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Abstract: A major challenge for lipidomic analyses is the handling of the large amounts of data
and the translation of results to interpret the involvement of lipids in biological systems.
We built a new lipid ontology (LION) that associates over 50,000 lipid species to
biophysical, chemical and cell biological features. By making use of enrichment
algorithms, we used LION to develop a web-based interface (LION/web,
www.lipidontology.com) that allows identification of lipid-associated terms in lipidomes.
LION/web was validated by analyzing a lipidomic dataset derived from well-
characterized sub-cellular fractions of RAW 264.7 macrophages. Comparison of
isolated plasma membranes with the microsomal fraction showed a significant
enrichment of relevant LION-terms including ‘plasma membrane’, ‘headgroup with
negative charge, ‘glycerophosphoserines’, ‘above average bilayer thickness’, and
‘below average lateral diffusion’. A second validation was performed by analyzing the
membrane fluidity of CHO cells incubated with arachidonic acid. An increase in
membrane fluidity was observed both experimentally by using pyrene decanoic acid
and by using LION/web, showing significant enrichment of terms associated with high
membrane fluidity ('above average’, 'very high’ and 'high lateral diffusion’, and 'below
average transition temperature’). The results demonstrate the functionality of
LION/web, which is freely accessible in a platform-independent way.
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Ruth Welti (Reviewer 1)

LION provides useful information helping users associate lipidomics data on
membrane lipid species from mammalian systems with the chemical and physical
properties of those systems. Overall this is an ambitious undertaking that is likely to
provide insights on lipid properties, particularly to users that are not familiar with
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chemical or physical properties of membrane lipids. Overall, the tool seems useful and
the paper is well-written, but a few points could be explained in more detail.

We appreciate the positive and constructive comments of the reviewer.

#1. It should be mentioned, and perhaps the authors could include an explanatory note
at the site, noting that actual physical properties of membranes (such as fluidity)
depend on factors in addition to the typically measured lipids, including sterols and
protein type and content.

We incorporated a statement about this aspect at three different locations: i) in the
web-tool (on the ‘?’ sign, beneath the results output); ii) in a new F.A.Q. that is now
available via the website; and iii) in the Discussion (line 200-204).

#2. It might be useful to point out specifically that the samples chosen to "calibrate" the
lipid categorization are all from mammalian cells and thus the ability to accurately
interpret lipidomics data from other types of systems is not clear. Perhaps this is
because it is not clear to the reviewer precisely how the categorized lipids (page 4,
lines 69-74) were used in the analysis. Since many mammalian tissues (e.g. brain,
heart) have more extreme compositions, will this be a problem for analysis?

Indeed, we made use of mammalian lipidomics datasets as reference to define the
groups of three biophysical properties. To emphasize this, we included a comment on
LION’s focus on mammalian lipidomes in the Discussion (line 193-197). This will,
however, not compromise the results in specific examples as mentioned by the
reviewer as the principle of LION/Web is based on sample comparison (Fig.1, sample
A and B). A comparison between tissues with more extreme compositions (e.g. brain
and liver) is likely to result in enriched terms related to very low Tm’s or very high
lateral diffusions, and in different lipid classes/species, results that reflect the
respective lipidomes. Comparison between samples from the same tissue ( e.g. wt
brain vs. geneX-/- brain) will often yield more subtle differences, depending on the
knockout. However, LION/Web will report any significant difference, e.g. if geneX
affects lipid composition. The statistical power of the significance can be further
increased by increasing the number of replicates (n).

#3. The ranking approach appears to be a pairwise comparison. I.e., even when
multiple samples are present, comparison is to one (control) sample. This is analogous
to a typical transcriptomic approach but, given that it's actually easier to collect
lipidomic data than transcriptomic data on hundreds of samples/conditions, having to
analyze the data pairwise might be a bit burdensome. Maybe you could discuss the
choice of approach in the paper or clarify if the reviewer's understanding is incorrect.

