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ABSTRACT

Motivation: Research in systems biology is carried out through a
combination of experiments and models. Several data standards have
been adopted for representing models (SBML) and various types of
relevant experimental data (such as FUGE and those of the Proteo-
mics Standards Initiative). However, until now, there has been no
standard way to associate a model and its entities to the correspon-
ding data sets, or vice versa. Such a standard would provide a means
to represent computational simulation results as well as to frame
experimental data in the context of a particular model. Target app-
lications include model-driven data analysis, parameter estimation,
and sharing and archiving model simulations.

Results: We propose the Systems Biology Results Markup Lan-
guage (SBRML), an XML-based language which associates a model
with several data sets. Each data set is represented as a series of
values associated with model variables, and their corresponding para-
meter values. SBRML provides a flexible way of indexing the results to
model parameter values, which supports both spreadsheet-like data
and multidimensional data cubes. We present and discuss several
examples of SBRML usage in applications such as enzyme kinetics,
microarray gene expression, and various types of simulation results.
Availability and Implementation: The XML Schema file for SBRML
is available at http://www.comp-sys-bio.org/SBRML under the Acade-
mic Free License (AFL) v3.0.

Contact: pedro.mendes@manchester.ac.uk

The growing reliance on computational models to support bio-
logical research has given rise to several types of modelling soft-
ware. There are software packages for creation and visualization of
models (Funahastat al., 2003), for their analysis and simulation
(Hoopset al., 2006; Moraruet al., 2008), and also for analysing
experimental data in their context (Shannemnal., 2003). Addi-
tionally, there are several databases for sharing models whithin the
community (Le Noereet al., 2006; Olivieret al., 2004).

The most prominent standard is the Systems Biology Markup
Language (SBML, Huckat al, 2003 ), which is an XML-based
language for representing systems biology models in a way that
is largely independent from the means to simulate those models.
Models represented in SBML are thus interpretable by a wide range
of software, which can manipulate them in different ways: simulate
their dynamics through ordinary differential equations, stochastic
simulation algorithms, Petri nets, or other formalisms; analyse their
underlying stoichiometric properties; fit their parameters to experi-
mental data; explore their parameter space by parameter scans or
bifurcation analysis, and many more computational applications.
The existence of a standard way to represent models has been a
catalyst for the appearance of these diverse types of software, sinc
they have a common basis in SBML, allowing researchers to share
models and effectively use them with these software tools.

Another important standard in the area is MIRIAM (Le Nog
et al., 2005), which is a set of guidelines to be followed when com-
municating models. More specifically, MIRIAM provides a means
of unequivocally identifying biological molecules (through the use
of RDF and universal identifiers). MIRIAM also recommends that

1 INTRODUCTION models should be encoded in a machine-readable format, and that

Systems biology is typically carried out with a solid basis on explicit their authorship and terms of distribution should be specified expli-
(computational) models, which are used to guide traditional expetitly. While MIRIAM does not prescribe which machine-readable

rimentation as well as data analysis. Computational models arformat should be used to encode the model, SBML is a conve-
at the core of the systems biology methodology, and therefore afient way to do so, and the combination of these two standards

important part of the infrastructure needed for practicing system&as become a predominant way to specify self-contained models
biology. (Herrcardet al., 2008).

The Simulation Experiment Description Markup Language
(SED-ML, Kdhn and Le Noere, 2008) is another XML based
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standardization effort for describing computational simulation exp:
riments.

Despite the increasing popularity of SBML and MIRIAM, which
has resulted in many models now being available in electronic forr
there is currently no standard way of communicating the actu
resultsof the operations carried out on such models (e.g. simul.
tions). Because of this lack of a standardized way to communice
model-derived data, it is very difficult to share such results betwet
different software applications. Such activities have to be done
ways that require ad-hoc programs to transform the data form:
appropriately.

Here we propose a new markup language which is intended
specify results from operations carried out on models. We name tl
format the Systems Biology Results Markup Language — SBRMI
While developing SBRML as a means of communicating simulatio
results, it became obvious that it is equally useful to associate a
kind of experimental data to a model, something that seems to
missing in the landscape of computational systems biology. SBRN
is therefore a means of specifying any kind of quantitative resul
in the context of a systems biology model. Some of its major us:
are:

. Associating experimental results with models for passing t
analysis tools;

. Sharing and archiving of model simulations;

3. Recording the results of analysis for validation, archiving o
comparison.

The rest of this article describes the overall structure of SBRML

documents and illustrates a number of use cases that are expeg
to cover the most common applications. Finally, SBRML is discus|
sed in the context of a more complete scenario of computation
activities centered on biological models, and therefore showing i
relation with other existing and emerging standards.

