity of the total vascular system increase, whereas 
vascular density reaches a peak around 14 DAS. Afterward, vas-
cular density declines during further development, because 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-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 (Figure 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 se-
nescing, enabling nutrient recycling and reallocation (Guiboileau 
et al., 2010). This process is governed by developmental, envi-
ronmental and hormonal signals (Khan et al., 2014). Senescence 
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 phenotyp-
ing method to accelerate leaf senescence in a consistent man-
ner (Oh et al., 1997). This process is commonly quantified by 
measuring the photochemical efficiency of photosystem II (PSII) 
using fluorescence imaging (Figure 3i). This phenotyping tech-
nique 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 de-
velopment. Since a strict coordination of cell proliferation and ex-
pansion during leaf growth determines its final size, phenotyping 

leaves at the cellular level is required to further understand leaf 
growth in control conditions and upon genetic and environmental 
perturbations.

PHENOTYPING LEAF DEVELOPMENT AT A CELLULAR 
LEVEL

During leaf development, several interconnected processes con-
trolling leaf size occur: i) cell proliferation, ii) meristemoid division 
and iii) cell expansion (Gonzalez et al., 2012) that can have dif-
ferent rates and durations. 

From the SAM, leaf initials emerge, in which cells grow 
through cytoplasmic enlargement before mitotic division. Where-
as in ferns, leaf blade development depends on a marginal meri-
stem (Boyce, 2007), its contribution in Arabidopsis is still under 
discussion (Donnelly et al., 1999; Tsukaya, 2013a). The different 
axes that determine the flat morphology of Arabidopsis leaves are 
formed early on (for a review: Tsukaya, 2013a). Along the dorso-
ventral axis, specialized cell types are formed (Figure 4). The nar-
row adaxial 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 the leaf, in the pallisade parenchyma. Gas ex-
change primarily happens at the abaxial orientated spongy meso-
phyll, explaining the larger intracellular spaces between spongy 
parenchyma cells and the higher stomatal density of the abaxial 
epidermis (Figure 4). This specialized cellular arrangement al-
lows 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. 

Reporter lines to study growth

Fusing reporter genes, such as β-glucuronidase (GUS) and the 
green fluorescent protein (GFP), to specific promoters has con-
siderably advanced our knowledge of the localization, dynamics 
and timing of the cellular processes driving leaf growth. The GUS 
reporter system is a destructive method based on the enzymatic 
conversion of glucuronide substrates, from which 5-bromo-
4-chloro-3-indolyl glucuronide (X-Gluc) is most frequently used, 
into a colored precipitate (Janssen and Gardner, 1989). The 
strength of the colored signal is influenced by the incubation pe-
riod, but also by the used promoter-GUS construct depending on 
the strength of the promoter, and by the penetration efficiency 
of the substrate in the plant tissue. For example, one promoter-
GUS construct can lead to overstaining after six hours of incuba-
tion, whereas another could show no signal 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 visualization of gene expression patterns using OPT 
can also be obtained by combining 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 
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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 pro-
liferation to cell expansion 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 ar-
rest 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 ar-
rest 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 ad-
ditional pavement cells and stomata. 

In addition to the pCYCB1;1 mitosis-specific marker, other 
marker lines specific for hormones, such as pDR5::GUS (Ul-
masov et al., 1997) and reporter lines specific for trichomes, sto-
mata, 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 
subcellular protein localization 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 dis-
tinguished 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 confo-
cal 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 (Cheng et al., 2001). 

Quantifying cellular processes that underlie leaf growth

The movement of the cell division arrest front during leaf devel-
opment was confirmed by an extended phenotypical study of the 
transition from cell division to cell expansion (Andriankaja et al., 
2012). In this study, microscopic drawings along the entire abaxi-
al epidermis of cleared leaves were produced using a differential 
interference contrast (DIC) microscope (also known as Nomar-
ski microscopy) equipped 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-
ure 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 lay-
ers can also be measured (Ferjani et al., 2007) and that the same 
leaf material can be used to measure leaf area and vasculature 
(see ‘Imaging and measuring rosette leaves’). Another approach 
to visualize and quantify cell divisions uses aniline blue staining 

Figure 4. Cell differentiation during leaf development. 

