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Summary

Summary

In a very simplified view, the plant leaf growth can be reduced to two processes, cell
division and cell expansion, accompanied by expansion of their surrounding cell
walls. The vacuole, as being the largest compartment of the plant cell, plays a major
role in controlling the water balance of the plant. This is achieved by regulating the
osmotic pressure, through import and export of solutes over the vacuolar membrane
(the tonoplast) and by controlling the water channels, the aquaporins. Together with
the control of cell wall relaxation, vacuolar osmotic pressure regulation is thought to
play an important role in cell expansion, directly by providing cell volume and
indirectly by providing ion and pH homestasis for the cytosoplasm.

In this thesis the role of tonoplast protein coding genes in cell expansion in the model
plant Arabidopsis thaliana is studied and genes which play a putative role in growth
are identified. Since there is, to date, no clearly identified protein localization signal
for the tonoplast, there is no possibility to perform genome-wide prediction of proteins
localized to this compartment. Thus, a series of recent proteomic studies of the
tonoplast were used to compile a list of cross-membrane tonoplast protein coding
genes (117 genes), and other growth-related genes from notably the growth
regulating factor (GRF) and expansin families were included (26 genes). For these
genes a platform for high-throughput reverse transcription quantitative real time
polymerase chain reaction (RT-qPCR) was developed by selecting specific primer

pairs. To this end, a software tool (called QuantPrime, see http://www.quantprime.de)

was developed that automatically designs such primers and tests their specificity in
silico against whole transcriptomes and genomes, to avoid cross-hybridizations
causing unspecific amplification.

The RT-gPCR platform was used in an expression study in order to identify candidate
growth related genes. Here, a growth-associative spatio-temporal leaf sampling
strategy was used, targeting growing regions at high expansion developmental
stages and comparing them to samples taken from non-expanding regions or stages
of low expansion. Candidate growth related genes were identified after applying a
template-based scoring analysis on the expression data, ranking the genes
according to their association with leaf expansion.

To analyze the functional involvement of these genes in leaf growth on a

macroscopic scale, knockout mutants of the candidate growth related genes were

Xi



Summary

screened for growth phenotypes. To this end, a system for non-invasive automated
leaf growth phenotyping was established, based on a commercially available image
capture and analysis system. A software package was developed for detailed
developmental stage annotation of the images captured with the system, and an
analysis pipeline was constructed for automated data pre-processing and statistical
testing, including modeling and graph generation, for various growth-related
phenotypes. Using this system, 24 knockout mutant lines were analyzed, and

significant growth phenotypes were found for five different genes.

Xii



1. General introduction

1. General introduction

1.1 Introduction to plant vacuoles

Plant vacuoles (see Figure 1.1) are multifunctional organelles that occupy most of
the cell volume. They were discovered during the early uses of microscopy and
named ‘vacuoles’ since they were incorrectly believed to be empty cell space, devoid
of cytoplasmic matter (De, 2000). Although this cell compartment is not directly
involved in most parts of the central metabolism and housekeeping of the cell,
indirectly it plays a major role in keeping the plant alive on the cellular as well as on
the organ and organism level (Taiz, 1992; Marty, 1999). It has been repeatedly
shown that a plant cell cannot survive without a vacuole, contrasted with the fact that
there are plant cell types which can survive without other common organelles like
mitochondrion and Golgi bodies, and that vacuoles quickly reappear after

evacuolating cells (De, 2000).

Vacuole

Tonoplast

Figure 1.1: A schematic representation of the plant cell (source: Wikipedia: ‘Vacuole’).
The vacuole and the tonoplast are marked. Note that the vacuole typically occupies a larger

part of the cell volume in reality than in this figure.
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Plant vacuoles share many properties with vacuoles in yeast and algae as well as
some with lysosomes in animal cells, although these organelles are generally much
smaller than the plant vacuoles. Also, the tasks assumed by animal lysosomes are in
plants divided between their own lysosomes and the vacuoles (Marty, 1999; De,
2000). Plant vegetative cell vacuoles have a unique main function, which is to
maintain a large cellular volume at a low energy cost, and thus maintain the stiffness
of the tissue by pushing the plasma membrane against the cell wall. This is possible
as the plant central vacuole generally contains high concentrations of small solutes
(mostly inorganic) and thus has a high osmotic pressure. As long as the water level
of the plant is high enough, water will consistently try to enter the cell and increase
the volume. The cytoplasm is squeezed into a thin layer between these two main
cellular membranes, resulting in a high ratio of membrane surface to cytoplasm
volume. If the water level of the plant is too low, plasmolysis occurs, the cells cannot
maintain turgor pressure on the cell walls and thus the rigidity of the plant is
compromised, causing wilting (De, 2000).

Apart from the important role in providing structural support to the plant organs, the
plant vacuole is also involved in several other physiological processes; mainly
storage, waste disposal, protection and growth (Marty, 1999; De, 2000). In order to
fulfill these tasks the solution contained by the vacuole is markedly different from the
cytosol. Besides the higher concentration of small solutes that was already
mentioned, it also often contains high concentrations of pigments, tannins and
carbohydrates. These compounds impart much of the taste, odor and in some cases
toxic properties of the plant leaves as well as distinct colors to the flower petals. This
way the plant can e.g. attract insects for pollination, through bright pigmented flowers
or an aromatic scent, or dissuade herbivores from eating its leaves by releasing bitter
or toxic compounds when chewed. Many such compounds synthesized by the plants
for protection or attraction have found uses for humans, some examples being
natural rubber, garlic flavoring, opium and flower pigments for coloring textiles (De,
2000).

Vacuoles are also involved in the protection of the plant to abiotic stresses. One
major way for a plant to counter phytotoxicity of many natural and synthetic
chemicals (xenobiotics) is to covalently link them to the endogenous tripeptide
glutathione and then export the complex from the cytoplasm into the vacuole

(Coleman et al., 1997). The same pathway is also used for sequestering secondary



1. General introduction

metabolites (e.g. pigments) into the vacuole. Also, since the vacuole serves as a
reservoir of many mineral and organic ions, it can support ion and pH homeostasis of
the metabolically active parts of the cell even under strong water stress (drought or
high soil salinity), temporary nutrient deficiency or metabolism shifts; day/night shifts,

sink to source shifts and senescence progression (De, 2000).

1.2 Diversity of plant vacuoles and their different roles

The generally accepted model states that that vacuole biogenesis occurs through
fusion of smaller vesicles originating from the endoplasmic reticulum (ER) and the
Golgi apparatus (De, 2000). However, several different types of vacuoles exist and
they can be very diverse in form, size, content and display different functional
dynamics. The following classification into two major types of vacuoles is commonly

made:

1.2.1 The central lytic vacuole (LV)

This type of plant vacuole shares several features with the yeast vacuole and the
animal lysosome, has an acidic pH (typically 5.0-5.5) and contains hydrolytic
enzymes (similar to the lysosomal enzymes in animal cells) that are active in protein
degradation. This type of vacuole is forming the large central vacuole in most plant
cells (occupying more than 90% of the total cell volume) and fulfills most of the
physiological roles described in the previous section (De, 2000).

The tonoplast for this type of vacuole contains the specific aquaporin y-TIP (tonoplast
intrinsic protein, the group of the most abundant tonoplast proteins) — in Arabidopsis
thaliana these are the members of the TIP1 subfamily (Frigerio et al., 2008; Wudick
et al., 2009), and antibodies raised against TIPs from this group, or fluorescent
protein fusions with the transmembrane parts of y-TIPs are commonly used to

identify such vacuoles.

1.2.2 The protein storage vacuole (PSV)

This type of vacuole is markedly different from the LV by its lack of proteolytic activity.
Thus it can function as a protein reservoir in specialized cells in seeds, fruits and
some root cells, as well as certain cells in vegetative tissue (Frigerio et al., 2008).
The PSVs are more diverse than the LVs, and more difficult to specifically mark using

antibodies raised against TIP isoforms. However, it is generally accepted that the
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PSV tonoplast in seeds contains the aquaporin a-TIP (in Arabidopsis the TIP3
subfamily) and that vegetative protein storage vacuole tonoplast contains &-TIP (the
TIP2 subfamily) (Frigerio et al., 2008). Also, proteins accumulate in ER-derived
vesicles in the endosperm of cereal grains. These organelles are vacuole-like in size
but are not derived from a vacuolar compartment.

Both main types of vacuole can assume functions in storage and degradation at
different stages of their life cycle. It has also been observed that two or more
vacuoles of different types can co-exist in the same cell. As many observations of this
type were reported, it was proposed that this would be the case for most plant cells.
In this model, the course of cell development would lead to the fusion of two smaller
parental vacuoles, forming the large central lytic vacuole in a mature cell. The fused
vacuole would then fulfill the role of both parental compartments, which earlier in
development served two different purposes; storage and degradation. However,
recent findings have raised doubts on this generalized theory and it is currently a
matter of debate (Frigerio et al., 2008; Wudick et al., 2009).

1.3 The tonoplast and its constituents

The tonoplast is a lipid bilayer that separates the vacuolar lumen from the
cytoplasmic space (see Figure 1.1). Although it has been shown that considerable
amounts of tonoplast originates from the ER and passes through the Golgi apparatus
(Herman et al., 1994), it does not generally share many common features with those
or other endomembranes (De, 2000). Remarkably, the tonoplast has the ability to
grow very rapidly, and although the exact origin of the lipids necessary for such fast
growth is unknown, they are assumed to originate from the smooth ER. However, it
shares some common features with the plasma membrane, notably the high
permeability of water facilitated by the abundant aquaporins and the existence of a
highly active ATPase, which maintains the acidic pH in the vacuolar lumen and
extracellular space, respectively.

The main enzyme constituents of the main central vacuole tonoplast in Arabidopsis
are the previously mentioned aquaporins (TIPs), vacuolar-type ATPase (V-ATPase)
and the proton-translocating pyrophosphatase (H*-PPase). Apart from these main
enzymes there is a series of transporters supporting cytoplasmic ion and sugar

homeostasis (Jaquinod et al., 2007).
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Although sorting signals are known for protein localization to the nuclear membrane,
the endoplasmic reticulum membrane, the Golgi apparatus, the mitochondrion and
the chloroplast membranes, no protein localization signal for the tonoplast is known.
Thus, protein localization predictions to this compartment are limited to homology
comparisons with experimentally proven tonoplast localized proteins in plants or
other organisms. The lipid composition of this membrane is only slightly different from
that of the plasma membrane, against which the tonoplast is typically pressed. Thus
it is not straightforward to distinguish the correct localization of a protein between
these two compartments, especially when the protein studied is not evenly distributed
over the membrane. Due to these difficulties, it is hard to verify which transporters
and other membrane associated proteins are present in the tonoplast. However, due
to the rising interest in the plant vacuole, the protein content of the vacuole, including
the tonoplast, has recently been object of four proteomic studies on Arabidopsis
(Szponarski et al., 2004; Shimaoka et al., 2004; C. Carter et al., 2004; Jaquinod et
al., 2007) which has contributed a great deal in confirming earlier predictions and
providing information about previously unknown tonoplast-localized proteins. In
Chapter 4 these findings are summarized and treated in more detail.

A few online resources for Arabidopsis are also helpful in providing summaries of
published proteomics and other experimental localizations of tonoplast protein,
notably the Arabidopsis Subcellular Database (SUBA) (Heazlewood et al., 2007) and
The Arabidopsis Information Resource (TAIR) at the Carnegie Institute of Science’s
Department of Plant Biology at Stanford University (Swarbreck et al., 2008).

1.4 The role of the vacuole and the tonoplast in growth

As described above, the vacuole maintains the plant rigidity by providing cellular
volume. Thus, by controlling the import and export of ions, the total cellular volume
can be regulated. Guided by ectopical relaxation of the cell wall, cell expansion
proceeds in a controlled manner (Hamant and Traas, 2010). When the cell reaches
mature size, the cell wall is not relaxed anymore and the turgor pressure only acts to
maintain the rigidity of the structure, not to promote growth. Thus, by studying the
activity of the tonoplast proteins, it should be possible to identify key regulators of
growth.

It has been shown that vacuolization coincides with rapid expansion of root tip cells

(Brumfield, 1942; Beemster et al., 2003). There are also reports on major tonoplast
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proteins being associated with cell expansion, e.g. expression of TIP1;1 was shown
to be associated with cell elongation in Arabidopsis (Ludevid et al., 1992). Based on
a study carried out with reduction of TIP1;1 transcripts in Arabidopsis (Ma et al.,
2004), it was initially believed that functional TIP1;1 would be essential for plant
survival. However, later studies on knockout mutants for TIP1;1 and 1;2 refuted this
statement (Schussler et al., 2008), although it could be recently shown that root
growth is impaired in the tip7;1 genotype under water limiting conditions (Beebo et
al., 2009).

1.5 Leaf cell elongation and leaf organ size control

It is currently far from certain how the final leaf size in a plant is determined. Local
regulation of cell division rates and organism-level regulation mechanisms of cell
division and expansion have been thoroughly studied and discussed in the last
decade (Tsukaya, 2002, 2008; Beemster et al., 2003; Harashima and Schnittger,
2010). The observation of compensation has been spurring this discussion, which is
the possibility for a leaf to compensate with an increased cell size when cell numbers
are decreased, e.g. through disruption of cell cycle related genes, to maintain a
similar final organ size (Tsukaya, 2002). This phenomenon has been extensively
studied (Tsukaya, 2008), and conclusions about the directionality of this
compensation effect could be made. A reduction in cell numbers often result in an
increase in cell size, however the inverse situation is not true (an increase in cell
number only seldom results in smaller cells) and the molecular details of this control
has not been solved (Tsukaya, 2008).

However, studies of core cell cycle gene activity and the spatial distribution of cell
sizes and expansion rates in Arabidopsis rosette leaves have given clear answers as
to where and when cell division and expansion occurs (Donnelly et al., 1999;
Beemster et al., 2005).

A time line for cell division and expansion for the primary rosette leaves in
Arabidopsis development was established by kinetic analysis of cell sizes and
numbers (Beemster et al., 2005). In this timeline, the phases where cell division and
expansion are predominant could be determined, although the authors also show
that lower rates of cell division still occur when expansion is predominant. The spatial
distribution of cell division and expansion zones evolves with time (Donnelly et al.,

1999). In small leaves cell division takes place over the entire leaf blade, however
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with time the cell cycling activity can be described with a basipetal gradient and the
cell division zone retracts towards the base of the leaf, while cell expansion still goes
on across the complete leaf blade. When the leaf has reached a certain size, cell
division almost completely stops, and then cell expansion also takes on a basipetal
gradient and eventually retracts towards the base as the leaf reach maturity
(Donnelly et al.,, 1999). These studies have focused on epidermal cells, but it is
suggested that they can be generalized to the whole leaf blade for studies where
differentiation of cell type is impossible, such as nucleic acid or metabolite extraction
from whole leaf samples (Beemster et al., 2005).

In recent tempo-spatial studies of leaf growth in Arabidopsis (Wiese et al., 2007), the
findings of a basipetal expansion gradient could be shown on a macroscopic level for
mid-sized leaves (between 30 % and 50 % of their final sizes). Also, the temporal
pattern suggests that the main growth period of the leaf is the end of the night and
the first few hours of light, with the lowest growth reported in the beginning of the
night.

Also, it has been demonstrated that rising ploidy levels (due to endoreduplication) in
cells across the growth gradient in leaves is associated with cell expansion
(Beemster et al., 2005), although cell ploidy level is not directly correlated with its size
nor the speed of expansion, and above a certain threshold organism polyploidy

results in smaller leaf sizes (Tsukaya, 2008).

1.6 Expression analysis with real time RT-qPCR

The quantitative real time polymerase chain reaction (QPCR) is a method for DNA
quantification based on the ubiquitous PCR technology (Saiki et al., 1985; Mullis et
al., 1986). One of its major uses is in gene expression analysis, for which it is then
commonly confusingly referred to as qRT-PCR (in which it is unclear whether RT
then is short for ‘reverse transcription’ or ‘real time’, and is used for both meanings);
the less ambiguous RT-qPCR notation, for reverse transcription quantitative PCR, is
preferred (Nolan et al., 2006). In RT-qPCR, reverse transcription (RT) is necessary to
convert the messenger RNA (mMRNA) species into complementary DNA (cDNA),
which can then be used as a template for gPCR.

The advantage of RT-qPCR when comparing it with other expression analysis
techniques, such as Northern blotting or microarrays, is the wide dynamic range (it is

generally considered to give a linear response over 7 orders of magnitude), the low
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detection limit (10-100 molecules) and thus low template consumption and high
precision (results are technically very reproducible) (Bustin, 2000; Bustin et al.,
2005). However, as it is a technique based on enzymatic amplification, accuracy can
be a problem if proper controls are not made, since slight differences in
concentrations or enzyme activity will cause exponentially growing errors. Also, the
time and complexity of setting up the PCR reactions rise linearly with the number of
targets to quantify (one or few measurements are done in each reaction vessel),
whereas with microarray techniques a thousands of sequences are quantified in one
hybridization. Additionally, alternate transcript splice variants can only be detected if
one is specifically designing primers for this purpose, while total mRNA size
differences can be observed in Northern blotting.

The underlying assumption of qPCR is that by observing the increasing quantity of
DNA during PCR cycling (in ‘real time’) one can determine the initial amount of the
template DNA, or at least compare the relative quantity between two samples
(Higuchi et al., 1993). The major difference to traditional RT-PCR quantification,
called ‘end point’ semi-quantitative PCR (where the end product is usually separated,
stained, and quantified on an agarose gel), is the ability to track the amplification over
many cycles, and differences in amplification efficiencies or the presence of inhibitors
are easier to detect and correct for.

In order to quantify the increasing amount of DNA in the reaction mixture, there are
two main types of qPCR in use today, both of which can be used in most brands of
gPCR machines, which are essentially PCR thermocyclers with integrated

fluorometers.

1.6.1 |Intercalating dye qPCR

This was the first qPCR type described and uses a DNA intercalating dye for
quantification. In this method normal PCR primer pairs flanking the sequence
targeted for amplification are used, and as the double-stranded DNA concentration
rises during cycling more and more dye is bound and increases the fluorescence of
the reaction mixture.

Initially ethidium bromide, which is commonly used for staining DNA and RNA
electrophoresis gels, was used but later replaced by SYBR Green | (N',N'-dimethyl-N-
[4-[(E)-(3-methyl-1,3-benzothiazol-2-ylidene)methyl]-1-phenylquinolin-1-ium-2-yl]-N-
propylpropane-1,3-diamine). SYBR Green | has better properties for gPCR, due to its
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lower background fluorescence when free in solution or bound to single-stranded
DNA such as the oligonucleotide primers in the reaction mixture (C T Wittwer et al.,
1997). It also shows better resistance against degradation at higher temperatures,
and lower inhibition of the DNA polymerase, two other properties crucial for high
efficiency in PCR. Recently, new dyes have been presented as alternatives SYBR
Green |, some of which show better properties, mainly in fluorescence performance

and lower inhibition of PCR; most notably EvaGreen (Sang and Ren, 2006).

1.6.2 qPCR using oligonucleotides linked to fluorescent dyes

There are several different methods using different ways to covalently link fluorescent
reporter dyes to primers and oligonucleotide probes which is being used in gPCR and
it is outside of the scope to describe them all here. The most common in gene
expression analysis, however, is the hydrolysis probe technique (a.k.a. TagMan™
from Applied Biosystems) using normal PCR primer pairs targeting the template
sequence and an oligonucleotide probe, covalently linked to a fluorescent reporter
dye and a quencher, prohibiting the dye from fluorescing as long as it is in proximity.
The oligonucleotide probe is designed to bind in the middle of the amplicon, between
the priming sites, and when the DNA polymerase reaches the probe in the extension
step of the PCR protocaol, its 5’-exonuclease activity will cleave the bond between the
fluorescent dye and the probe. Once released into solution, the reporter dye is no
longer quenched and fluoresces. Thus, the fluorescence in the reaction mixture is
relative to the number of extended DNA molecules.

When comparing the two types, intercalating dye gqPCR has the advantage of
simplicity, since standard PCR primers can be used for amplification. Also, at the end
of the qPCR run, the accumulated amplicons can be studied by melting curve
analysis, by gradually increasing the temperature and recording the fluorescence.
Thus, it is possible to verify that one specific amplicon was produced, which is not
possible in TagMan gqPCR. However, the major disadvantage is that all DNA, also
single stranded species such as the primers, will be bound by the intercalating dye.
This causes higher background fluorescence as well as problems if primer-dimers or
other non-specific products are formed during PCR cycling. For the same reason it is
also impossible to perform multiplex gPCR, i.e. quantification of several distinct
template sequences within a single reaction vessel, using intercalating dyes. Using

the TagMan method, several primers and probes can be present in the same reaction
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mixture, using different fluorescent dyes with different emission wavelengths for each
target sequence. However, TagMan has the disadvantage of complexity of chemistry
and in the design of probes, which makes it generally more expensive than
intercalating dye gPCR, especially when high numbers of transcripts are targeted.
Regardless of the type of detection chemistry used, similar data are produced.
Generally, the fluorescence caused by intercalation or free dye release rises over the
background when sufficient signal is produced, typically after 15-25 PCR
amplification cycles. Then, the signal increases exponentially until the PCR reaction
becomes inhibited (typically by end products) and the signal starts to flatten out and
eventually reach a plateau. In some detection chemistries for intercalating dye gPCR
an independent dye, with similar chemical properties as the detection dye but which
is not binding to DNA, is used as a normalization agent and can correct for thermal
degradation of the dye or changes in concentration caused by water evaporation.
Also, in order to correct for differing background fluorescence signals in different
thermocycler wells, a background removal algorithm is applied which typically uses
the mean signal from the first few cycles as a background.

For quantification, a certain fluorescence threshold is used (detection threshold), at
which the theoretical cycle for each reaction is calculated. This value is called ‘Ct’ or
‘Cp’, for cycle at threshold or crossing point, respectively, depending on the
instrument software. Here we will use ‘Cy’ (for quantification cycle) as recommended
in the RDML (Real-time PCR Data Markup Language) specifications (Lefever et al.,
2009). Here, typically a threshold is selected which is crossed during the exponential
phase in all reactions.

For absolute quantification, when determining DNA molecule count, the Cq value of
each well is compared to a standard curve, where known titers of the sequence are
present over the dynamic range. Usually several different dilutions of the sample are
quantified to increase the certitude of the measurement.

For relative quantifications, where differences between samples are quantified, there
is a plethora of different methods. The most common method is the so-called 2724%4-
method (Livak and Schmittgen, 2001), which is simple and applicable when the
amplification efficiencies allow it. In this method the difference in Cq (ACy) between
the transcript of interest and a reference transcript is calculated for each sample. The
reference transcript is assumed to be equally expressed in all samples, so typically a

transcript from a ‘housekeeping’ gene is used, where the expression is known to be
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stable. Then, the ACq values are compared between the samples (giving AAC,
values) and the difference in expression (as fold change) is defined as 2229, Thus,
we effectively normalize by setting the differences in the Cq for the reference
transcript to zero and thus assume that this operation evens out any differences in
input cDNA concentration (and originally mRNA concentration) and any in-between
operations (such as reverse transcription, dilutions etc.). Also, sometimes more
importantly, we assume PCR amplification efficiency (defined as of the amount of
molecules duplicated in one cycle) to be constant for the all quantifications with the
same primer pairs. Also, since we normalize with the reference transcript C,, we
assume that this quantification is performed with the same PCR efficiency as the
transcripts of interest.

To avoid bias by differing efficiencies between samples, methods have been
suggested that correct for such efficiency differences when calculating relative
quantities (Pfaffl, 2001). However, well-founded criticism has been raised whether the
efficiency can be estimated well enough to avoid introduction and propagation of
further errors, and it has been suggested that the efficiency of each individual
reaction should be assessed for such a correction, e.g. through log-linear regression
of the amplification curve (Ramakers et al., 2003). This remains a matter of debate,
and methods using efficiency corrections are mostly successfully applied to gPCR
results where high numbers of technical and biological replicates have been carried
out, to provide a good basis for accurate efficiency estimations. Additionally, it has
been suggested to use several reference genes when normalizing RT-qPCR data
(Vandesompele et al., 2002), to avoid bias by fluctuations in the expression of a
single reference gene. Although this method has received a high acceptance in the
gPCR community, much experimental data are still published where only single
reference genes are used for normalization, in some cases genes which are known
to be fluctuating considerably (Bustin, 2010). Recently, a method for applying
reference gene free normalization (using quantile normalization) has been reported
(Mar et al., 2009), which seems promising for datasets where many transcripts are
studied — the authors suggest at least 50 transcripts.