2 METHODS

SBRML is based on XML (Brayet al, 2008) and is specified through the
XML Schema language (Biron and Malhotra, 2004). SBRML Obljéotlel
(SBRML-OM) was first developed using the Universal Modejllranguage
(UML) (OMG, 2007), and a Model-Driven Architecture apprbagas then
used to derive the corresponding XML Schema semi-automatieatth the
help of mapping rules for classes and associations.

In order to test the practicality of data formatting in SBRMLprototype
implementation was created with the software COPASI (Habjad, 2006).
This was done using COPASI’s report definition facilitiedieh allow one
to create output in very flexible ways. We do not foresee thiathethod will
be the best one with which to produce SBRML results from COPASI we
plan to write a full-fledged SBRML output generator in thatkege. Indeed
it is the authors’ expectation that in the future many otheteys biology
packages will provide means for exporting SBRML.

Since the main objective of SBRML is to associate data with aeghatd
therefore needs to provide representations of both the netkthe data
along with mechanisms to associate parts of the data set wittoifiespon-
ding elements of the model. Accordingly, SBRML has two majotises,
one representing the model, and the other one describingathesdt. Since
there is a plethora of very different types of data that mayiregspeciali-
zed terms for their description such as concentration,gamiumbers, flux,

All Classes inherit from SBRBaselﬁ
T

<<primitive>>
SBRId

SBRBase ati Annotation
- annotation
+metaid : ID [0..1] <>.+—01' +anyAnnotation : String [1]
L Notes
+NOtes[ anyNote : String [1]
0..1

Sbrml

+xmins : String [1]

+level : positivelnteger [1]
+version : positivelnteger [1]
+creationDate : Date [0..1]

+ontology Terms|
1.7

OntologyTerm
+id : SBRId [1]
+term : String [1]
+sourceTermld : String [1]
+ontologyURI : String [1]

Model

+name : String [1]
+sourceURI : String [0..1]

+model

+operations|1..* +sbml||0..1
Operation Sbml
+id : SBRId [1] +xmins : String [1]

+name : String [0..1]

(0]

Fig. 1. Top level classes of SBRML-OM.

<?xml version="1.0" encoding="UTF-8"?>
<sbrml xmIns="http://www.sbrml.org/sbrml/level 1 /version1" level="1" version="1" creationDate="2009-11-27">
<ontologyTerms>
<ontologyTerm id="term1" term="..." sourceTermId=" ontologyURI="..." />
<ontologyTerm id="term2" term="..." sourceTermId="..." ontologyURI="..." />
</optologyTerms>
tefbael name="Curien2003_MetThr_synthesis" sourceURI="urn:miriam:biomodels.db:BIOMD0000000068" />
_ <operations>
<operation>

- non

al
ts </operation>

</operations>
</sbrml>

Fig. 2. The skeleton of systems biology results description in SBRML
showing only the top level elements and their subelements.

spectrophotometry, etc., it seemed too restrictive to defimeori a control-
led vocabulary of terms (this would either be an extremely land diverse
list or otherwise incomplete). Instead, the solution wasravide a third
major section in SBRML that lists ontology terms used in the odéshe
document and refers to where such ontologies are defined.alltvgs the
language to be extensible and comay possible type of data.

SBRML-OM top level classes are shown in Figure 1. The abstlass
SBRBase provides a means of attaching arbitrary information on some
elements of SBRML through its association winnotation and Notes
classes. Th&brml class, which is subclass 8RBase, has three requi-
red attributes: the SBRML namespace, level and version, armptonal
attribute creation date. An SBRML document will in many casesubed
to encode the results of many operations performed on a singlielmall
operations carried out on the model are defined withinofhe ations ele-
ment indicated as an association betw8erml andOperation classes. The
ontologyTerms association betwee@brml and OntologyTerm classes as
shown in Figure 1 is an element in the instanceSbfml (SBRML docu-
ment), which contains instances OihtologyTerm class. Figure 2 shows
the skeleton of systems biology results description in SBRMie top level
classes are described in more detail below.




SBRML: a markup language for associating systems biology data with models

<ontologyTerms>
<ontologyTerm id="term1" term="concentration" sourceTermId="SB0:0000196" ontologyURI="http://www.ebi.ac.uk/sbo/" />
<ontologyTerm id="term2" term="Spectrophotometry" sourceTermId="C0037805"
ontologyURI="http://www.nlm.nih.gov/research/umls/" />
</ontologyTerms>

Fig. 3. SBRML fragment for encoding ontology terms.

2.1 Ontology Section

The use of vocabularies/terms from standard ontology seuelescribe
various types of data associated with the model is importamtrder for
software tools to correctly interpret the data. There is ingle ontology
that can provide all the terms needed for the descriptione¥éry diverse
systems biology data. SBRML provides tlmtologyTerm class (Figure
1) as a mechanism for representing controlled vocabulamystérom diffe-
rent ontologies. Théal attribute provides a unique identifier for the ontology
term. Theterm attribute stores the term itself, while teeurceTermld is a
string that is used within the ontology to uniquely identifig concept being
referenced. ThentologyURI attribute specifies the unique identifier of the
ontology. There will always be some terms that are not yet abvtlin any
ontology. Such terms can still be used for data descriptionsiyy SBRML
assigned term identifier and Uniform Resource Name (URN)Hertérms.