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.
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Figure 5. Cellular phenomics of leaf growth. 

(a) Analysis of digitalized epidermal cell drawings using automated image analysis scripts that extract the surface of the drawn area, cell area, stomatal 
count and pavement cell area (Andriankaja et al., 2012). (b) Non-destructive imaging of dividing and expanding cells over different timepoints using dental 
resin imprints. (c) Enlarged and elongated cells above the midvein cells and in close proximity to the leaf border. (d) Multi-photon image stacks and 3D 
reconstructed cell volumes across the different cell layers. The adaxial (upper) and abaxial (lower) epidermal layers are displayed in purple, the cylindri-
cal palisade parenchyma cells are colored in yellow and the irregular shaped spongy parenchyma cells are colored 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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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 visual-
ized and cell size-related parameters can be quantified non-de-
structively. 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 a light and/or scanning 
electron microscope (SEM) (Figure 5b) (Geisler et al., 2000). Us-
ing the latter method, cellular dynamics of a single leaf have been 
followed for up to 12 successive timepoints to track asymmetric 
divisions of meristemoid cells (Geisler et al., 2000). Such suc-
cessive imprints can provide detailed insights into the duration, 
extent and patterning of cell division and expansion (Figure 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 distribution (Box 3) can be ex-
tracted from these images. From cellular data obtained at differ-
ent timepoints, cell division and expansion rates can be derived 
(Box 3). For all cellular analyses, care needs to be taken that 
regions above the midvein and the border of leaves are avoided, 

because in these regions, cells are much larger and display dif-
ferent characteristics than other cells of the leaf blade (Kawamura 
et al., 2010) (Figure 5c). These cells appear already early during 
development and cover a relatively large proportion of the total 
leaf area. Later during development, this proportion is reduced, 
because the leaf blade continues to expand. Their exact func-
tion 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 positions in the im-
mature leaf: one at a quarter from both the base and tip of the leaf 
and another halfway between the leaf margin and the midvein of 
growing leaves (Nelissen et al., 2013).

Next to the epidermal cell layers, the palisade parenchyma 
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 those of the epi-
dermal layers (Figure 4), because they lack cells of the stomatal 
cell lineage. However, they are more challenging to access and 
intercellular spaces are found between the cells (Figure 4). DIC 
microscopy on cleared leaves, as described above, is a very 
straightforward method to measure the area the palisade pa-
renchyma cells. Since palisade cells are cylindrically elongated, 
and spongy parenchyma cells can show irregular shapes, histo-
logical transverse sections through the leaf (Kalve et al., 2014b) 
and measurements of cell volumes using multi-photon micros-
copy (Figure 5d) (Wuyts et al., 2010; Wuyts et al., 2012) provide 

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 trichomes 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 (Figure 5a, 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 (Figure 5a, 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 (Figure 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 pave-
ment cell number, respectively, per drawn area (Figure 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.

SI = 	 Number of stomata	  x 100
	 Number of epidermal cells + Number of stomata

Cell division and expansion rate: Rates of cell division (
cells
cells

t ) and cell expansion (
cellarea
cellarea

t ) are calculated as the relative rate of increase in cell number 
and cell size over time, respectively. For this, the logarithmic values of means of cell number or cell size of the measured timepoints are fitted with 
a local quadratic function, allowing smoothing of the curve. The first derivative of these smoothed curves 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 dis-
played. This representation allows for a more detailed interpretation of the cellular data than a single value, such as the average cell area, and enables 
a straightforward detection of shifts in cell size.
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additional information about the contribution of these cell layers 
to the leaf biomass. 

