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ABSTRACT

Data mining depends on the ability to access machine-
readable metadata that describe genotypes, environmental
conditions, and sampling times and strategy. This article
presents Xeml Lab. The Xeml Interactive Designer pro-
vides an interactive graphical interface at which complex
experiments can be designed, and concomitantly generates
machine-readable metadata files. It uses a new eXtensible
Mark-up Language (XML)-derived dialect termed XEML.
Xeml Lab includes a new ontology for environmental con-
ditions, called Xeml Environment Ontology. However, to
provide versatility, it is designed to be generic and also
accepts other commonly used ontology formats, including
OBO and OWL. A review summarizing important environ-
mental conditions that need to be controlled, monitored
and captured as metadata is posted in a Wiki (http://
www.codeplex.com/XeO) to promote community discus-
sion. The usefulness of Xeml Lab is illustrated by two meta-
analyses of a large set of experiments that were performed
with Arabidopsis thaliana during 5 years. The first reveals
sources of noise that affect measurements of metabolite
levels and enzyme activities. The second shows that Arabi-
dopsis maintains remarkably stable levels of sugars and
amino acids across a wide range of photoperiod treatments,
and that adjustment of starch turnover and the leaf protein
content contribute to this metabolic homeostasis.

Key-words: bioinformatics; data management; data mining;
ontology.

INTRODUCTION

The sequencing of plant genomes together with the devel-
opment of ‘global’ techniques to evaluate phenotypic traits
at different levels, such as transcriptomics, proteomics,
metabolomics and whole plant imaging, are leading to a
shift from reductionist to more holistic approaches in plant
research. This is facilitated by repositories in which mic-
roarray and other profiling data are collated from large
numbers of published experiments, quality checked and
made publicly available (Stoeckert, Causton & Ball 2002;
http://affymetrix.arabidopsis.info/; Genevestigator, https://
www.genevestigator.ethz.ch/). These repositories enor-
mously increase the amount of data that can be accessed to
extract new information without needing to perform addi-
tional experiments, and to support and extend the interpre-
tation of new data sets. Data mining to extract relevant
information from complex data sets (Frawley, Piatetsky-
Shapiro & Matheus 1991) is becoming one of the most
important tools in biology (Thimm et al. 2006). Unravelling
the complexity behind phenotypes relies heavily on
achievements in bioinformatics, including data manage-
ment, integration and interpretation. It also requires stan-
dardized conceptualizations with explicit specifications
(Gruber 1993). Standardization is not only needed for the
phenotypic data; it is also important to have standardized
descriptions of the genetic material, the growth conditions
and the experimental design. The latter is increasingly
referred to as ‘metadata’ (data about data).

The generation of high-quality molecular and physiologi-
cal data depends strongly on the experiment being correctly
designed, and interpretation of the data depends on the
experiment being adequately described. Plant phenotypes
typically result from complex interactions between the
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genotype and a highly dynamic environment. Good
examples are the acquisition of freezing tolerance or ther-
motolerance following the exposure to a mild low tempera-
ture or heat stress, respectively (Atkin et al. 2006; Kotak
et al. 2007). An even more striking example is the vernal-
ization response, in which the regulation of genes induced
by low temperatures is inherited through successive mitotic
divisions and is even transmitted to the next generation
(Dennis & Peacock 2007). Furthermore, it is not trivial to
change the environment in a specific manner, because
changing one feature of the environment may lead to
secondary effects. For example, under high light, plants
grow faster and, transpire more, which makes them more
vulnerable to nutrient deficiency or water shortage.
Unfortunately, the experimental design, the state of the
plant material and the growth conditions, are often poorly
defined. This is partly because experiments are not always
precisely described. Even when the information is available,
it is extremely time-consuming to manually extract it from
written papers or databases.

Several initiatives have been undertaken to impose con-
trolled and machine-readable vocabularies and/or ontolo-
gies for the annotation of genes (Berardini et al. 2004) and
germ plasm (McLaren et al. 2005), the documentation of
plant anatomy and developmental stages (Jaiswal et al.
2005; Ilic et al. 2007) and the description of experiments
(Brazma et al. 2001; Bino et al. 2004; Zimmermann et al.
2005; see also the EnvO (for Environment Ontology)
project at http://darwin.nerc-oxford.ac.uk/gc_wiki/index.
php/EnvO_Project). By definition, controlled vocabularies
simply consist of lists of terms, while ontologies provide a
structured terminology that is implemented with precise
specifications about the terms and their use, and which
requires a minimal commitment to support sharing activi-
ties (Gruber 1993).

The description of growth conditions is an especially
large challenge. There is considerable theoretical and
empirical knowledge about how to grow plants. Require-
ments for light, temperature, water, nutrients and other
environmental conditions have been studied in detail in a
range of model species (e.g. in Ingestad 1982). Various
efforts have also been made to standardize the description
of environmental conditions (Krizek 1982; Langhans & Tib-
bitts 1997). However, to our knowledge, this information is
rather scattered, and the validity of the existing vocabular-
ies and ontologies is a matter of debate (Hastings, Lalloo &
Khoo 2006). Firstly, they often consist of subjective guide-
lines, and the level of detail that must be reported is open to
interpretation (Edgar & Barrett 2006). Secondly, to our
knowledge, there is no existing machine-readable system
addressing specific needs in plant physiology, i.e. the possi-
bility to describe precisely physical or chemical variables
such as light intensity and concentrations of nutrients.Avail-
able systems propose terms consisting of situations, for
example, treatments or habitats, which often result from
numerous rather than single variables. In this context, a
major challenge is the need to describe the temporal
dynamics. Changes in the environment can occur once or

repetitively, regularly or irregularly, and gradually or
abruptly, with different consequences for the phenotype.
Experiments often involve changes of one or more features
of the environment, sometimes at multiple time points. This
information needs to be captured in the description of the
growth conditions. To allow machine reading, it will be nec-
essary to record traits and environmental conditions as a
clearly defined function of time, rather than as a fixed
descriptor and/or as free text. The use of thermal time to
model the effect of temperature on plant development or
growth rate is a classic example indicating the usefulness of
such a strategy (Granier & Tardieu 1998; Sadok et al. 2007).
This example also illustrates added value that experiment-
ers can extract by including metadata about the growth and
experimental conditions in their data analysis.

In addition to growth conditions, the description of bio-
logical experiments requires information about the geno-
types, the developmental stage of the plants, and the nature
of the organs being observed. Some local information
(experimenter’s names, IDs of growth chambers) may also
be collected. Ideally, such a multilevel description eventu-
ally involving several ontologies would be possible within
one tool. Such a platform should also allow the choice of the
most appropriate ontology, or at least subsets of a given
ontology, depending on the context.