As a conclusion, the recent intense activity in technical and analysis development for
gPCR techniques shows that even though it can be considered to be a ‘gold standard
technique’ for expression measurements, there is a need for maturation of the

software used in data analysis. Also, there is a need to bring standard good
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practices, concerning experimental design and data analysis, to the attention of the
end users, and standardized procedures should be more carefully adhered to
(Udvardi et al., 2008; Bustin, 2010; Pfaffl, 2010). Notably, proper primer design is
critical in obtaining high quality RT-qgPCR results (Udvardi et al., 2008). This subject

is treated in detail in Chapter 2.

1.7 Leaf growth phenotyping

The word “phenotyping” originates from the noun phenotype, meaning observing a
visible characteristic of an organism. When phenotyping a plant, this means to
observe and collect visible traits for that plant, usually with the intention of relating
these to a certain plant genotype; meaning the genetic make-up of that specific plant
(Mahner and Kary, 1997). For example, in crop breeding research it is common to
screen crosses of plant ecotypes and closely observe the progeny for a desired
phenotypic trait, such as increased biomass or increased tolerance to biotic or abiotic
stresses. When an observed phenotype can then be clearly linked with a specific
genotype, it is then possible to specifically look for progeny stably carrying this
genotypic trait. It is thus up to the phenotyping method and analysis to provide such
clear links.

In vegetative leaf growth phenotyping, meaning how and to what extent biomass

accumulates in this organ, it is possible to employ invasive or non-invasive methods.

1.7.1 Invasive methods

Typical methods include the determination of whole shoot or single leaf fresh and dry
weight (by weighing) and leaf detachment and subsequent length or area analysis by
manual measurement or scanning, all of which are relatively easy to perform with
inexpensive lab equipment. However, as the studied sample number increases, leaf
harvest and measurements become highly labor-intensive and difficult to perform in
narrow time-windows, which is sometimes required for representative comparisons.
Also, small samples (such as Arabidopsis seedlings) can be difficult to precisely
weigh. On the other hand, combinations with other kinds of quantitative invasive
analysis methods, such as gene expression, metabolite, and ion concentration
profiling are possible and can contribute greatly to the biological understanding of the

status of the tissue studied.
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1.7.2 Non-invasive methods

The major benefit of non-invasive methods for growth phenotyping is their inherent
characteristic that the studied object is available for repeated measures. Since
biomass accumulation in plants generally follows the compound interest law, m{ = mg
x e" (Blackman, 1919), individual variations early in development have an impact on
later development. Thus, it is possible to reduce the number of individual plants
necessary in order to establish accurate relationships between a phenotype and
genotype. This is especially advantageous when the variability between individual
plant subjects is high.

Until recently, there were few non-invasive systems feasible for efficient leaf growth
phenotyping of smaller plants such as Arabidopsis. However, in the last few years
several platforms for image-based leaf growth phenotyping have emerged (Granier et
al., 2006; Wiese et al., 2007; Walter et al., 2007; Jansen et al., 2009). These systems
employ the combination of digital image capture with automated image analysis, and
provide various levels of automation using robotic arms and sensors for plant
identification, pot or tray handling and camera movements. In some cases automated
weighing and watering is provided (Granier et al., 2006). When fully controlling the
imaging conditions, such as keeping stable light intensity with homogeneous
distribution, fixed object distances and camera settings, it is possible to automate

image analysis, which is typically done in the following steps:

1. Background separation: The leaves are separated from the rest of the image
through one or a sequence of color and intensity filters, using color separation
with RGB (red, green and blue color channels) or HSV (hue, saturation and
value channels) coordinates, where appropriately set thresholds create a
binary image mask.

2. Mask correction: Holes inside detected objects the foreground (leaf) mask are
filled to correct for small image artifacts or highly reflective parts of leaves
(such as trichomes). In some cases smoothing is applied to reduce edge
effects.

3. Conversion into leaf area: The area in computer picture elements (pixels) is

counted and converted into area units according to image scale.
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A different approach for more specific studies is used in the DISP system (Wiese et
al., 2007) where monochromatic light, at a wavelength not influencing the plant
physiology, is used for imaging a single leaf day and night over several days.
Subsequently, the images are analyzed for the detection of small moving objects,
making it possible to identify temporal and spatial growth patterns in the leaf over a
diurnal cycle. Due to the complicated setup, this method is only applicable to smaller
replicate series and limited leaf size ranges, and thus limiting the throughput and
applicability.

However, when the goal is to quantify the actual biomass (as fresh or dry weight) for
smaller objects there are few suitable direct non-invasive methods. Therefore the
different measures obtained with a non-invasive method are usually correlated with a
reduced set of measures performed using an invasive method, i.e. creating a
standard curve. It has been reported that Arabidopsis total rosette area correlates
well with shoot fresh and dry weight (Walter et al., 2007). However, such correlations
should be applied with caution and exhaustive controls should be made when e.g.
applying stresses which change the water status of the shoot (thus affecting the fresh
weight), and/or induces accumulation of stress-related compounds (thus affecting the

dry weight).

1.7.3 Developmental stage annotation for growth phenotyping

In order to describe the stage of development of a plant when performing phenotypic
analysis and comparisons, different scales are being used. For Arabidopsis plants
data are typically presented based on the time (in days) after sowing or germination
(DAS and DAG, respectively).

In order to describe the exact stages for various phases of the life cycle of a plant,
there are only a few scales have been developed for whole plants, instead many
scales are limited to a certain tissue or organ type. Notably, the BBCH scale (for
Biologische Bundesanstalt fir Land- und Forstwirtschaft, Bundessortenamt und
CHemische Industrie; alternatively meaning BASF, Bayer, Ciba-Geigy, Hoechst for
the companies involved in creating the scale) was created to apply a universal
decimal code describing the developmental stage of mono- and dicotyledonous
plants (Lancashire et al., 1991). This scale was adopted for Arabidopsis phenotyping
(Boyes et al., 2001) and has been extensively used (> 260 citations to date). Also,

the plant ontology (PO) for plant growth and development stages (Avraham et al.,
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2008) was created, based partly on the BBCH scale, although this ontology is more
comprehensive and therefore more complex. By using a standardized scale for
developmental stages when performing growth phenotyping, it is easier to make
comparisons between data from different experiments and laboratories performing
them. Also, it makes data mining approaches of published data easier, since the
developmental stage information is provided in a computer-decodable form.

Suitable developmental stage annotation is discussed in Chapters 3 and 4, together
with the presentation of a novel pipeline for automated, non-invasive growth

phenotyping pipeline for Arabidopsis.

1.8 Aims and structure of the thesis

This thesis aims at the identification of tonoplast protein genes relevant for growth in
the model plant Arabidopsis thaliana. The underlying hypothesis is that the vacuole
dominates the cell volume, and thus is a primary determinant of cellular expansion,
which must in turn be controlled by the activity of the proteins at its membrane, the
tonoplast. The main assumption is that this regulation should be visible at the
expression level (at least in part), and thus detectable when comparing transcripts
between growing and non-growing tissue. The genes coding for the differentially
expressed transcripts could then be identified and functionally studied.

The main methods used in the work were high-throughput RT-qPCR and automated
leaf growth phenotyping. In order to provide reliable and biologically relevant results
using these methods, a great deal of effort was spent on developing methods for
preparing experiments as well as handling and analyzing the data provided by them.
These development efforts are described in detail in Chapter 2 and 3. The first
method (Chapter 2) was published in BMC Bioinformatics in 2008 (Arvidsson et al.,
2008) and deals with the design of reliable, specific primers for high-throughput RT-
gPCR. The second method (Chapter 3) describes a novel way to integrate
automated image capture and analysis with development stage annotation of plants
to gain deeper biological understanding when observing differential growth
phenotypes. The overall aim of the thesis is then treated in Chapter 4, where the
developed methods in RT-gPCR primer design and leaf growth phenotyping were
applied to the case of putatively growth related tonoplast protein coding genes. In the
general discussion in Chapter 5 the main work is summarized and further

collaborative applications of the developed methods are commented.
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2. High-throughput RT-qPCR primer design

2. High-throughput RT-qPCR primer design

As briefly mentioned in the introduction, high-throughput RT-gPCR was extensively
used in the work underlying this thesis. In order to efficiently design the primer pairs
necessary for the tonoplast RT-qPCR platform (presented in detail in Chapter 4) and
other locally planned RT-gPCR platforms, there was a need for a robust design
pipeline. Therefore ‘QuantPrime’, a RT-qPCR primer design and specificity pipeline,
was developed and eventually presented in a publication and provided to the general

public as a free web service (http://www.quantprime.de). The paper was published in

BMC Bioinformatics (Arvidsson et al., 2008) and was shortly after publication
considered as a ‘highly accessed’ paper according to the number of views in a

certain time frame. In this chapter the paper is included as a part of this thesis.

21 Authors’ contributions

Samuel Arvidsson designed and programmed QuantPrime, carried out most of the
primer testing and drafted the manuscript. Mirostaw Kwasniewski designed the
graphics for the user interface and contributed to the design of the program, carried
out the primer tests with barley and revised the manuscript. Diego Mauricio Riafio-
Pachon helped out to design the program, prepared sequence databases, installed
and administrates the public server and revised the manuscript. Bernd Muller-Rdber
supervised the group, helped out with the design and testing of the program and

helped drafting the manuscript.
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Abstract

Background: Medium- to large-scale expression profiling using quantitative polymerase chain
reaction (qQPCR) assays are becoming increasingly important in genomics research. A major
bottleneck in experiment preparation is the design of specific primer pairs, where researchers have
to make several informed choices, often outside their area of expertise. Using currently available
primer design tools, several interactive decisions have to be made, resulting in lengthy design
processes with varying qualities of the assays.

Results: Here we present QuantPrime, an intuitive and user-friendly, fully automated tool for
primer pair design in small- to large-scale qPCR analyses. QuantPrime can be used online through
the internet http://www.quantprime.de/ or on a local computer after download; it offers design and
specificity checking with highly customizable parameters and is ready to use with many publicly
available transcriptomes of important higher eukaryotic model organisms and plant crops
(currently 295 species in total), while benefiting from exon-intron border and alternative splice
variant information in available genome annotations. Experimental results with the model plant
Arabidopsis thaliana, the crop Hordeum vulgare and the model green alga Chlamydomonas reinhardtii
show success rates of designed primer pairs exceeding 96%.

Conclusion: QuantPrime constitutes a flexible, fully automated web application for reliable primer
design for use in larger gPCR experiments, as proven by experimental data. The flexible framework
is also open for simple use in other quantification applications, such as hydrolyzation probe design
for qPCR and oligonucleotide probe design for quantitative in situ hybridization. Future suggestions
made by users can be easily implemented, thus allowing QuantPrime to be developed into a broad-
range platform for the design of RNA expression assays.

Background While in a large number of experiments qPCR is still
The use of real-time quantitative PCR (qPCR) [1] in  mainly used to confirm results obtained by microarray-
medium - (hundreds of transcripts) to large-scale (thou-  based hybridization experiments, the number of high-
sands of transcripts) profiling experiments is growing.  throughput discovery experiments is growing steadily
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[2,3], especially for the quantification of transcripts of low
abundance (e.g. those coding for transcription factors),
due to the low detection limit of the method [4].

There are surprisingly few free software packages available
to the academic research community suitable for the
design of primer pairs for such high-throughput projects,
for online use or download, including Osprey [5], Prim-
ique [6] and a few interfaces to Primer3 [7] such as
Primer3Plus [8], AutoPrime [9], BatchPrimer3 [10]. Addi-
tionally, some databases of pre-computed primers,
RTPrimerDB [11], PrimerBank [12], qPrimerDepot [13],
AtRTPrimer [14] and DATFAP [15], have been estab-
lished. There are numerous commercial and free software
packages available for low-throughput design of primers,
some of which are highly configurable and well suited for
the design of primer pairs for qPCR.

However, none of the available packages combines all the
important features (strict parameters for primer design,
strict specificity checking and targeted design to avoid
problems with contaminating genomic DNA) into a sim-
ple pipeline. Instead, with currently available computa-
tional tools, users have to either manually move
information (such as identifiers, transcript sequences,
primer sequences and others) between software packages
or perform some steps completely on their own, such as
specificity checking using an alignment package like
BLAST [16]. Such manual steps make researchers loose
valuable time, increase the risk of mistakes (e.g. labeling
and sequence errors), and force them to take important
decisions based on their personal interpretation of com-
plex problems regarding large amounts of data (such as
BLAST alignment sets), which either require expert knowl-
edge or introduce bias into the results. With respect to the
available primer pair databases, they are usually of limited
scope. Often, only few species are covered (human and
mouse being clearly over-represented), few transcripts of
the species are represented (especially in databases based
on submitted or published primer pairs), or inappropriate
primer design parameters for combined analysis were
used, requiring time-consuming optimization of PCR
amplification conditions.

Here we developed QuantPrime, a program for design
and specificity testing of primer pairs for qPCR, designed
to meet the needs of the average or advanced user in low-
to high-throughput transcript profiling experiments,
while keeping the user interface very simple and yet pro-
viding important features missing in other available soft-
ware packages and web services.

Implementation
QuantPrime includes a relational database for informa-
tion storage, scripts containing the procedures to perform

http://www.biomedcentral.com/1471-2105/9/465

primer pair design and specificity testing, scripts for
sequence installation and maintenance, scripts for com-
mand line user interface used in high-throughput design,
and a web interface as the main user interface for low- to
medium-throughput primer design. For academic users
we currently offer web access to the public QuantPrime
server (available at http://www.quantprime.de/) or, on
demand, compiled scripts for local installation. Commer-
cial users are requested to get in contact with the authors
to develop a license agreement.

The public QuantPrime server is currently set up with
publicly available transcriptome and genome annotations
from 295 different eukaryotic species. Table 1 gives exam-
ples of supported species with included features and refer-
ences. The list can be easily extended according to user
requests.

User interface

The web interface is designed for maximum simplicity
and convenience for the user. Users have to register at the
first time they visit the website. The registration step
allows users to return at a later time to check the results of
longer runs. Their gene lists and jobs are kept confidential,
i.e. no information is relayed to other users. Furthermore,
registration eases the even distribution of computing
resources among users and it is the main mechanism to
verify academic affiliation. An account with access to lim-
ited computing resources is available for testing purposes.

The work flow starts with the generation of a 'Project’ that
is associated with the annotation of a species and a certain
quantification protocol. The quantification protocol
implies certain parameters for primer design and specifi-
city testing; four standard protocols for typical situations
are provided:

1. SYBR Green-based real-time qPCR (accept splice
variant hits): typical parameters for real-time qPCR are
used, such as 50-150 bp amplicon length, 60°C
annealing temperature and strict primer criteria for G/
C content and melting temperature (Tm). The specifi-
city testing will allow amplicons present in splice var-
iants of the transcript (more details in the 'Work flow'
section).

2. SYBR Green real-time qPCR (no splice variant hits):
as 1, but no amplicons in splice variants of the tran-
script are allowed.

3. End-point semi-quantitative PCR (accept splice var-
iant hits): similar to 1, except that longer amplicons
are preferred (350-1500 bp) for easier in-gel quantifi-
cation.
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Table |: Examples of transcriptome annotations available on the public QuantPrime server

http://www.biomedcentral.com/1471-2105/9/465

Annotated features included in QuantPrime

Species Genomic sequences Splice variants
254 different species or No No
crosses

91 different species or No No
crosses

Arabidopsis thaliana Yes Yes
Aspergillus niger Yes No
Bos taurus Yes No
Chlamydomonas reinhardtii Yes No
Danio rerio Yes No
Drosophila melanogaster Yes Yes
Homo sapiens Yes No
Homo sapiens Yes Yes
Mus musculus Yes No
Oryza sativa ssp japonica Yes Yes
Ostreococcus lucimarinus Yes No
Physcomitrella patens ssp Yes No
patens

Populus trichocarpa Yes No
Rattus norvegicus Yes No
Saccharomyces cerevisiae Yes No
Selaginella moellendorffii Yes No
Vitis vinifera Yes No
Xenopus tropicalis Yes No

Keyword search Annotation source Reference
Yes TIGR plant transcript [22]
assemblies
Yes UniGene [23]
Yes TAIR release 7 [24]
No* JGI assembly v1.0 Non-published data
Yes NCBI RefSeq [25]
No* )Gl assembly v3.1 [26]
Yes NCBI RefSeq [25]
Yes FlyBase release 5.4 [27]
Yes NCBI RefSeq [25]
Yes H-Invitational Database 5.0 [28]
Yes NCBI RefSeq [25]
Yes TIGR release 5 [29]
No* JGI assembly v2.0 Non-published data
No* JGI assembly vI.1 [30]
No* )Gl assembly vl.1 31
Yes NCBI RefSeq [25]
Yes Saccharomyces Genome [32]
Database
No* )Gl assembly v1.0 Non-published data
No Genoscope assembly [33]
Yes NCBI RefSeq [25]

The latest versions of the annotations were added, and are updated regularly as updates become available.

* Protein IDs are searchable.

4. End-point semi-quantitative PCR (no splice variant
hits): as 3, but no amplicons in splice variants of the
transcript are allowed.

Users are allowed to change any parameter and create cus-
tom protocols; see Additional file 1 for a list of all possible
parameters.

Next, users should create a list of transcript identifiers in
the project for which primer pair design is planned. This
list can either be entered manually (using the identifiers of
the chosen annotation), or can be created from a similar-
ity-based search using BLAST and a starting query
sequence. Additionally, for certain annotations, keywords
describing the gene(s) can be used in a text search for
identifiers.

Once the list of identifiers is ready, users may proceed to
'Primer finding' (Figure 1), which when started will con-
tinue completely in the background; in the meantime
users can continue to look at resulting primer pairs or add
new transcripts to the list. Larger primer finding projects
may take longer time to process, therefore users may close
the web browser and return at a later time to check the sta-
tus of their jobs.

Successful primer pairs are displayed in the 'Results' page
(Figure 2), where users can inspect primer pairs in detail
(Tm, G/C content, positions within transcript sequence
etc., see example in Figure 3) and do bulk export of the
primer data (in delimited plain text format) for ordering
or local storage.

Users may return at a later time to access their data, as lists
of transcripts and primer pairs are automatically saved
into their corresponding projects. On the public server,
projects are kept for at least a month after the latest
update, and may then be deleted by the administrator for
space limitation reasons. Thus, users are recommended to
export primer data and store locally for reference pur-
poses.

Work flow

QuantPrime employs a fully automated work flow for
design and specificity testing of primer pairs, a process
that does not require any intermediate intervention by the
user. Once users have added the transcript identifiers to
the project, selecting the 'Start' button will initiate the
whole primer selection process, and the identified primer
pairs will automatically be displayed in the 'Results' page
when the process is completed.
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'Primer finding' in QuantPrime. The figure shows an example of the QuantPrime user interface for primer finding (A: up
to nine transcripts, B: ten or more transcripts). The progress and success of the finding can be followed closely for small
number of transcripts, for larger batches the time estimation helps users to estimate when the primer pairs will be ready.

The overall work flow of QuantPrime is sketched in Figure
4. It has two main algorithms, one for primer pair design
and one for specificity testing, which are accessed by
worker threads which check the output of each algorithm
and decide upon the measures to be taken. The worker
threads operate independent of the web server, processing
submitted jobs according to defined load balancing prin-
ciples (distributing computing power equally between
users and projects). Due to the loosely bound system
architecture it is straightforward to attach additional com-
puting nodes to the central database allowing for high
user loads. For testing purposes, a developer machine was
set up to work as a computing node for the public server.
With rising demand on the public server, local computing
resources can be quickly mobilized to avoid long waiting
times for the end users.

The primer pair design algorithm uses the Primer3 soft-
ware to design primer pair candidates; a graphical repre-
sentation can be found in Figure 5.

The Primer3 design parameters can be specified by the
user when setting up the project; default settings are as fol-
lows:

@ Primer length: 20-24 bases

® Amplicon size: 60-150 bp

@ Primer melting temperatures (Tm): 64 +/- 3°C (for
optimal annealing around 60°C) (using nearest

neighbor thermodynamics [17]), maximum 2°C Tm
difference between forward and reverse primers
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[ Export primer pairs ] Data: ER Cqmplete Format: :?f European o~ s
. Brief ® windows O Unix © Mac 05
L% r

Figure 2

'Results' in QuantPrime. The figure shows an example of the 'Results' page. Primer pairs successfully identified for the
examined transcripts are presented. The following information is provided: the sequences (5' to 3') of the forward and reverse
primers; the amplicon size (in bp); whether at least one primer spans an exon-exon junction ('Yes' in all cases in the example
shown); the rank score (as calculated by Primer3); and the color code of the specificity rank given to the primer pair (see text
for details). When clicking the primer pairs, more details are shown (see Figure 3).

® Amplicon melting temperature: 75-95°C @® Amplicon bias at 3' end of transcript: primers for
amplicons at the 3' end of the transcript (the last 1000
bp) are favored. For the common user this is often
wanted as cDNA preparations primed with oligo-d(T),
generally exhibit 3' region bias. For those using ran-
dom hexamers for cDNA synthesis, this parameter can

be switched off.

® G/C content: 45-55%
@ Max. repetition of a nucleotide: 3

® G/C-clamp: last 3' base of each primer must be a G
oraC

@ Skip 3' UTR: in cases where multiple polyadenyla-
tion signals exist in the 3' UTR it might be desirable to
avoid priming in this region, as it could lead to biased
quantification. This option can be switched on for cus-

In addition to the Primer3 selection criteria, the primer
pair candidates are filtered through the following steps:

@ Extended G/C clamp options: to avoid mispriming,
it is often appropriate to avoid too many G/C bases
within the 3' region of the primer. This cannot be con-
trolled by Primer3; therefore we introduced a parame-
ter that allows the user to define a maximum number
of G/C bases to be present in the last 3' bases. The
default setting is maximum three G/C bases in the last
five bases of a primer.

tom design protocols.

@ Exon-exon junction in primers: as RNA preparations
may contain some genomic DNA even after digestion
with DNAse I, such primers can successfully distin-
guish between cDNA and genomic DNA. When possi-
ble (i.e., when a genomic sequence with one or more
intron(s) is available), primers that span an exon-exon
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Transcript identifier: AT1G76130.1 - ATAMYZ, AMYZ, AMYZ/ATAMYZ (ALPHA-AMYLASE)
alpha-amylase, chrl:Z28568175-28568570 FORWARD

Forward primer

Sequence: ACTTACTCATCCCGGCATTCCC (22 b)
Melting temperature: 62.5 °C

G/C content: 54.5 %

Reverse primer

Sequence: TIGTCGCCTCCTAATGTCAATCAG (reverse complement: CTGATTGACATTAGGAGGCGACAL)
Melting temperature: £1.3 °C

G/C content: 45.8 %

Amplicon

Size: 106 b

Melting temperature: B81.1 °C

G/C content: 43.4 %

Optimal annealing temperature: £0.3 °C

AMigmment with transcript sequence

GTGTGATTTAGCTICTTCGTITCCTTGGTAATCGTICTGTITT T TCGTTGATTACTGTTTGAGGTTTTCATTGAATCTTG
TCTCGACATGGGCTACTATAACAATGTCTI TGATGAATGCAACGACCAAACTGATATCGGTCGGGTTATACGCGATGGAL
GeGAAGTCATTCTCCAAGCATATAATTGGEAAT CTCATAAATATGATTGGTGCAGAAACTTGGATGGTAAMAGTTCCTGAC
ATCGLGAARTCCGGCTTTACTTCTGCAT GETTGCCACCAC CATCTCAGTCTCTTGCACCGGAAGGTTATCTTCCACAGGA
CCTTTATTCACTAAACTCAGCATATGGCTCTGAGCATCTATTGAAATCCTTACTGCGCAAGATGAAACAATACAALGTTA
GAGCTATGGCTGATATAGTCATCAATCATCGTGTIGGGACAACTAGAGGACATGGTGGAATGTATAACCGTTATGATGGA
ATTTCATTACCGTGGGATGAACAC G CGTGACTTCTTGTACCGGAGGACTGGETAACCGAAGCACAGGGGATAATTTCAL
TGGAGTTCCAAATGTIGATCACACTCAGCATTITGT TAGGAAAGATATAATTGGATGGCTICGTTGGTTACGCAACACCE
TCGGGTTTCAAGATTTCCGTTITGACT I TGCTAGGGGTTATT CAGCAAACTATGTGAAGGAATACATTGGCGCAGCGALL
CCATTATTCTCGGT T GGAGAAT GT T GGGATTCTTGCAATTACAAT GGCCATGETCTAGACTATAATCAAGATAGCCATAG
ACAGCGTATAATCAGTTGGATCGATGCGACGGGACAGATCTCTGCTGCATTTGACTICACAACTARAGGAATTCTGCAGG
AAGCCGTAAAGGGTCAGTATTGGCGTTTATGTGATGL CCAAGGGAAGCCACCGGGTGTAATGGGATGGTGGCCTTCAAGA
GCTGTCACATTCCTTGATAAC CATGACACTGGCTCTACTCAGGCTCATTGGCCGTTCCCTTCACACCACGTTATGGAGGG
CTATGCATATATRCTTRACTCATCCCGGCATTCCC TG TGTGT TC TACGATCACTTTTACGATTGGGGAAGCTCAATACATG
ATCAGATTGTCARAACT “GATTGACATTAGGAGGCGRAC AR GATATCCACAGTAGGTCAACTGTCCGTGTTTTAAAAGCAGA
ATCTAACTTATATGCAGCCATTGTTGGTGAGAARATATGTATGAAGCTTGGAGACGGCTCTTGGTGCCCTTCTGGTAGAG
ACTGGACTCTAGCAACAAGTGGCCATCGCTATGCCGTCTGGCACAAGTAATTCTITIGTGTCTATCTAGCTTTGAGTCCA
AR A A T TA TG TAAT TCAT T TCTGTAC GGG T T T TAC TATAATGTCATGCCCTTACGTCTTCATGACGTAAGATIT
TATAAGTTATATTTATGAATGTAARATTIGCATCTTITCGTGTGAATGTTTITG

Specificity test resulis
Overall score: FEEESEE

cDNA specificity: Good

Single primer specificity: Good
Amplifies genomic DINA: Io

. A

Figure 3

Primer pair details in QuantPrime. The figure shows an example of the 'Primer pair information' page. The page provides
details about the selected primers and the amplicon. Positions to which the primers anneal within the target sequence are indi-
cated in blue or green; the amplicon is highlighted by gray shadowing. Primers shown in blue anneal to an exon, whereas prim-
ers shown in green anneal across an exon-exon junction (the position of the intron is indicated by a red arrow head). In the
'Specificity test results' section, details about the specificity of the primer pair can be seen. If specificity problems exist, more
details can be found here concerning the other possible amplicons.
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Start /

User defined
parameters

!