It is highly desirable that the ontologies used are those camyraxcepted
by the systems biology community, and expressed by their MIRIARN
(Laibe and Le Nogre, 2007). The fragment of SBRML in Figure 3 illustrates
how to use terms from the external ontologies in SBRML.

2.2 Model Section

SBRML associates data generated from operations with theiwadables
and their parameter values. The clédsdel as shown in Figure 1 defines
the model used in the operations. The model must havange attribute.
ThesourceURI attribute defines the source of the model. If soarceURI
attribute is not specified, the actual SBML representatioth® model (see
Model association tdSbml class in Figure 1) must be carried within the
instance oM odel (inline). Providing a reliable way of accessing the model
is important since an SBRML document is intended to be intézprim the
context of a particular model. An SBRML document without aroatged
model is therefore not a valid SBRML document. The inline repreation
of the model is more reliable since the model and the data areiceuat
within the same file and therefore will never become separatditionally,
when the source URI of model is used, there is always a posgithiat the
model may become incompartible with the data due to externalgeisaio
the SBML model, or that the model is no longer available. On therchand,
the inline representation is less practical with respe¢héospace and time
needed to store or exchange the files. We recommend that a URdelde u
when the model is available in a reliable and strictly regdatepository
(such as BioModels); in other circumstances it would be mouglgmt to
include the SBML model inline within the SBRML.

2.3 Results Section

As mentioned earlier, an SBRML document will in many cases bd tse
encode the results of many operations performed on a singlelnfodepe-
ration is defined as an object of ti@peration class (Figure 4). Thed
attribute is a unique identifier for an instance@peration. The associa-
tion to OntologyTerm defines the name of the instance of tBperation
in an external ontology source. An operation is charaaerizy a method,
which is associated with a particular piece of software i ¢ase of simu-
lation this is the simulator software, in the case of expertaletata this
may be the data acquisition software). THethod and Software classes
define the method and software respectively that are usedebyptiration.
The actual results of the operation performed on the modeledieedi in the
Result class, and described in detail below. The SBRML fragmentgufe
5 illustrates how to encode the operation performed on model.

OntologyTerm
+id : SBRId [1]
+term : String [1]
1 +sourceTermld : String [1]
+ontologyURI : String [1]

Operation

+id : SBRId [1]
+name : String [0..1]

+ontologyTerm

+ontologyTerm( 1

+method Method
1 +name : String [0..1]

Software

+name : String [1]
+version : String [0..1]
1 +URL : String [0..1]

+software

Result

+result
1

Fig. 4. SBRML-OM — Operation class and its associations.

<operation id="op1" name="Parameter scan" ontology Term="...">
<method name="Newton method" ontology Term="..." />
<software name=" COPASI" version="COPASI 4.4 Build 26" URL="http://www.copasi.org/download" />
<result>

</result>
</operation>

Fig. 5. SBRML fragment for encoding operation performed on biochemica
model.

The Result class (Figure 6) provides a flexible structure for assauigti
the data generated by an operation with the model. The actsaltris
defined by théResultComponent class. The resultin SBRML has two com-
ponent parts: the description of the result representedhbgbatract class
DimensionDescription and the result itself defined by the abstract class
Dimension. There must be at least one instanc&efultComponent in an
instance oResult. The instance oResultComponent is uniquely identified
by anid attribute.

The DimensionDescription describes the structure of thResult-
Component and has three subclasse€ompositeDescription, Tuple-
Description andAtomicDescription. CompositeDescription describes the
nesting of dimensions in a result. It has an implicit relatdpgo Composi-
teValue, in that any result described by an instanceCompositeDescrip-
tion must be placed in an instance@dmpositeValue. The type of data of
the indexValue attribute inCompositeValue is defined by thendexType
attribute. Possible values fondexType attribute are standard data types
such as string, float, double, integer, etc. An instanc€ahpositeDes-
cription must contain exactly one instance of anyAtbmicDescription,
TupleDescription or CompositeDescription. The inherited association to
theOntologyTerm allows the ontology term defined by an external ontology
source for thevame attribute to be referenced. Where results contain structu-
red components that are not represented as distinct dimen#ienstructure
is described using theupleDescription, which has an implicit relationship
to Tuple. Any result that is described by an instanceTapleDescription
must be placed in an instance Bdiple. An instance offupleDescription
must have at least one instancedddbmicDescription, and only one instance
of TupleDescrption is allowed within the instance dompositeDescrip-
tion. Theid andname attributes inherited from the super class are optional
for this classAtomicDescription is used to describe a value in a result that