Such multiple constraints might be overcome by collect-
ing, organizing and storing metadata in formats like eXten-
sible Mark-up Language (XML)-formatted text, which
benefit from standard parsers that are available on all major
platforms. As XML does not require any specific IT infra-
structure or software, it can be used without fastidious set-
ups (e.g. installation of central servers and databases). XML
files can nevertheless be readily processed by modern data-
base management systems such as Oracle or MS-SQL, if
further data management is needed. So-called dialects can
be derived from XML by defining specific schemes, which
offer an environment to describe the structure and con-
strain the content. After defining the dialect, the program-
ming libraries can be written to generate dialect-compliant
files. Frameworks can be implemented to develop tools that
exploit the dialect, for example, ontology editors and pro-
viders, data entry interfaces, data analysers or data pro-
viders linking the data in XML format with other types of
data. This information technology tool could provide a
promising solution to handle the complex metadata
describing growth conditions, and to link them with germ
plasm information as well as, for example, microarray data
for which dedicated data storage strategies are already
available (Barrett et al. 2007).

The largest challenge to capturing metadata is, however,
probably the effort required from individual scientists,
who have to obtain and enter the information into a suit-
able format. For example, while XML-derived languages
provide many advantages, their use in the native format is
fastidious and impractical without bioinformatics support.
It is therefore important to provide user-friendly interfaces
that generate and manage the files while storing the data in
the background (see e.g. Rayner et al. 2006).
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In the present article, we describe Xeml Lab, a generic
platform that helps the user to plan experiments, and
concomitantly generates metadata files. It provides a
standardized graphical format to describe genotypes,
growth conditions, experimental design and sampling, and
to capture and link the metadata in a machine-readable
form. We also present two illustrative applications of data
mining using metadata provided via Xeml Lab. In a related
Wiki, we provide a short review highlighting how environ-
mental conditions can be measured and controlled, and
pointing out potential pitfalls when an environmental factor
is used as a treatment to study plant performance. This is
planned to act as a forum where the community can discuss
how environmental conditions can be controlled and mea-
sured, and the information captured as metadata.

MATERIAL AND METHODS

XEML language

An XML-schema definition file (xsd) was created to specify
the vocabulary and structure of XEML.This schema is open
and available at http://www.codeplex.com/XEML/. The
development was realized using Visual Studio 2005
(Microsoft).

Framework

Xeml Framework was programmed in C# with Visual
Studio 2005 and implemented with .Net 2.0 framework
running on Windows XP and Vista environments
(Microsoft).

The framework is composed of three main libraries: (1)
Xeml Core, which provides the basic functionality to load
Xeml documents, ontologies, sample providers and inter-
faces to integrate custom components; (2) Xeml Visualisa-
tion, which provides methods to visualize the storyboard of
a given Xeml document; and (3) Xeml Utilities, which pro-
vides some user-friendly methods to apply complex tasks
within XEML.

The framework is available for all major platforms. On
Microsoft platforms, .Net Framework 2.0 is required. On all
other platforms, Mono framework, which is an open source
implementation of the .Net framework, can be used.

Xeml Framework is available as an open source project
for programming purpose and can be downloaded freely at
http://www.codeplex.com/XEML.

Environment ontology

Xeml Environment Ontology was created withVisual Studio
2005 in XML format by defining an XML-schema.The ontol-
ogy was converted into the standard OWL and OBO formats
to facilitate interchange with the scientific community. At
present, updates made to the ontology in one of these
formats can be integrated back (in a semi-automated
fashion) into the native data format supported by Xeml
Lab. The schema is available as an xsd file at http://

www.codeplex.com/XeO/Release/ProjectReleases.aspx?
ReleaseId=19143, the recent version of the ontology at
http://xeml.mpimp-golm.mpg.de/ontologies/recent.

Interactive designer

Xeml Interactive Designer was programmed in C# and
implemented with .Net 2.0 framework. Besides visualiza-
tion features of the framework, KryptonToolkit (Compo-
nentFactory) was used to develop the user interface. Xeml
Interactive Designer is available for Windows 2000, XP and
Vista and can be downloaded freely at http://xeml.mpimp-
golm.mpg.de/ClickOnce/XiD_RC1/. The installation occurs
via the ClickOnce technology (Microsoft) and requires
Internet Explorer (Microsoft) or FireFox implemented with
the FireFox ClickOnce add-on. The .Net Framework 2.0 is
also required. In case it is missing, a bootstrap installer will
be provided automatically, but in this case, administrative
privileges will be required. The Designer is also available as
an open source project at http://www.codeplex.com/XiD.

Getting started

Once finished, the installation program launches Xeml
Interactive Designer automatically with a default experi-
ment design. Updates will be made available automatically
and a prompt of acceptance or rejection will be loaded
when starting the program.At the first start of the Designer,
a folder ‘templates’ is created within a folder ‘XemlStore’
which is located directly under ‘My Documents’. The
former may be used to save Xeml files that can be reused as
templates, for example, when experiments are repeated.
These paths can also be customized within the Designer, via
the Options menu (Tools then Options). Six tabs are acces-
sible: (1) ‘General’; (2) ‘Resources’; (3) ‘Design’; (4) ‘Vali-
dation’; (5) ‘Table’; and (6) ‘Report’. In addition, the native
source code of the experiment can be viewed and edited via
Tools/CodeEditor or by pressing F6. The first tab provides
an interface in which general information about the experi-
ment (author, aim of the experiment, keywords) is entered.
The Resources tab is used to link data resources. By default,
Xeml Environment Ontology and Plant Structure Ontology
for flowering plants version 1.5 (Plant Ontology Consor-
tium at http://www.plantontology.org) are automatically
linked and loaded into the software. Alternatively, the user
can specify the location of any ontology compatible with
Xeml Lab.

Plant material, biochemical analysis and
data processing

To conduct an illustrative data mining approach to detect
unsuspected sources of noise, data were selected from a
large collection of experiments conducted from 2002 to
2007, according to the following criteria: Arabidopsis
thaliana Col-0 plants grown in Percival growth cabinets
(CU-36 product line) and harvested as described in Bläsing
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et al. (2005), wild-type, 12 h/12 h day/night regime, 20 °C,
total light intensity between 120 and 150 mmol m-2 s-1, and
relative humidity between 80 and 90%, harvest at the end of
the day. Enzymes and metabolites were determined as in
Gibon et al. (2004a,b). After inspection of the measured
metabolites and enzyme activities and removal of aberrant
(e.g. negative or out of range) values, missing values were
replaced by the median of the respective metabolite or
enzyme data. The resulting data set comprised of a total of
28 separate experiments, with measurements of 15 enzyme
activities in 11 of them, and measurements of a set of nine
metabolites in 23 of them (in six experiments, both metabo-
lites and enzymes were measured). For convenience, the
experiments are numbered in chronological order from
1 to 28.

For statistical analysis and visualization, data were
centred to 0 mean, and scaled, i.e. divided by the root mean
square. The resulting centred and scaled data matrices of
either metabolites or enzymes were subjected to a principal
component analysis (PCA; Pearson 1901), as implemented
in R (R Development Core Team 2006). As the data were
centred and scaled, PCA provides an estimator of the influ-
ence of different variables independently of the range of
each variable. Colouring of data points was conducted using
the year, the harvester or the identifier of the growth
cabinet in which plants were grown.