Criteria Primer pair
. —P .
relaxation design

A

Any primer
pairs to
test?

Specificity
testing Specificity

results

Enough
specific
primer
pairs?

Done

Figure 4
Overall work flow of primer pair design and specificity testing. Filled arrows symbolize logical flow while open arrows
symbolize data flow.
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Primer pairs

Figure 5

transcripts
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v
BLAST for Non-specific
similar —» perfect match

filter

S— l

Exon-exon
junction filter

Splice
variants

Done

Work flow overview of the primer pair design algorithm.

Genomic
sequences

junction are favored, especially when the junction
occurs at the 3' end of the primer, to further decrease
the probability of extendable annealing to genomic

DNA.

@ Specificity pre-filtering: in order to save workload
for the specificity testing algorithm, obvious unspe-
cific primer pairs are removed at this step. This is
achieved by finding transcripts that are similar to the
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target transcript using BLAST (blastn of transcript (but does not force) them to amplify other splice var-
against the whole transcriptome with an e-value = 1) iants (default setting).

and filtering out the primer pair candidates annealing

perfectly to any of those sequences. Three configura-  The successful primer pairs are saved to the database, and
tions of the filter are possible; one that forces the algo-  the algorithm reports the number of designed primer
rithm to find primer pairs amplifying all splice  pairs back to the calling worker thread. If it was possible
variants of the transcript (for annotations containing  to find primer pairs, the next step is specificity testing,
such information), one that forces it to find only those ~ described below (an overview is shown in Figure 6):
specific to a certain splice variant, and one that allows

Start ’///,,,//”’

User-defined
parameters

: [BLAST primers : _ _
| against —Find amplicons—={ | Amplicons in

transcriptome transcriptome
Primer pairs TRV IUPVNRPTT. AUV SV
BLAST primers| : _ _
i 2 against —) amFIIPc?)ns ——D Amplicons in
genome P genome
Rank primer
Specificity pair specificity
results
Done

Figure 6
Work flow overview of the primer pair specificity testing algorithm.
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The primer pair specificity determination algorithm is
based on the interpretation of BLAST results (with default
settings: e-value = 200, word size of 7), using each primer
as a query towards the transcriptome and, when available,
against the genome. To identify unspecific amplicons in a
transcriptome or a genome, the following (configurable)
criteria are applied to the BLAST hits:

@ Last two bases of the 3' region of each primer must
be identical to the BLAST hit.

® Amplicons of up to 1500 bp are considered for
SYBR Green protocols, and 3500 bp for end-point pro-
tocols.

Even though the primer pairs cannot give rise to an unspe-
cificamplicon, it is generally preferred that they should be
as specific as possible to the target sequence. This is
approximated by checking whether a single primer in the
pair has a significant (the default setting is 75%) identity
to another cDNA sequence, and where the last 3' base is
identical (which can be configured).

The information from the above procedures is assembled
and saved into the primer pair database. Based on this
specificity information, QuantPrime labels the tested
primer pairs with one out of four specificity ranks: bad,
acceptable, good or very good. They are defined as fol-
lows:

1. Bad (shown in red in the web interface): might
amplify a non-specific cDNA fragment.

2. Acceptable (yellow): amplifies only the specific
sequence, but one primer has a high similarity with a
non-target sequence and the primer pair might
amplify genomic DNA.

Table 2: Results of in silico benchmarking of QuantPrime

http://www.biomedcentral.com/1471-2105/9/465

3. Good (light green): amplifies only the target
sequence, but one primer has a high similarity with a
non-target sequence or the pair might amplify
genomic DNA. This is the highest possible rank for
primer pairs designed for species without a genome
annotation.

4. Very good (dark green): amplifies only the target
sequence, both primers are highly specific to this
sequence and will not amplify genomic DNA.

The list of designed primers is worked through until
enough (the default setting is 10) of at least acceptable
(rank 2) primer pairs are found. The worker thread then
decides whether it is possible to find higher-ranking
primer pairs (e.g., when more primer pairs spanning
exon-exon junctions can be designed); if so it continues
until it is successful or until a certain primer pair threshold
is reached (default setting is 500 primer pairs).

The work flow implemented on the web server only per-
forms automated relaxation in amplicon 3' bias and exon-
exon junction criteria; the Primer3 parameters are not
relaxed. Thus, for certain transcripts, QuantPrime will fail
to find specific primer pairs; with the default settings, we
arrived at a failure rate of 2-9% (see Table 2). If the user
wishes to relax the Primer3 parameters to be able to find
specific primers for such problematic transcripts, a new
project has to be created with different primer design
parameters. Some users might find this procedure cum-
bersome, but we chose this design to prevent primer pairs
with heterogeneous design parameters to be mixed within
an assay. We are open for user suggestions to introduce
certain configurable relaxations in future versions of
QuantPrime.

Primer pair specificity ranking'

Species Transcripts  Total search time Average search time  Acceptable? Good3 Very good*
Arabidopsis thaliana 5000 20:22:06 I15s 4916 (98%) 4323 (86%) 2534 (50%)
Vitis vinifera 5000 50:45:33 37s 4765 (95%) 3927 (78%) 2315 (46%)
Drosophila melanogaster 5000 13:48:45 99s 4894 (97%) 4075 (81%) 3096 (61%)
Chlamydomonas reinhardtii 5000 12:11:07 88s 4568 (91%) 3999 (79%) 2349 (46%)
Oryza sativa ssp japonica 5000 83:31:12 60s 4658 (93%) 3821 (76%) 1984 (39%)
Hordeum vulgare 23078 22:56:59 36s 22145 (95%) 21564 (93%) -

Primer pairs designed for hypothetical high-throughput experiments, for random transcripts of each species. The numbers of successfully designed
primer pairs for the different specificity ranks and the search times are reported for each species (percentages refer to the total number of

transcripts tested).

I Percentages indicate for how many of the transcripts primer pairs of at least the rank given were identified. 2'Acceptable' amplifies only the
specific sequence, but one primer has a high similarity with a non-target sequence and the primer pair might amplify genomic DNA. 3 'Good'
amplifies only the target sequence, but one primer has a high similarity with a non-target sequence or the pair might amplify genomic DNA. This is
the highest possible rank for primer pairs designed for species without a genome annotation. 4 'Very good' amplifies only the target sequence, both
primers are highly specific to this sequence and will not amplify genomic DNA.
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Results

Experimental testing of primers designed through
QuantPrime

To verify the experimental usefulness of the primer pairs
designed with QuantPrime, we tested it to design primers
for a medium-sized expression profiling experiment for
Arabidopsis thaliana (for 128 transcripts of various genes),
carried through by fellow researchers in our group. The
default settings for design and specificity testing (SYBR
Green protocol, splice-variant hits allowed) were used
and the highest ranking primer pairs were chosen. As can
be seen in Table 3, we experienced a success rate of 96%,
meaning unique amplicons of predicted size and amplifi-
cation efficiencies (E) = 1.8 (see Methods for details).
Over 88% of the primers were predicted not to amplify
genomic DNA. For five out of 128 transcripts we obtained
non-satisfying results. For those, good primer pairs could
be obtained by testing one or two alternative primer pairs
designed by QuantPrime, without having to perform any
PCR optimization (results not shown).

We also designed primer pairs for 33 transcripts (cell cycle
genes) from Chlamydomonas reinhardtii and tested them in
the same way as above. In this case transcripts of four
genes could not be detected, and as the primer pairs for
these transcripts spanned exon-exon junctions, we could
not test them on genomic DNA. However, only one of the
primer pairs of the detectable transcripts did not pass the
quality control (having multiple products seen on gel),
giving a success rate of 97%. Seventy-three percent of the
designed primer pairs were predicted not to amplify
genomic DNA.

Additionally, primer pairs for 30 different barley (Hor-
deum vulgare) transcripts were tested. For two primer pairs,
no product could be detected, but only one of the detect-
able transcripts did not pass the quality control (low
amplification efficiency), yielding a success rate of 96%.
As no whole-genome sequence is available for barley, no
predictions for genomic amplicons could be made.

http://www.biomedcentral.com/1471-2105/9/465

In these three experiments, we thus observed a success rate
> 96%. Examples of primer pairs and PCR amplification
products separated on agarose gels can be found in Addi-
tional file 2.

To assess QuantPrime's accuracy of prediction of genomic
DNA amplification, 173 primer pairs from an existing
qPCR platform for tonoplast-related transcripts of A. thal-
iana (to be published elsewhere)were tested in silico with
QuantPrime and experimentally with genomic DNA in
real-time PCR. QuantPrime predicted 95 of these as
'sDNA-unsafe', while in real-time PCR measurable ampli-
fication was recorded for 88 of the primer pairs (data not
shown). Twelve primer pairs (6.9%) were falsely pre-
dicted as 'gDNA-unsafe’, and 19 (11%) falsely as 'gDNA-
safe'.

In silico benchmarking of QuantPrime

In order to assess the success rate and speed of
QuantPrime for larger expression profiling projects, hypo-
thetical high-throughput assays were designed for six dif-
ferent species. Five assays consisted of respectively 5000
randomly selected transcripts from current genome anno-
tations of five species (Arabidopsis thaliana, Vitis vinifera,
Drosophila melanogaster, Chlamydomonas reinhardtii and
Oryza sativa ssp.japonica), while the sixth assay consisted
of the whole UniGene collection of barley (Hordeum vul-
gare) transcripts. As seen in Table 2, the success rates
(primer pairs ranked as 'acceptable’ or better by specificity
testing) varied between 91 and 98%, which correlates rel-
atively well with the status and complexity of the annota-
tions. For the higher specificity ranks rather high variation
between species was observed, ranging from 76-93% for
the rank 'good', and 39-61% for the rank 'very good'.
Since the barley annotation lacks genomic information,
'good' is the highest possible rank. Primer pair identifica-
tion speed varied between 3.6 (barley) and 60 (rice) sec-
onds per transcript, correlating roughly with the size of
the sequence sets to be searched by BLAST.

We also did preliminary tests with data sets from larger
transcriptomes/genomes (human, mouse), for which the

Table 3: Experimental results of primer pairs designed with QuantPrime

Experiment Predicted gDNA-safe

Quality control passed!

Quality control passed! for detectable transcripts?

A. thdliana 113/128 (88.3%) 1177128 (91.4%)
C. reinhardtii 24133 (72.7%) 28133 (84.8%)
H. vulgare3 - 27/30 (90.0%)

137/161 (85.1%) 172/191 (90.1%)

117/122 (95.9%)
28/29 (96.6%)
27/28 (96.4%)

172/179 (96.1%)

The primer pairs were designed for wet-lab quantification experiments. The number of primer pairs passing strict quality control checks (melting
curve analysis, agarose gel separation and efficiency check) are reported in the table.
I Melting curve analysis, gel analysis and efficiency check (E > 1.8) passed. 2Undetectable transcripts (Ct > 40) removed from the statistics. 3 TIGR

Transcript Assembly annotation used, no genomic sequences available.
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design speed dropped (data not shown). This is due to a
higher memory demand of the BLAST runs that can be
offered in the future, when requests for the service rise.

Discussion

Our experimental results show that the primer pairs
designed by QuantPrime can be directly used with a high
success rate (> 96%) in qPCR applications, without a need
for experimental optimization of individual reaction con-
ditions. When running tests in parallel on a standard
desktop computer, the speed is enough to design primers
for high-throughput projects for small- to medium sized
transcriptomes as shown by the in silico tests.

To our knowledge, there are no other web-based tools
directly comparable to QuantPrime, although programs
like Osprey [5] and Primique [6] offer possibilities for
batch primer pair design. In those two other applications,
however, the user has to supply the database against
which primer pair specificity is tested, but the upload
capacity is limited to 10 MB which does not suffice for
most transcriptomes. QuantPrime always tests the primer
pairs against the whole transcriptome of the annotation
used, and additionally offers a richer user interface, exon-
exon junction design of primers to avoid genomic DNA
amplification, and a high degree of customization of
parameters, features not available in the other software
packages. Most annotations are already included in
QuantPrime; in the case that users have special annota-
tions not available on the public server, they can contact
us for adding it there, or they can run QuantPrime locally.
A more exhaustive comparison of QuantPrime with other
available primer design software can be found in the
Additional file 3.

For some species pre-computed databases of primers exist.
An example is AtRTPrimer [14] containing primer pairs
for most genes of A. thaliana. When looking at the availa-
ble primers in this resource one will find that the parame-
ters for design, especially amplicon size, make the primer
pairs unsuitable for real-time PCR, and due to the differ-
ences in Tm between different primer pairs exhaustive
PCR optimization would be necessary for using them in
high-throughput. The authors report a success rate of
93%, however only 21 primer pairs offered by the data-
base were experimentally validated. In comparison,
QuantPrime offers complete customization of parameters
for different quantification methods, and we see higher
success rates (> 96% for the three species tested here, n =
191). Another example is the PrimerBank [12], which cov-
ers primer pairs for human and mouse transcripts, which
could be useful for high-throughput purposes (due to
strict design criteria), even though amplicon sizes vary.
Those two databases are limited to specific species; there
are a couple of databases covering more species, notably

http://www.biomedcentral.com/1471-2105/9/465

RTPrimerDB [11], which however cover very few non-
human genes. Another database containing primer pairs
for plant transcription factors is DATFAP [15], which how-
ever is based on EST sets, which is questionable for A. thal-
iana and O. sativa for which good genome annotations are
available. It therefore lacks information about possible
genomic sequences amplified by the primer pairs; addi-
tionally Tm values vary widely between primer pairs,
which might require exhaustive PCR optimization.

The parameter flexibility for design and specificity testing
offered in QuantPrime makes it straightforward to
employ it for the design of oligonucleotides for a number
of other quantification applications, such as qPCR with
hydrolyzation probes (e.g. TagMan probes, Scorpion
primers), quantitative in situ hybridization of mRNA and
others. Such protocols will be added to QuantPrime as we
gather experimental data and feedback from users.

Conclusion

The QuantPrime website offers a unique service to the sci-
entific community, with ease-of-use, flexibility of param-
eters and a broad scope of transcript databases and
genomic annotations, which should make it a very useful
tool for primer design. No other publicly available tool
offers the same services. Overall, the speed of computa-
tion and the quality of the designed primer pairs as shown
experimentally make QuantPrime (on the public web
server or as standalone software) a suitable system for
primer design in low- to high-throughput transcription
profiling projects.

We are open for suggestions from the scientific commu-
nity to further develop QuantPrime in the future. Upon
request we may for example include further transcript
databases and genome annotations, sets of parameters for
other quantification protocols and applications, or
improve the applied specificity testing algorithms. Institu-
tions wanting to host mirrors of the QuantPrime public
web server or supply additional computing power are
encouraged to contact the authors.

Methods

General

Standard molecular techniques were performed as
described [18]. Oligonucleotides were obtained from
MWG (Ebersberg, Germany). Unless otherwise indicated,
other chemicals were purchased from Roche (Mannheim,
Germany), Merck (Darmstadt, Germany), or Sigma
(Deisenhofen, Germany).

Growth conditions

Arabidopsis thaliana (L.) Heynh accession Col-0 plants
were grown in growth chambers with an 8-h day length
provided by fluorescent light at 120 umol m=2 s (50%
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intensity during the first and last 30 minutes of the light
period) and a day/night temperature of 20/16°C and rel-
ative humidity of 60/75%. Whole, young plants (four
weeks after germination) including washed roots were
harvested 2 hours after lights-on, snap-frozen in liquid
nitrogen and stored at -70°C until RNA extraction.
Chlamydomonas reinhardtii CC503 cw92 mt+ was grown
under continuous light (100 pmol m2 s1) at 21°C in
HEPES-based medium as described [19]. Hordeum vulgare
(Karat variety) plants were grown as previously described
[20], and parts of roots from seven days-old seedlings
were used for total RNA extraction.

RNA extraction and cDNA synthesis

After grinding of plant/algal material in liquid nitrogen,
total RNA was isolated with Trizol reagent (Invitrogen,
Karlsruhe, Germany) or RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) following the manufacturers' specifica-
tions. RNA quality was determined spectrometrically
(As50/Az80> 1.8) using a NanoDrop ND-1000 spectrome-
ter (NanoDrop, Detroit, USA) and by visual inspection of
separated bands on agarose gels.

After isolation, genomic DNA was digested using Turbo
DNA-free recombinant DNAse I (Applied Biosystems
Applera, Darmstadt, Germany) following the manufac-
turer's specifications. The level of remaining genomic
DNA contamination was measured by diluting the sam-
ples to the same concentration as the final cDNA samples
(10 ng pl!) and performing real-time PCR using primers
for a genomic sequence (UBQ10: Fw 5'-GGCCITG-
TATAATCCCTGATGAATAAG-3', Rev  5'-AAAGAGA-
TAACAGGAACGGAAACATAGT-3"). Samples  with
consistent cycle threshold (Ct) values below 35 were re-
treated with DNAse I or new RNA extractions were per-
formed.

Two pg of total RNA was used in 20-pl reactions for cDNA
synthesis, using RevertAid R-minus cDNA synthesis kit
(Fermentas, St. Leon-Rot, Germany), following the manu-
facturer's specifications. The cDNA was then diluted 1:10
in order to reduce the effect of RNA isolation and cDNA
synthesis buffer on the subsequent PCRs.

Real-time quantitative PCR

qPCR was carried out in technical triplicates or quadrupli-
cates using 0.5 or 1 pl of diluted cDNA in 5- or 10-pl reac-
tions, 2 or 4 pl of 500 nM primer pairs and 2.5 or 5 pl of
2x Power SYBR Green PCR Master Mix (Applied Biosys-
tems). The following PCR protocol was used on Applied
Biosystems 7300 (96-well plates) and 7900HT (384-well
plates) real-time PCR systems: 10 min at 95°C, 15 sec at
95°C, and 1 min at 60°C repeated in 50 cycles, followed
by melting curve analysis. When testing primer pairs, the

http://www.biomedcentral.com/1471-2105/9/465

PCR products were then separated on a 2% agarose gel
and visualized with ethidium bromide, using 50 bp DNA
ladder (Invitrogen) for size determination.

Cycle threshold (Ct) values for each reaction were calcu-
lated using Applied Biosystems SDS software, with base-
line set to cycle 3-15 and threshold to 0.2 Rn, recorded
from the SYBR Green I dye signal normalized against the
ROX dye signal.

Real-time PCR amplification efficiencies were calculated
using the LinRegPCR tool [21], using the best-fit method
for 4 to 6 points. This tool uses linear regression on log-
values of normalized fluorescence data from individual
reactions to calculate E in the equation for PCR kinetics,
N¢ = N, * EC, which states that the amount of product
after C cycles (N) is equal to the starting concentration
(N,) times the efficiency (E) to the power C; 100% effi-
ciency would give an efficiency value of 2.

Efficiency values from fitted curves with R-squared values
below 0.999 were considered as unreliable; Ct values and
efficiencies from such reactions were removed from fur-
ther calculations. Medians of Ct values and efficiencies
were calculated and used in further calculations.

Public server setup

The web-based QuantPrime program runs on a Linux-
based server, with two Intel 1.6 GHz QuadCore 64-bit
processors and 4 GB of RAM, configured to run up to six
design/testing threads in parallel, always leaving two vir-
tual processors available for database and web handling.
This was found to be the most efficient configuration for
this single server; setting up the program and database in
a clustered environment with specialized data and com-
putation nodes should lead to synergistic speed improve-
ments, as the amount of data transferred between
database and executing threads are kept very low.

In silico benchmarking

For the random selection of transcripts from annotations,
the built-in random function in MySQL was used to order
all transcripts from the respective annotation having a
transcript length of more than 300 bp, of which the top
5000 were selected.

The run times given are real time (not CPU time), mean-
ing the difference of the time point when the experiment
started and when it finished. The average time per tran-
script is the total time divided by the number of tran-
scripts. Due to the parallel nature of the program, the
typical time to design one specific primer pair for a tran-
script is longer.
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Awvailability and requirements
Project name: QuantPrime

Project home page: http://www.quantprime.de/

Operating systems: Platform independent

Programming languages: Python and PHP (web inter-
face)

Other requirements: Web browser (supporting JavaS-
cript) for using the public server; for standalone use:
BioPython 1.4 or higher, MySQL 5.0 or higher, Primer3
1.1.1 or higher, NCBI BLAST 2.2.13 or higher

Any restrictions to use by non-academics: License
needed
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Additional material

Additional file 1

List of customizable parameters in QuantPrime. A comprehensive list
of all parameters that can be customized in QuantPrime, with parameter
ranges and default values.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2105-9-465-S1.xls]

Additional file 2

Examples of primer pairs with gel images. Examples of primer pairs for
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3.1 Summary

To gain deepened understanding of the mechanisms behind biomass accumulation,
it is important to study plant growth behavior. Here we describe an automated growth
phenotyping platform for Arabidopsis thaliana with an annotation and analysis
pipeline that makes it straightforward for the user to add important experimental
information (plant genotypes, treatment conditions and annotation of plant
development stages for the captured images) to the automatically collected
phenotypic information. The pipeline performs statistical analyses and rosette area
data modeling using linear mixed-effects models and reports reproducible
quantitative results for areas and relative growth rates (RGR), corrected for variations
between individual plants within a genotype and known fixed effects such as
photosynthetic photon fluence rate differences in the growth chamber. The technical
variations within the system are very low; the technical coefficient of variation (CV) for
rosette area is generally below 2 % while we observed a biological CV of 8-12 % for
the rosette area within a genotype, meaning that weak phenotypes are detectable
even without prior knowledge of the nature of the growth phenotype or at what
development stage it may appear. With our system one can link quantitative and
qualitative changes in growth behavior to specific plant developmental stages with a
minimum of manual effort, making it possible to perform highly informative analyses
in larger screens. To demonstrate the quantitative capabilities of the method, we
present data measured on the growth-impaired starch excess mutant sex4-3, which
shows retardation in seedling establishment and reduced RGR and area throughout

development.

3.2 Introduction

In order to gain deeper understanding of the functional role of gene networks and the
basis for biomass production, it is necessary to combine datasets of molecular
characteristics (such as primary and secondary metabolites, proteins and messenger
RNA concentrations) with data about micro- and macroscopic developmental
processes. In current plant systems biology projects, great efforts are being
undertaken to provide the scientific community with quantitative data for the major

molecular species of many model plants such as Arabidopsis thaliana. However,
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quantitative information on plant development characteristics (e.g. leaf area, biomass
and developmental stage) is rare and usually presented for a smaller number of
genotypes. Larger screens often include only qualitative information about plant
phenotypes, e.g. (Kuromori et al., 2006), which although helpful for detecting strong
phenotypes are less informative when developmental processes as such are being
studied.