Cell expansion and endoreduplication 

The absolute growth of leaves is the highest when the majority of 
cells are maturing and expanding. Whereas in proliferating tissue, 
the expansion of cells is established by cytoplasmic growth and 
doubling of nuclear DNA, the increase in cell volume of differenti-
ating 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 the vacuole size, drives cell wall deformation. Then, 
the cell wall is stiffened by cross-linking and new cell wall ma-
terial is secreted (Cosgrove, 2005). Turgor pressure, the main 
driving force of this cellular growth, can be monitored in single 
cells by puncturing the cell wall using pressure probes (Green 
and Stanton, 1967). This method is conventional, but is however 
destructive and does not allow measuring the pressure in small 
cells, because their volume is not sufficient to reach the required 
equilibrium between the sap entering the probe and the remain-
ing 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 na-
no-indentations (Forouzesh et al., 2013).

Leaf cell expansion and differentiation coincides with an in-
crease in endoreduplication, 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 is 
mitotically active; these leaves are therefore predominantly 
composed of 2C and 4C nuclei-containing cells. Later during 
development, ploidy levels can reach up to 32C through endo-
reduplication. Although endoreduplication levels are hence of-
ten used as developmental markers, a causal relation between 
endoreduplication levels and cell size is still unknown (Tsukaya, 
2013b). Endoreduplication can be measured using flow cytom-
etry, a method allowing the measurement of DNA content by 
quantifying the fluorescence of nuclei stained with the DNA-spe-
cific fluorochrome 4’,6-diamidino-2-phenylindole (DAPI) (Nelis-
sen 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 certain 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) (Figure 5e). 

Cell proliferation, cell expansion and the coordination between 
these two processes by complex networks of genes determine 
the final shape and size of a leaf. Therefore, links between the 
macro- and microscopic phenotype and the underlying genetics 
can be made by phenotyping leaf growth on the molecular level.

MOLECULAR PHENOTYPING OF LEAF DEVELOPMENT

From initiation to maturation, different cellular processes coordi-
nate leaf growth. These cellular events are regulated by com-
plex networks of genes (Gonzalez et al., 2012; Tsukaya, 2013a; 
Hepworth and Lenhard, 2014; Kalve et al., 2014a; Rodriguez et 
al., 2014). By molecularly phenotyping leaves 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 coordinates and determines tissue identity and 
leaf outgrowth (Tsukaya, 2013a). A combined cellular and mo-
lecular phenotyping study of developing leaves has shown that 
many genes display a gradual expression change during the 
transition from cell proliferation to expansion (Andriankaja et al., 
2012). The expression of numerous 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, gradually decreases during the transi-
tion from proliferation to cell expansion and is found to be lower or 
even absent in leaves with predominantly expanding cells (Beem-
ster 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 upreg-
ulated at the onset of differentiation compared to earlier stages 
of leaf development (Andriankaja et al., 2012). During the tran-
sition from cell proliferation to cell expansion, chloroplasts start 
differentiating and the photosynthetic machinery is switched on, 
coinciding with the greening of the tip of the leaves. When the 
differentiation of the photosynthetic apparatus is blocked, cell ex-
pansion is inhibited, suggesting a link between cell differentiation 
and photosynthesis (Andriankaja et al., 2012).

For molecular phenotyping, the choice of the sampled mate-
rial 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 that of whole 
seedlings, it was shown that almost none of the transcriptional 
changes that occurred exclusively in proliferating and maturing 
leaves could be retrieved in whole seedling 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 can 
provide a better view of 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). 