To conduct an illustrative data mining approach to
show how novel biological information can be extracted,
further treatments and experiments were included in the
abovementioned data set. Data obtained from wild-type
Col-0 plants transferred to an extended night (Gibon et al.
2006; Usadel et al. 2008), and from wild-type and starch-
less pgm mutant Col-0 plants were obtained from
previously published experiments (Gibon et al. 2004a,b,
2006; Thimm et al. 2004; Bläsing et al. 2005; Usadel et al.
2008). Data corresponding to plants grown at various pho-
toperiods were obtained from unpublished experiments
(Gibon et al. 2009). In the latter case, wild-type plants and
pgm mutants were grown as described above, except that
they were transferred to 5 h/19 h, 6 h/18 h, 7 h/17 h,
8 h/16 h, 9 h/15 h, 16 h/8 h and 20 h/4 h day/night regimes
for 2–5 weeks. In addition, wild-type plants were also
grown at 2 h/22 h, 3 h/21 h and 4 h/20 h day/night regimes
and in exactly the same growth conditions. Sucrose and
glucose were determined in ethanol extracts as in Jelitto
et al. (1992), starch as in Hendriks et al. (2003) and total
protein content as in Bradford (1976). Assays were pre-
pared in 96-well microplates using a pipetting robot (Mul-
tiprobe HT, EP3 or Janus, Perkin-Elmer, Zaventem,
Belgium). Absorbances were read at 340 or 595 nm in a
Synergy, an ELX-800 or an ELX-808 microplate reader
(Bio-Tek Friedrichshall, Germany). After data were
checked for consistency and outliers such as negative
values and non-replicated values which were inconsistent
by an order of magnitude or more were removed, the
resulting values were computed in R and displayed as
boxplots to check for further inconsistencies (by story or
time).

RESULTS AND DISCUSSION

Overall structure of Xeml Lab

The documentation of biological experiments requires the
capture of large amounts of heterogeneous data. This
includes information about the genotypes used, quantita-
tive or qualitative variables that describe the environment
and any changes made in it during the experiment, and a
description of the sampling strategy in terms of number of
replicates as well as pooling and/or dissection of individuals.
Xeml Lab has been created to assist plant biologists to
design and document experiments in a machine-readable
format, to link this metadata with the data generated in the
corresponding experiments and, ultimately, to make both
metadata and data available for data mining. It is flexible,
extensible, as well as human- and machine readable.

The first version of Xeml Lab (Fig. 1) consists of a lan-
guage, a framework to work with Xeml documents, develop
tools and integrate custom modules, a user interface (Xeml
Interactive Designer), a first working draft of an ontology of
terms describing the abiotic environment (Xeml Environ-
ment Ontology), and providers to allow ontologies in other
formats than XEML to be used. For each experiment, meta-
data describing (1) genotype information; (2) abiotic
growth conditions as functions of time; and (3) sampling
strategy are captured via an intuitive visual mode, and
stored in an Xeml file that can be exported in table format.
Extensions are planned that will allow metadata in the
Xeml file to be automatically mapped to analytic data,
which are stored in external files or databases (Fig. 1).

Flexible choice of ontologies

XEML can handle various libraries of terms and recom-
mendations in parallel. This allows users to select the ontol-
ogy of their choice, and to even use several alternative
ontologies. Dedicated handlers and providers support the
loading of ontologies, and give access to any type of data
(e.g. stored in text files or in databases).As many ontologies
are developed in OBO or OWL formats, we are developing
providers that allow OBO and OWL files to be used in
XEML.Thus, a provider enabling the use of Plant Ontology
(see below) has already been written. Further details are
given in the handbook at http://xeml.mpimp-golm.mpg.de/
dnn/Resources/tabid/56/Default.aspx.

In the current version of Xeml Lab, the harvested plant
material (organ, developmental stage, etc.) is described
using Plant Ontology, which is available in OBO format
(Jaiswal et al. 2005). Although several nomenclatures are
currently being developed to describe growth conditions
(see Introduction), we have developed a new environment
ontology that is limited to the ‘essential’ environmental
conditions but, importantly, is able to cope with temporal
dynamics (see below). Genotype description would greatly
benefit from an ontology dedicated to germ plasm informa-
tion. Even though plants have been classified into taxa for
centuries, to our knowledge, germ plasm ontologies are not
yet available. This task is complicated by the high genetic
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diversity at the level of the species and subspecies,
especially when genotypes result from intra- or interspecific
crosses (hybrids) or backcrosses (introgression lines,
recombinant inbred lines, near isogenic lines). We
decided to leave this problem open at this time and, as a
provisional step, to implement a ‘stop-gap’ solution in which
species, accession, mutation and transformation event can
be defined and commented on. Finally, XEML can be used
in combination with specialized vocabularies or ontologies,
for example, to facilitate the documentation of local
information such as investigators names or IDs of growth
chambers.

Xeml Interactive Designer

Reading and editing Xeml files with a text editor is difficult
and time-consuming for non-specialized users. The key
element of Xeml Lab is the Xeml Interactive Designer,
which is a user interface dedicated to the design of bio-
logical experiments. It provides an interactive timeline
visualization, which enables the intuitive creation and
editing of the metadata that describe experiments while
automatically generating Xeml files containing this infor-
mation in the background. The following section describes

the main features of the Xeml Interactive Designer. A
more comprehensive help section and a tutorial are
included in the software.

Designing and documenting an experiment

The Xeml Interactive Designer view tab (Fig. 2) is subdi-
vided into three areas: a storyboard on the top, a story
content on the left hand side and a variable definition area at
the bottom.The story content currently includes two tabs, an
environment ontology browser and a genotypes manager.

The storyboard provides the interface where the user
develops and enters the experimental design. A story is a
recipient for variables that describe along a continuous
timeline the environment in which one or more individuals
of one or more genotypes are growing. The storyboard
enables the drawing of stories and derived stories (splits,
basically this means a change in the conditions), and the
positioning of events (which may be planned events, or
documented unplanned accidents) and observation points
(e.g. sampling times).

To start a story, two types of variables are defined using
the story content section (Fig. 2). The first set is the geno-
types. After activating the genotypes browser, genotypes
are entered using the ‘add a new genotype’ button, using

Figure 1. Structure of the Xeml Framework.
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editing tools (scroll, add, edit, delete) within the genotype
edit form (not shown). The second set of variables defines
the environmental conditions at the start of the experiment.
After activating the environment ontology browser, a tree
view shows the ontology terms organized according to the
category or subcategory to which they belong (Fig. 2, left
hand side). A filtering option enables selection of terms
according to their importance. A click on a term loads the
corresponding definition panel into the variable definition
area; a double click initializes it with default values, which
can then be modified as needed. As discussed later, values
can be entered in three different context boxes (in the Xeml
Environment Ontology: Quantity or Quality, Respon-
seRange and FreeText). It is important to note that vari-
ables are always defined as a function of time. This means
that one or more time periods have to be set, within which
a given variable is defined. For each time period, the param-
eter can be defined as constant, or as cycling. Time periods
defined for the first variable will be inherited by default for
the next variables that are entered but can be manually
modified. Often, many of the conditions in a series of
experiments are similar. To aid the user, a template folder,

in which Xeml files describing routine growth conditions
can be stored, is created automatically during the installa-
tion of the software.