Currently used non-invasive aerial tissue phenotyping methods for smaller plants like
Arabidopsis depend on highly manual workflows that require extensive plant handling
as well as manual measurements with human intervention. Such protocols are often
characterized by low precision and possible bias in the results due to semi-invasive
plant handling, small sample populations or subjective manual interpretation. A major
bias is the possible impact of the early stages of development (germination and
seedling establishment), which can be difficult to account for when considering
phenotypes at later stages. Typically, repetitive daily inspections of each individual
plant are necessary; otherwise misleading or exaggerated conclusions are easily
made. Invasive methods (typically cutting off leaves followed by weighing and/or
scanning) are due to their nature less suitable for longer time series or when the
individual plant variability is high. Even though they can be more precise in the
measurement itself, huge sample populations are typically necessary introducing
more complexity in plant handling and challenging the feasibility of bigger screens.
Therefore, for more un-biased and effective screening of growth phenotypes, we
suggest the use of non-invasive automated phenotyping. Non-invasive 2-D-image
phenotyping in high throughput for smaller plants was first described in 1999 (Leister
et al., 1999), reporting the applicability of projected leaf area as a proxy for biomass.
However, to date, only a few larger screens of Arabidopsis mutant collections using
such a system have been reported, notably the one carried out by the same research
group (Varotto et al., 2000). Other recent screens of larger mutant populations were
carried out with manual classification of phenotypes (Kuromori et al., 2006).

Current medium- to high-throughput (hundreds to thousands of plants) methods
using cameras on robotic arms include the GROWSCREEN/FLUORO setup (Walter
et al., 2007; Jansen et al., 2009), employing chlorophyll measurement and
automated leaf counting, and the PHENOPSIS system (Granier et al., 2006),
featuring automated soil water content control, hence allowing for soil water deficit

response screens. The DISP system, recently adapted for Arabidopsis (Wiese et al.,
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2007), provides high temporal and spatial resolution of growth patterns of single
leaves, but is a low-throughput method.

Here we present our growth phenotyping system, based on the commercially
available LemnaTec Scanalyzer HTS system which ships with a software for image
capture and analysis as well as a database for storing and organizing the captured
images and the analysis data. The main differences to the systems described above
are the enhanced level of automation (barcode tracking of trays) and that image
analysis is fully automated. In addition to software shipped with the system, we have
developed new modules to simplify larger screens (pot position randomization, label
printing) and provide a complete analysis pipeline for rapid developmental stage
annotation, data quality control, as well as statistical analyses and data plotting.
These additional modules can be applied to data originating from other similar
systems with minor modifications.

To test the capabilities of the system, to get practical experience with plant handling
and to tune analysis parameters we repeated several batches of measurements
under normal growth conditions with the Arabidopsis wild-type and the starch
degradation mutant sex4-3 (Niittyla et al., 2006). The sex4-3 null mutant has a
strongly reduced rate of starch degradation in the dark, greatly reducing its energy
reserves and hence capacity to grow (Zeeman et al., 1998; Niittyla et al., 2006). We
show that the combination of detailed straightforward developmental stage
annotation with quantitative area data, as provided by the organized image capture
and analysis system, can be a powerful tool for rapidly detecting relevant growth
phenotypes in larger screens, even of weaker phenotypes that would not be

detectable with the naked human eye.

3.3 Results

3.3.1 System and experiment description

The system consists of a plant imaging chamber holding four plant trays at a time
(see Figure 3.1), with a digital camera and a barcode scanner placed on a robotic
arm and connected to the controling computer (similar to the
GROWSCREEN/FLUORO and PHENOPSIS systems). The software delivered with
the system allows for detailed configuration of the pot and barcode positions, camera
settings (zoom, focus, aperture, shutter speed) and the image analysis (see

Experimental procedures for details).
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Figure 3.1: The imaging chamber. The
robotic arm with the camera and barcode
reader over a QuickPot 54R tray is shown.

When the chamber is closed, the light is

evenly distributed to provide optimal

imaging conditions. The light spectrum and

;ﬁ photon fluence rate are similar to those in

the growth chamber.

We performed one measurement daily, three hours after the lights were switched on
(= 30 min). The imaging system is activated and after a ten-minute lamp warm up, to
avoid spectral variations in the illumination, it is ready for imaging. During this warm-
up time, the plants to be measured are manually inspected by the researcher to
remove doubles (when more than one seed germinated), and bigger patches of
mosses, algae or other foreign items. The plants are then transferred from the growth
chamber into the imaging cabinet and photographed by the camera. The barcode
scanner identifies the trays and saves this information along with the images into a
database. In parallel, a background process performs the image analysis, saving this
information as well into the database. Figure 3.2 shows an example of the image

analysis of a plant.
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Figure 3.2: Example of a plant image before and after processing. Plant image before (a)

and after (b) analysis using the LemnaGrid software delivered with the system. In (b) the
green area is the detected leaf area and the purple line outlines the convex hull; the

compactness is the total leaf area divided by the convex hull area.

Four trays with 15, 35 or 54 pots can be completely imaged in 7-14 minutes (Table
3.1). When including manual tray handling, sixteen (54- and 35-pot trays) to twenty-
four (15-pot trays) trays can be manually inspected and imaged per hour, giving a
throughput of 360, 560 or 864 plants per hour, making it possible to screen up to
~7000 plants concurrently when using several growth chambers with shifted day-
night periods. Each tray spends only 20 minutes outside the growth cabinet;
temperature and photosynthetic photon fluence rate within the imaging setup are
close to the growth conditions minimizing the stress on the plants; only humidity is

not controlled.

Table 3.1: Comparison of phenotyping capabilities and plant densities for different

tray types.
Mean Hourly Daily Plant
imaging time throughput throughput density
Tray type per tray (plants hour™)® (plants day™)® (plants m?)
QuickPot 54R 2:30 864 6912 300
QuickPot 35R 3:00 560 4480 190
QuickPot 15RW 1:45 360 2880 83

? Including manual handling time for one operator.
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Initially, we set up the system to work with 35-pot trays using 6-cm-diameter round
pots (QuickPot 35R trays) and performed measurements on three batches of plants.
To increase the daily throughput and minimize area usage in the growth chambers
we then assessed two batches of plants with 54-pot trays (using 5-cm-diameter pots;
QuickPot 54R trays) where the plant density and measurement throughput were
increased by slightly more than 50 %. However, as the leaves between plants
overlapped earlier (~7 days) the possible measurement periods were reduced. To
solve this problem we reduced the number of plants per line to the half after ~30 days
of measurement, placing them in a checkerboard fashion in the new trays. In this way
the rosette areas of most plants could be measured until the 19-leaf stage was
reached; after this we continued measurements to be able to easily determine the
time of bolting and final leaf number, even though the rosette area would not be
recorded. The quality control check for each image robustly detects overlapping of
leaves from neighboring plants and invalidates the area from such a measurement.
We performed five experiments to assess the phenotyping pipeline capabilities. The
first experiment included 175 plants from two genotypes, WT (90 plants) and sex4-3
(85 plants), placed in five 35-pot trays in a checkerboard pattern. Then two
experiments with 8 trays containing 14 genotypes with 20 plants from each (in 35-pot
trays) followed, and subsequently two experiments with 24 genotypes with 18 plants
from each (in 54-pot trays) were carried through. Each of the four last experiments
contained the WT and sex4-3 genotypes.

To assess the technical reproducibility of the image analysis we performed technical
replicates of each image by rotating the trays and performing second measurements
immediately afterwards, for the first three experiments. We placed different barcodes
on each corner of the trays to be able to differentiate between their orientations.
Assuming no growth between the replicated measurements (conducted within 15
minutes) the technical variance across different positions could be assessed. Figure
3.3 is a log-log plot of the CV for the mean of each technical replicate and the mean
of the rosette area. The CV is inversely correlated to the area; Spearman p = -0.58 (p
< 2x107'%). At areas greater than 3 cm? (corresponding to a typical WT plant at the
nine-leaf stage), the CV is typically below 1 % and only rises over 2 % when the area
is lower than 0.2 cm? (a WT seedling at the two-leaf stage); for very small seedlings
where only cotyledons are visible the CV is typically around 5 %. The results

obtained from these experiments did not show significant differences. Since the

38



3. A growth phenotyping pipeline for Arabidopsis thaliana

technical errors were low we skipped the duplicated measurements in the latter two

experiments to reduce the time the plants spent outside the growth chamber.

Figure 3.3: Plot of CV of technical replicate

20 % - Experiment
measurements against mean rosette area. 10 % - ' ]
The dependence of the coefficient of variance 5 % -
(CV) for technical replicate measurements on 2 9 -

area is clearly illustrated in a log-log plot; the 5 1%
CV is inversely correlated with the rosette area 05 % -
(Spearman p = -0.58, p < 2x107'®). As a guide, 0.2 % -

0.01, 0.2 and 3.0 cm? correspond to typical WT ~ 0-1 % -
0.05 % -

plants at cotyledon unfolding stage (BBCH
1.0), two-leaf stage (BBCH 1.02) and nine-leaf
stage (BBCH 1.09), respectively. The lines

0.01 0.03 0.10.2 0.5 1 35 10 20
Area, cm?

correspond to smoothed fits (using the LOESS algorithm) of the points from each of the three
experiments. The diagonal organization of the dots at the lower left part of the graph is due to

the discreteness of the data as areas and measurement errors approach unit sizes.

3.3.2 Data annotation

After finishing the measurements, the images were reviewed using our own
annotation software. We developed this software as a web application (see Figure
3.4a, b) which shows the captured images and analysis results from the image
capture database, and saves user-specified data along with the analysis results to be
employed in the data pre-processing and analysis. The software is used to specify
developmental stages according to the Arabidopsis-adapted BBCH scale (Boyes et
al., 2001) as well as to mark images where multiple plants were visible or other
problems were apparent (such as infected plants/pots or damaged plants, which
cannot be robustly detected automatically). After an introduction of about one hour, a
researcher, lab technician or gardener can perform such annotation, typically needing
two minutes to e.g. completely annotate 40 images collected for one plant over the
course of an experiment, making it possible to fully annotate 240 plants (9600

images) in one working day of eight hours.
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Figure 3.4: Screenshots of the annotation tool. (a) Overview of the trays (identified by
different barcodes) as used in the current project; the user can filter the view to see particular
plants, that e.g. belong to a certain experimenter or genotype. The color of the position
indicates the progress in annotation; a fully green bar indicates that all images for that plant
are annotated. (b) Annotation page for a plant. The user can enter specific quality control and
development stage information for each image. When moving the mouse cursor over the
image, it takes the shape of a 2-mm-diameter circle (white in the figure), which is used for
counting leaf numbers. To visualize small objects (e.g. germinating seeds), a 2x zoom view

of the center of the pot is available next to the main image.

3.3.3 Data analysis

Subsequently the data analysis was performed in four steps (Steps 1 to 4 below) to
aggregate the data, run statistical tests and draw plots for visual interpretation. Four
types of automated analysis, carried out by running scripts in the R statistical
environment (R Development Core Team, 2010), automatically produce text files with
reports on significant findings, spreadsheet files with quantitative data, and PDF
documents with data plots, providing the user with tools suitable for detailed
investigation of putative phenotypes. The pre-processed data for all phenotypic
parameters from the five experiments are included in the supplementary material
(Table S3.1, File S3.1), as well as an R script for performing Step 1 of the data
analysis (File S$3.2).

Step 1: The first analysis provides the user with an overview of possible effects. Plots
of rosette area, compactness, relative growth rate (RGR), and leaf count are created

with smoothed fits (LOESS — locally weighted scatterplot smoothing) of the data
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points for each genotype, showing the mean trend and the standard error (SE) of the
fit. To assess the influence a genotype might have on the phenotype, four ways to
plot the data are used; the dependent variable is plotted as a function of days after
sowing (DAS), days after germination (DAG), days after seedling establishment
(DASE, defined as the day when the plant developed two primary leaves; BBCH
1.02), and the leaf count. The four plots for each phenotype-dependent variable are
presented on the same page, so that the user can get an impression of which
predictor variable might be most helpful to model the phenotype. A plot of the data

collected from the five experiments for sex4-3 and WT is shown in Figure 3.5.
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Figure 3.5: Smoothed fits for three phenotypic parameters using four different
predictor variables. The plots indicate which phenotypes might be typical for the genotypes
analyzed and the predictor variable(s) which model(s) the data optimally. Typically, the leaf
count and DASE plots give lower variances, however it might be important to additionally

check the DAS plots to verify whether punctual stresses occurred at a specific day.
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Step 2: In the second analysis step, the linear mixed-effects model given in (1) is
fitted for rosette area, time, genotype and photosynthetic photon flux density (PPFD)
data using the ‘Ime’ function of the R nlme package (Pinheiro et al., 2009). It is a
standard mixed model with random intercepts that takes into account, that repeated

measurements were done.

log(Areay, ) = pu+aDASE;, + ,BDASE?,{ + gen, +

1
+ gen, x DASE, + OPPFD; + yPPFD,DASE, +C, + &, M

Here, i=1, ..., g denotes the genotypes 1, ..., g, j =1, ..., n; the number of plants of
genotype i, and k = 1, ..., m; the number of individual measurements for the /" plant

of the  genotype. ¢j and & are normally distributed independent random variables,

¢; ~NIID(0,07) and ¢, ~ NIID(0,03) . gen; denotes the absolute effect of genotype i

on the area and the interaction effect with time (intercept effect on the RGR, as
shown below). PPFD; denotes difference to the mean photon flux recorded at the
position of the plant in the growth chamber.

We developed this model based on the fact that the total leaf area, which can be
considered as a proxy of shoot biomass (Walter et al., 2007), generally follows an
exponential function (Blackman, 1919). Since we only follow initial growth (until
bolting at the longest), we chose not to use a more complex sigmoid function, which
is commonly used to describe biomass accumulation in crop species (Poorter, 2002;
Yin et al., 2003) when the whole life cycle needs to be considered. The quadratic
term accounts for the increasing leaf overlap and general growth deceleration
(modeling a linear reduction of the RGR) and the j term allows each individual plant
its own intercept which is important, as seed weight and loading can cause individual
variance in total absolute area. The factor & models a response to the differences in
photosynthetic photon fluence rates within the growth chamber, and was found to be
significant in all experiments.

We found DASE to be a better predictor for modeling than DAS and DAG, which
gave worse fits (according to estimated R? and Akaike’s information criterion for the
fitted models; this can as well be observed in Figure 3.5). Biologically this makes
sense since seed loading and germination time, which can be expected to vary
between individuals within a genotype, will have a strong impact on growth during the

first two weeks of seedling establishment, after which genotypic and growth
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conditions will take over as major effects. Genotypic influence on germination and
seedling establishment is assessed separately in another step of the analysis (see
Step 3).

In order to improve model predictions and reduce noise, we added detection of
outlier plants and data points as a further feature. The algorithm considers data
points with standardized residuals greater than 2 standard deviations as outliers, and
plants having more than six such points are excluded from the model, which is then
re-fitted with the existing data points. The user is warned and can manually inspect
the growth curves for these plants; in some cases the areas measured on single days
can be excluded for problematic plants (by setting quality control values in the
annotation software). Typically, few plants (< 3 %) were considered as outliers, and
they were almost exclusively found to have been damaged during handling or to
suffer from fungi or insects, where the stress caused atypical growth patterns (not
shown).

The fitting of this model allows the detection of whether a genotype has a significant
effect or not on rosette area and RGR, and supplies the user with the estimated
effects and p-values. Genotypes not showing any significant difference in comparison
to WT are dropped from the dataset in order to improve the statistical power of the
test.

Model (1) assumes a linear evolution of the RGR with a constant slope for all
genotypes, as can be seen when studying the derivative of the right side of the
formula:

_ dlog(Areay,)

RGR, =
" dDASE,,

a +2pBDASE,, + gen, + yPPFD,  (2)

This is an obvious simplification, since the RGR rather follows an inverse logarithmic
decline over time (observed from experimental data; see Figure 3.6); however, to
simplify the model this relationship can be simplified for segments with a linear
function. To provide a better correction for this, a variant of the proposed model is

fitted where an individual slope of the RGR is allowed for each genotype:

log(Areay, ) = pu+ aDASE, + ﬂDASE;k +gen, + gen, x DASE,, +
+ ﬂiDASE;k +6PPFD, + yPPFD;DASE, +C, + &,
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This modification results in a better fit in many cases, especially when the RGR
clearly changes faster over time in the mutant than in the WT; the RGR then follows
the function

RGR,, = +2DASE,, + gen, + 24, DASE, +yPPFD, (4)

ik

which allows an individual intercept and slope for each genotype. For genotypes
showing major differences in RGR at different developmental stages, we recommend
this updated formula, and in some cases local fits can be modeled to segments of the

data for better quantification of the effects, if the RGR clearly evolves in a non-linear
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The fitted mean RGR for each genotype over time is plotted together with a scatter
plot of the observed values and provides a visual inspection of the fit (Figure 3.6b).

Also, plots of the residuals with color marking for each genotype are provided for
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verification that the models were well fitted without bias to any genotype (provided by
File $3.2).To assess the reproducibility between experiments we compared the
parameters fitted for the models (using formula (3)) for the WT and sex4-3 plants in

each of these experiments. The results are shown in Table 3.2.

Table 3.2: Comparison of observed phenotype values for sex4-3 and WT between five
experiments. The different phenotype values obtained with the mixed-effects models (3) for
the five experiments (n = 18-20 plants per genotype) are shown. RGR difference was found
to be the most robust phenotype value (CV of 9.5 %, compared to 32 % for rosette area). All
values are calculated for 0 DASE.

Relative difference in RGR difference of RGR slope difference

rosette area of sex4-3  sex4-3 compared to of sex4-3 compared

Experiment  compared to WT (%) WT? (% day™) to WT® (% day?)
1 -15.9 -3.80 0.24
2 -26.5 -4.24 0.28
3 -16.7 -3.74 0.24
4 -13.5 -3.52 0.12
5 -22.4 -4.37 0.37
Median £ SD -16.7 £ 5.28 -3.80 £ 0.36 0.24 £ 0.063

2The median RGR for WT was 29.9 % day.
®The median RGR slope for WT was -0.71 % day™, thus the RGR for sex4-3 decreased less

over time in comparison to WT.

Step 3: This step analyzes the development timelines to detect significant genotype
effects on the length of the different developmental stages. The following

development times are assessed:

e Germination (BBCH 0.1 to 0.5)

e Seedling establishment (BBCH 0.5 to 1.02)

e Early rosette development (BBCH 1.02 to 1.09)
e Mid rosette development (BBCH 1.09 to 1.19)

e Late rosette development (BBCH 1.19 to 5.10)

e Bolting time (BBCH 0.5 to 5.10 and 1.02 to 5.10)
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For each stage, a one-way ANOVA is carried out to detect whether the genotype of
the mutant has a significant effect in comparison to the WT. The PPFD term is
included in the ANOVA model and was found to be significant for all stages but seed
germination. The data are then visualized in box plots (Figure 3.7), and a
spreadsheet table is produced with mean effects of each genotype and statistics from
the ANOVA. As can be seen in Figure 3.7, we separated the plot into two parts (early
and late phenotypes). For bolting, we found it helpful to include comparisons based
on germination, seedling establishment as well as late development, to give the user
an indication as to where the main effects lie; if a plant was greatly delayed in
seedling establishment or early rosette development, the time given by the BBCH 0.5

to 5.10 comparison could in some cases be misleading.
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A summary of the development times for sex4-3 and WT from the five experiments is

presented in Table 3.3.
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Table 3.3: Development times for sex4-3 and WT. Medians were calculated over the mean
effect as determined by ANOVA in each of the five experiments (n = 18-20 plants per
genotype in each experiment). The values in the difference column were found to be
significant in at least three of the five experiments for all developmental stages.

Development time (median * SD), days

Developmental stage BBCH WT sex4-3 sex4-3 -WT
Germination 0.1t0 0.5 3.10+0.44 3.77 £ 0.44 0.61+0.08
Seedling establishment 0.51t01.02 9.95+0.71 12.00 £ 0.71 1.50 + 0.51
Early rosette 1.02t01.09 10.33+0.66 11.73+0.76 1.26 £ 0.21
Mid rosette 1.09t01.19 9.73+0.62 10.93+0.62 0.69 + 0.51
Bolting time® (DAG) 0.5t05.10 40.85 48.77 7.92
Bolting time® (DASE®) 1.02 t0 5.10 30.78 37.00 6.22
Bolting time? (after 1.19t05.10 9.89 13.56 3.67

appearance of leaf 19)

@Bolting times were only measured in one experiment.
®Days after germination.

°Days after seedling establishment.

Step 4: Finally, the leaf development of each genotype is assessed at each point of
the rosette development stages (BBCH 1.01 to 1.19). For this, one-way ANOVAs are
performed for rosette area, compactness of rosette and relative growth rate (RGR)
for the first day of each leaf stage. In this analysis the PPFD for each pot is
accounted for, although we typically see less significant effects here compared to the
time-based analyses in Step 3.

This analysis provides line plots of the main genotype effect of each phenotypic
parameter versus leaf count, with information on significant differences in comparison
to WT (Figure 3.8). The idea is to provide a time-independent view on rosette
development to allow ‘fair’ comparisons of genotypes showing a delay of early
development or retarded/accelerated leaf production, which cannot properly be
accounted for in DAS, DAG or DASE-based analyses. The plots look similar to the
LOESS-smoothed plots versus leaf count produced in Step 2; however, here we
additionally provide the significance level of the ANOVA statistics for the difference to
WT. A summary of the rosette areas recorded in the five experiments is given in
Table 3.4.
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Table 3.4: Rosette areas of sex4-3 and WT at different growth stages. Medians and
standard deviations were calculated over the mean effect as determined by one-way ANOVA
in each of the five experiments (n = 18-20 plants per genotype in each experiment). The
values in the area difference column were found to be significant (p < 0.05) in all five
experiments for all development stages, except in one experiment where the area difference
at the 1.18 stage was not significant.

Rosette area Rosette area Rosette area difference of

BBCH WT (cm?) sex4-3, (cm?) sex4-3 compared to WT (%)
1.02 0.19+0.02 0.16 £ 0.02 -14.9+7.37
1.05 0.89 £ 0.09 0.66 £ 0.08 -17.1+4.78
1.09 3.28 £ 0.20 257 +0.17 -18.6 £ 2.81
1.12 6.40 £ 0.29 5.33+0.46 -19.7 £ 4.65
1.15 10.8 £ 0.57 8.83+0.94 -17.5+4.63
1.18 14.8 £ 0.66 125+ 1.22 -15.3+£4.55
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3.3.4 Comparison of experiments and tray types

In order to assess the robustness of the method, we performed several tests to
compare the results obtained between the five experiments and two tray types used.
As is shown in Tables 3.2 and 3.4, rosette area and RGR were reproducible across
experiments, with the lowest CV for RGR. Indeed, when we compiled a complete
dataset from the five experiments and added a term for the experiment (exp,) as well
as one for tray type (trayn) to the existing model, resulting in (5), we could fit the

complete data and test whether the experiment and tray type had significant effects:

log(Areay,,,) = p+ aDASE, + ,BDASE;k + gen, + gen, x DASE,;, + 5)

A.DASE,, + SPPFD, + yPPFD;DASE,, +exp, +tray, +{,; + &,

Since these factors are not orthogonal — the QuickPot 35R trays were used in the first
three experiments, while the QuickPot 54R trays were used in the last two — we had
to test them individually. After fitting the model we performed Tukey range tests
comparing mean effects between each pair of experiments (testing whether the
difference in means is zero), and found that the experiment means were significantly
different (p < 0.05) in some cases; notably experiments two and three were
significantly different from experiments one, four and five. However, we found no
difference between the two tray types (p > 0.53). Thus, we concluded that it is
necessary to include an experiment term in the model when combining data from

several experiments.

3.3.5 Detection of weaker phenotypes

The sex4-3 shows a strong growth reduction phenotype (a 12.7 % reduction in RGR
and a 16.7 % smaller area at 0 DASE in comparison to WT) which could be easily
detected by the naked eye already at 5 DASE where the total rosette area reduction
in comparison to WT reaches 30 %. A screening system is only helpful when it can
detect phenotypes not easily seen by the naked eye. We therefore included one
mutant genotype of the GRF9 (GROWTH REGULATING FACTOR 9) gene for which
a tendency of slightly increased leaf area has been reported (Horiguchi, G. Kim, et
al., 2005), although in that study this effect was not found to be significant. When
analyzing the area data of the grf9 mutant in comparison to WT we could detect a

significant increase of total rosette area (15.5 % increased area compared to WT at 0
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DASE; p = 0.00133, n = 20; see Figure 3.9a, b), although the RGR did not
significantly change (p = 0.976); thus the relative rosette area compared to WT stays

constant throughout development.
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3.4 Discussion

Although knowledge about the regulation of plant growth has strongly increased over
the last decade, owing to the availability and analysis of humerous growth-affected
mutants, many open questions remain. In particular, quantitative analysis of plant
growth often lags behind the well-developed and sophisticated tools available for
molecular and biochemical studies. Here we employed a commercially available plant
growth analysis system (Scanalyzer HTS, LemnaTec) to develop an experimental
pipeline for the rapid and robust analysis of plant growth parameters, using
Arabidopsis as a model. Notably, we have established standard growth protocols,
improved the plant tracking capabilities provided with the LemnaTec software,

created an image annotation software for developmental stages, and designed a
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data analysis pipeline performing quality control and analysis, including modeling and
graphical representation of the data.