Other tissue-specific approaches use fluorescence-activated 
cell sorting (FACS) combined with transcriptome analysis or 
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FLAG-epitope tagged ribosomal protein L18 under the control of 
different tissue-specific promoters for translatome profiling. With 
the first method, epidermal cells and cells from specific stomatal 
lineage stages are isolated and profiled transcriptionally, provid-
ing a detailed stomatal lineage expression map (Adrian et al., 
2015). Using tagged ribosomal proteins, ribosome-associated 
mRNAs are immuno-purified from specific cell populations of 
seedlings and hybridized against the Arabidopsis ATH1 Genome 
Array (Mustroph et al., 2009). Expression patterns of genes in 
specific cellular zones can be viewed in the online cell type-spe-
cific Arabidopsis electronic fluorescent pictograph (eFP) browser 
(http://efp.ucr.edu/). This Arabidopsis eFP browser integrates 
multiple transcriptome data sets and allows visualization of gene 
expression levels over a range of different leaf developmental 
stages and other plant organs (Winter et al., 2007) (http://bar.uto-
ronto.ca/). Over the last years, transcriptome analyses 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 becoming 
increasingly popular because of its numerous advantages over 
microarray technology (Mutz et al., 2013).

Forward and reverse genetic screens

Forward and reverse genetics are often used to identify genes 
regulating leaf growth. Detecting new leaf growth regulators us-
ing forward genetic screens is not straightforward, since quantita-
tive traits such as leaf growth are subjected to variation induced 
by environmental conditions. In addition, changes in growth 
caused by an altered gene expression level can often be subtle. 
However, mutations resulting in dramatic increases in leaf size 
have been described using this approach. The semi-dominant 
GRANDIFOLIA-D (gra-D) mutant has been identified by a ge-
netic screen from a population of mutants generated through the 
use of irradiation. Genetic analysis of gra-D plants that produce 
very large leaves showed a large segmental duplication of the 
lower part of chromosome 4 (Horiguchi et al., 2009). Similarly, 
DA1 (AT1G19270) has been identified from an ethyl-methanesul-
phonate (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 genet-
ics study on a collection of gene-indexed insertional mutants of 
Arabidopsis has recently been performed to identify genes in-
volved 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 color. 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 show an enhanced leaf size has allowed the identifica-
tion of different pathways and numerous genes involved in the 
regulation of leaf growth (Gonzalez et al., 2009; Hepworth and 
Lenhard, 2014) (Figure 6a). For example, downregulation of 
SAMBA (AT1G32310) enhances the volume of leaf primordia in 
early stages of development (Eloy et al., 2012) and overexpres-
sion of AN3 enhances both the rate of cell division and the dura-
tion of the cell division phase (Horiguchi et al., 2005; Lee et al., 
2009). Similarly, overexpression of the brassinosteroid receptor, 
BRASSINOSTEROID INSENSITIVE 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) increases 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 (Dish et al., 2006; 
Li et al., 2008). Mutations in these genes lead to the formation of 
larger leaves. Downregulation of the PEAPOD1/2 genes (PPD1/
PPD2; AT4G14713, AT4G14720) results in larger, dome-shaped 
leaves containing more cells, resulting from a prolonged period 
of meristemoid division (White, 2006). In GIBBERELLIN 20-OXI-
DASE 1 (GA20OX1; AT4G25420)-overexpressing plants, both 
cell number and size are increased (Huang et al., 1998; Gonza-
lez et al., 2010). Cell size is positively regulated by EXPANSIN 
10 (EXP10; AT1G26770) and SMALL AUXIN UP-REGULATED 
RNA19 (SAUR19; AT5G18010), because 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 expan-
sion, because saur36 mutants produce bigger leaves containing 
larger cells (Hou et al., 2013).