At any time point within a story, it is possible to
define a split and create a derived story, which inherits
all information defined upstream, except for the characters
that are explicitly modified in the derived story. This
allows experimental manipulations that affect one or
more of the environmental variables to be defined and
entered via the graphical interface. In the storyboard of
Fig. 2, plants were grown in an alternating 14 h light/10 h
dark cycle (the story) and some were then transferred at
the end of the night to continuous darkness (a derived
story). Periods of light and dark are explicitly shown as
light and dark regions along the storyline. The steps in
generating a derived story are shown in more detail in
Fig. 3.

Events (depicted as small yellow lightening-arrows) can
be used to document unforeseen situations, or environmen-
tal conditions that are not covered by the ontology used
(e.g. in the Xeml Environment Ontology, fungal infection,
pesticide treatment or pricking).

Tab navigation between 

environmental parameters and genotypes
Story

EventTab navigation through the different  parts 

of the document

Observation  

point

Split Derived 

story

StoryboardOntology browser  Parameter edit controls Time editor/navigator

Figure 2. Xeml Interactive Designer – the Design tab. In this example, seeds were sown at 0700 h on the 3rd of January 2003 and the
seedlings grown for 1 week in a 16 h/8 h day/night regime, total light intensity of 250 mmol m-2 s-1. They were then transferred to an
8 h/16 h day/night regime, total light intensity of 100 mmol m-2 s-1, for 2 weeks and pricked at day 14. At day 21, they were transferred to a
14 h/10 h day/night regime, total light intensity of 150 mmol m-2 s-1. The ‘heatmap’ mode has been set to visualize the differences in light
intensity. Then, at day 37 (split), some of the plants were transferred to continuous darkness (derived story ‘XN’). Plants were harvested
as indicated by the observation points, i.e. 10 min before the end of the night, then at 2, 6 and 12 h day (‘Control’), and at 2, 6, 12, 24, 48
and 72 h following the transfer to continuous darkness (‘XN’). The corresponding file (G090.xeml) is available from the supporting
information.
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Observation points (depicted as small green triangles in
Fig. 2) show the time points at which sampling occur.Thus, in
the example shown in Fig. 2, samples are taken every 2 h
during a photoperiod in control plants that were left in a 14 h
light/10 h dark diurnal cycle, and at several times after trans-
fer to continuous darkness. To define the sampling strategy,
one or more observation points are selected by mouse click
along the story and/or derived stories.The sampling wizard is
then called up by mouse click. If more than one genotype is
being grown, a list appears from which the user selects the
genotypes that are to be harvested.The next step is to define
the number of plants that will be pooled.The plant parts that
are to be harvested (tissue, organ, whole individuals) are
defined by choosing the appropriate term from the list pro-
vided by the ontology (for instance Plant Ontology). It can
be specified if one individual is to be dissected into different
parts, for example, roots and shoots. In the last step, the
number of replicates is entered. It is possible to define a
common sampling strategy for all of the genotypes, or indi-
vidual sampling strategies (e.g. if one of the genotypes is
much smaller and requires more individuals per sample).
After confirmation, sample identifiers will be generated
according to the story ID, and the time of harvest. It is
possible to provide an estimate of the time that will probably

be required to harvest one individual. This might be useful
when large experiments are planned,to check if the sampling
can actually be completed in an appropriate time span. For
each observation point,a graphical overview of the sampling
strategy can be viewed by clicking the link ‘n sample(s)’ in
the variable definition area. Samples can also be erased
individually from this area (‘clear samples’), or collectively
from the Tools menu (‘clear all samples’).

Validation

A validation tab notifies the user about possible errors
and/or omissions by displaying validation messages, which
are collected from the framework. This step is critical, as
‘invalid’ Xeml files might be useless, especially for data
mining purpose. However, the user is not forced to fix errors
immediately, as this would make the use of the program
uncomfortable. It is possible to save experimental designs
with errors or omissions, so that they can be fixed later.

There are three levels of validation: (1) the format and
the structure of the Xeml document itself; (2) the usage of
ontology terms, for example, it is checked that all of the
strongly recommended environmental variables are speci-
fied; and (3) specific modules that can be implemented and

1

2

4

3

Figure 3. Story split. The derived story is defined by inserting a split at the appropriate time point, it inherits all information defined
upstream (1); one or more variables that are changed in the derived story are selected from the ontology browser (2), and then modified
in the variables definition area (3); every variable that has been modified will appear in the report tab (4). In this example, plants were
grown under a 14 h/10 h day/night regime and were transferred to continuous darkness.
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loaded by the framework to extend the validation logic and
to apply rules that are specific to a given research group,
institute or community. For example, one could set a con-
straint for the maximum light intensity based on the stron-
gest light sources available within a given institute, thus
automatically identifying light intensities that are probably
wrong by an order of magnitude. Each validation message
contains a severity code (Error, Warning or Info), a text
message and an object which is related to the message. The
view can be filtered by selecting the different levels of the
severity code.

Exporting metadata

The table tab can be used to provide a summary of the
metadata at each of the observation points (samples) in
table format. Available metadata (the various environmen-
tal variables, events, sampling strategy) are organized in a
tree structure and can be selected for output. Selected cells
can be copied to the clipboard and pasted into any table-
based software (e.g. Excel), which can then be used to
manually collect the corresponding data (e.g. the levels of
the analytes measured in the samples), each line defining a
sample. A script enabling the import of the collected meta-
data and data into the statistical analysis software R (R
Core team) is available at http://xeml.mpimp-golm.mpg.de/
dnn/Home/tabid/54/Default.aspx. At present, it is only
usable by advanced R users, and further work will be
needed to make it available for general purpose.The opera-
tions involved in compiling metadata and data, and import-
ing them into R, can be tested using sample files provided as
Supporting information (Examples.zip).

Report

The report provides an overview of the actual experiment,
with a recapitulation of the ontologies that are referenced,
the terms describing growth conditions that are used, the
terms that are variable, the nature of the observed material
and the observation schedule including an estimation of the
required time.

Environment ontology
(Xeml Environment Ontology)

To be acceptable to the individual user and the community,
an ontology needs to strike a balance between not being so
complicated that it becomes time-consuming or even
impossible to enter a description of the experiment and not
being so simple that it is of little or no use for organizing,
cross-checking and mining experiments. We decided to
develop a new environment ontology encompassing 80
terms describing the abiotic environment. It supports a
precise description of a wide range of growth conditions
that are typically applied under controlled environments.
The ontology was initially developed in XML because this
format was the most adjustable and easiest to handle for

that purpose. The XML format is currently loaded by
default into Xeml Interactive Designer (see above). It is
nevertheless also available in OWL and OBO formats at
http://www.codeplex.com/XeO.