Based on our experimental findings we propose to use a linear mixed-effects model
to fit the total rosette area data over time, by using the day after seedling
establishment (DASE) as predictor variable. The proposed model fits well to the data
from the five experiments performed, and provides quantitative information on
genotype effects. When comparing the fitted coefficients between the five different
experiments (see Table 3.2), we observed that the difference in absolute area is
quite variable (CV = 32 %). However, the overall difference and slope of the RGR
between sex4-3 and WT is more stable between experiments (CV = 9.2 %), making
RGR the parameter of choice for robust comparisons between genotypes, as found
previously (Walter et al., 2007), possibly even across experiments when proper
controls are included.

By providing LOESS-smoothed plots (see Figure 3.5) of various aspects of the data
we provide the user with a quick way to assess the data. In addition to typical
statistical analysis, e.g. the approach proposed for classical growth analysis by (Hunt
et al., 2002), this helps the researcher in choosing a suitable predictor variable for the
phenotype and thus avoid bias. Here we see that leaf count and DASE form the
better basis for the analysis of the area phenotype of the sex4-3 mutant, although
DAG and DAS show greater differences between the mutant and WT means; the
variance is also greater. Thus, DASE and leaf count can be used to model area, and
will be more powerful than DAS and DAG. When studying the compactness and RGR
plots, we again see better fits with DASE and leaf count, although these phenotypic
variables follow more complex dynamics than area and thus are difficult to model. It
can also be observed that the major difference in RGR for sex4-3 in comparison to
the wild-type occurs before the two-leaf stage and thus it is important to analyze the
RGR using DASE as predictor variable, as the area information prior to the one-leaf
stage cannot be assessed when using the leaf count as predictor variable.

Using the leaf count ANOVA tables and plots (see Figure 3.8 and Table 3.4),
quantification of rosette area, RGR and compactness can be carried out for specific
growth stages. The strength of this analysis is that it compares plants at the same
developmental stage, without considering the time needed to reach it. This can be an
advantage when complex phenotypes occur that are difficult to describe on a DAS,

DAG or DASE basis. The main disadvantage is that areas are associated with a rank
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(the developmental stage or leaf count), and modeling over several stages may not
always be meaningful. Currently, the analysis is performed at single stages, which
makes it impossible to model and deduce individual plant variances from the
genotype mean, as is possible in the DASE-based linear mixed-effects model
approach (analysis Step 1).

A summary of the rosette areas recorded in the five experiments is found in Table
3.4. As can be seen the results concur with the modeled coefficients in Step 7; the
area of the sex4-3 mutant is generally 17 % lower than in the WT. It is also evident,
that the CV of the differences within a genotype (determined to be 8-12 %) is clearly
higher than the technical noise introduced by the method (typically below 2 %), which
leads us to conclude that the method is highly suitable for detecting weak
phenotypes, where the number of plants per genotype or treatment included will
define the detection limit. We could confirm the ability to detect weak phenotypes with
the grf9 null mutant genotype, for which we record a significantly increased leaf area
of 15.5 % throughout development (see Figure 3.9a); this difference is not easily
detectable by the naked human eye.

As can be seen in Table 3.3, the sex4-3 mutant grows slower than the WT during all
development stages; in total it needed ~8 days more to progress from germination to
bolting.

By using 54-pot trays, we could increase the plant density significantly over the 35-
pot trays, without introducing any significant changes in growth phenotypes (as
shown in the Results section); however, to follow the rosette area of all plants until
bolting, it is necessary to increase the spacing between the pots. This was achieved
by reducing the number of plants to half after ~30 days of measurement. Currently,
we are refining experiments with 15-pot trays (using 8-cm pots) where it is possible to
follow the area of plants from sowing to bolting without reducing the number of plants
in the trays, therefore simplifying handling.

To our knowledge, no automated growth phenotyping system has been presented
integrating manual annotation of images and automated modeling and data analysis.
Also, the annotation and analysis methods we have developed are not limited to the
imaging platform we are using; they could be adapted to different database
structures to work with images and data outputs from other imaging platforms.

As major individual and genotypic variations occur in the germination and seedling

establishment phases, which can introduce unwanted bias in phenotypic data of
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rosette or inflorescence development, we suggest using DASE instead of the
commonly used terms DAG or DAS as descriptor for the experimental time point. Of
note, the term DAG is often incorrectly used when in fact plants at a later stage
(BBCH 1.0 or 1.02) are compared. We recommend using the well-defined DASE term
(as days after BBCH 1.02), unless seedling establishment is specifically studied,
where usage of the equally well defined DAG term (days after BBCH 0.5) is sensible.
The scientific community will gain more knowledge from the phenotype data
produced when it is richly annotated with biologically relevant information and
analyzed accordingly. Even though growth phenotypes could be assessed without
adding manual information to the data, individual variances and delays in early
growth stage will influence the data strongly (see Figure 3.5), and only very strong
phenotypes can be detected with possibly biased conclusions. However, equipped
with a properly set up imaging system and adequate analysis, such as the
phenotyping pipeline presented here, even weak growth phenotypes can be

assessed in larger screens, with a minimum of manual effort.

3.5 Materials and methods

3.5.1 Plant cultivation

Arabidopsis thaliana (ecotypes Col-0, the T-DNA insertion null mutants sex4-3
(Niittyla et al., 2006) and grf9 (SALK 140746C obtained from NASC) were grown in
growth cabinets with tightly controlled environmental conditions (Percival Scientific
Inc., Perry, lowa, http://www.percival-scientific.com) at a PPFD of 98 + 11 uymol m?s
1,22 °C and 70 % humidity (day), 18 °C and 80 % humidity (night), at a 12 hour

day/night cycle; except for the first ten nights in each growth cycle which were at 6 °C

and 80 % humidity for stratification. Seeds were directly sown and grown in 5-cm
round pots in 54-pot trays (QuickPot 54R, HerkuPlast-Kubern, Ering am Inn,
Germany, http://www.herkuplast.com), 6-cm round pots in 35-pot trays (QuickPot
35R), or 8-cm pots in 15-pot trays (QuickPot 15RW). The substrate consisted of two

layers, the lower being standard soil (Einheitserde Typ P, Einheitserde Gebr. Patzer,

Sinntal-Jossa, Germany, http://www.einheitserde.de) mixed with vermiculite (9:1

soil:vermiculite), and the upper being standard soil without vermiculite (~1 cm) to
ensure good foreground/background separation in the image analysis with smaller

plants.
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3.5.2 Development time definitions

We define all development stages according to an Arabidopsis-adapted BBCH scale,
similar to a previously proposed one (Boyes et al., 2001), with the exception that we
count leaves when they are longer than 2 mm (for more robust measures) as
opposed to the suggested 1 mm. We use the following terms to describe time: DAS,
Days After Sowing; DAG, Days After Germination (after BBCH stage 0.5; radicle
emergence); and DASE, Days After Seedling Establishment (after BBCH stage 1.02;

two primary leaves > 2 mm).

3.5.3 Image capture
The images were captured using an automated system with a robot arm holding a
camera and barcode reader placed in a cabinet with optimal light control (Scanalyzer

HTS, LemnaTec, Wuerselen, Germany, http://www.lemnatec.com). For each

experiment, images were captured at a specific time window each day (three hours
after onset of daylight, + 30 min). The image resolution was 81 px mm™ for the
QuickPot 35R pot setup and 73.96 px mm™ for the QuickPot 54R setup.

3.5.4 Image analysis

The images were analyzed by the software provided with the image capturing system
(LemnaGrid). The following steps are included in the image analysis grids (the
specific thresholds and weights vary between the 54- and 35-pot setups due to
different scale and slightly different exposure times):

1. A specific RGB channel weighting (4xGreen - (3xBlue) - Red) is used to
create a grayscale image which is especially bright for green-colored areas.

2. A binary mask is created by setting a threshold of intensity of 130 or higher.

3. Small holes (caused by particles or small, differently colored or darker parts of
leaves) are filled (smaller than 13 pixels).

4. The binary mask is converted to objects.

5. To smoothen leaf edges and reconnect thin objects that became disconnected
in the masking steps (typically thin petioles), the objects are grown and shrunk
once with one pixel per operation.

6. Finally, all objects within the area of a given pot are composed into one;
objects (leaves) that grew outside the pot area are included as long as they

are connected to the rest of the plant.
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7. Phenotypic parameters are calculated for each plant (notably area, convex hull

and compactness) and the data are saved into the database.

Manual image annotation: The images are then reviewed by the user for certain
characteristics:

1. Image quality control is performed, e.g. to detect incorrect objects that cannot
be handled by the automatic image analysis (foreign objects in the image,
pieces of mosses, algae).

2. Additional information is annotated, notably the current plant developmental
stage using a modified BBCH scale, where 2 mm is used as the threshold to

detect new leaves (see above).

3.56.5 Data pre-processing

Using scripts developed for the R statistical language (R Development Core Team,
2010) quality control filters based on the manual image annotation are enforced, as
well as a detection mechanism for plants growing out of the images — in these cases
the plant area is invalidated, but the data on developmental stage is conserved for
the time point. If technical replicates of images were captured on the same day, one
value per phenotypic feature is extracted using different heuristic approaches
depending on the phenotypic feature, such as to include only growing values for leaf
and convex hull areas compared to the previous day (a shrinking plant is not
expected) or increasing developmental stages (a plant will not lose a leaf) and then
using the medians (as an outlier-robust alternative to the arithmetic mean) in cases
where one single value cannot be favored. Finally, the data are integrated into a
tabular form for each phenotypic feature (area, compactness, BBCH code) with the
axes being the plants and the time points (days after sowing). These data can be

exported in CSV format to spreadsheets, for manual inspection by the end user.

3.56.6 Data analysis

The data analysis steps are described in the Results section. For modeling, the ‘Ime’
function from the R package nlme was used (Pinheiro et al., 2009). For ANOVA, the
‘aov’ function was used (Chambers et al., 1992). For Tukey range tests the ‘glht’
function from the multcomp R package was employed (Hothorn et al., 2008). All plots

were created with the ggplot2 package (Wickham, 2009).
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4. Identification of leaf growth-related tonoplast protein genes

41 Summary

The aim of this study was to identify tonoplast protein coding genes involved in leaf
cell expansion, exploring the role of the tonoplast transporters and channels in
driving controlled cell expansion through regulation of the osmotic pressure in the
vacuole. Initially, a RT-qPCR platform for all known tonoplast protein coding genes
(117 genes) was designed and supplemented with known growth-related genes;
expansins, growth regulating factors (GRFs), cell cycle genes among others.
Samples for transcription analysis were collected from leaves at different growth
stages, cut into parts with higher and lower association with cell expansion. The
measured transcript levels were evaluated using a template-based clustering method
that ranked the genes according to their association with expanding leaf zones, and
the 19 highest-scoring genes (including 11 tonoplast protein genes) were selected for
further studies.

To study the role in leaf growth of these genes, an automated growth phenotyping
pipeline using 2-D image analysis, developmental stage annotation and area
modeling was employed, capable of quantifying total rosette area, relative growth
rate (RGR) and development time phenotypes separately. Knockout mutant lines for
the candidate growth-related genes were screened for phenotypes and effects were
quantified. Interestingly, we identified strong area and RGR reductions as well as
delayed development in knockout mutants for the tonoplast Na*/H*-antiporter NHX4
and for EXPANSIN 6, as well as slightly increased areas in mutants for EXPANSIN 3,
GROWTH-REGULATING FACTOR 9 and a subunit of the vacuolar H*-ATPase
(VHA-E3), leading us to conclude that the tonoplast is worth taking a longer look at in

studies of cell expansion regulation.

4.2 Introduction

In a very simplified view, plant leaf growth can be reduced to the sum of two
processes, cell division and expansion (Beemster et al., 2005). Both are partly
independently and partly concurrently regulated, and both types of regulation must
be taken into account when studying the growth of a determinate organ like the leaf.
The phenomenon of compensation, causing greater cell sizes when the cell number

is reduced (Tsukaya, 2008), can affect the impact on the growth behavior of the
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complete organ when studying loss-of-function mutants or overexpressors affecting
or enhancing single genes. Although the mechanism behind compensation is not
understood, it has been shown that the cell cycle regulation of endoreduplication
(leading to polyteny) is crucial in this process (Donnelly et al., 1999; Tsukaya, 2008),
however the ploidy level does not directly dictate the final size of the leaf.

The driving force of cellular expansion is the turgor pressure, which can reach
several bars (Husken et al., 1978), caused by the high osmotic potential of the cell.
The cell wall is relaxed ectopically, allowing slippage between the polymers (cell wall
creep) through the action of expansins (weakening hydrogen bonds between
polymers), pectin methylesterase, xyloglucan-endotransglycolase and -hydrolase,
endo-(1,4)-B-d-glucanase and reactive oxygen species (modifying covalent links
between polymers) (Cosgrove, 2005; Hamant and Traas, 2010). The internal osmotic
potential causes the cell to swell and push apart the relaxed cell wall polymers, while
newly synthesized polymers are deposited into the cell wall. These processes must
be closely coordinated, and the osmotic pressure of the vacuole must be
continuously adjusted to maintain turgor and allow undisrupted cytosolic solute
homeostasis even at high cell expansion rates. E.g., the regulation of aquaporins in
expanding plant tissues has been shown to be important in several studies (Ludevid
et al., 1992; Chaumont et al., 1998; Balk and de Boer, 1999). Cell wall relaxation
alone does not seem to determine the limits for cell expansion, as increased
expression of certain tonoplast aquaporins leads to reduced or increased cell sizes
(Reisen et al., 2003; Lin et al., 2007). However, a recent report showed that the
otherwise growth-enhancing overexpression of an endogenous aquaporin in
protoplasts was blocked in cell wall presence (Okubo-Kurihara et al., 2009).

To date, no comprehensive study has been conducted on the general role of
tonoplast transporters and channels in growth; as most studies so far focused on
specific aquaporins. To identify key tonoplast protein coding genes involved in
growth, we have carried out a high-throughput expression study covering all
tonoplast protein coding genes in Arabidopsis thaliana, followed by mutant line

phenotyping, and describe the results here.

4.3 Results
4.3.1 Arabidopsis thaliana growth-related tonoplast RT-qPCR platform

Since there is no comprehensive list of tonoplast protein coding genes available, and
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no known protein motif for tonoplast localization that could be used for in silico
predictions, we compiled such a list for Arabidopsis thaliana based on literature
information. As a starting point, a list of identified genes in recent tonoplast proteomic
studies (Szponarski et al., 2004; Shimaoka et al., 2004; C. Carter et al., 2004; Endler
et al., 2006; Jaquinod et al., 2007) was gathered, including all the detected
transmembrane proteins from these studies. This list was then filtered, keeping the
genes shown experimentally to have protein products localized to the tonoplast, for
Arabidopsis or for orthologues in other species, or where the protein was detected in
several proteomics studies and the predicted function were suggesting a tonoplast
localization. We also added genes not showing up in these proteomic studies, but
which were previously shown to have protein products localized to the tonoplast,
many of which were found using SUBA; the ‘Arabidopsis Subcellular Database’
(Heazlewood et al., 2007). In total, 117 genes encoding for tonoplast proteins were
included.

Subsequently, genes known to be involved in different mechanisms of cellular growth
and cell wall relaxation were included: all expansins (EXPs) known to be expressed
in leaves (Sampedro and Cosgrove, 2005; Choi et al., 2006), growth regulating
factors (GRFs) (J.H. Kim et al., 2003), AINTEGUMENTA (Mizukami and Fischer,
2000), ARGOS (Hu et al., 2003), ARGOS-like (Hu et al., 2006), AGF1 (Matsushita et
al., 2007) and AGL25/FLC (Michaels and Amasino, 1999). Twelve cell cycle and cell
cycle-related genes reported as putative indicators of cell division and cell
endoreduplication were added to the list; CDKA;1, CDKB1;1, CDKB1;2, CDKB2;1,
CDKB2;2, CYCB1;1, CYCB1;2, CYCB1;3, KRP1, KRP2, KRP4 and KRP5 (Donnelly
et al., 1999; Ormenese et al., 2004; Boudolf et al., 2004; Beemster et al., 2005; del
Pozo et al., 2006). A summary of the gene families represented in the RT-qPCR
platform is given in Table 4.1, a comprehensive list with references is available in the
supplementary material (Table S4.1).

Furthermore, we included five reference genes reported to have stable expression
over all development stages of Arabidopsis thaliana (Czechowski et al., 2005), with
different orders of magnitude of expression to reduce possible bias in RT-qPCR data
normalization (Vandesompele et al.,, 2002). Transcript-specific primers were
designed for all the genes mentioned above and tested in silico for specificity against
the whole Arabidopsis genome using QuantPrime (Arvidsson et al., 2008). The

complete list with primer sequences is found in the supplementary material (Table
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S$4.2). Stringent quality control criteria were applied to only include primer pairs of
high efficiency and specificity in the RT-qPCR platform (see materials and methods

for details).

Table 4.1: A summary of the RT-qPCR platform. Here we list the categories and gene
families represented in the growth-related tonoplast protein coding gene RT-qPCR platform.

Gene families with at least three genes represented on the platform are listed.

Category Gene family Count
Cell cycle Core cell cycle genes 12
Growth-related  Expansins 12
Growth-related  GRF transcription factors 9
Growth-related  Other or unknown 5
Tonoplast Primary pumps (ATPases) 31
Tonoplast Organic solute cotransporters 19
Tonoplast Inorganic solute cotransporters 12
Tonoplast Antiporters 10
Tonoplast Aquaporins 10
Tonoplast lon channels 8
Tonoplast ABC transporters 4
Tonoplast Other or unknown 23
Reference Other or unknown 5

4.3.2 Sampling of expansion-associated leaf regions and RT-qPCR data analysis

In order to identify candidate growth-related genes, we sampled and cut the blade of
leaf #11 from wild type Arabidopsis thaliana Col-0 plants into three parts (equally
wide; see Figure 4.1 for a schematic representation) at three different leaf stages —
33 %, 50 % and 100 % expanded leaf; equivalent to 10, 15 and 30 mm length
(excluding the petiole), under our growth conditions. The idea behind this sampling
strategy was to compare the expression levels of our gene panel over rapidly
expanding, moderately expanding and non-expanding mature leaf parts, as cell
expansion has been shown to be concentrated to certain leaf regions (restricted in
space and time) (Donnelly et al., 1999; Beemster et al., 2005; Wiese et al., 2007). All
sampling was carried through at 2 hours after lights-on, to include the effect of the
morning growth peak which has been reported for young Arabidopsis leaves (Wiese

et al., 2007) and which could be reproduced by us under the sampling growth
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conditions using a similar technique (Berns et al., 2007); see the figure and

description in the supplementary material (Figure S4.1) for more details.

o Figure 4.1: Schematic of leaf samples
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expression analysis. We used the same leaf
(number 11) at different stages of its
development (10, 15 and 30 mm), and cut it

in three equally long parts, ‘base’, ‘middle’

‘ and ‘tip’, as shown in the figure.
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Total RNA was extracted from the leaf samples, cDNA was synthesized and qPCR
measurements using the above described platform were carried through. In order to
rank genes according to their association with expanding regions, we constructed a
scoring template for expression differences within and between leaves (see Table
4.2). Briefly, genes highly expressed in the base of young, rapidly expanding leaves
get high scores, as well as extra points are given to genes which show a low and

constant expression across fully expanded mature leaves.

Table 4.2: Scoring template for growth-association of genes. The expression values for
each gene are verified against the rules which assign scores to expression differences

between reference and sample cDNAs, to assign high scores to growth-associated genes.

Reference Sample Rule Assigned score
30 mm base 10 mm base AACy > 2 +5
30 mmbase 10mmbase 1<AACG<2 +3
30 mm mid 10 mm middle AACy > 2 +4
30 mmmid 10 mm middle 1 <AAC;<2 +2
10 mm tip 10 mm base AAC, > 2 +4
10 mm tip 10 mmbase 1<AAC,<2 +2
30 mm base 15 mm base AAC, > 2 +4
30 mmbase 15mmbase 1<AACG<2 +2
15 mm tip 15 mm base AAC, > 2 +3
15 mm tip 15 mmbase 1<AAC;<2 +1
30 mm base 30 mm tip -1 <AAC,< 1 +1
30 mm base 30 mm middle -1 <AAC;<1 +1
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The 29 highest scoring genes (of which 12 are tonoplast protein coding genes) are
presented in Table 4.3; a complete score table is included in the supplementary
materials (Table S4.3). The complete set of expression values, as ACq values, is
included in the supplementary materials in a list form (Table S4.4) as well as 20-AC,

values in bar plots (Figure $4.2).

Table 4.3: The genes with the highest scores for growth-association.

Platform category = Gene locus Gene name Growth-association score
Tonoplast AT1G16390 OCT3 20
Tonoplast AT5G47450 TIP2;3 18
Tonoplast AT3G16240 TIP2;1 17
Tonoplast AT2G26690 NTP2 15
Tonoplast AT3G06370 NHX4 14
Tonoplast AT2G36830 TIP1;1 14
Tonoplast AT3G51490 TMT3 12
Tonoplast AT1G64200 VHA-E3 9
Tonoplast AT2G48020 ERD6-like 9
Tonoplast AT3G26520 TIP1;2 9
Tonoplast AT5G13740 ZIF1 9
Tonoplast AT5G62890 NAT6 9
Cell cycle AT4G37490 CYCB1;1 18
Cell cycle AT2G38620 CDKB1,2 16
Cell cycle AT3G54180 CDKB1;1 16
Cell cycle AT5G06150 CYCB1,2 16
Cell cycle AT1G20930 CDKB2,2 15
Cell cycle AT3G11520 cycz 13

Growth-related AT2G06200 GRF6 19
Growth-related AT2G28950 EXP6 17
Growth-related AT3G29030 EXP5 17
Growth-related AT4G37750 ANT 16
Growth-related AT1G26770 EXP10 15
Growth-related AT2G20750 EXPB1 15
Growth-related AT3G52910 GRF4 15
Growth-related AT4G37740 GRF2 13
Growth-related AT2G45480 GRF9 13
Growth-related AT2G37640 EXP3 9

Growth-related AT3G55500 EXP16 9
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The score threshold of 9 was selected based on the score distributions for the
growth-related and cell cycle genes. We expected a larger fraction of these genes to
have high scores in comparison to the tonoplast genes. This is indeed the case; while
the tonoplast gene scores are lognormally distributed (with few high score outliers)
with a median of 2 and a SD of 3.6, the growth-related and cell cycle gene scores
show a double peaked distribution. If the split is made at a score of 9, one group with
a median of score 2 (SD = 1.6, n = 21) and another at 15 (SD = 2.7, n = 17) appear.
This led us to hypothesize that a similar split for the tonoplast gene group would give
us a reasonable enrichment of growth association among the higher scoring genes.
The high-scoring fraction of the tonoplast gene group (12 genes) was selected for
further analysis, together with the high scoring cell cycle and growth-related genes

(17 genes).

4.3.3 Selection of knockout mutant lines for the candidate genes

In order to study the function of the candidate genes, we obtained seeds for insertion
knockout mutants of Arabidopsis thaliana, all in ecotype Col-0 background but from
different collections, including T-DNA insertion lines of various origin and dSpm lines
(A.F. Tissier et al., 1999; Sessions et al., 2002; Rosso et al., 2003; Alonso et al.,
2003; Woody et al., 2007). These were selected by the insertion point (determined
with the SALK T-DNA Express website and the NASC AtEnsembl-viewer) to have
insertions in coding regions; where this was not possible, we selected lines with
insertions in the first introns or close promoters. We obtained one to six lines per
gene, 65 lines in total (see supplementary material Table S4.5 for a complete listing
with estimated insertion points). After obtaining the seeds, we screened the progeny
for homozygous insertions, checking genome insertions with PCR and verified the
absence of transcript with RT-gPCR. Thus, we obtained the 24 lines listed in Table
4.4 after two rounds of screening for each line; for the rest we failed to obtain

homozygous progeny.
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Table 4.4: Knockout lines for which homozygous progeny was obtained and which
were screened with growth phenotyping. The genes are listed according to their loci. The
‘Line’ column denotes the designation used in this study; the ‘Line code’ is the collection

number as designated by the creator and identifies the germplasm at NASC.