Dada et al

OntologyTerm Result Note: Aggregation relationship is only to one

+id : SBRId [1] I

1 subclass at a time (i.e. choice from any of the

1 subclasses). An instance of CompositeValue must

+term : String [1]
+sourceTermid : String [1]
+ontologyURI : String [1]

contain one instance of Tuple or one instance of
AtomicValue or at least one instance of
CompositeValue (recursive aggregation). The last

+resultComponent 1.7 content of the instance of CompositeValue must be
+ontologyTerm 0.1 ResultComponent either an instance of Tuple or AtomicValue.
1.* kdimensionDescription +id : SBRId \
DimensionDescription +description 1..* | +dimension \
— 0.1 Dimension N\
+id : SBRId [0..1] -
+name : String [0..1] 1 child
childDescription

T

[
AtomicDescription

I

+atomicValue ‘

+valueType : DataType [1]

1.+

+atomicDescription | TupleDescription CompositeDescription AtomicValue Tuple

CompositeValue
1.

+indexType : DataType [1]

+indexValue : String [1]

Fig. 6. SBRML-OM — Result classes and their associations.

can no longer be subdivided. It has an implicit relationsbiptomicValue.

Any result that is described in the instanceAdbmicDescription must be
placed in the instance éftomicValue. It has a requirestalueType attribute
that defines the type of data contained in the instandeaficValue.

It is sometimes useful to think of data as a set of numbers indiexad
array. A spreadsheet is an instance of such structure in imvergsions. In
three or more dimensions we have so-called data cubes. In SBRML
Dimension class (within aResultComponent) allows us to describe the
model element that is being used to index one of the dimensiossiasf
data structures. For example, a time course is usually a tmestBional data
structure, which associates species concentrations ticlparumbers with
discrete values of time. In this case the link between the aladethe model
are the species identifiers. The time course data is thusedd®xtime and
by species identifiers. Each discrete value of time identifisst of species
concentrations which correspond to the state of the systéhagparticular
time value; a species identifier provides a further index éodbncentration
of the corresponding species at that time value. If both coinagon and
particle number of a species are to be encoded together,ebspdentifier
indexes a tuple that is used to structure those two itemsgiréttn a single
number. The indexing mechanism is provided by ithaéexValue attribute.
The value of this attribute in an SBRML document provides anairtgmt
link between the data, model variables, and model parametgesal

TheDimension uses three subclass€@ompositeValue, Tuple andAto-
micValue to structure the data as shown in Figure 6. Section 3 belo
provides various examples of how tResult model can be used to encode
different types of systems biology data.

It is common to express experimental results associated witle snea-
surement of error. SBRML allows for this by including one, evesral, error
estimates as a specifidomicValue entries.

3 RESULTS

In this section we provide examples of SBRML usage which falller

two main types: output from systems biology modeling softwarel input

to systems biology data analysis software. The first typeuted essenti-
ally simulation results, while the second associates enarial data with
models. These examples illustrate the breadth of applicatioat can be
addressed by SBRML. The examples also cover the two diffevagt of

structuring data, tuples and data hypercubes, indicdtiegituations where
each one is more appropriate.

3.1 Example1: A single steady state calculation

This is one of the simplest applications of SBRML as a means mohdit-
ting output from a simulation. The SBRML example in Figure 7 caes

<?xml version="1.0" encoding="UTF-8"?>
<sbrml xmlns="http://www.sbrml.org/sbrml/level 1 /version]" level="1" version="1" creationDate="2009-11-27">
<ontologyTerms>
<ontologyTerm id="term1" term="steady state" sourceTermId="TEDDY_0000011"
ontologyURI="http://teddyontology.sourceforge.net/teddy/rel-2007-09-03/ontology/teddy.owl" />
<ontologyTerm id="term2" term="Newton method" sourceTermId="SBRML:00003"
ontologyURI="urn:sbrml:ontologyterms" />
<ontologyTerm id="term3" term="concentration" sourceTermId="SB0:0000196"
ontologyURI="http://www.ebi.ac.uk/sbo/" />
<ontologyTerm id="term4" term="flux" sourceTermld="C2348693"
ontologyURI="http://www.nlm.nih.gov/research/umls/" />
</ontologyTerms>
<model name="Curien2003_MetThr_synthesis" sourceURI="urn:miriam:biomodels.db:BIOMD0000000068" />
<operations>
<operation id="op1" name="Steady State" ontology Term="term1">
<method name="Newton method" ontologyTerm="term2" />
<software name="COPASI" version="COPASI 4.4 Build 26" URL="http://www.copasi.org/download" />
<result>
<resultComponent id="component]">
<dimensionDescription>
<compositeDescription name="species" index Type="string">
<atomicDescription name="Concentration" ontologyTerm="term3" valueType="double" />
</compositeDescription>
</dimensionDescription>
<dimension>
<compositeValue index Value="Phser">
<atomicValue>141.063</atomicValue>
</compositeValue>
</dimension>
</resultComponent>
<resultComponent id="component2">
<dimensionDescription>
<compositeDescription name="Reaction" index Type="string">
<atomicDescription name="Flux" ontology Term="term4" valueType="double" />
</compositeDescription>
</dimensionDescription>
<dimension>
<compositeValue indexValue="v1">
<atomicValue>1</atomicValue>
</compositeValue>
<compositeValue indexValue="vCys">
<atomicValue>0.152172</atomicValue>
</compositeValue>
<compositeValue indexValue="vThr">
<atomicValue>0.847828</atomicValue>