Each term consists of a name, a definition, a hierarchical
path and three different contexts in which the value of a
term can be defined. For each term, the ontology specifies a
recommendation level, which reflects the attention the term
probably requires in a typical experiment. Thus, in the
current version, we recommend that light, temperature,
relative humidity (assuming that vapour pressure deficit
would be calculated) or nutrients should always be taken
into account, while the description of electrical conductiv-
ity, granulometry or flooding may be restricted to specific
experiments.

The value of a term can be defined in the three contexts:
(1) Quantity or quality (they are mutually exclusive); (2)
ResponseRange; and (3) FreeText. This is a pragmatic solu-
tion that allows the users to enter information at different
levels,depending on the information they have available.For
example, it is difficult to quantify the availability of nutrients
in soils, but it may be possible to evaluate it roughly.

Quantitative/qualitative context

This context defines the type of data (quantitative, categori-
cal or Boolean), including a number of specifications such
as units, category names and minimum, maximum and
default values. In cases where several units are defined, one
is specified as the default unit, and conversions between
units are provided.

Response range context

It may often be useful to document the ‘response range’, i.e.
the degree to which a given treatment is optimal or stressful
because the environmental variable is too low or too high.
A discrete scale ranging from 0 to 9 has been chosen, as this
should provide a reasonable level of detail in most situa-
tions (Fig. 4). Values ranging from 0 to 3 correspond to ‘too
little’ value 4 to ‘enough’, value 5 to ‘luxurious’ and values
from 6 to 9 to ‘too much’. Many environmental inputs that
are required for growth can adopt values across the entire
response range, for example, temperature or the light inten-
sity. For other treatments, such as ‘pollutants’ that are prob-
ably of no benefit for plants, only values ranging from 5 (no
effect) to 9 (lethal) will be relevant. The default phenotype
that is used to describe the response range is biomass pro-
duction. If another process is used (e.g. photosynthesis or
expansive growth; leaf chlorosis; inhibition of root growth),
this can be specified in the FreeText context (see below).

Choice of a ResponseRange value requires a certain level
of interpretation and is clearly susceptible to inaccuracy or
subjective bias.The concept of ‘response range’ also implies
that there are unique optimal and stressful ranges of con-
ditions for all processes in a plant, which is likely to be
incorrect; for example, optimal conditions for photosynthe-
sis and for expansive growth are completely different.
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Furthermore, many environmental variables may act syner-
gistically or antagonistically on plant’s performance.
Despite these caveats, we have included this option for
pragmatic reasons. It allows users to provide semi-
quantitative information about what they think a given
treatment is doing to the plant. Even though, by definition,
it should be possible to derive the ResponseRange from the
quantitative and qualitative metadata, this would imply an
expert system which is able to infer the status of the plant
from the metadata about the growth regime. As this is cur-
rently not possible, the ResponseRange provides a useful
stop gap solution that harnesses the knowledge of the
experimenter. Comparison of the actual treatment and the
estimated response range will allow a cross-check by expert
third parties. A ‘rating’ of what the treatments are ‘thought
to be’ also provides a short description of the aims and
scope of an experiment, and facilitates future access to the
relevant data. For example, experiments in which attempts
were made to apply various degrees of nitrogen limitation
would be tagged and thus, easy to extract from large data
sets. After extracting experiments that fall into the search
space defined by a response range and a variable, it will then
be possible to inspect other parts of the metadata to decide
which experiments or treatments are worth retaining for
further analysis. Interestingly, it may be possible to cross-
check actual quantitative parameters versus the Respon-
seRange set, and build an expert system on the available
classifications which might suggest that the experimenter is
running into nitrogen starvation.

Free text context

This context enables the capture of keywords, short descrip-
tions or specific comments about the variable under consid-
eration. It will allow the recording of experiment-specific
features that are not currently captured in the ontologies.
On a midterm basis, inspection of the information entered

in the free field spaces may provide information about ways
in which ontologies need to be developed.

Posting of a Wiki to promote discussion of
standards for the description and measurement
of environmental conditions

While the choice of the experimental set-up and environ-
mental conditions obviously depends on the aim of the
experiment, it is vital to do this in the context of current
knowledge and experience, and to carefully consider the
best choices and also possible pitfalls with regard to the
chosen environmental conditions. There are many interac-
tions between environmental factors and plant growth (see
Introduction for two examples). Furthermore, it is impor-
tant to measure environmental conditions according to
agreed standards, to routinely service and calibrate the
instruments that are used to measure the environmental
conditions, and to check carefully for possible spatial or
temporal heterogeneity. Supporting information outlines
how a number of the most important environmental condi-
tions vary in nature and in controlled or semi-controlled
environments, and how they are best controlled, measured
and reported. It also discusses important factors that must
be considered when each of these environmental conditions
is used as a treatment.

These are questions that depend on community discus-
sion and definition. To support this process, we have posted
the supporting information at a collaborative website, i.e. a
Wiki, at http://www.codeplex.com/XeO. The Wiki can also
be accessed directly from the ontology browser by right
clicking on the variable of interest.The supporting informa-
tion can be commented on and developed further by the
wider community of plant scientists, and requests and sug-
gestions posted to the Wiki. In addition to providing a
discussion and information forum, we hope to collect defi-
nitions and recommendations about the growth variables
available in the Xeml Environment Ontology. In order to
keep terms compatible between research groups, we
request not to modify the ontology locally but, instead, to
send a request to the corresponding authors, so that existing
terms could be updated or new terms could be added cen-
trally.

Example showing how a meta-analysis can
identify sources of noise

To illustrate the advantage of documenting the experimen-
tal design, we have retrospectively entered over 40 experi-
ments with Arabidopsis thaliana that were performed
between 2002 and 2007 into Xeml Lab, and performed two
data mining studies to extract information that was not
apparent from the individual experiments. The treatments
in the various experiments included harvest at six different
times in the diurnal cycle of wild-type Col-0 growing in a
12 h light/12 h dark photoregime (Bläsing et al. 2005),
harvest at the end of the light period and the end of the dark

R
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Amount

Figure 4. ResponseRange context. The black line represents the
response to an essential parameter such as a nutrient. The grey
line represents the response to a ‘pollutant’, i.e. an environmental
condition that is only becoming limiting when present in excess.
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period of wild-type Col-0 growing at different photoperiods
(ranging from a 20 h light/4 h dark cycle to a 2 h light/22 h
dark regime; Gibon et al. 2004a, 2009), different tempera-
tures (from 20 to 8 °C; Usadel et al. 2008), water supply,
light intensity (unpublished) and various experiments with
the starchless pgm mutant (Gibon et al. 2004a; Bläsing et al.
2005; Usadel et al. 2008).