Disrupted locus Disrupted gene name Genotype Line code
AT1G16390 OCT3 oct3 SM_3_20320
AT1G64200 VHA-E3 vha-e3 GK-138C07
AT2G23150 ATNRAMP3 nramp3 SALK_023049
AT2G26690 NTP2 ntp2 WiscDsLox322_H05
AT2G28950 EXP6 exp6 GK-522C09
AT2G36830 TIP1;1 tip1;1 SM_3_32402
AT2G37640 EXP3 exp3 SALK_ 048023
AT2G45480 ATGRF9 grf9 SALK_ 140746
AT2G48020 ERDG6-like erd6-like SALK 144885
AT3G06370 NHX4 nhx4-1 SALK_ 112901
AT3G06370 NHX4 nhx4-2 SAIL_87_A09
AT3G06370 NHX4 nhx4-3 GK-770A08
AT3G16240 TIP2;1 tip2;1 SM_3 39039
AT3G29030 EXP5 exp5-1 SALK_043239
AT3G29030 EXP5 exp5-2 WiscDsLox495 F06
AT3G52910 ATGRF4 grf4 SALK_077829
AT3G55500 EXP16 exp16 GK-863H08
AT4G37740 ATGRF2 grf2 SALK_003203
AT4G37750 ANT ant GK-874H08
AT5G13740 ZIF1 zif1 SALK_ 016418
AT5G47450 TIP2;3 tip2;3-1 SALK 127491
AT5G47450 TIP2;3 tip2;3-2 SALK 142179
AT5G62890 NATG6-like nat6-like-1 GK-340A03
AT5G62890 NATG6-like nat6-like-2 SALK_078079

4.3.4 Growth phenotype screening

In order to assess the actual importance in growth regulation and cellular expansion
of the candidate growth-associated candidate genes, we carried through an
extensive growth phenotyping study on the previously mentioned knockout lines
using an automated image analysis phenotyping pipeline; for a full description of the
phenotyping pipeline and data analysis see Chapter 3. Briefly, the rosette area is

determined daily using an image capture and analysis platform, subsequently the
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images are annotated to describe growth stages using an adapted BBCH scale
(Boyes et al., 2001) and finally the data are analyzed, comparing and quantifying
genotype effects on overall area and relative growth rate (RGR) as well as specific
development times with linear mixed models (area and RGR) and ANOVA
(development times). By including wild type Col-0 (WT) and the genotype sex4-3
(Niittyla et al., 2006) with a known, strongly growth-impaired phenotype in all batches
we could compare data from several batches in one analysis (see Chapter 3 for
details). The results of the total rosette area modeling using linear mixed-effects
models (formula (3) in Chapter 3.3.3) for the genotypes where significant phenotypes
were observed are listed in Table 4.5; listing the quantified area and RGR effects at 0
days after seedling establishment (DASE, days from BBCH 1.02). Graphical
representations of the predicted models and observed data are shown in Figure 4.2
(the three nhx4 lines) and Figure 4.3 (exp3, exp6, grf9 and vha-e3). Photos of
representative plants at 14 DASE from the exp3, exp6, grf9, vha-e3 and nhx4 lines
are shown in Figure 4.4. The results of the ANOVAs for development timelines are
listed in Table 4.6 and 4.7, and the data are as well shown as box plots in Figure
4.5; but only for the nhx4 lines as there are not enough data available for the other
lines. In the supplementary material we included the complete pre-processed growth
phenotyping dataset (File S4.1) and plots (Figure S4.3) with comparisons of four
predictor variables (days after sowing — DAS, days after germination — DAG, DASE
and leaf count).

Table 4.5: Growth effects for genotypes with significant effects when modeling area
over time. Genotype effects as estimated with linear mixed effects model for 0 DASE, as
area (here relative to WT Col-0) and RGR varies over time. Data are estimated group means
1+ SE. * denotes p < 0.05, ** p < 0.01, *™* p < 0.001 for the estimates, p reported by the ‘Ime’
function call (Pinheiro et al., 2009). n denotes the number of plants.

Genotype Relative area (%) RGR (% day™) n

Col-0 100 + 2.59 30.1 £ 0.0464 71
exp3 112 £4.03 ** 30.2 £ 0.0997 19
expb 63.9 + 5.42 *** 28.9+0.11 = 10
grf9 115 + 3.98 *** 30 +0.0977 20
nhx4-1 72.4 +7.40 = 28.2+0.157 ***
nhx4-2 751 +£9.30 *** 29 £ 0.207 ***
nhx4-3 85.7 +3.72 *** 22.7 +£0.0692 *** 23
vha-e3 114 £ 3.99 ** 30.1 £ 0.0983 20
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Col-0 nhx4-1 nhx4-2 nhx4-3 exp6
Figure 4.4: Photos of representative mutant plants at 14 DASE. The photos were
selected from the growth image phenotyping database by choosing the plants with the
median area from each genotype at 14 DASE. (a) Plants grown in 6 cm pots. (b) Plants
grown in 5 cm pots. Here, the difficulty to assess small area difference by the naked human
eye is illustrated; in the figure the exp3, grf9 and vha-e3 plants all have a significantly larger
total rosette area than WT Col-0 (115 %, 113 % and 111 % of the WT Col-0 shown,
respectively), however the two WT Col-0 plants shown have an unsignificant area difference
(less than 0.5 %). The significantly smaller nhx4-1, nhx4-2, nhx4-3 and exp6 plants can be
easily qualitatively assessed, but for them the area differences are also much more
prominent (64 %, 61 %, 36 % and 41 % of the WT Col-0 shown, respectively), however to

measure the quantitative differences among the nhx4 lines an automated aid is necessary.

Table 4.6: Significant plant development effects for genotypes showing significant
effects — early developmental stages. Major development timelines for each genotype
showing significant as estimated with one-way ANOVA. Data are estimated group means *
SE. * denotes p < 0.05, ** p < 0.01 and *** p < 0.001. n denotes the number of plants.

Seedling Early rosette

Germination® establishment® development®
Genotype (days) n (days) n (days) n
Col-0 3.13+0.12 51 10.2 £ 0.285 50 10.5+0.126 73
exp3 NA® 0 NA? 0 10.2+0.183* 19
exp6 3.19 £ 0.297 10 13.7+0.556** 10 11.5+0.275** 9
grf9 NA® 0 NA? 0 10.3+0.18* 20
nhx4-1 3.2+0.403 5 11.8+0.725* 5 11.1 £ 0.349 5

nhx4-2 3.66 + 0.511 3 10.3 £ 0.907 3 11.4 + 0.438 3
nhx4-3 333+£0213 24 13.1+0.38** 24 129+0.175** 25
vha-e3 NA? 0 NA® 0 10.4 +0.18 20

2 BBCH 0.1 to 0.5, ° BBCH 0.5 to 1.02, ° BBCH 1.02 to 1.09,  NA: no available data.
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Table 4.7: Significant plant development effects for genotypes showing significant

effects — late developmental stages. Major development timelines for each genotype

showing significant as estimated with one-way ANOVA. Data are estimated group means %

SE. * denotes p < 0.05, ** p < 0.01 and *** p < 0.001. n denotes the number of plants.

Mid rosette Late rosette
development? development® Bolting time®

Genotype (days) n (days) n (days) n
Col-0 9.88+0.189 42 104+0462 19 423+0635 16
exp3 9.89 + 0.669 11 NA® 0 NA? 0
exp6 10.6 + 0.45 9 NA® 0 NA® 0
grf9 10.1 + 0.668 11 NA? 0 NA® 0
nhx4-1 9.66 + 0.732 9+1.25 3 426 +1.26 3
nhx4-2 10.3+0.732 9+1.25 3 42.3+1.26 3
nhx4-3  119+0333** 20 196+101* 5 574%+106** 5
vha-e3 10.1 + 0.66 12 NA® 0 NA? 0

2BBCH 1.09 to 1.19, ° BBCH 1.19 to 5.10, °BBCH 0.5 to 5.10, “NA: no available data.

Figure 4.5: Plant development
comparison for nhx4 mutants.
Box plots of the time (in days)
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As can be expected, due to gene function redundancy, most lines showed no
significant growth phenotype, however we could detect and quantify a strong
reduction in total rosette area and RGR (see Table 4.5) as well as generally delayed
development for nhx4-3 and exp6 (see Table 4.6 and 4.7) as well as slightly
increased area for exp3, grf9 and vha-e3; although any significant difference in RGR
could not be detected for these lines (p > 0.05 for these genotype coefficients in the
model).

NHX4 encodes for a tonoplast Na*/H" antiporter and has been described in a recent
study (H. Li et al., 2009). No growth phenotype was observed by the authors when
they studied knockout mutant plants (lines nhx4-1 and nhx4-2) under standard
growth conditions. We obtained the same lines and could, in an initial screen
together with a population from a nhx4-3 hemizygous parental line, see similar
phenotypes as for the nhx4-3 line in homozygous nhx4-1 and nhx4-2 plants, although
with a less pronounced reduction on total rosette area and RGR (illustrated in Figure
4.2 and Figure 4.4). For all the nhx4 lines we observed Mendelian co-segregation of

the phenotype with the insertion in NHX4.

4.3.5 Transcription analysis of rice orthologues of Arabidopsis candidate genes

In order to verify the cross-species importance of the putative growth-related genes
we carried through expression analysis for rice orthologues of the putative growth-
related genes, as predicted with InParanoid (Ostlund et al., 2010). Here we
compared expanding regions of young leaves with non-expanding regions in the
same as well as mature leaves, and could verify the growth-association for the
putative rice orthologue of Arabidopsis TIP1;1; Os03g05290. For the putative rice
orthologue of Arabidopsis OCT3, Os07g37510, we observed a basipetal gradient in
all studied leaves, but no significant up-regulation in expanding parts of young leaves
in comparison to the basal part of mature leaves. The rice orthologues of Arabidopsis
GRF8 and GRF9 (Os07g37140 and Os07g28430, respectively) were more highly
expressed in expanding regions in comparison to mature regions, which for GRF9

interestingly coincides with the Arabidopsis gene pattern.

44 Discussion
To our knowledge, this is the first report on tonoplast transcriptomics, and one of few

approaches in identifying cell expansion-related genes in Arabidopsis; other notable
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studies include those by Mockaitis and Estelle (2004) and Beemster et al. (2005). We
propose the tonoplast RT-gPCR platform as a resource for the tonoplast/vacuolar
research community which could be used in various experiments; the low technical
errors imply that it is a precise and robust tool for tonoplast protein coding gene
expression analysis with clear advantages over microarrays (higher precision, higher
specific coverage) and high-throughput sequencing methods (lower detection limit,
higher specific coverage).

We assessed our gene growth-association ranking (which uses template based
scoring for the expression data) by observing the relatively large fraction of cell cycle
genes and previously reported growth-related genes with high scores; 45 % of these
genes have scores above the selected threshold of 9. Thus we can assume a high
enrichment in growth-association among the twelve tonoplast protein genes above
this threshold (see Table 4.3). So far we have mainly assessed the growth-related
patterns of the tonoplast protein gene expression dataset; however we supply the
data in supplemental material Table S4.5 so that researchers with other specific
questions could analyze it in other ways.

We include data from four phenotyping batches of 24 knockout mutant lines (18-20
plants per line) analyzed with our growth phenotyping pipeline. We saw an absence
of significant growth-related phenotypes for most (17) of these lines, which is
expected considering typical gene function redundancy in Arabidopsis (AGI, 2000;
Kuromori et al., 2009).

NHX4 has been suggested to transport Na* from the vacuolar lumen into the cytosol,
and gene disruption has been shown to confer an increased salt tolerance (H. Li et
al., 2009). Since we observed a strong growth inhibition phenotype of the nhx4-3 line
in the first batch of phenotyping with this line we included it in two more batches,
where we could confirm the phenotype and obtain similar quantitative values; 14 %
smaller total rosette area and 24 % lower RGR in comparison to WT at 0 DASE.
These results are in contrast with a previous study (H. Li et al.,, 2009), where no
growth phenotype was observed in two other insertion lines (nhx4-1 and nhx4-2). To
confirm our findings, we obtained seeds for nhx4-1 and nhx4-2, and included them in
the last measurement batch. For plants showing low or undetectable levels of mMRNA
(as we used segregating populations of nhx4-1 and nhx4-2), we could observe
growth reduction phenotypes as in the nhx4-3 line, and WT-like behavior for other
plants (see Table 4.5 and Table 4.6 for details). Although the growth inhibition
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observed in nhx4-3 plants is strong, it may be less apparent under different growth
conditions; and the subject of the mentioned study was not growth but salt tolerance
(H. Li et al., 2009). It is unlikely that a secondary T-DNA insertion or another
unrelated genotypic difference in the nhx4-3 line is causing the stronger phenotype,
as we observed that the phenotype co-segregates with the homozygous insertion;
wild-type progeny of a hemizygous parent were undistinguishable from the Col-0 WT
line. However, it will be necessary to compare these three lines further on the
molecular level to see whether truncated transcripts or other secondary effects of
gene disruption could explain the observed differences. For a more complete
understanding of the role of NHX4, detailed growth phenotyping of the nhx4 lines
under salt stress would be helpful to establish at which stage the effect is most
prominent. Then, further experimentation could help in finding out if specific and
limited physiological processes are involved in the observed salt tolerance
phenotype, or whether it is a general effect. If the suggested directionality of NHX4 is
correct and a general effect is assumed, then the most feasible hypothesis we can
suggest is that the reduced growth seen in the nhx4 lines is caused by a reduced
capability of maintaining Na® homeostasis in the cytosol. However, if NHX4
transports Na* from the cytosol into the vacuole, a more specific hypothesis can be
formulated where the reduced growth in the mutants would be explained by generally
increased levels of Na* in the cytosol, leading to cell and organism stress. These
possible hypotheses do not yet include any feedback regulation or compensation by
alternative transporters, however.

In a recent study of a vha-E3 mutant line (Dettmer et al., 2010), although not the
same line we included in our screen, there was no report on a growth phenotype.
Contrastingly, we see a weak but significant phenotype of increased area (14 %
increase in comparison to WT at 0 DASE, p = 0.0010) which however is not easily
detected by the naked eye and therefore possibly overlooked; this is clearly
illustrated in Figure 4.4 (photos of plant comparisons at 14 DASE).

We also observe a reduced area (36 % decrease, p < 0.001) and RGR (4.1 %
decrease, p < 0.001) in the exp6 mutant line, which could be expected for a knockout
line of an expansin. This gene has not been characterized yet, but it has been
reported to together with EXP4 account for 70 % of total expansin transcripts in
wood-forming Arabidopsis hypocotyls (Gray-Mitsumune et al., 2004). However, we

surprisingly see a weak increased area in the exp3 null mutant (13 % increase, p =
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0.0035). To our knowledge no functional characterization has been performed on a
knockout line for this gene, although there has been an indication of increased leaf
size in a CaMV35S::EXP3 line (Kwon et al., 2008). We also see an increased area
for the grf9 line (15 % increase, p < 0.001), confirming the tendency reported
previously for another knockout mutant line for this gene (Horiguchi, G. Kim, et al.,
2005).

Taken together, our results lead us to conclude that the tonoplast is worth a longer
look at when studying cell expansion regulation. It is very likely that a systematic
survey of all tonoplast associated protein knockout lines using high throughput
phenotyping will yield novel cell expansion candidates. This would provide the
scientific community with additional data for fruitful hypothesis generation, and help in

solving more parts of the complex puzzle of cell and organ growth regulation.

4.5 Materials and methods

4.5.1 General

Standard molecular techniques were performed as described (Sambrook and
Russell, 2001). Oligonucleotides were obtained from MWG (Ebersberg, Germany).
DNA sequencing was performed by MWG. Unless otherwise indicated, other
chemicals were purchased from Roche (Mannheim, Germany), Merck (Darmstadt,
Germany), or Sigma (Deisenhofen, Germany). RT-gPCR primers were designed with
QuantPrime (Arvidsson et al., 2008).

Data analysis was performed with R (R Development Core Team, 2010) unless
otherwise indicated, and the package ggplot2 (Wickham, 2009) was used for

generating plots.

4.5.2 Plant cultivation

Arabidopsis thaliana (L.) Heynh. cv Col-0 plants were used in all experiments unless
otherwise mentioned.

For the transcriptomics experiments, the plants were grown in growth chambers with
an 8-h day length, illuminated by fluorescent light at 120 pmol m™? s™ (50 % intensity
during the first and last 30 minutes of the light period), a day/night temperature of
20/16°C and relative humidity of 60/75 %.
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For genotyping and seed propagation, plants were grown in greenhouse cabins with
a 16-h day length, illuminated by sunlight and fluorescent light at 200-350 pmol m? s~
' day/night temperatures were kept at 22/18 °C and relative humidity at 70 %.

For growth phenotyping, plants were grown in growth cabinets with tightly controlled
environmental conditions (Percival Scientific Inc., Perry, lowa, http://www.percival-
scientific.com) at a PAR of 98 + 11 ymol m?s™, 22 °C and 70 % humidity (day), 18
°C and 80 % humidity (night), at a 12 hour day/night cycle; except the first ten nights

in each growth cycle which were at 6 °C and 80 % humidity for stratification. Seeds
were directly sown and grown in 5 cm round pots in 54-pot trays (QuickPot 54R,

HerkuPlast-Kubern GmbH, Ering am Inn, Germany, http://www.herkuplast.com), 6

cm round pots in 35-pot trays (QuickPot 35R) or 8 cm pots in 15-pot trays (QuickPot
15RW). The substrate consisted of two layers, the lower being standard soil
(Enheitserde typ P, Einheitserde- und Humuswerke Gebr. Patzer GmbH & Co. KG,

Sinntal-Jossa, Germany, http://www.einheitserde.de) mixed with vermiculite (9:1

soil:vermiculite) and the upper being standard soil without vermiculite (circa 1 cm) to
ensure good foreground/background separation in the image analysis with smaller

plants.

4.5.3 Sampling of leaf material

For the main expression experiment, sampling was performed at 1 to 1.5 hours after
lights-on. Leaves of the three developmental stages (10 £ 1 mm, 15+ 1 mm and 30 *
3 mm) were cut into three pieces (identically long) with a razor blade, called base,
mid and tip portion, snap-frozen in liquid nitrogen and stored at -70 °C before
homogenization and RNA extraction. 15-25 leaves were sampled and pooled for
each of three biological replicates, in order to even out expression differences
between individual plants.

For the expression determination of the knockout mutant plants grown in the
phenotyping experiments, young leaves were collected after the end of each

phenotyping batch.

4.5.4 RNA extraction, quality control and cDNA synthesis
For the main expression experiment, total RNA was isolated, after grinding of plant
material in liquid nitrogen, with Trizol reagent (Invitrogen, Karlsruhe, Germany)

following the manufacturers specifications. For the expression determination of
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knockout plants grown in the phenotyping experiments, plant material was ground
with metal beads under air cooling (using liquid nitrogen) using a specialized bead
mill (Precellys 24™ Bertin Technologies, Montigny-le-Bretonneux, France), and total
RNA was isolated with the NucleoSpin 96-well RNA Tissue Core kit (Macherey-
Nagel, Diren, Germany) automated on a purpose-configured pipetting robot (Tecan
Freedom Evo with a MCA96 pipetting head) using a vacuum elution protocol.

RNA quality was determined spectrometrically (Azeso/A2s0 > 1.8) using a NanoDrop
ND-1000 spectrometer (NanoDrop, Detroit, USA) and by visual inspection of
separated bands on agarose gels.

After isolation, genomic DNA was digested using Turbo DNA-free recombinant
DNAse | (Applied Biosystems Applera, Darmstadt, Germany) following the
manufacturers specifications. The level of remaining genomic DNA contamination
was measured by diluting the samples to the same concentration as the final cDNA
samples (10 ng pl™") and performing real-time PCR using primers for a genomic
sequence (UBQ10; Fw 5-GGC CTT GTA TAA TCC CTG ATG AAT AAG-3', Rev 5'-
AAA GAG ATA ACA GGA ACG GAA ACA TAG T-3'). Samples with consistent
quantification cycle (Cq) values below 35 were re-treated with DNAse or new RNA
extractions were performed.

Two ug of total RNA was used in 20 pl reactions for cDNA synthesis, using RevertAid
R-minus cDNA synthesis kit (Fermentas, St. Leon-Rot, Germany), following the
manufacturers specifications and using oligo-d(T)s for priming. In order to reduce
bias caused by efficiency differences between reverse transcription reactions, we
pooled the cDNA from five reactions before proceeding with the subsequent steps.
The cDNA was finally diluted 1:10 in order to reduce the effect of RNA isolation and

cDNA synthesis buffer on the subsequent gPCR reactions.

4.5.5 Quantitative real-time PCR, quality control and analysis

All primers used for RT-gPCR are found in the supplementary materials; the primers
for the tonoplast protein coding genes and growth-related genes were designed and
checked for specificity with QuantPrime (Arvidsson et al., 2008), the primers for
reference genes were previously described (Czechowski et al., 2005) as well as
those for the cell cycle related genes (Skirycz et al., 2008).

gPCR was carried out in technical triplicates or quadruplicates using 0.5 or 1 pyl of

diluted cDNA in 5- or 10-pl reactions, 2 or 4 pl of 500 nM primer pairs and 2.5 or 5 pl
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of 2x Power SYBR Green PCR Master Mix (Applied Biosystems). The following PCR
protocol was used on Applied Biosystems 7300 (96-well plates) and 7900HT (384-
well plates) real-time PCR systems: 10 min at 95 °C, 15 sec at 95 °C, and 1 min at
60 °C repeated in 50 cycles, followed by melting curve analysis. When testing primer
pairs, the PCR products were then separated on a 2 % agarose gel and visualized
with ethidium bromide, using 50 bp DNA ladder (Invitrogen) for size determination.

All primer pairs were thoroughly tested on whole-plant cDNA to ensure adequate
amplification efficiency and specificity. Also, genomic DNA was used as a template in
a separate run to verify to which extent the primers would amplify genomic DNA.
Only primer pairs which consistently showed a high efficiency (E over 1.8) and clean
amplification, one clear DNA band at the correct size on an agarose gel and no
obvious primer-dimers were accepted. New primer pairs were designed and tested
until all transcripts could be satisfactory quantified. Where possible, primer pairs not
amplifying genomic DNA were chosen.

Cq values for each reaction were calculated using Applied Biosystems SDS software,
with baseline set to cycle 3—15 and threshold to 0.2 Rn, recorded from the SYBR
Green | dye signal normalized against the ROX dye signal. For each primer pair and
cDNA combination we performed 4 (all genes) to 8 (reference genes) technical
replications of the gPCR reaction.

Amplification efficiencies were calculated using the LinRegPCR tool (Ramakers et al.,
2003), using the best-fit method for 4 to 6 points. This tool uses linear regression on
log-values of normalized fluorescence data from individual reactions to calculate E in
the equation for PCR kinetics, Nc = No x E®, which states that the amount of product
after C cycles (N¢) is equal to the starting concentration (No) times the efficiency (E)
to the power C; 100% efficiency would give an efficiency value of 2.

Efficiency values from fitted curves with R? values below 0.999 were considered as
unreliable; Cq values and efficiencies from such reactions were removed from further
calculations. Medians of technically repeated C, values and efficiencies were
calculated and used in further analysis.

The Cq values were normalized using the geometric average of the three most stable
reference genes (out of five originally included and tested) as described
(Vandesompele et al., 2002) for that cDNA, which were UBQ10 (AT4G05320), PP2A-
A3 (AT1G13320) and TIP4;1-like (AT4G34270) in this study; for these transcripts we

used previously described primers (Czechowski et al., 2005); giving ACq values. After

75



4. Identification of leaf growth-related tonoplast protein genes

normalization, medians of AC, values over biologically replicated cDNAs were
calculated (resulting in sample AC, values), and relative expression was determined
between samples (resulting in inter-sample AAC, values).

For template based clustering the scoring table (Table 4.2), as described in the

results section, was applied on the inter-sample AAC, values.

4.5.6 Plant genotyping

In order to confirm genome insertions and positions on the chromosome, PCR
primers were designed on genomic DNA flanking the estimated insertion point (as
given by SALK T-DNA Express, http://signal.salk.edu/cqgi-bin/tdnaexpress or NASC

AtEnsembl, http://atensembl.arabidopsis.info) using Primer3 (Rozen and Skaletsky,

2000); primers for all insertion lines are found in the supplementary materials. To
confirm the existence of insertions, PCR primers for the different insertion DNA
fragments were obtained; for SALK lines (Alonso et al., 2003), we used the LBa1 (5'-
TGG TTC ACG TAG TGG GCC ATC G-3’) and LBb1 (5-GCG TGG ACC GCT TGC
TGC AAC T-3’) primers, for SAIL lines (Sessions et al., 2002) the LB1 (5-GCC TTT
TCA GAA ATG GAT AAATAG CCT TGC TTC C-3’) and LB3 (5'-TAG CAT CTG AAT
TTC ATA ACC AAT CTC GAT ACA C-3’) primers, for JIC dSpm lines (A.F. Tissier et
al., 1999) the dSpm1 primer (5-CTT ATT TCA GTA AGA GTG TGG GGT TTT GG-
3’), for Wisconsin DsLox T-DNA lines (Woody et al., 2007) the p745 primer (5’-AAC
GTC CGC AAT GTG TTA TTA AGT TGT C-3’) and for GABI-Kat lines (Rosso et al.,
2003) the 08409 (5-ATA TTG ACC ATC ATA CTC ATT GC-3’) and 03144 (5-GTG
GAT TGA TGT GAT ATC TCC-3’) primers were used.