We thank the reviewer for this comment. We have extended the web-tool with more
options to calculate local statistics (values that are used to rank lipids). One of these
options is the use of p-values derived from one-way ANOVA F-tests. This statistic
analysis allows comparison of multiple conditions and can be used to rank the most
fluctuating lipid species in datasets. Subsequent enrichment analysis will result in
LION-terms summarizing these lipids.
A second option that we included to characterize lipidomic datasets with more than 2
conditions, is the use of hierarchical clustering in combination with the target-list mode.
A new figure (Figure 2B) illustrates this approach using the same public dataset that
we used in the initial version of the manuscript. Enrichment analysis of the lipids in the
clusters, in combination with a visual presentation of the clusters in relation to the
conditions, further aids in characterization of the full dataset.

#4. An example showing the output from the target mode would be helpful to the
reader.

We agree with the reviewer that the manuscript would benefit from an example of the
target mode. As mentioned above (#3) we now include a new figure (Figure 2B) that
shows a clustered heat map of the RAW 264.7 macrophages dataset. Each cluster is
characterized by assessing LION-term enrichment of the lipids within each cluster, as
compared to all the lipids in the experiment.
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Aleksander Andreyev (Reviewer 2)

This technical note describes a LIpid-related ONtology database (LION) and
accompanying enrichment analysis tool with potentially high value for lipidomics
research. According to the authors they aim to "bridge<> the gap between lipidomics
and cell biology" (p.7, l.138). A mere attempt at this herculean task is highly
commendable. This entails, however, that the narration should be comprehensible for
a non-expert user, presumably a cell biologist with little understanding of bioinformatics
(which would be also in line with the GigaScience editorial guidelines). Unfortunately,
the manuscript is plagued with multiple issues that make it very hard to understand the
utility and intended use of the tools and nearly impossible to evaluate their validity.
From the way manuscript is written, it feels as if it is intended more for bioinformatics
audience which almost defeats the purpose. It is also somewhat disorganized with the
logical flow being interrupted by off-hand remarks and description of one topic spread
over different parts of the manuscript, sometimes repetitively. In a few cases, the text is
burdened with statements of the obvious (e.g., "lipid structure is closely related to lipid
function", "allows identification of lipid-associated terms in lipidomes"). There are
multiple typos, grammar errors and misused words or terms that make a mere reading
of the article a torture. One step to address this issues might be including subsections
under the Findings section, another - careful reassessment of what material represents
technical side and belongs to Methods and what should be in the Findings (my feeling
is that a good portion of the LION description, currently under Methods, actually
belongs to the Findings, right after the background information). The same goes to
figure legends - I think currently they are overloaded with information that belongs in
the Methods. The manuscript suffers from frequent use of vague statements. Instead of
describing WHAT was done the authors simply state the means for doing it: "we used"
this or that, "we made use of" this or that, such and such "was used", etc. Instead of
explaining HOW something was done a bare statement "based on" is often made.
References are missing (e.g., "as described in the literature", p.4, l.53, "was reported",
p.5, l.99). The tally of connections between membrane biophysics and cell biology (p.3,
l.35-43) looks random and lacking completeness. Besides, it seems somewhat
misplaced.  Authors use what appears to be in-house or jargon terms, such as "by
target list", "by ranking" for the modes of the enrichment analysis, "local" statistics, etc.
Use of such terms should be avoided. For such important terms as the modes of
analysis the names should be related to their function and, ideally, self- explanatory
(or, at least, thoroughly explained). All these issues pertaining to the quality of the
narration should be addressed before the substance of the work can be properly
evaluated.

We thank reviewer #2 for his thorough review report and would like to apologize for the
typos and grammar errors in the manuscript that made ‘reading of the article a torture’.
As suggested, the Findings section is now subdivided into subsections with headings.
We also include a separate Discussion section to avoid the ‘interruption by off-hand
remarks’.