The first data mining study was performed to learn how
much variation there was between supposedly identical
treatments (Fig. 5). A total of 28 of the experiments
included a treatment in which 5-week-old rosettes were
harvested from wild-type Col-0 that was grown in suppos-
edly standard conditions (several climate chambers from
the same product line with a 12 h/12 h day/night regime, a
total light intensity between 120 and 150 mmol m-2 s-1, a
relative humidity between 80 and 90%, a temperature of
20 °C) and was harvested at the end of the light period. The
activities of 15 enzyme activities and the levels of nine
metabolites were measured in 11 and 23 of these experi-
ments, respectively. We noted that there was some variation
between the experiments. The coefficients of variation
ranged from 25 to 66% for individual enzyme activities, and
from 25 to 113% for metabolites (Table 1). For four of the
analytes, the coefficients of variation for this combined set
of control treatments were even higher (up to two times for

ferredoxin-glutamate synthase) than the coefficients of
variation calculated for all the different treatments. We
were intrigued by this variation between supposedly iden-
tical plant materials, and tried to identify the reason for it.

Many of the experiments were performed before we
started to routinely check and collect the information about
the environmental conditions that is captured in Xeml Lab.
However, we were able to perform an a posteriori analysis
using a limited set of metadata that had been collected in
lab books and Excel files. This allowed us to distinguish
three characteristics that could potentially affect the repro-
ducibility of experiments: (1) the growth cabinet that was
used; (2) the person who performed the harvest; and (3) the
calendar year. A principal component analysis was per-
formed with enzyme activities (11 experiments, 80 indi-
vidual samples) and metabolites (23 experiments, 140
individual samples) after centring and scaling the data to
avoid an excessive contribution of single enzymes
(Fig. 5a–c) or metabolites (Fig. 5d–f) to the total variance.
Experiments are identified by the number. Samples from a
given experiment generally grouped together. The impact
of the metadata variables is identified in three separate
panels, in which a shared colour is used to identify samples
from different experiments that (1) were grown in the same
chamber Fig. 5a,d); or (2) were harvested by the same
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Figure 5. Principal component analysis of metadata describing the local infrastructure and sample handing of supposedly standard
treatments from many separate experiments. The plots show a projection of individual samples into the first two principal components.
Each experiment is coloured by the separating variable (growth cabinet, harvester, year) indicated on the left and labelled by a unique
numerical identifier, to highlight differences potentially incurred by the experiment. A total of 28 separate experiments performed
between 2002 and 2007 were analysed, in which there was a treatment in which wild-type Arabidopsis Col-0 was grown in a 12 h/12 h
day/night regime, with a total light intensity between 120 and 150 mmol m-2 s-1, a relative humidity between 80 and 90%, a temperature of
20 °C, and harvested at the end of the day. The activities of 15 enzymes and 9 metabolite levels were measured in 11 and 23 of
these experiments, respectively. Examples of well-separated samples mentioned in the text are shown in (a) (growth chamber) and in
(e) (harvester). Enzyme activities (a, b, c); metabolites (d, e, f); growth chamber (a, d); harvester (b, e); year (c, f).
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person (Fig. 5b,e); or (3) were grown in the same calendar
year (Fig. 5c,f).

For both sets of parameters, there was little systematic
impact of the calendar year (Fig. 5c,f).This shows that there
had been no gradual insidious temporal drift in the plant
material, growth conditions, harvesting or analytic proce-
dures. For enzyme activities, the growth chamber had the
largest systematic impact (Fig. 5a). In many cases, the out-
liers in PC1 are samples from a particular growth chamber,
not only in one experiment (e.g. 17) but even in different
experiments in which the same chamber was used (e.g. 16
and 22; 24 and 25). Other chambers consistently have a low
weighting. The harvesting person had less effect (Fig. 5b).
The separation in PC1 may therefore be at least partly due
to the growth chambers rather than the harvester in a par-
ticular experiment. For metabolites, there was no systematic
separation of samples depending on the growth chamber
(Fig. 5d). Instead, samples tend to be separated that were
collected by different harvesters (Fig. 5e). For example,

experiments 1, 2 and 3 are outliers and were collected by the
same harvester, as are many of the samples from experi-
ments 10, 15, 17, 18 and 22 which were collected by another
harvester.

Taken together, these results suggest that small discrep-
ancies between supposedly identical growth chambers lead
to variation in the observed metabolic phenotype. Unfortu-
nately, at the time the experiments were performed, we did
not use a system such as Xeml Lab, and possible fluctua-
tions in, for example, light intensity and quality were not
documented. Subsequent measurements of the light inten-
sity and temperature after performing the present data
analysis did not reveal any differences between growth
cabinets. However, this merely emphasizes that such
changes may be temporary, due, for example, to small dif-
ferences in settings or in the quality of individual light
sources. With respect to the influence of the harvester on
metabolites, there is an interesting potential explanation.
We have previously documented that enzyme activities are
generally stable across a day and night cycle, thus integrat-
ing growth conditions over time (Gibon et al. 2004b, 2006).
Metabolite levels may be more susceptible to how samples
are quenched (Kopka et al. 2004). This may contribute
to the increased susceptibility of the metabolite profile to
the harvester. In the future, controlling and recording
more growth parameters and systematically identifying the
reasons for the variation in the control samples should
allow us to implement procedures to decrease the variation
and increase the statistical power of our experiments.

Example showing how documenting
experimental conditions supports data mining
to extract biological information

In a second example, data mining was performed to extract
information about the response of metabolism to changes
in the carbon status.This analysis used a subset of 27 experi-
ments, including (1) harvest of wild-type Col-0 at 6 different
time points in a 12 h light/12 h dark cycle (Bläsing et al.
2005); (2) harvest of wild-type Col-0 at the end of the light
period and the end of the dark period in photoperiods
ranging between a 20 h light/4 h dark and a 2 h light/22 h
dark cycle (Gibon et al. 2004a, 2009); (3) transfer of wild-
type from a 14 h light/10 h dark cycle to extended darkness
for different times (Thimm et al. 2004; Usadel et al. 2008);
(4) harvest of the starchless pgm mutant at 6 different times
in a 12 h light/12 h dark cycle (Bläsing et al. 2005); and (5)
harvest of pgm at the end of the light period in photo-
periods ranging between a 20 h light/4 h dark and a 5 h
light/17 h dark cycle; unpublished data,. As this is a retro-
analysis of existing data, it is restricted to a relatively small
number of traits that were analysed in most of the experi-
ments; starch, sucrose, reducing sugars, total amino acids
and total protein. The metadata files generated by XEML
and the experimental data files for these experiments are
provided in the supporting information.