<loamnncitallalnas

Fig. 7. Example SBRML file describing results of a steady state smiuni
model 68 of the BioModels database.

the results (species concentration and reaction fluxesytealy state solu-
tion of model number 68 (Curieet al,, 2003) in the BioModels database
(Le Nowereet al., 2006). The firsbntology Terms section file starts by defi-
ning the concepts of “steady state”, “Newton method”, “carication” and
“flux”, which are used subsequently in the file. The model isreficed with
the appropriate BioModels URN. Only one operation is spedijfivhich is a
steady state calculation, and it is associated withrtegaltComponent ele-
ments. The firstesultComponent contains the steady state concentration




SBRML: a markup language for associating systems biology data with models

<operation id="op1" name="Time Course" ontologyTerm="...">
<method name="Deterministic (LSODA)" ontologyTerm:
<software name=" COPASI" version="COPASI 4.4 Build 26" URL="http://www.copasi.org/download" />
<result>
<resultComponent id="component1">
<dimensionDescription>
<compositeDescription name="Time" ontologyTerm: indexType="double">
<compositeDescription name="species" indexType="string">
<tupleDescription>
<atomicDescription name="Concentration" ontologyTerm="..." valueType="double" />
<atomicDescription name="Particle Numbers" ontology Term="...." valueType="Integer" />
</tupleDescription>
</compositeDescription>
</compositeDescription>
</dimensionDescription>
<dimension>
<compositeValue indexValue="0">
<compositeValue indexValue="Phser">
<tuple>
<atomicValue>0</atomicValue>
<atomicValue>0</atomicValue>
</tuple>
</compositeValue>
</compositeValue>
<compositeValue indexValue="1">
<compositeValue indexValue="Phser">
<tuple>
<atomicValue>0.996305</atomicValue>
<atomicValue>5.99989e+17</atomicValue>
</tuple>
</compositeValue>
</compositeValue>
<compositeValue indexValue="2">... </compositeValue>
</dimension>
</resultComponent>
</result>
</operation>

Fig. 8. SBRML fragment for time course simulation results of model
number 68 of the BioModels database.

of the only variable of this model (Phser). The secossultComponent
contains values of the fluxes of three reactions (v1, vCybrkBothresult-

<operation id="operation1" name="Time Course" ontology Term="...">
<method name="Spectrophotometry" ontologyTerm="..." />
<result>
<resultComponent id="experiment1">
<dimensionDescription>
<compositeDescription id="exp1l_descrl" name="species" indexType="string">
<atomicDescription name="initial concentration" indexType="double" />
</compositeDescription>
<compositeDescription id="expl_descr2" name="Time" ontologyTerm="..." indexType="double">
<compositeDescription name="Variable" ontologyTerm="..." indexType="string">
<atomicDescription name="Value" ontologyTerm="..." valueType="double" />
</compositeDescription>
</compositeDescription>
</dimensionDescription>
<dimension>
<compositeValue description="exp1l_descrl" indexValue="HTA">
<atomicValue>0.05</atomicValue>
</compositeValue>
<compositeValue description="exp1_descrl" indexValue="MG">
<atomicValue>0.02</atomicValue>
</compositeValue>
<compositeValue description="exp1_descrl" indexValue="GSH">
<atomicValue>0.76</atomicValue>
</compositeValue>
<compositeValue description="exp1_descr2" indexValue="60">
<compositeValue indexValue="A240">
<atomicValue>-0.01</atomicValue>
</compositeValue>
</compositeValue>
<compositeValue description="exp1_descr2" indexValue="660">
<compositeValue indexValue="A240">
<atomicValue>0.08</atomicValue>
</compositeValue>
</compositeValue>
<compositeValue description="exp1_descr2" indexValue="1260">
<compositeValue indexValue="A240">
<atomicValue>0.15</atomicValue>
</compositeValue>
</compositeValue>

<compositeValue description="exp1_descr2" indexValue="3060">
<compositeValue indexValue="A240">
<atomicValue>0.25</atomicValue>
</compositeValue>
</compositeValue>
</dimension>
</resultComponent>
<resultComponent id="experiment2">...</resultComponent>

</result>
</operation>

Fig. 9. SBRML fragment showing how to encode enzyme kinetic data.