4.5.7 Growth phenotyping

The growth phenotyping protocol and associated data analysis was previously
described in detail (see Chapter 3). Briefly, images are captured daily and the total
rosette leaf area is determined by image analysis software. The growth stage of each
plant each day is determined manually from the images and saved (according to an
adapted BBCH scale (Boyes et al., 2001)) along with the area data. Next, the
complete dataset is evaluated by linear mixed models (modeling area over time),
giving an overall quantification of area and relative growth rate (RGR), and ANOVAs
for development time, area, compactness and RGR between and at specific growth

stages. Also, smoothed fits (loess) of area, compactness, RGR and leaf count as
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functions of days after sowing (DAS), days after germination (DAG), days after
seedling establishment (DASE) and leaf count are generated for an overview of
possible phenotypes and suitable predictor variables (see supplementary material
figure S9). Finally, box plots of development timelines (germination, seedling
establishment, early rosette development, late rosette development and bolting time)

are presented to provide a simple detection of delayed or accelerated development.
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5. General discussion and outlook

5.1  Overview with summary

The aim of this Ph.D. thesis was to identify Arabidopsis tonoplast protein coding
genes involved in growth. The specific objectives were to establish a RT-gPCR
platform for tonoplast-related transcripts, identify putative growth related tonoplast
protein genes using it and finally perform functional characterization including growth
phenotyping for these genes. To this end, a growth phenotyping platform was to be
developed, which should be as generic as possible for use by other researchers in
related projects.

These objectives were met as presented in the previous chapters; two methods were
developed, for RT-gPCR primer design and growth phenotyping, respectively. The
functional characterization of the putative growth-related tonoplast genes was
initiated, but nevertheless leaves several questions open for future research.

In the following sections the main findings and outlook on future work are

summarized and discussed.

5.2 QuantPrime - a tool for improved RT-qPCR platform design

In high-throughput expression analyses using RT-qPCR, primer design is a time-
consuming part of the experimental design phase, and a critical point in order to
obtain high quality results (Udvardi et al., 2008). QuantPrime (see Chapter 2) was
developed to simplify and speed up this task, making design of high quality primers
possible for any molecular biologist with a minimum of experience with qPCR. The
main features are batch primer design and in silico specificity testing, automated
exon-border design to avoid amplification of genomic DNA; all packaged in a simple
and efficient user interface. These features are still not matched by any freely
available software that we know of. Some of the features (notably automatic exon-
junction primer design) which were novel in QuantPrime later appeared in the NCBI

tool Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer-BLAST is

the only software (at the time of writing) that provides a similar richness of features as
QuantPrime, however it lacks a batch mode and only provides extended features for
RefSeq records, whereas QuantPrime supports many additional genome
annotations. Further comparisons with other available software are discussed in

more detail in Chapter 2.
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We tested the usefulness of the software by designing primer pairs for Arabidopsis,
Chlamydomonas reinhardtii and barley, and we got high quality primers for more than
95 % of the detectable transcripts (see Chapter 2). Since publishing QuantPrime, we
have created several platforms for various groups of genes for several species, most
notably Arabidopsis, rice, Physcomitrella patens and Selaginella moellendorffii, with
high primer specificity and quality rates (over 90 %). In a local collaboration a tomato
transcription factor RT-gPCR platform was designed covering 1088 genes. In this
platform we observed high quality results for over 95 % of the primer pairs (for
detectable transcripts), even though an incomplete expressed sequence tag-based
transcript annotation was used at the time of design.

At the time of writing (Oct. 2010), there are 1180 registered QuantPrime users
coming from more than 60 countries (1.8 new user registrations day', on average).
There has been an average of 25 site visits day™!, 140 new target transcripts day”
(for which 3 500 primer pairs day” were tested for specificity), when calculating
averages over the whole active period. In total, 2.3 million primers for 91 380
transcripts have been designed. We are currently recording 32 visits day"' and 2.2
new user registrations day™’ (averages for the last six months), tendency rising. At the
time of publication there were 336 annotations for 295 species in the database;
currently there are 368 annotations for 299 species. We continuously receive
requests to add more species and annotations.

We have received many requests for feature additions to QuantPrime. The most

notable suggestions include:

e the possibility of designing primers for sequences provided by the user.

o testing specificity of primers supplied by the user.

e more flexibility in selecting databases for specificity tests — only cDNA or
genomic DNA or both and/or the possibility for the user to concurrently check
designed primer pairs for specificity in several species (where mixtures or
contamination is an issue like in studies of symbiotic or parasitic organisms).

e comprehensive and explicatory implementation of parameter relaxation, to aid
the user when it is not possible to find a suitable primer pair due to limiting

parameters.
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We are planning to asses which of these features would be beneficial for a maximum
of users, and implement them accordingly.

On the technical side we see the trend in conforming free bioinformatics software to
open standards to improve the usability and interoperability; i.e. adopting to the rules
of the semantic web (Antezana et al., 2009). Thus, we are considering how parts of
or the complete QuantPrime user interface could be made available over SOAP
(Simple Object Access Protocol) (http://www.w3.org/TR/soap12-part1/) and REST
(Representational State Transfer) (Fielding, 2000) APIs (application programming

interfaces). In order to increase interoperability with qPCR analysis software, as well
as to simplify MIQE (Minimum Information for Publication of Quantitative real-time
PCR Experiments) (Bustin et al., 2009) standard compliance for QuantPrime users,
we are planning to add primer export possibilities in the standardized RDML format
(Lefever et al., 2009).

Last but not least, there are continuously new genomes sequenced, and meta-data
for existing genome annotations improve all the time. So far we have implemented
new annotations into the public QuantPrime server in a case-by-case manner
(typically by user request), which has guaranteed a high quality of the service, due to
manual curation and careful testing. Also, we can ensure high computing
performance and availability of the service since sequence data and all the related
metadata are stored and indexed locally. However, as sequence data increase
exponentially and meta-data grow more and more complex, we might have to adopt a

different strategy, e.g. set up automated data updates from major genome centers.

5.3 Plant growth phenotyping

The system for growth phenotyping was developed for mid- to high-throughput
screens (hundreds to thousands of Arabidopsis plants), for which it should be able to
detect minor growth-related phenotypes, otherwise not easily detectable by the
naked human eye. Additionally, it should provide quantitative data for the observed
phenotypes and relate them to specific developmental stages. The idea behind this is
to provide a standardized screening setup that can be used for informative screens
by various local researchers with little experience in growth phenotyping, providing as
high data quality and informative basic analyses as possible. We believe that our
growth phenotyping pipeline fulfills these purposes well, with certain limitations. Most

notably, noise levels in the growth data could be reduced further by providing a
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higher control of environmental factors. For example, additional automation for plant
handling (conveyor track system for the trays) and watering (automated weighting
and irrigation) would simplify and standardize the daily work with the system to a
higher degree.

However, we have shown that the system can give data of high quality when strict
growth and handling protocols are being followed. We established good practices for
phenotyping Arabidopsis thaliana ecotype Col-0 plants under optimal growth
conditions (see details in Chapter 3). In order to study genotype or treatment effects
under stress conditions, or when working with other Arabidopsis ecotypes with
different day length optima, rosette compactness/leaf overlap, leaf angles or higher
anthocyanin levels, it will be necessary to recalibrate these protocols. Then it is
possible to get data which are informative for the researcher (i.e. the experimental
conditions are of physiological significance), of high technical quality (i.e. the image
analysis is robust enough for possible color variations) and biologically reproducible
(i.e. plant handling is standardized enough).

As shown in Chapter 3, we included the sex4-3 mutant (Niittyla et al., 2006) as a
control in five plant batches spread over one calendar year, used two different pot
types and performed technical replicates. Thus we were able to assess the biological
and technical reproducibility of the system, as well as show the informative properties
of the system under standard conditions. In Chapter 4 we present the results of the
screen on putatively growth-related genes, again demonstrating the kind of
informative data that can be produced with the system. Additionally, we included
genotypes from other local projects in these batches (in total we screened 68
genotypes; 44 plant lines additional to those presented in Chapters 3 and 4), getting
reproducible data between batches (data to be published elsewhere).

The most important improvement in the data analysis is the ‘normalization’ of the
data by using days after seedling establishment (DASE) or leaf count as bases for
comparisons. Such comparisons have much lower variation between individual plants
within genotypes than the DAS (days after sowing) or DAG (days after germination)
measures, making it possible to detect weak phenotypes otherwise not detectable in
a direct comparison by the naked human eye (see Figure 4.4). We also found it
necessary to include environmental variables in the analysis. This is illustrated in a
recent cross-lab comparison of typical growth phenotypic variables (sixth leaf area,

total rosette area, epidermal cell density), where significant variation between labs

82



5. General discussion and outlook

was reported, although effort was made to standardize growth conditions and
measurement procedures (Massonnet et al., 2010). Our results suggest that even the
small variations (CV = 11 %) in PAR, measured in our growth chamber used in the
phenotyping screens, can be modeled and has a clearly significant effect on total
rosette area and RGR.

Other major improvements of the phenotyping system consist in the annotation and
analysis modules, which are tightly integrated with the data produced from the image
analysis. Thus, an inexperienced user can quickly learn how to specify development
stages for the plants using the web-based interface. The automated analysis gives a
set of plots for qualitative analysis and spreadsheet tables with quantitative data on
the genotypes included in the measurement. Although these modules were
developed to function with the data structure of our image capture and analysis
setup, the data preprocessing and annotation module can be easily modified for data
produced with other systems, e.g. the PHENOPSIS (Granier et al., 2006) or
GROWSCREEN/FLUORO (Walter et al., 2007; Jansen et al., 2009) systems.

For future projects, we are currently establishing screening protocols for plants grown
in 8-cm pots (in 15-pot trays) in order to allow area analysis over the whole plant life
time (no overlap between plants). This would also allow the usage of development
stages that are based on percentages of the final rosette size (e.g. the BBCH 3
range), however also reduce the throughput due to the lower plant density. Also, we
are planning to establish screening protocols for other commonly used ecotypes,
especially C24, Landsberg erecta and Wassilewskija, to provide a good basis for
phenotyping of lines with such genotypic background. We are working on adding
more options to the annotation module, so that further phenotypes of interest can be
easily annotated and tracked. Most notably, there is strong interest in the possibility
of tracking the size of specific leaves, which certainly broadens the scope of analyses
possible. However, it is not trivial to accomplish robust automated image analysis for
the plant segmentation necessary in such analysis.

The advances in non-destructive growth analyses have been significant in the last
decade (Leister et al., 1999; Granier et al., 2006; Walter et al., 2007; Rajendran et al.,
2009; Jansen et al., 2009), which has as well been described in a recent review
(Berger et al., 2010), and more and more quantitative data are published. In order to
increase the informative impact in the general scientific community, we would

however suggest to accompany publications containing results from such systems
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with complete original data (individual plant identifiers, recorded areas, RGR,
compactness/fill factor, stockiness etc.) in addition to detailed description of all
environmental factors relevant for the experiment, using well-defined terminologies,
as has been recently pointed out (Massonnet et al., 2010; Berger et al., 2010). This
would greatly improve the possibility for meta-analyses to unravel complex genotype
x environmental interactions, and thus provide valuable information for a broad

scientific community.

5.4 Identification of growth-related tonoplast protein genes in Arabidopsis
thaliana

As described in detail in Chapter 4, we used the RT-qPCR primer design and
specificity evaluation tool (QuantPrime) discussed above, to create an expression
analysis platform for tonoplast protein coding genes and genes known to be involved
in leaf growth regulation. It covers 117 transcripts for tonoplast protein coding genes
and 26 other growth-related genes, and due to the high quality of the platform
(stringent specificity and efficiency controls were enforced for the primers) it can be
used as a resource for various studies on tonoplast biology; where the commercially
available microarrays offer lower quality and specificity for many of these transcripts.
In studying expression patterns of growing Arabidopsis leaves using this platform, we
could associate 12 tonoplast protein coding genes with cell expansion. The highest
scoring genes include a putative organic cation transporter (OCT3) recently reported
to be stress-regulated but without known specificity (Kufner and Koch, 2008), a
putative Na*/H" antiporter (NHX4) recently characterized and suggested to transport
Na® from the vacuole into the cytosol (H. Li et al., 2009) as well as a putative nitrate
transporter (NTP2) which has not been functionally characterized so far. Among the
previously known growth-regulating genes, several expansins turned up with high
scores (EXP3, -5, -6, -10, -16 and -B17), which we consider to be a good indication
that the scoring method is valid, taken together with the high scores of genes known
to be associated with active cell division, such as CYCB17;2 and CDKB1;1 (Donnelly
et al., 1999; Boudolf et al., 2004). The role of the growth-regulating factors is more
complicated, since both positive and negative regulators of cell division and
expansion have been described in for this family (J.H. Kim et al., 2003; Horiguchi, G.
Kim, et al., 2005; Horiguchi, Ferjani, et al., 2005; Byung Ha Lee et al., 2009). Among
these, the members GRF2, -4, -6 and -9 have high scores.
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The growth phenotyping pipeline described above was then used to screen knockout
mutants for the highest-scoring tonoplast protein coding and other growth-related
genes. In this screen we could identify a strong growth inhibition by the disruption of
the NHX4 and the EXP6 genes (on RGR as well as area) and slight growth increase
in lines with disrupted GRF9, EXP3 or VHA-E3 genes. Previously, no detailed growth
phenotyping has been carried out on these genotypes, however two other knockout
mutants for the NHX4 gene (nhx4-1 and nhx4-2) were characterized in another study
(H. Li et al., 2009) where they were reported to show no growth phenotype under
normal nutrition — however, they did so when grown in hydroponics. We acquired
seeds for nhx4-1 and nhx4-2 lines and in an initial phenotyping experiment we could
see a significant growth inhibition in homozygous knockout plants, however not as
prominent as in the nhx4-3 line which we initially studied. Repetitions of growth
phenotyping on these lines are planned to confirm these findings.

The only working hypothesis regarding the action of NHX4 on growth that we can
assume is forcibly generic due to the limited functional characterization of this gene.
We would suggest, in case that it is transporting Na* from the vacuole into the cytosol
as previously suggested (H. Li et al., 2009), that the cytosolic homeostasis of Na™ is
transiently or constitutively disturbed at critical development phases, raising the
stress level and inhibiting normal growth. However, such a generic hypothesis is
difficult to prove in a complex multicellular organism considering feedback loop
regulation. Also interorgan transport and compartmentalization makes it difficult to
detect increased ion accumulation unless high temporal and spatial resolution is
used for sampling. Hence, it would be of importance to first confirm the direction and
ion transport specificity of NHX4, e.g. using a patch-clamp technique on either NHX4-
overexpressing Arabidopsis vacuoles or on Xenopus oocytes injected with NHX4
MRNA. Subsequently, constitutive and inducible overexpression plant lines for NHX4

would be helpful tools for further functional characterization of this gene.
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Supplementary material

All the supplemental material for Chapters 2 to 4 are included on the CD-ROM
attached to this thesis booklet and listed below. The files which could be formatted for

printing are included in the following pages.

Table S2.1: List of customizable parameters in QuantPrime.
A comprehensive list of all parameters that can be customized in QuantPrime, with

parameter ranges and default values.

File S2.1: Examples of primer pairs with gel images.
Examples of primer pairs for different species with images of agarose gel separations

of their PCR amplification products.

Table S2.2: Comparison of QuantPrime with other primer design software.
A comparison table including QuantPrime and other commonly used primer design

software.

Table S3.1: Pre-processsed phenotype data (CD-ROM only).

This Excel file contains the pre-processed phenotype data for all WT, sex4-3 and grf9
plants from the five experiments. There are two sheets; the first one contains ‘day-
based’ data, with phenotype values retrieved from the primary data for each day. The
second sheet contains ‘developmental stage-based’ data, i.e. phenotype values
retrieved from the primary data for each developmental stage. The values were
collected from either the first day of each developmental stage, or a mean of the
values was calculated for the days around that first day, see the ‘Phenotype’ column

in the sheet.

File S3.1: Pre-processed phenotype data (CD-ROM only).
The file contains an R data frame with the complete dataset (like Table $3.1). Using

the file requires a recent version of R (available from http://www.r-project.org).

File S3.2: Script for linear mixed-effects model analysis (CD-ROM only).

This file is an R script for analyzing total rosette area data with the described linear

mixed-effects model. Running the script requires a recent version of R (available from
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http://www.r-project.org) and the additional libraries ‘nlme’, ‘multcomp’ and ‘ggplot2’
(freely available from CRAN — The Comprehensive R Archive Network, http://cran.r-
project.org). The file can also be viewed with a standard text editor.

Table S4.1: Genes included in the expression study (CD-ROM only).

This table contains a list of all the growth-related, cell cycle and tonoplast protein
coding genes included in the expression study, with references to proteomics,
localization, function characterization, regulation and expression studies for many of

the tonoplast protein coding genes.

Table S4.2: Primers used for the RT-qPCR platform.

This table contains a list of all RT-gPCR primers used in the expression study.

Figure S4.1: Diel elongation profiles.
A figure with diel elongation profiles for Arabidopsis thaliana leaf #11 under sampling

growth conditions and a short description of the method used.

Table S$4.3: Complete scoring table.
This table contains the scores for all genes in the expression study (i.e. an extensive

version of Table 4.3), applied according to the scoring template (Table 4.2).

Table S4.4: Gene expression table.

This table contains the gene expression values obtained in the expression study, as
biological medians of reference gene normalized Cq values (i.e. AC, values). The
reference genes used for normalization are marked in bold; the two reference genes
not used for normalization due to their higher variance are grayed out. Note that the
lower the ACq value, the higher the expression and vice versa, as well as that AC,
values are on a log2-scale and they are only directly comparable within the same

amplicon and gene across samples, not across amplicons or genes.
Figure S4.2: Expression value plots.

This figure displays the expression values for all genes and samples with bar plots,

with the expression values transformed to 20-AC, for more intuitive visual
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interpretation (higher values means higher expression and vice versa), with the SD of

the biological replicates as error bars.

Table S4.5: Knockout line reference table.
This table contains genotype references (collection/ordering line IDs), loci, insertion
positions and insertion verification primer data for the gene insertion disruption

mutants obtained for the candidate growth-related genes.

File S4.1: Preprocessed phenotype data (CD-ROM only).
This file contains one Excel sheet and a R data file, both containing the pre-
processed data obtained from the image analysis and annotation of the growth

phenotyping experiments, used in statistical analysis and graph plotting.

Figure S4.3: Additional phenotype plots.

This figure contains the comparison plots of total rosette area, compactness, relative
growth rate (RGR) and leaf count plotted against days after sowing (DAS), days after
germination (DAG), days after seedling establishment (DASE) and leaf count; one
page for the three nhx4 mutants and one page for the exp3, exp6, grf9 and vha-e3
mutants. The plots offer the possibility to assess the suitability of the predictor
variables (DAS, DAG, DASE or leaf count) to be used in comparison or modeling of
the quantified dependent variables (total rosette area, compactness, RGR and leaf

count).
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Table S4.2

(1/4)

Group Gene locus Forward primer sequence 5'-3' Reverse primer sequence 5'-3'
Cell cycle AT1G20930 TGCCGATATTCTCTGTGCTG ATCAGAAGCTTTCGTCAAGC

Cell cycle AT1G76540 TGTTCTTGCCAGTGCTACGG CACGTCGTCAGGTTAATGGA
Cell cycle AT2G23430 CGCCGATTCAAATTCCGATG GTATCGACGGGGTACGAAG

Cell cycle AT2G32710 AGCTTCAACAGGACCACAAG AAGCTTTGTAGACGATCCCG
Cell cycle AT2G38620 AGAGCTCCTGAAGTTTTGCTTGGT TTGCCTCCTAATCATCTCGGCA
Cell cycle AT3G11520 TCTTCAACACACCACGTAGC TCTCAGCTCATGGATTGCTC

Cell cycle AT3G24810 ACAGGAGCATGATAAGTGATTC TTGTTGCTGTTCTGCGCTAG

Cell cycle AT3G48750 TGGATGCATCTTTGCCGAGA CTAGGTCCGTTGGTTTCCAT

Cell cycle AT3G50630 AGTGAGGAATCGATGAACATG AGCTTCCTTCACCGTCTCAT

Cell cycle AT3G54180 TGGTTCGGAGGCAAGCTCTTTT TCAGTTGGTGTTCCTAGCAACCTG
Cell cycle AT4G37490 CCTCCATTCACTCTCAACAG CCTCGCAGCTGTGGAATATG
Cell cycle AT5G06150 CAGCTGTTTACACGGCAAGATGC TAGCCGGTGTGGAACTGCAATG
Growth-related AT1G26770 CTCAGTACAGAGCTGGAATCGTCC CTCTTCTCCTGCAAGGAACCCTTC
Growth-related AT1G65680 TTGGTCTATCGCCGGATCTACG TCCATAACCACAAGCTCCACCG
Growth-related AT1G69530 GCCCGTATTTCAACGCATCGCT TCTTCTCACGCACGGCACTCTT
Growth-related AT2G06200 GGCTCATGTAGAGGCATCAACAA CCAAGGATGAAGCAATGTCGA
Growth-related AT2G20750 GCCATAACGGTGTCATCCGCAA CCTCTGTATTTGCATGCCGTTCG
Growth-related AT2G22840 CCTTGCCTCCTAATTCTTTTGGA CATGTTACCACCGGAAAAGCC
Growth-related AT2G28950 GGAAACTGCTCACGCCACTTTCT ACCATAACCACAAGCTCCTCCC
Growth-related AT2G36400 CCTCATTACCAACCTGCTTGGTAT ACCATCCGTTCTCCTGCATCT
Growth-related AT2G37640 TCTCGCCATGCCTATGTTCCTCA ACAAGGTACCCTGCGATAGGAGA
Growth-related AT2G40610 AGCCAGCTTTTCTTCAGATCGCT TGGTACTCTTCGGAAAGAGACAGG
Growth-related AT2G44080 GCAGAACAGTCCAAGGAGGCTA GACCAACAAGCACAACCATTGA
Growth-related AT2G45480 AAAAGAGGCGAGTATGTGTGTTGG CGAAGGTTTGCTCTCATCACCTT
Growth-related AT3G03220 TGCCGGTGCAGTATCGAAGGAT TCGACTGTAAACCGCATGCTCC
Growth-related AT3G13960 GACTCCTTCCTCACCAATCCCT CTGGTTTTCTCCCAAATCCCAT
Growth-related AT3G15370 TGATAGCCCTGCTTCACTTGGAGG AATCCGGCGTGGTACGGATTGT
Growth-related AT3G29030 ACTTTTGTCCTCCTGGTGGTGC CACTTCTCTTGCACCGAACCCTT
Growth-related AT3G52910 TCCTCATCACCAACCTTCTTGG TCTCTTACACCTCCCTGGCTCA
Growth-related AT3G55500 TGCCCGTTTTCCTCAAGATCGC ACTCTTCCTACATGCCACCCTG
Growth-related AT3G59900 CGCCTCCGTTTATGCTGCTAT CATGAAGGCAAGAACGACGAGTA
Growth-related AT4G24150 CCCTGTGCTTTCTACTCTTCCG AAACCACCTCAGTCCTCTGTGG
Growth-related AT4G35390 TGTATCTAGCCGGAGGTCAAGGAC ACCGGTCCCGAAGCAATTAACG
Growth-related AT4G37740 GCCGTTTCTTCACCAGATTCCT CCAGAACCATATCCTCCTGAGCT
Growth-related AT4G37750 GCATATGATCTTGCTGCACTCAAG CCGCAGAGAAATTGGTGTGAGTAG
Growth-related AT4G38210 GATAGCCACAGCCACGCTTTCT ATACCCACAAGCGCCTCCAGTA
Growth-related AT5G10140 AGCCACCTTAAATCGGCGGTTG ACAAACGCTCGCCCTTATCAGC
Growth-related AT5G53660 GATTCATCCGCATCCTACTCCATA CATTGCTTGTCTCTCAAGCTCCTT
Reference AT1G13320 TTCGTGCAGTATCGCTTCTCG CCGCAGGTAAGAGTTTGGAACAT
Reference AT1G58050 CCATTCTACTTTTTGGCGGCT TCAATGGTAACTGATCCACTCTGATG
Reference AT3G53090 AACTTTGGCTCTACGACCATTCC TCAACAGCCAAATTCGTGTCC
Reference AT4G05320 GGCCTTGTATAATCCCTGATGAATAAG  AAAGAGATAACAGGAACGGAAACATAGT
Reference AT4G34270 GGCACCAACTGTTCTTCGTGA AAGTCAACTGGATACCCTTTCGC
Tonoplast AT1G06470 GCTGTCACCATAGTGGTTGCAGT CACACCTTTCAGCCACGTAAATTC
Tonoplast AT1G09960 AGCATCGTGTTTGCTGCTGTGT TGGGACGCTGTAAGTTATCGCC
Tonoplast AT1G11260 GTCGGICGTATCITGCTTGGTT GAGAGGTACAGTGGCACAGCCT
Tonoplast AT1G12840 GCTTAGCTGTTCGTGACCTCTCA CGAGATGTTCGGACTCGACAAT
Tonoplast AT1G15690 TTGGAGTTGAGACCCTCTCTGGT TGCTGATATGGCGATCTGAACA
Tonoplast AT1G16390 GTCTCATTCGCTTGGTTCTTCG GTTGTGAGTCGGTGAAGACGGT