In conclusion, macroscopic and microscopic phenotypic 
analyses of mutants and transgenic lines with an enhanced leaf 
size allow extending our knowledge of the processes driving leaf 
growth. By molecularly profiling these mutants and wild-type 
plants, new components of the leaf growth regulatory network can 
be discovered. As a next step to dissect the complex leaf growth 
regulation pathway, connections between the genes and mecha-
nisms regulating organ size can be found using a combinatorial 
approach (Vanhaeren et al., 2014). This study showed that syner-
gism in leaf growth could be achieved by combining mutants that 
control similar cellular processes, such as cell division, but also 
by combining genes that drive cell division with those promoting 
cell expansion (Figure 6b). In addition, some growth-regulatory 
genes, such as BRI1, SAUR19 and SAMBA, have been found 
to lead to a synergistic effect in the majority of combinations they 
were part of, suggesting they play a central role in the leaf growth 
regulatory networks (Vanhaeren et al., 2014).

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 are constantly 
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Figure 6. Molecular mechanisms regulating leaf size. 

(a) The different processes that can influence cell number, cell size and hence final leaf size (i.e. primordium initiation, the duration of proliferation, the rate 
of proliferation, meristemoid division, cell expansion rate and cell expansion duration) are presented. These events are positively (green) and negatively 
(red) regulated by different genes. (b) Combinatorial approaches revealed that leaf size can be synergistically enhanced by combining genes controlling 
cell division (BRI1OE_da1-1) and genes promoting cell (meristemoid) division and expansion (ami-ppd_SAUR19). (Abbreviations: ANT (AINTEGUMENTA: 
AT4G37750), APC10 (ANAPHASE PROMOTING COMPLEX 10: AT2G18290), ARF2 (AUXIN RESPONSE FACTOR 2: AT5G62000), ARGOS (AUX-
IN-REGULATED GENE INVOLVED IN ORGAN SIZE: AT3G59900), ARL (ARGOS-LIKE: AT2G44080), AVP1 (ARABIDOPSIS THALIANA V-PPASE 3: 
AT1G15690), CCS52A (AT4G11920) CCS27A (CELL CYCLE SWITCH PROTEIN 52, AT3G16320), CYCD3 (CYCLIN D3), DA2 (AT1G78420), CYP78A6 
(CYTOCHROME P450, FAMILY 78, SUBFAMILY A, AT2G46660) EBP1 (A. THALIANA ERBB-3 BINDING PROTEIN 1: AT3G51800), GIFs: GRF1-IN-
TERACTING FACTOR 1,2,3: AT5G28640, AT1G01160, AT4G00850), GRF3 (GROWTH-REGULATING FACTOR 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 HOMEODOMAIN 5: AT1G75240), UBP15 (UBIQUITIN-SPECIFIC 
PROTEASE 15, AT1G17110).
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investing in the development of new phenotyping approaches 
and analysis tools (www.plant-image-analysis.org) to increase 
the spatial or temporal resolution and enhance the throughput 
by which plants can be analyzed. The use of robotics allows the 
automation of large-scale live imaging that would be very chal-
lenging 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., 2011b) to study 
their growth response under water-limiting conditions. 