Components are presented as tuples (name, value). Note that the numerical

data is always associated with the identifiers from the SBMIdehoThis
allows anyone to interpret these numbers within the appatgrcontext.
Together, the original SBML file and this SBRML file completeigecify
the model, the simulation carried out and the results obtained

3.2 Example2: A time course simulation

A time course simulation is a description of the evolution &f thariables
of a system (concentrations of chemical species, fluxe9,fetancreasing
values of time. If one considers time to be a parameter of the mtukt
a time course can be naturally described as a series of sfates system
indexed by the parameter time. The SBRML fragment in Figure 8/stibe
results of a time course simulation of model number 68 of BioMadki
this case the data is presented as a series of tuples indgxatlies of time.
Each tuple represents the concentration and the particteuof Phser,
the only variable chemical species of this model. The suppleaneiile
example2.xml gives the complete SBRML document for this example.

3.3 Example 3: EnzymeKkinetic data

SBRML is not limited to representing results of simulationss also useful
for connecting experimental results to a systems biology mddis$ exam-
ple illustrates the use of SBRML to represent data from aymezkinetics
experiment which is here associated with a model of the enzgmresttion
carried out in the experiment. Data is from (Martetsal., 2001) where the
enzyme glyoxalase | (EC 4.4.1.5) 8accharomyces cerevisia@s assayed
in a progress curve analysis. The data is thus similar to Exagyphhereby
time is the parameter varying. In this case, however, eight tiowgses are
represented, each one for a different value of the condenriraf substrates
and products. Each time course is included as a singggltComponent
(see SBRML fragment in Figure 9). Since the data was obtaihexugh
spectrophotometry, the SBML model includes the approprigieedefining
the absorbance at 240 nm as a product of the concentratidre gfrbduct

SDLGSH by its molar absortivity coefficient, making it explici the model
the assumption made of how light absorption relates to theectration
of one of the chemical species. Note that the complete SBRMLfdile
this example (see supplementary file example3.xml) includeSEML file
inline as it is not available in a persistent repository.

3.4 Example4: Microarray data

A major data source in functional genomics often used in systeaisgy
(e.g. Castrilloet al., 2007) consists of measurements of RNA with microar-
ray technology. In this example we illustrate the use of SBRMtepresent
microarray data. The example includes the levels of expnessdithe genes
encoding all enzymes of the pentose phosphate pathw&géoharomyces
cerevisiaein different samples of an experiment available from the GEO
database (a Pyocyanin dose-response, accession GDS256gell ét al.,
2006). The data is referenced to an (inline) SBML file of thatpse phos-
phate metabolic pathway which was obtained as a subset of ttebatie
reconstruction of yeast in Hef@igd et al., 2008. This file associates the gene
expression levels of the various experiments with the (enzymmdifiers

of each reaction of the metabolic pathway. This connectidwéen RNA
levels and enzyme levels is therefore an assumption that is exqudieitly

in this SBRML file. SBRML is therefore a suitable means to dexkuch
assumptions in a machine-readable format. Note that the SBMlehiod
this case is annotated with MIRIAM-compliant (Le Nareet al., 2005) RDF
annotations for each molecule represented. Figure 10 shov&B&ML
fragment of this example, the entire file is given as supplemgniza.

3.5 Example5: Complex parameter scan

Parameter scans (or sweeps) are operations where many simsilate car-
ried out where the values of several parameters of a model aneged
in a regular pattern. This type of application is suitablpresented as a
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<operation id="operation1" name="Microarray Analysis" ontologyTerm="...">
<method name="DNA Microarray chips" ontologyTerm="..." />
<result>

<resultComponent id="microl">
<dimensionDescription>
<compositeDescription name="sample" ontology Term="
<compositeDescription name="species" ontologyTerm:
<tupleDescription>
<atomicDescription name="pyocyanin" valueType="integer" ontologyTerm="..."
<atomicDescription name="expression level" valueType="double" ontology Term="..." />
</tupleDescription>
</compositeDescription>
</compositeDescription>
</dimensionDescription>
<dimension>
<compositeValue indexValue="GSM142982">
<compositeValue indexValue="YNL241C">
<tuple>
<atomicValue>0</atomicValue>
<atomicValue>2155.7</atomicValue>
</tuple>
</compositeValue>
<compositeValue indexValue="YGR248W">
<tuple>
<atomicValue>0</atomicValue>
<atomicValue>724.8</atomicValue>
</tuple>
</compositeValue>
<compositeValue indexValue="YHR163W">
<tuple>
<atomicValue>0</atomicValue>
<atomicValue>1354.3</atomicValue>
</tuple>
</compositeValue>
<compositeValue indexValue="YHR183W">...</compositeValue>