Indeed, LION/web is intended to be useful for non-experts in bioinformatics. We
recognize that some concepts used in the manuscript might be difficult to grasp with
limited bioinformatics experience. Nevertheless, some basic understanding of data-
analysis must be expected from users that obtained omics-data (which is obviously a
prerequisite to use LION/web). In the updated version, we have provided more
explanation and illustrate some of the concepts with examples in the following ways:
i) throughout the manuscript, we added additional information.
ii) we added a point-by-point frequently asked question (F.A.Q.) section in the web-tool,
that can be accessed via the main menu of the website.
iii) we added ‘tooltips’ in the LION/Web application. Tooltips are pieces of information
or instructions that appear when users hover the mouse cursor over an item - without
clicking on it. This allows for specific instructions for specific steps.
Upon the reviewer’s request, we have considered several alternative names for the

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



enrichment modes (ranking and target-list mode). However, we found the initial names
to be the clearest, as it describes the difference between the modes the best. The use
of a target-list (usually referred to as gene list, ID list, etc.) is also common practise in
gene ontology enrichment procedures (DAVID, Panther, GOrilla). Users who have
experience in this field will recognize the concept ‘target-list’. To improve the
understanding of these terms/modes, we included more details about both modes in
the Methods section. In addition, we added a new figure (Figure 2A+B) to illustrate the
target-list mode.

With respect to the comment “The tally of connections between membrane biophysics
and cell biology (p.3, l.35-43) looks random and lacking completeness” we note that
the listing of biophysical properties related to membrane biology in the background
section was not intended to be complete, but to provide a few intuitive examples. To
clarify this, we put these examples in parentheses and ‘e.g.’.

Concerning missing references: Details about references per data source is now
available via Supplemental Data 1. The statement ‘was reported’ (page-5/line-99 of
initial manuscript) refers to LION-terms that were reported by the web-tool.

However, even in the present state the manuscript allows to point out the following
weaknesses/areas for improvement:

#1. The LION should be completely verbally described (beyond the present reference
to the .obo file). This should include a list of categorical ontology terms and rules of
association between them. For the ones that are not obvious, a justification should be
provided. As it stands now, the terms in question are hidden inside 1275-page long
Excel file among about 50,000 terms representing individual lipids. Some of them
relate to conventional structural elements of lipids, others are less obvious. For
example, "fatty acid with 16-18 carbons" - is there any scientific meaning in this term?
What is so special about this particular chain length? What exactly are the extra levels
of classification between lipid classes and species? - they are mentioned but not
described.

Upon the reviewer’s request, we describe LION in a better structured way by inclusion
of two additional tables:
(1) Supplemental Data 1; describing all LION-terms (excluding lipid species), with
detailed information about hierarchy, classification and references.
(2) Supplemental Data 2;  describing all lipid species present in LION.

Concerning the scientific meaning of terms: one of the guiding principles of LION was
to be able to construct defined subsets of lipids (‘terms’). LION/web then aids to report
the most interesting subsets. Some of these subsets might be of interest, others might
not. Scientific meaning should be evaluated by the scientist. For example, "fatty acid
with 16-18 carbons" might indeed sound trivial at the first sight. Nevertheless, its
enrichment could hint towards testable biological hypotheses.

#2. The enrichment tool is the crux of the article, the thing the authors are trying to
"sell". However, there is no description of what it does and how it can be used. I flatter
myself to be a qualified used but I could not make a head or tail of what the so called
"by target list" mode does. If my "target list" includes unsaturated lipids I'll get
enrichment in "double bonds", "below average transition temperature", etc. That much
is obvious without running the tool. What else? What are the scenarios when I need to
use it? Why do I need two lipidomic data sets for this? What does "derived from
thresholding or clustering" mean?

We recognize that in the initial version of the manuscript, the use of the ‘target-list
mode’ was not illustrated. We added an extra figure (figure 2) that demonstrates the
use of both modes using the RAW 264.7 macrophages dataset (figure 2A+B for the
target-list, figure 2C for the ranking mode). Figure 2C was a supplemental figure in the
original manuscript.

The second mode, apart from the name (why "by ranking"? isn't this purely technical
approach to facilitate stat analysis?), is less problematic. However, the option to limit
analysis to a specific set of terms ("terms of interest") should be mentioned upfront.
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Then, the questions arise in what scenarios this would be advantageous? Would this
create a bias in the analysis or not, both with regard to outcome and its stat
significance?

We now describe the selection of specific sets at an earlier stage.

