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6. Conclusion and Outlook

6.1 Conclusion

This thesis shows that fusing prior knowledge with microbial metabolomics is a
useful approach. The benefit/advantage of this approach was displayed for vari-
ous aspects of a microbial metabolomics study. First the use of prior knowledge
in the generation of data for studying metabolism has been exemplified by using
the genome-scale network of Lactococcus lactis MG1363 to generate flux distribu-
tions for multiple in silico environmental conditions, mimicking laboratory growth
conditions. This is beneficial, because microbial metabolomics data for answering
a specific biological question is not always available or can be too expensive to gen-
erate. Next the advantage of using prior knowledge in preprocessing of data prior
to data analysis was clearly demonstrated by a new scaling method, which uses
the measurement error of metabolites as prior. Application of this scaling method
adjusts the processed measurement data by partly filtering of noise subsequently
allowing use of other scaling and commonly applied data analysis methods, which
would otherwise not be advisable. The advantage of applying prior knowledge in
data analysis was shown for two methods. The first method used the experimen-
tal design of the E. coli fermentations used in the microbial metabolomics study as
prior and in the second method the expected smoothness of underlying dynamic
profiles was used. The first method displayed less overfit and both methods showed
improved model estimation with application of prior knowledge. The better model
estimation of the second method was successfully applied for estimation of missing
values in the data.

6.2 Outlook

Although the benefit of fusing prior knowledge into data analysis of a microbial
metabolomics study was shown for two methods, both using prior knowledge with
respect to the samples in the used data sets, the big remaining challenge is fu-
sion of biological knowledge into data analysis and other aspects of a microbial
metabolomics study. This means that instead of using knowledge about the sam-
ples in the data set, knowledge about the variables (metabolites) needs to be fused
into data analysis and other aspects of the study. As mentioned in the general intro-
duction (Chapter 1) development of methodology guided by biological knowledge
to facilitate data analysis has only recently been engaged. This suggests that plenty
opportunities still remain to be explored. Data analysis consist of much more than
just the analysis of the data, also interpretation and validation of analysis results
are part of it. In the following some potential recent developments and suggestions
will be discussed with respect to the use of biological knowledge in data analysis.

In a recent paper methods were explored to focus data analysis to specific ar-
eas of interest within the metabolome [147]. The selected methods explored the
relation between selected metabolites (e.g. biochemically related metabolites or
metabolites for a specific pathway) and the remainder of the metabolome data set.
One method focussed on searching for major trends in the behaviour of metabolite
concentrations that are in common for the metabolites of interest and the remainder
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6.2. Outlook

of the metabolome. Whereas the other method identified the strongest correlations
between the metabolites of interest and the remainder of the metabolome. The se-
lected methods proved to be complementary data analysis tools that both can focus
the data analysis on areas in the data that are of specific interest and enhance the
biological interpretability. It could, however, also be desirable not just to focus the
exploration of data on a specific area of interest but to be able to direct data analysis
by putting either more or less emphasis on a particular metabolic pathway. If for ex-
ample beforehand is known that a certain pathway predominates in the generated
data the ability to put less emphasis on that pathway might reveal interesting in-
formation that otherwise would be overwhelmed. Sometimes multiple hypotheses
exist with respect to biological knowledge, for example two alternative metabolic
pathways. In this case it would be interesting to be able to test which of both pro-
posed models fits best to the data. On the other hand it could be used to confirm
(validate) the biological knowledge given the measured data. The made sugges-
tions require introduction of metabolic pathways into data analysis methods. This,
however, touches upon the main question of how to encode the information [11].
An additional difficulty with respect to the encoding problem is the fact that biolog-
ical knowledge has a broad range from only qualitative information to quantitative
information e.g. detailed kinetic models.

Interpretation of analysis results is a complicated task due to the large amount
of metabolites measured in a microbial metabolomics study. The use of a target
analysis approach in a microbial metabolomics study can simplify the interpreta-
tion, but only reveals information about the selected metabolites. In a microbial
metabolomics study the goal is to gain new insights into the metabolism of the mi-
crobe studied, therefore as many metabolites as possible are being measured. Apart
from metabolites that are related to the research question many other metabolites
are measured that are unrelated to the question. Combining data analysis with a
genome-scale metabolic model of the micro-organism could aid the interpretation
of analysis results. It could link the analysis results to certain pathways or exclude
pathways thought to be involved, thereby generating new insights.

Prior to interpretation of analysis results validation of those results is also very
important. During validation the analysis results are evaluated to determine whether
or not they are caused by chance. This is often done by permuting the samples in
the data set many times, reanalyzing the permuted data sets and evaluate whether
the obtained original result differs significantly from the results of the permuted
data sets. This is, however, a statistical approach, which states nothing about bio-
logical validity of the obtained results. Recently two frameworks named Metabolic
Set Enrichment Analysis (MSEA) [148] and Metabolic Pathway Enrichment Analy-
sis [149] have been introduced that allow for inference of biologically meaningful
patterns, functions and pathways from metabolomic data. Within this framework
it is possible to evaluate whether a found set of metabolites is represented more
than expected by chance within a given compound list. The framework is currently
available for human and mammalian metabolite data, it would be very interesting
to explore possibilities to extent it to microbial metabolomics data.
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