Table S4.2 (2/4)

Group Gene locus Forward primer sequence 5'-3' Reverse primer sequence 5'-3'
Tonoplast AT1G17810 TGTTTCTGCAGCCATCAATGTC CCTCCGATTAGAGCAGCAAAAGT
Tonoplast AT1G19450 GGAGTTGGCGTTGTTCAGGTAGT AAGCCGACGACCTGCTTTATCC
Tonoplast AT1G19910 TCGGCTACAGTCCTTGTAATGTTT CACCCATGTTGCTTGTTTTCA
Tonoplast AT1G20260 GGTACTGAAAACGCCTGTGTCA CTTTCCCGAGCCGTTAAATATG
Tonoplast AT1G20840 GTTAAGCGTGCCTTGGTTGTTG CCATTGATACCTGAAAACTGCTGC
Tonoplast AT1G30400 AAAGCACAACTCCTGTCAGCGTT TCACGAGGACAGGAATGCTGT
Tonoplast AT1G31480 CTCATCAGCTCAGCACTCAACG TTTAGACCCTTTCTCCACTGGC
Tonoplast AT1G32410 TGGTGGCCAATGCTAAGTGTTA CACCAAAGAAGAGCAAAGGCA
Tonoplast AT1G53210 CCATCATCTTCGCATCCCGCAA TGTCACTCCACCACATAGCTCG
Tonoplast AT1G54370 CAGGAAGCAGGTTCAAGATGAAG ACGCGGTGAATGATGTAGTGG
Tonoplast AT1G58030 TGGCAGTTATCTCGGCTTCAA CCGAATGGAAAGAACCCTGTT
Tonoplast AT1G62200 TCTTACTGGGGAAGATACTGGACC GAGAGTGTCAACAAAGCCATTCCA
Tonoplast AT1G64200 AAACACGCTTGATGCGAGGTT AGCGACTTTCGGATCTCTGGA
Tonoplast AT1G64720 TCCCACTTCCATCCTCAAAACT TTCTCTTTGGAAGAAAGGCTGG
Tonoplast AT1G73190 TTGTATTGGGAACATGCGGCTCAT AACAGCAGCAAACAGAGCAAACG
Tonoplast AT1G75220 AGGTCGTCGGCTTCTGCTTACTA GCAGCTGCAACAATTACAAGGCT
Tonoplast AT1G75630 TTCTCCTTTCAGTTCTTTTTCGTG CCGAGTCATATAATTTCACCCAAG
Tonoplast AT1G76030 AATGAAGAGTGCTATCGGCGA GCATACAGCTGGTTCGACACA
Tonoplast AT1G77140 GGTTACGTCTGTGCGTGATTACA CCGTTTCGGAGTCGAGTATGA
Tonoplast AT1G78900 CCACCATCCAAGTTTACGAGGA GCTTGTGTGTTCGAAGAACGG
Tonoplast AT1G79610 AGAGGTTGTAGGTGATAGCCACGA GACTGTTCACCACCTCAAATCCAT
Tonoplast AT1G80310 ATCATCCCTCTCCCAGTTGTACG TGAAGGCGAACTGAAGACCTTG
Tonoplast AT2G02020 ACCGTAAATCGAATCTCAAGGTCC GGGTTAGTGTTTGCATCTCCTTCG
Tonoplast AT2G02040 ACGTTACTGGACCATCGCTTG GAGTTAACGCAGACATCCCGA
Tonoplast AT2G05170 TCCGGTTTCCAAGCTCACTCT GGTGACGAGAAAGTTCCTTTGCT
Tonoplast AT2G16510 TCCAGGTACTTCCTTATCGATCAA AAATATCGGCTCCCGATACTACAT
Tonoplast AT2G21410 GAGATGCCTCCGACTTTTTTCC CTGATATTTGGCCACACCGTATG
Tonoplast AT2G23150 TGGACCAAACAAGACAGTGTAAGC GAGCCTTCTTCAACAARACCAGAG
Tonoplast AT2G25610 TGGTGAGAATCTCCCCGTACAC CCGGTAATGTAAATTCCCCAGG
Tonoplast AT2G25810 CCTTTCTCTTTGTCTTCGCTGG TTTCCGACTAAACTGTCAGTGGC
Tonoplast AT2G26690 TGCCGTAGACTACAAAGGACGAC TCTATCCCAAGAATGAGAGCGG
Tonoplast AT2G26975 ACAGGCCTTGCTTATCTCGTGA CGACAATGAAAACTCCACCGTT
Tonoplast AT2G28520 CCCACATTTGCTAAGACCCAGAT TGAACTGCTGTCGAAAGTTGCTC
Tonoplast AT2G29410 TTTGTGTGTCTCTTTGTTGGCG CGAGTTTCGCGGATTAGCTTC
Tonoplast AT2G32830 GCCGCAAGAAAGTTTACGGTAT TGATAGACCAGACCCGAGAGAAC
Tonoplast AT2G34660 TCCAAGGTCCAAACTGTTCGT ACATATTCAACGCTCCCAGGA
Tonoplast AT2G36830 GGCTTGTTTACACCGTCTACGCT GCAATTGTTCCAAGACTCCCG
Tonoplast AT2G38020 AGGCGAAGTGCTAAGGCAGAT AACAGCCTCCGACAGTGATGA
Tonoplast AT2G38170 ACTTCCCCAGAAACAAAATGCC GCAGTGACGACATTGTTCATCG
Tonoplast AT2G38940 TCAAAGGAATTCATGAGTCGCC GGAACCATGTCGATGTAGTGCC
Tonoplast AT2G41560 GGACTTGTCTCCTCACGAAATGA GAGACCGAGCCATTACCTGAATT
Tonoplast AT2G43330 TTCACACAGGTTCCAGGAACATG TGAGGATGAACTGAATCACAGCG
Tonoplast AT2G46800 CCACTCATCACCATCATCACGA TGCTTGTCCTCTCCATGACCAT
Tonoplast AT2G47600 ACATCACCTGCAGTAACTCGGTG TGTGTTTATCAGCCACGGAACTC
Tonoplast AT2G48020 AGCAGGTTTTCCCACAAGACTTG GCGCAGTGATTACCACCTGAAG
Tonoplast AT3G01390 CTGCAAGGACCGCARAAATG GCAATCTCTTTCTCTGCCTICTTCC
Tonoplast AT3G03090 AAAGGAAAACCACAGCCCAGAG AGCTGGAAAGAGAAACGGAGGA
Tonoplast AT3G03720 TCCTATCTCCTCTGCATTTGGA AGTGGTTAAGATGTACGCTGCC
Tonoplast AT3G05030 CCGACTCTGTATGCACACTACAGG CAACGCCCTCTCCAAATACAAG
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Group Gene locus Forward primer sequence 5'-3' Reverse primer sequence 5'-3'
Tonoplast AT3G06370 TTACGTTGGAATGGACGCTCTC CCAATCGACTGACCAGGACTGT
Tonoplast AT3G08560 GCGAATCGACTACTCCACACAAC CATGGCAGTGACAACGTCATCT
Tonoplast AT3G12520 TGTTGGCTCTTATGGTCGGAAT CGAATAAGCCATCCAAGCCTC
Tonoplast AT3G13320 TTGAGACGGCGATGCTGTT ATTCGATGACCCTTCCTGGAG
Tonoplast AT3G16240 CTACGCAAAGCTGACGTCGG AACCATGACAAACCGCGATG
Tonoplast AT3G26520 GATCACTGACAATGGAGCAACCA AAAGCATGAGCTAAGGCAGCG
Tonoplast AT3G26590 CTTCTCATTCGGCATCATGCTT GACAATTTTCCTGCTCCAAACG
Tonoplast AT3G28710 GCTCCTCATGTACAATCGTTGGT TCTGGTAAACACAGAGCGACAGA
Tonoplast AT3G28715 CGGAGAATAAGAGGAACCCATATG GACCGCAAGATTGTACAGCAGA
Tonoplast AT3G30390 AGGTGATGTGTTGGCTGGAAAG TGACCAAACCATCCTTCGAGA
Tonoplast AT3G42050 GTGGAATGGCTTTGTGCTCAGT TGCAATTGGAACACCACGAGTA
Tonoplast AT3G47440 GATTGCCTCTGTTATGGCTTGC AAATCGGTACGTGCTGTTCCA
Tonoplast AT3G51490 CGCTTCTCATAAGCGCCTTAA CTCATGGAGACAAGAATGCAGG
Tonoplast AT3G51860 AGGATTCTGGAGCGGATTTGC TCCTCGATCGTGTCCACAACA
Tonoplast AT3G53720 TTACGACCGGCACCGTCTAARAG CAATGCCCCTTCGTCTAATTCCTT
Tonoplast AT3G54860 CATTCTAAACCGCATGCAAGTG TTCAGGCCTTCCCACATCAT
Tonoplast AT3G58730 GGAGTTTGCTGAGGAAATGGTTC CGTTTATCGAAATCCCTCTCTGC
Tonoplast AT3G58810 GGCATCAAGAAGACATGTGGAGA TTGAACTGGTCTTGGCATCTGA
Tonoplast AT3G62700 ATCGGAGAACGCGGAATTAAC TCGCGCAAGTTGTATCCTCTG
Tonoplast AT4G01470 CAGCTTTCGCGGAGTTTTTCT CATAAGCCATTCCAGAGCCTTG
Tonoplast AT4G01840 TTGGTTACGGTGACATCGCTC CGAATCCGAACAAGACGAAAAC
Tonoplast AT4G02620 ATGATCGCCGATGAGGACACT TGTCAACATTACCAACTCCAGCC
Tonoplast AT4G03560 GACCATTTTCTGCGTGCTGTG AAGCCCTCCAAAGACCTGTACG
Tonoplast AT4G11150 TCCTCATGGTCTCCACTGCTCT TGTTCTCGCACACGATTTTCC
Tonoplast AT4G17340 GTTACCAATGGCGAGAGCGTAC TCCTTCAATAGCTCCTAAACCGG
Tonoplast AT4G18160 GTCTGTCTCTCAGTTTTTCGCTGC TTCTCCATCTCCTTCAGTTTG
Tonoplast AT4G23710 AGAGGTTGCTGAGCACAAAACC CACTTGTCGCTTCGAGTTTCCT
Tonoplast AT4G25950 TAACTGCTGAACAAGAAGCCGG TCTTGCTAGTTTTGCGGTCCTC
Tonoplast AT4G26710 CCCGCTGCTCTTTCTGTATCTT CGTTGTTCCACACCACGATAAG
Tonoplast AT4G28770 GAATTGTTGTGGTAGCCATCCAG CATCAAGCTCTGATTGCCGAG
Tonoplast AT4G30120 ACAGAGAGCTGGATGCTTAACAGA AGCAACCCCATATCGACAACCA
Tonoplast AT4G32530 GCGGCTATAGAAGCTCCTCGTAT GCTTCGCAAAAGATGACACTGA
Tonoplast AT4G34720 CGGAAACAAAACCGCCTATCT TCTACATCGGAGAGTAACCACCG
Tonoplast AT4G35300 CTGTGCTTGTTGCTATTGCTGC CCTGCAATAGTTGCGTTATCCC
Tonoplast AT4G38510 CAGGCTGGTTTGGTTAAGCGT CATCCTCCTGATGCTCGAGAAG
Tonoplast AT4G38920 TGCGCTCGTCTTCTCATGTATG TAGATGCCACTCCCACACCACT
Tonoplast AT4G39080 TTTCAGTGAGGACCTTGGAAGAC GGATAATCGACCAGAAACCTCG
Tonoplast AT5G01490 ACCTTTGGCCGAACGTATCAG AATCCTCCAACTGTTGGACCG
Tonoplast AT5G03570 TCTCTACTCTTGCAGGCACCGT CCTTCCGACATAACAACAACCC
Tonoplast AT5G13550 GTATAATGCTTGTTCCCCAGGC GACCGTAAATTGGTGGAAGGC
Tonoplast AT5G13740 AGCTACCGCAATGTCAGCTGTT GCTAAAAAACCACCAAGAGCAGG
Tonoplast AT5G14120 ATTTGGAACTTTCTTGGACGGAT AGTCCCTGACAACGAGCTCG
Tonoplast AT5G17010 TCTCAGTTGGACTGGCAATGC AGCTGTCCACGTATCGGACTTG
Tonoplast AT5G20650 AACCGCCGGATACGCTGTTTTT TGGATCATCCGTGGCGGTATCA
Tonoplast AT5G26340 TCGCCGTCGCTTTACAGATTT AGGCGCGTAGAACATAATCGC
Tonoplast AT5G27150 TGACCGAGAGGTTGCCCTTAT ACCGCTCAAGTCGAARAGCTC
Tonoplast AT5G39040 CGAATGGAAGCGAGAATGGTT CAACATTTGCCGCCTCAACT
Tonoplast AT5G39510 CACGAAACGCTTCATGGAGTAGA CCTCCTCGTCATGTCTGTCAAGA
Tonoplast AT5G40890 AAGCTTTGGTTCTGTTCCGGTC GGTGACATCCCTGAAGCTTGAAT
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Reverse primer sequence 5'-3'

Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast

AT5G43340
AT5G45370
AT5G46360
AT5G46370
AT5G46860
AT5G47450
AT5G47560
AT5G48410
AT5G55290
AT5G55630
AT5G62890
AT5G64870
AT5G67330

CGGACTCCACTTACTCGGAACA
CCGTGAAAGAACGATCAGACCT
AAGTGCTTGGCGAGAGCATATC
CTCTCAGTTCTTAGATGCGG
CAAAGCGGTGTCAATCCAAGTA
TGCTTGATGGTTGGTTGATGTT
CCGTCGAACACTACAACATCCAT
CCAACGGTTTCGGCTTTATGT
AACAACCCTAATCTTCGTCGTCG
CAGCTGATCTCGATGAAGATG
TCAAGATACGCAAGTGCAACGA
CAAGATCGATGTAGCAGAGGCAA
AGCTTTGGAAGAATCCGAATCG

GCTGTAGAAAGCGATGTCGAGG
TGGTTCCCAAATATCCCTGCT
TCTGCTAAACTCAAGCGACCATC
GTCAAACTGGAAACCGATCG
ACAGCTTGAAAGTCCCTTGCA
TTGCAAGAAAGTGGACACCAAA
CACGCAGAACACCAACGTTATG
CGCTCGTCCTTAGCTTTGAGATT
CCCACATCATCCAACAGCAGA
GCTCGAACTCATCCATTATCC
ATCAGAATCGCAACTCCCTGC
TCCAGTCCTTTCTTTGGCACC
CCAAAATTCTAAGAAACGCCGG



Figure S4.1

Diel leaf elongation profiles

In order to determine the time of the day that would be suitable for harvesting leaf material in
respect to capture optimal growth indicators, a diel elongation profile was determined with
the use of Rotary Resistance Transducers (RRTs) (Berns et al., 2007) borrowed from |CG-IlI
Phytosphere, Forschungzentrum Jilich, Jilich, Germany. In the figure below there are plots
of two typical curves of relative growth rates over a 24 hour period, as recorded from wild
type Col-0 plants under the same conditions as used for sampling of leaf material. The
relative growth rate shown is calculated using the mean absolute growth rate (in mm per
minute) over each hour, then divided by the size of the leaf at the beginning of that hour and
presented as % of the leaf size per minute. When comparing these results with the patterns
reported previously with another comparable method (Wiese et al., 2007), we see no obvious
differences. No effects can be seen of the 30 min 50 % light on/off at the beginning or end of
each day cycle, which however could be due to the limited time resolution; when taking
means of shorter periods, the noise increases dramatically limiting the reproducibility of the

results obtained.
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Berns M, Matsubara S, Wiese A, Hécker U, Gilmer F, Schurr U, Walter A. 2007.
Diel leaf growth pattern in cry7cry2 mutants of Arabidopsis thaliana under different
light conditions. Comparative Biochemistry and Physiology - Part A: Molecular &
Integrative Physiology 146: S233.

Wiese A, Christ MM, Virnich O, Schurr U, Walter A. 2007. Spatio-temporal leaf
growth patterns of Arabidopsis thaliana and evidence for sugar control of the diel leaf
growth cycle. New Phytol. 174: 752-761.
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AT4G37490.1
AT2G38620.1
AT3G54180.1
AT5G06150.1
AT1G20930.1
AT3G11520.1
AT1G76540.1
AT2G23430.1
AT2G32710.1
AT3G24810.1
AT3G48750.1
AT3G50630.1
AT2G06200.1
AT2G28950.1
AT3G29030.1
AT4G37750.1
AT1G26770.1
AT2G20750.1
AT3G52910.1
AT2G45480.1
AT4G37740.1
AT2G37640.1
AT3G55500.1
AT5G53660.1
AT1G65680.1
AT2G36400.1
AT3G03220.1
AT4G35390.1
AT3G59900.1
AT2G22840.1
AT2G40610.1
AT2G44080.1
AT4G24150.1
AT4G38210.1
AT5G10140.1
AT1G69530.1
AT3G13960.1
AT3G15370.1
AT1G16390.1
AT5G47450.1
AT3G16240.1
AT2G36830.1
AT2G26690.1
AT3G06370.1
AT3G51490.1
AT1G64200.1
AT2G48020.1
AT3G26520.1
AT5G13740.1

Cell cycle
Cell cycle
Cell cycle
Cell cycle
Cell cycle
Cell cycle
Cell cycle
Cell cycle
Cell cycle
Cell cycle
Cell cycle
Cell cycle
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
Growth-related
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Growth-related
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
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AT5G62890.1
AT2G23150.1
AT4G34720.1
AT1G11260.1
AT1G20840.1
AT1G78900.1
AT2G02020.1
AT4G25950.1
AT1G19450.1
AT1G20260.1
AT1G31480.1
AT1G77140.1
AT2G02040.1
AT2G05170.1
AT2G21410.1
AT2G25610.1
AT2G28520.1
AT2G38020.1
AT3G03090.1
AT3G30390.1
AT3G42050.1
AT3G54860.1
AT3G58810.1
AT4G02620.1
AT4G28770.1
AT4G30120.1
AT4G38510.1
AT4G38920.1
AT4G39080.1
AT5G14120.1
AT5G39040.1
AT5G40890.1
AT5G46860.1
AT1G30400.1
AT2G41560.1
AT1G06470.1
AT1G09960.1
AT1G15690.1
AT2G16510.1
AT2G25810.1
AT2G26975.1
AT2G29410.1
AT2G32830.1
AT2G34660.1
AT2G38170.1
AT2G43330.1
AT2G46800.1
AT2G47600.1
AT3G01390.1

Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
Tonoplast
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AT3G03720.1 Tonoplast 2
AT3G05030.1 Tonoplast 2
AT3G13320.1 Tonoplast 2
AT3G26590.1 Tonoplast 2
AT3G28710.1 Tonoplast 2
AT3G28715.1 Tonoplast 2
AT3G51860.1 Tonoplast 2
AT3G58730.1 Tonoplast 2
AT3G62700.1 Tonoplast 2
AT4G01840.1 Tonoplast 2
AT4G03560.1 Tonoplast 2
AT4G11150.1 Tonoplast 2
AT4G17340.1 Tonoplast 2
AT4G18160.1 Tonoplast 2
AT4G23710.1 Tonoplast 2
AT4G26710.1 Tonoplast 2
AT4G35300.1 Tonoplast 2
AT5G13550.1 Tonoplast 2
AT5G17010.1 Tonoplast 2
AT5G20650.1 Tonoplast 2
AT5G27150.1 Tonoplast 2
AT5G39510.1 Tonoplast 2
AT5G45370.1 Tonoplast 2
AT5G46360.1 Tonoplast 2
AT5G46370.1 Tonoplast 2
AT5G47560.1 Tonoplast 2
AT5G55290.1 Tonoplast 2
AT5G55630.1 Tonoplast 2
AT5G67330.1 Tonoplast 2
AT1G12840.1 Tonoplast 1
AT1G17810.1 Tonoplast 1
AT1G73190.1 Tonoplast 1
AT2G38940.1 Tonoplast 1
AT3G08560.1 Tonoplast 1
AT3G12520.1 Tonoplast 1
AT3G474401 Tonoplast 1
AT4G32530.1 Tonoplast 1
AT5G01490.1 Tonoplast 1
AT5G26340.1 Tonoplast 1
AT5G48410.1 Tonoplast 1
AT5G64870.1 Tonoplast 1
AT3G53720.1 Tonoplast 0
AT4G01470.1 Tonoplast 0
AT5G03570.1 Tonoplast 0
AT5G43340.1 Tonoplast 0
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Allgemeinverstandliche Zusammenfassung

Sehr vereinfacht gesagt kann Blattwachstum auf zwei Prozesse reduziert werden,
Zellteilung und Zellexpansion, gefolgt von Zellwandexpansion. Die Vakuole, das
grofdte Organell der Zelle, Ubt durch die Kontrolle des Wasserhaushaltes der Pflanze
eine wichtige Funktion im Zusammenhang mit der Zellexpansion aus. Dies geschieht
durch die Regulierung des osmotischen Druckes, durch Import und Export von
organischen und anorganischen lonen uber die Vakuolenmembran (den Tonoplast)
und durch die Kontrolle ihrer Wasserkanale (der Aquaporine). Es wird angenommen,
dass die Regulierung des vakuolaren osmotischen Druckes eine grolde Rolle bei der
Zellexpansion spielt, da der osmotische Druck die Starke der mechanischen Kraft
des Tonoplast auf die Plasmamembran und die Zellwand bestimmt.

In dieser Dissertation wird die Rolle von Tonoplastproteinen und ihrer Gene auf die
Zellexpansion anhand der Modellpflanze Arabidopsis thaliana (Ackerschmalwand)
untersucht, und Kandidaten fur wachstumsrelevante Gene werden identifiziert.

Da bisher noch kein Signal fur die Lokalisierung von Proteinen im Tonoplast
identifiziert wurde, gibt es keine Moglichkeit, genomweite Voraussagen uber solche
Proteinlokalisierungen zu machen. Daher haben wir eine Reihe von aktuellen
Proteom-Studien genutzt, um eine Liste von 117 Genen, die flr transmembrane
tonoplastproteinkodierende Gene kodieren, zusammenzustellen. Zusatzlich wurden
andere wachstumsrelevante Gene und Zellzyklus-Gene in die Liste aufgenommen
(38 Gene). Die Expression der Gene wahrend der Blattentwicklung sollte mittels
einer sensitiven Technik, der quantitativen Polymerasekettenreaktion (qPCR),
untersucht werden. Um rasch die fur dieses Verfahren notwendigen Oligonukleotide
zu entwerfen, wurde ein Computerprogramm (,QuantPrime®) entwickelt. Das
Programm entwirft automatisch solche Oligonukleotide und Uberprift deren
Spezifizitat in silico auf Ebene der Transkriptome und Genome um Kreuz-
Hybridisierungen zu vermeiden, die zu unspezifischen Amplifikationen flhren
wurden.

Die qgPCR-Plattform wurde in einer Expressions-Studie eingesetzt, um
wachstumsrelevante Gen-Kandidaten zu identifizieren. Um wachstumsaktive und
nichtaktive Prozesse vergleichen zu konnen, wurden Proben von unterschiedlichen
Bereichen des Blattes zu unterschiedlichen Wachstumsstadien beprobt. Eine
musterbasierte Expressionsdatenanalyse wurde eingesetzt, um die Gene hinischtlich

ihrer Assoziation mit der Blattexpansionen in eine Rangordnung zu bringen. Die
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Gene mit dem hochsten Rang wurden als Kandidaten fur weitere Experimente
ausgewahilt.

Um die funktionelle Beteiligung dieser Gene auf einer makroskopischen Ebene zu
untersuchen, wurden Knockout-Mutanten fur die Gen-Kandidaten hinsichtlich ihres
Wachstums analysiert. Zu diesem Zweck wurde ein System fur die automatisierte
Phanotypisierung des Blattwachstums etabliert. Zum einen wurde ein Programm-
Paket fur detaillierte Annotation von Wachstumsstadien und zum anderen ein
Analyse-Paket fur automatisierte Datenvorbereitung und statistische Tests entwickelt.
Das Analyse-Paket erlaubt die Modellierung und graphische Darstellung
verschiedener wachstumsrelevanter Phanotypen. Mit Hilfe dieses Systems wurden
24 Knockout-Mutanten untersucht und signifikante Phanotypen wurden fir flnf

verschiedene Gene gefunden.
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