The data files were initially searched using Xeml descrip-
tors to identify treatments where wild-type Col-0 was

Table 1. Comparison of the coefficient of variation (expressed
in %) calculated for 24 analytes for control samples and for all
samples

Analyte
Standard
condition

All
samples

Total amino acids 32 58
Chlorophyll a 29 34
Chlorophyll b 30 37
Fructose 70 160
Glucose-6-phosphate 49 86
Glucose 113 141
Starch 29 120
Sucrose 49 229
Protein content 25 29
Acid invertase 59 52
Alanine aminotransferase 27 36
Aspartate aminotransferase 27 30
Ferredoxin-glutamate synthase 60 32
Fructokinase 25 36
Fumarase 29 34
Glucokinase 48 59
Glucose-6-phosphate dehydrogenase 25 37
Glutamate dehydrogenase 51 46
Glycerokinase 66 70
Glutamine synthetase 30 43
NADP-isocitrate dehydrogenase 29 31
Nitrate reductase 57 62
Phosphoenolpyruvate carboxylase 29 35
Shikimate dehydrogenase 37 38

The standard condition was wild-type Col-0 that was grown in
supposedly standard conditions: several climate chambers from the
same product line with a 12 h/12 h day/night regime, a total light
intensity between 120 and 150 mmol m-2 s-1, a relative humidity
between 80 and 90%, a temperature of 20 °C and was harvested at
the end of the light period. Data were obtained from 28 experi-
ments. Data were obtained from 23 experiments for metabolites
and protein content, with a total 1642 samples of which 140 were in
standard the standard condition, and from 11 experiments for
enzyme activities, with a total of 336 samples including 80 in the
standard condition for enzyme activities.
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grown in different photoperiods, and then split again to
separate data from plants harvested at the end of the light
period (WT-ED; Fig. 6a–e) and at the end of the dark
period (WT-EN; Fig. 6f–j). The box plots show that shorter
photoperiods led to a small decrease in starch content at the
end of the light period (Fig. 6a). The starch content at the
end of the night (Fig. 6f) was low but nearly constant,
except in the longest photoperiod (20 h light/4 h dark).
Thus, most of the starch is mobilized during the night. The
average rates of starch synthesis and degradation in the
light and dark period, respectively, were calculated from
the difference between the amount of starch at these two

time points and the length of the light and the dark period.
The estimated rate of starch synthesis increased from 1.2 to
5.4 mmol hexose gFW-1 h-1 in the range of 20 to 4 h photo-
period, and then fell to 4.8 and 1.9 mmol eq glucose
gFW-1 h-1 in, respectively, 3 and 2 h photoperiod. The esti-
mated rate of starch degradation decreased from 6.3 to
0.2 mmol hexose gFW-1 h-1 in the range of 20 to 2 h photo-
period. The levels of sucrose (Fig. 6b,g) at the end of the
light period were relatively constant between a 2 h and 12 h
photoperiods, and rose strongly in the 16 h and 20 h photo-
period treatments. A similar picture emerged at the end of
the night, except that sugar levels were about twofold lower
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Figure 6. Box plots representing variations in starch (a, f, k, p), sucrose (b, g, l, q), glucose (c, h, m, r), total amino acids (d, i, n, s) and
protein content (e, j, o, t) in rosette leaves of wild-type Arabidopsis thaliana grown under various day and regimes, harvested at the end
of the photoperiod (a–e), at the end of the night (f–j), or following transfer into continuous darkness (k–o), and in rosette leaves of
starchless pgm mutants grown under various day and night regimes. The light grey data shown in panel T is the corresponding data for
wild-type Col-0 (extracted from panel e) to facilitate comparison with the values in pgm. The data were collected from a total of 23
separate experiments performed between 2002 and 2007.
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than at the end of the light period. Amino acid levels were
remarkably constant across the entire range of photoperi-
ods (Fig. 6d,i). Thus, Arabidopsis adjusts to very large
changes in the photoperiod and the diurnal carbon supply
by altering the rates of starch synthesis and degradation
while retaining relatively stable levels of sugars and amino
acids.This confirms, on a much broader scale, the changes in
starch allocation noted in earlier studies of photoperiod
adjustment (Stitt, Bulpin & Ap Rees 1978; Chatterton &
Silvius 1979, 1980, 1981; Jablonski & Geiger 1987; Mullen
& Koller 1988; Lorenzen & Ewing 1992; Matt et al. 2001;
Gibon et al. 2004a). However, our meta-analysis provides a
further and potentially important result. The total leaf
protein content (Fig. 6e,j) fell by twofold as the photope-
riod decreased, falling progressively across the entire range
of treatments included in this meta-analysis.

Further information was added by extracting other treat-
ments related to changes in the carbon status. In several of
the experiments, plants were darkened for up to 7 d to
impose extreme carbon starvation (WT-XN; Fig. 6k–o). In
these treatments, starch was negligible (Fig. 6k), sucrose
and reducing sugars were low (Fig. 6l,m), but amino acid
levels were as high or higher than in a light/dark cycle
(Fig. 6n). Protein (Fig. 6o) decreased slowly to levels similar
to those in moderately short photoperiods.The data set also
included experiments in which the starchless pgm mutant
was grown in a variety of photoperiods, ranging from 20
down to 5 h of light per 24 h cycle (pgm-ED; Fig. 6p–t).
Starch, as expected, was always negligible (Fig. 5p). Sucrose
and reducing sugars were high at the end of the light period,
especially in shorter photoperiods (Fig. 6q,r, see also
Caspar, Huber & Somerville 1985; Gibon et al. 2004a) and
very low at the end of the night period (not shown, see
also Caspar et al. 1985; Gibon et al. 2004a). Amino acids
were similar to or slightly higher than in wild-type Col-0
in a similar photoperiod (Fig. 6s). Decreasing photoperiod
length again led to a progressive decrease of total protein
(Fig. 6t). Furthermore, when the genotypes are compared in
the same photoperiod, pgm consistently contained 20–30%
less protein than wild-type Col-0 (Fig. 6e,t; to aid compari-
son the wild-type Col-0 values are shown as pale grey in
Fig. 6t, note that the very short 2, 3 and 4 h photoperiod
treatments are absent in the pgm data set).

This meta-analysis points to a decrease in the leaf protein
content as a potentially central factor in adaptation to a long
term decrease in the carbon supply. Lower protein content
would decrease C-utilization by decreasing the construction
cost of the leaves, and by decreasing the maintenance costs
that are related to protein turnover. It is well established that
there is a close relation between the leaf nitrogen content
and the respiration rate (James 1953). Protein turnover syn-
thesis represents a major respiratory cost in leaves, with
estimates ranging from 10 to 60% of the total leaf respiration
(Penning de Vries 1975; Barneix et al. 1988; Bouma, Broeck-
huysen & Veen 1996). Much of the respiratory substrate is
directly or indirectly derived from starch breakdown. This
prompted us to plot the leaf protein content against the
estimated rates of starch synthesis and starch degradation in

all of the photoperiod treatments (Fig. 7).There is a negative
relation (R = 0.26; P-value = 4.0 ¥ 10-4) with the rate of
starch synthesis, and a positive and highly significant corre-
lation (R = 0.55; P-value = 4.4 ¥ 10-16) with the rate of starch
degradation at night.