" indexType="string">
indexType="string">

</dimension>
</resultComponent>
</result>
<operation>

Fig. 10. SBRML fragment showing how to encode microarray data.

data hypercube (sometimes referred to as a multi-dimensioreddgheet).
Again model number 68 of BioModels is used and in this case asefi
simulations study the effect of the concentrations of Cyst¢Cys) and S-
Adenosylmethionine (AdoMet) on the steady state fluxes otatlyEonine
gamma-synthase (vCys) and Threnine Synthase (vThr) as ldeddn the
original work (Curienet al., 2003). This forms a two-dimensional param
ter scan, and therefore a three-dimensional table is the ratistah way of
structuring the results. Alternatives to this would be toyide a single table
where some of the columns would repeat the same value many times
SBRML schema provides an easy way to represent this data oapby Hy
indexing the results (fluxes) with each of the varying paramseas shown
in the SBRML fragment in Figure 11. The supplementary file exasygiml
gives the complete SBRML document.

While parameter scans change values of parameters in a regittemp
parameter sampling changes values of parameters using randuoibud
tions. This means that there is no regularity in those valuestherefore
they are not appropriate for indexing results in a data o fashion. For
parameter sampling it is most appropriate to represent theaddteples.

4 DISCUSSION

<operation id="op1" name="Parameter scan" ontologyTerm="
<method name="Newton method" ontologyTerm="..." />
<software name=" COPASI" version="COPASI 4.4 Build 26" URL="http://www.copasi.org/download"
<result>
<resultComponent id="component1">
<dimensionDescription>
<compositeDescription name="species" indexType="string">
<compositeDescription name="Initial Concentration" indexType="double">
<compositeDescription name="species" indexType="string">
<compositeDescription name="Initial Concentration" indexType="integer">
<compositeDescription name="reaction" indexType="string">
<atomicDescription name="flux" ontologyTerm="..." valueType="double" />
</compositeDescription>
</compositeDescription>
</compositeDescription>
</compositeDescription>
</compositeDescription>
</dimensionDescription>
<dimension>
<compositeValue indexValue="Cys">
<compositeValue indexValue="0.3">
<compositeValue indexValue="AdoMet">
<compositeValue indexValue="0">
<compositeValue indexValue="vCys">
<atomicValue>0.0136504</atomicValue>
</compositeValue>
<compositeValue indexValue="vThr">
<atomicValue>0.98635</atomicValue>
</compositeValue>
</compositeValue>

>

<compositeValue indexValue="100">
<compositeValue indexValue="vCys">
<atomicValue>0.010766</atomicValue>
</compositeValue>
<compositeValue indexValue="vThr">
<atomicValue>0.989234</atomicValue>
</compositeValue>
</compositeValue>
</compositeValue>
</compositeValue>
<compositeValue indexValue="3">... </compositeValue>
<compositeValue indexValue="300">... </compositeValue>
</compositeValue>
</dimension>
</resultComponent>
</result>
</operation>

Fig. 11. SBRML fragment showing how to encode results of complex
parameter scan opearation on model number 68 of the BioModshalse:.

e-
simulations), and ii) expressing experimental results in the context
of a model, mathematical or otherwise.

. Th We have used the COPASI simulator to create the simulation
results here, and since we are part of the development team of that
software, future versions will provide easy means to export results in
SBRML. But for this to be a successful exchange format in systems
biology, it is important that other simulators provide similar capabi-
lities, as well as other types of systems biology application including
data analysis workflows, databases, etc. On the other hand it is
also important that relevant applications be capable of reading (and
interpreting) SBRML.

Given that SBRML is too verbose for being readable by humans
(even very dedicated computational systems biologists), we fore-
see the need for user-friendly SBRML readers. Such applications

Itis often emphasized that one of the main characteristics of system=uld format the data from SBRML in tables or data hypercubes
biology is the combined use of experiments and models (Kitanopr provide graphical displays of the data. Network visualization

2002; Kell, 2006). Several standards already exist to expressiga

rio software like CellDesigner (Funahaséi al, 2003), CytoScape

aspects of systems biology in computational terms, such as FuGEhannoret al., 2003) or Ondex (Kohlegt al., 2006) would seem to
(Joneset al., 2007) for functional genomics data, the Systems Bio-be particularly appropriate for interpreting and displaying the con-
logy Markup Language (Huclket al., 2003 ) for network and kinetic  tents of SBRML files. Example 4 illustrates a type of SBRML file

models, or BioPAX (BioPAX working group, 2008) for pathways.