Phenotypes can be used as readout for a plethora of traits, 
such as photosynthesis efficiency, nutrient deprivation and vari-
ous biotic and abiotic stress responses. Increasing the resolution 
and dimensionality of automated high-throughput systems 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 differ-
ent irrigation regimes (Granier et al., 2006; Skirycz et al., 2011b; 
Tisné et al., 2013), can result in very rich data sets. Together with 
recent developments in large-scale sequencing, resulting in de-
tailed genotyping information about different Arabidopsis acces-
sions (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 re-
lation 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 efficien-
cy. 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 dur-
ing the different phases of leaf growth. Obtaining these data is 
however laborious and/or time-consuming, arguing for more au-
tomated setups to obtain high-quality cell images suitable for data 
extraction. High-throughput imaging using spinning disc micros-
copy 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 develop-
ment (Beemster et al., 2005; Andriankaja et al., 2012) and on 
leaf growth mutants or transgenic lines have advanced our knowl-
edge of 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 func-
tions are present. In monocot plant species, such as maize, these 
different growth zones are more straightforward to isolate, allow-
ing high-resolution sampling of the leaves (Nelissen et al., 2012). 
Advanced sampling of developmental phase- and tissue-specific 
leaf material, facilitated by FACS (Gronlund et al., 2012; Adrian et 
al., 2015) or laser dissection isolation (Wuest and Grossniklaus, 
2014) combined with RNA-sequencing, will result in cell- and 
stage-specific transcriptome maps that are already available for 
Arabidopsis roots (Birnbaum 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 Arabidopsis growth, such as 
phyllotaxis (Jönsson et al., 2006). Since leaf growth is a multifac-
torial trait, governed by multiple interconnected pathways, model-
ing will become increasingly important to further comprehend this 
complexity. Several models have been developed to describe cel-
lular and leaf organ growth. The cell-based modeling framework 
VirtualLeaf allows users to investigate various aspects of tissue 
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, 
has allowed measuring cell division and expansion rates during 
development and has showed that neighboring pavement cells 
with different sizes expanded at different relative rates (Khei-
barshekan Asl et al., 2011). In addition, through time-lapse imag-
ing of young leaves with confocal microscopy, growth dynamics 
and leaf shape formations were modeled, covering normal and 
perturbed growth of leaves (Kuchen et al., 2012). The creation 
of such models describing leaf growth will be facilitated with the 
availability of a multitude of data sets on rosette and individual 
leaf growth, cellular dynamics and the continuous elucidation 
of the molecular pathways that underlie leaf growth. 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 plat-
forms, RNA sequencing, and proteomic and metabolomic ap-
proaches, 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 find-
ings and to identify new relationships between growth-regulating 
genes and mechanisms. This requires however an objective data 
description using coherent phenotype onthology and controlled 
vocabularies (Ilic et al., 2007; Avraham et al., 2008; Szakonyi et 
al., 2015) (http://www.plantontology.org/) and a correct descrip-
tion of the used phenotyping techniques. Similarly, a better anno-
tation of the experimental metadata, such as a detailed descrip-
tion of environmental conditions, the timing and exact tissue of 
sampled material, must be provided to allow a correct compari-
son of data sets (Furbank and Tester, 2011; Fiorani and Schurr, 
2013). For example, because 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 becomes 
larger than 1 mm (Boyes et al., 2001), can provide more accurate 
information about the developmental timing than only reporting 
the amount of days after stratification of the seeds.

In plant growth, phenomics is an important research field, be-
cause it connects molecular changes with a visible phenotype. By 
further development of phenotyping methods and by combining 
phenomics with other research fields, such as genomics, metabo-
lomics, 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 devel-
opment. In respect to this integrative view of leaf research, phe-
nomics plays a central role since everything starts with the initial 
observation of a growth trait. A thorough phenotypic analysis can 
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in addition aid to select the most relevant timepoint and tissue to 
sample material for other -omics approaches. The underlying mo-
lecular mechanisms of the observations can be further tackled by, 
for example, exploring the transcriptomic and proteomic changes 
that underlie the growth phenotype. In addition, ionomics (Salt 
et al., 2008) combined with phenomics can provide valuable in-
formation about how mineral nutrients and spore elements are 
distributed in leaf tissue during its different developmental stag-
es and how these elements are distributed under nutrient- and 
water-limiting conditions. Metabolic profiling of leaves during dif-
ferent developmental stages would deliver a better understand-
ing of the sink-to-source transition in Arabidopsis and provide 
detailed insights into carbon allocation and nitrogen use under 
control and stress conditions. A similar sink-to-source profiling 
study has been successfully applied in the quaking aspen, which 
carries large leaves (Jeong et al., 2004), but this approach is very 
challenging using the small Arabidopsis leaves, because 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 devel-
oped to monitor the color 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 re-
search as readout for underlying genetic or environmental chang-
es. In addition, phenotyping helps to select the most appropriate 
timepoints and tissue for molecular characterization of the ob-
served traits. Therefore, phenomics is an indispensable tool in 
the quest to understand leaf growth regulation. 
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