The meta-analysis provides hints about mechanisms that
might underlie this dramatic change in the protein content.
It is well known that growth of plants in low irradiance
leads to a decreased protein content (Poorter et al. 2006).
However, in this case, it is difficult to distinguish the effects
of decreased carbon per se from photomorphogenetic
changes in development, which alter leaf composition
to optimize light absorption in different light regimes.
The threefold decrease in protein content in response to
changes in the photoperiod occurs independently of the
momentary light intensity or quality, indicating that it may
be triggered by changes in the plant carbon status. Interest-
ingly, protein was lower in the starchless pgm mutant, than
in wild-type Col-0 growing in the same photoperiod.
Although the starchless pgm mutant has high levels of
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Figure 7. Starch metabolism and the protein content. Starch
synthesis (a) and degradation (b) rates are plotted against the
protein content measured at the end of the day. On the x-axis,
plots represent single point calculated as the difference between
the starch content measured at the end of day and the average of
the starch content measured at the end of the night and within
each day and night regime. The data were collected from a total
of 18 separate experiments performed between 2002 and 2007
and 386 samples.
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sugars in the light, these fall rapidly at the start of the night.
Transcript profiling reveals that pgm experiences repeated
and acute carbon starvation every night (Gibon et al. 2004a;
Bläsing et al. 2005; Usadel et al. 2008). The enzyme activity
(Gibon et al. 2004b) and metabolite (Gibon et al. 2006)
profiles of pgm resemble carbon-starved Col-0 wild-type
plants after several days in the dark.The decreased levels of
protein in the pgm mutant may be partly due to the impact
of the repeated period of carbon starvation during the
night. Evidence for a general relationship between the
carbon supply and leaf protein levels is provided by studies
showing that tobacco plants with decreased rates of photo-
synthesis due to decreased expression of Calvin cycle
enzymes have decreased leaf protein contents (Stitt &
Schulze 1994). Of course, further mechanisms may also con-
tribute to the lower levels of protein in short photoperiods.
For example, much of the protein synthesis in leaves may
occur in the light. It is well known that chloroplast protein
synthesis decreases in the dark (Marin-Navarro et al. 2007)
and it is plausible that some components of the cytosolic
protein synthesis may also decrease in the dark, especially
those that deliver proteins to the plastid and require
plastid-encoded proteins as partners in the thylakoid
complexes and ribulose 1·5-bisphosphate carboxylase/
oxygenase (Rubisco). Another possibility is that protein
content may be under light-dependent circadian regulation.
These hypotheses, which have been extracted by meta-
analysis of this data set, can be tested in future experiments.

FUTURE DEVELOPMENTS

Xeml Lab offers a convenient environment to plan and
document experiments in a machine-readable manner,
and provides information about the experimental design,
sampling procedures and environmental conditions. In its
present version, the Xeml Interactive Designer allows
metadata to be captured for most experiments performed
under controlled conditions. The exhaustiveness of the
description will in large part rely on the relevance of the
ontologies. Depending on the nature of the experiments, it
might be necessary to use further extensions of the ontolo-
gies, or to add more specific ontologies.This is illustrated by
the integration of existing Plant Structure Ontology into the
first version of Xeml Lab.

The XEML language and its framework have been
designed in such a way that experiments performed under
non-controlled conditions can also be described, for
example, greenhouse experiments and even field experi-
ments, in which environmental variables cannot be pre-
defined (or only partially). This will require that
environment parameters are recorded frequently. The
capture of such metadata, typically lists of time points and
values, would be time-consuming in the Interactive
Designer. Therefore, a dedicated tool will be developed to
capture, convert and visualize such metadata automatically.
This could be done by interfacing XEML with LIMS systems
that store detailed information about the environmental
conditions in the field of greenhouses (Köhl et al. 2008).

The Xeml format provides a flexible and easy way to
document experiments, but each experiment still represents
a single file on the hard disc and is not readily available for a
workgroup or a community. Storage facilities and explora-
tion and compilation tools will have to be developed and/or
connected to make metadata stored in Xeml files and the
corresponding analytic data accessible and searchable
(Fig. 1).We plan a central solution consisting of a server with
a database back-end and communication interfaces that
support the deposition of Xeml files and perform tasks such
as checking in and out, applying rules (user management,
protection of documents), and searching or selecting experi-
ments based on particular growth conditions. A major
feature of XEML is that it allows metadata collected in Xeml
files to be linked via providers to different types of analytic
data. Thus, a tool will be implemented to explore and
compile metadata and data, and to generate table outputs
that can be used in analytical tools such as Excel or R.
Depending on the metadata that has been recorded, it will
also be possible to generate protocols that are compliant
with MIAME (Minimum Information About a Microarray
Experiment) or MIAMET (Minimum Information About
a METabolomic experiment) standards. Such tasks will
however require that all relevant data are available,and thus,
that each of the relevant databases is accessible. This is
currently possible at the level of a research group or of an
institute, but probably not yet at the global level.

As an alternative, we will develop a zip-based package
format allowing the storage, in one archive file per experi-
ment, of the Xeml document, the version of the ontologies
used and the compiled analytic data sets. Such files would
then be easy to distribute via file servers, for example, as
supporting information of a publication. In that context,
Xeml files generated with the Xeml Interactive Designer
already benefit from a global unique identifier (GUID),
which allows the preservation of consistent data sets. Fur-
thermore, such archive files could be made available via
non-central solutions such as the peer-to-peer technology.

CONCLUDING REMARKS

As plant phenotypes result from interactions between
genotypes and growth conditions, anything that happens to
a plant during its life cycle could potentially influence the
phenotype at the moment of the harvest, or the response to
a given treatment. Thus, care should be taken about how
plants are grown, and growth conditions should be docu-
mented as precisely and as exhaustively as possible. We
propose a software-based solution that enables the simul-
taneous design and documentation of experiments with the
help of a graphical interface and an environmental ontol-
ogy. The terms included in this ontology were chosen and
graded based on what we believe is important for plants
growing in controlled conditions. The underlying reasons
for the organization of the ontology are summarized in the
supporting information; this is, however, a topic for commu-
nity discussion, which we hope to promote by implementing
a ‘Wiki’. We think that XEML will be very useful within
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research groups, institute or collaborative networks. Xeml
Lab was designed in such a way that documenting – even
sophisticated – experiments would be as easy and as helpful
as possible. Our wish is indeed that many plant scientists
would adopt XEML and in doing so, would make the
descriptions of their experiments compatible, because they
would be talking the same language.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Supporting Information. Xeml Interactive Designer can be
downloaded and installed at http://xeml.mpimp-golm.
mpg.de/dnn/Resources/tabid/56/Default.aspx. The three
libraries composing the Xeml Framework can also be
downloaded separately from this website, in case they are
needed for custom programming. A script enabling the
import of compiled files in csv format (xeml metadata and
data) into the statistical analysis software package R, and to
retrieve the time of the day at which samples have been
taken, can also be downloaded at the address.
Appendix S1. Environmental conditions. This supporting
information outlines how a number of the most important
environmental conditions vary in nature, and how they are
best measured, controlled and reported. Furthermore, we
discuss briefly some aspects to consider when these envi-
ronmental conditions are used as a treatment and provide a
list with – for each treatment – some of the most consistent
changes in plants.
Supporting Examples. Data (csv files) and metadata (xeml
files) used in meta-analysis shown in Figure 6 are provided
in a compressed archive (Examples.zip).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.

16 J. Hannemann et al.

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment

http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://xeml.mpimp-golm