It that would benefit from being displayed in such applications. Data

is remarkable, however, that until now there have been no attemptnalysis software would also benefit from this format, such as app-
at creating a standard way of computationally linking data withlications for parameter estimation demonstrated with Example 3 (in
models. If systems biology is indeed to succeed as an integrativihis context, COPASI would also benefit from being able to read
wet and dry biology exercise there must be a standard way to crea®BRML for parameter estimation).

associations of data with models. We see two major uses for
i) expressing results of computational manipulations of models

this: As well as complementing SBML, SBRML can also be seen
(egto complement experimental data standards, such as FUGE (Jones
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et al, 2007) or MAGE-ML (Spellmaret al,, 2002). Experimental  Funahashi, A., Tanimura, N., Morohashi, M. and Kitano, H. (2003) Celtpest a
data standards essentially describe samples, the experimental ancprocess diagram editor for gene-regulatory and biochemical networks, Biosilico, 1,

B : 159-162.
analytical processes applied to _those samples, and the res_ults l(_?(];@r d. M.J., Swainston, N., Dobson, P., Dunn, W.B., Arga, K.Y. A,
those processes. As such, experimental data standards desevibe ho Blithgen, N., Borger, S., Costenoble, R., Heinemann, M., Hucka, M., béido

results are derived from an experimental process, whereas SBRML n., Li, P., Liebermeister, W., Mo, M.L., Oliveira, A.P., Petranovic, Dettifer, S.,
indicates how results have been derived from an SBML model by Simeonidis, E., Smallbone, K., Spasic, I., Weichart, D., Brent, R., Breau/D.S.,

inter-relating the model, the analytical process applied to the model, Westerhoff, H.V., Kirdar, B., Pentl, M., Klipp, E., Palsson, B.Sguer, U., Oliver,
and the results of the process S.G., Mendes, P., Nielsen, J. and Kell, D.B. (2008) A consensus yeast fietabo

i i network reconstruction obtained from a community approach to systems biology,
SBRML and SED-ML are also complementary. While the main  nat. Biotechnol., 26, 1155-1160.
purpose of SBRML is to encode the simulation results and/or expeHoops, S., Sahle, S., Lee, C., Pahle, J., Simus, N., Singhal, M., XMdndes, P. and

rimental data and all context in which it was obtained, SED-ML is  Kummer, U. (2006) COPASI: a COmplex PAthway Simulator, Bioinformat&

: e ; : 3067-3074.
used for a detailed description of the operations that generate smgg{ucka’ M., Finney, A., Sauro, H.M., Bolouri, H., Doyle, J.C., Kitaitb, Arkin, AP,

lation results. This means SED-ML could be used for a detaile Bornstein, B.J., Bray, D., Cornish-Bowden, A., Cuellar, A.A., Dror8y, Gilles,
description of the specific operations that led to the data in SBRML. E.p., Ginkel, M., Gor, V., Goryanin, II, Hedley, W.J., Hodgman, T.Bofmeyr,
One way to achieve this might be the inclusion of an SED-ML  J.H., Hunter, P.J., Juty, N.S., Kasberger, J.L., Kremling, A., Huem U., Le Noére,
container in an SBRML file in similar way to SBML container in ~ N-» Loew, L.M,, Lucio, D., Mendes, P., Minch, E., Mjolsness, E Bakayama, .,

" ” . . . Nelson, M.R., Nielsen, P.F., Sakurada, T., Schaff, J.C., Shapiro, Bhimiz,
model” element of SBRML. We will look into this approach and T.5., Spence, H.D., Stelling, J., Takahashi, K.. Tomita, M., Wagnend\Wang, J.

other pOSSibI? ways to combine SED-ML and SBR_ML inthe fl*ftl_“’a (2003) The systems biology markup language (SBML): a medium for representatio
Note that while SED-ML would be a perfect solution to describing  and exchange of biochemical network models, Bioinformatics, 19, 524-531.
computational operations, it does not provide any support for descrJones, A.R., Miller, M., Aebersold, R., Apweiler, R., Ball, C.A., Brazma, Degreef,

bing “wet” experiments and thus SBRML still needs a mechanism J- Hardy, N., Hermjakob, H., Hubbard, S.J., Hussey, P., lgra, M., Jenkin
f hi hich K heir i . ivial Julian, R.K., Jr., Laursen, K., Oliver, S.G., Paton, N.W., Sansor®, Sarkans,
or this purpose, which makes their integration not trivial. U., Stoeckert, C.J., Jr. Taylor, C.F. Whetzel, P.L., White, J.AcliSgn, P.

It is our conviction that SBRML fills a current need in Systems  and Pizarro, A. (2007) The Functional Genomics Experiment model (FUGE): an
biology. We hope that this document and the SBRML specification extensible framework for standards in functional genomics, Nat. Biotect2fl.,
stimulate discussion and implementations of this standard among 1127-1133. , , _ -
the systems biology community. eII,. D.B. (2006) Systems biology, mgtabohc modelling and metabalsrin drug

discovery and development, Drug Discov. Today, 11, 1085-1092.
Kitano, H. (2002) Systems biology: a brief overview, Science, 295, 16&2-1
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