#3. The claim of the scope is overreaching. The "function" category, most interesting
for cell biology researchers, appears to be extremely frugal, limited just to the crudest
distinction between structural, signaling and storage functions. If this perception is
correct, the LION would be of limited value for cell biology. The "chemical" properties
appear to be a misnomer with chemical information limited purely to structural
elements with no regard to reactivity, biochemical synthetic pathways, etc. I would say
that, according to this Technical Note, the LION is the ontology linking lipidomics data
to biophysical properties of corresponding membranes. The testing of the ontology was
performed in a set of assays pertaining to membrane biophysics.

We found a single occurrence of ‘cell biology’ (‘...web-tool bridges the gap between
lipidomics and cell biology...’) in the initial manuscript. This claim is now phrased with
greater caution by ‘... future expansions of the LION database..., LION/web will be
increasingly successful to bridge the gap between lipidomics and cell biology.’ (line
216-218). However, we believe that besides ‘function’, also ‘cellular component’ and
the biophysical properties are of interest for scientists studying cell biology. In addition,
we will maintain the LION database and update it when new lipid data and functions of
individual lipid species or classes become available (see also our reply to the comment
of the expert editorial board member).

#4. It would be advantageous to sync terminology with other ontologies whenever
possible, for example, use the GO term "cellular component" instead of "cellular
localization", etc. "Lipid component" is a very dubious term for a structural lipid.

As suggested, we replaced the LION-term name "cellular localization" by "cellular
component". "Lipid component" was a typo in the manuscript, and not the name of a
term in LION. We apologise for this mistake.

#5. The biophysical properties of the vast majority of lipids were inferred from a limited
set of literature data. It is therefore of utmost importance to thoroughly describe the
approach used. What kind of data the sources provided? Where they for individual
lipids or mixes, measured or calculated? How many entries? The equations for the
multiple linear (sic!) regression analysis should be shown. The resulting coefficients
could be of value by itself - why not publish them here?

We thank the reviewer for noticing the missing word ‘linear’. We replaced multiple
occurrences of ‘multiple regression analysis’ by ‘multiple linear regression analysis’.
As mentioned earlier, we now include a supplemental table with data sources per
LION-term. The raw numeric values (per lipid) of the biophysical properties derived
from these sources were already provided together with the original manuscript in
‘scripts’ folder. It is our understanding that this folder is available to the reviewers (and
to the public after publication).

We appreciate the suggestion to report the coefficients of the models. To this end, we
now include an Excel spreadsheet containing the coefficients of the models, together
with input cells to predict (numerical) values of the biophysical properties (Suppl. Data
8).

#6. The lipids appear to be divided into "quintiles" using a hard-to-describe (and almost
lacking description in the manuscript) procedure based initially on a number of lipids in
each group rather than the value of a biophysical parameter. What is the rationale for
this? Does transition temperature of a lipid membrane care how many other
membranes share the same value? I think the categorization should be based upon
the magnitudes of biophysical properties alone. By the way, how many groups are
actually there? The text says 5 but Fig. 2 shows 7… Also, Fig. 2 shows FDR q-values
which are not mentioned in either legend or the main text.
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We categorized ‘transition temperature’ into 5 groups: very low, low, etc. These
descriptions are not defined and intrinsically subjective: whether a membrane has a
low Tm depends on the context. To provide this context, we selected four lipidomics
studies to serve as reference. Lipids from these reference lipidomes were ranked
based in the predicted numeric values of the biophysical property. Then, the first 20%
(first quintile) was defined as ‘very low’, the second 20% (second quintile) as ‘low’, etc.
The limits of these quintiles were then used to classify all lipids present in LION. We
believe that this approach defines the group limits with more physiological relevance.
The alternative approach, based on magnitudes of biophysical properties alone (as
suggested by the reviewer) is more likely to yield a quintile ‘average’ for a group of
non-physiological lipids.

The confusing of 5 groups vs. the 7 groups in figure 2 (now figure 3) is related to
hierarchy. The groups ‘very low ...’ and ‘low ...’ are linked to a parental group called
‘below average ...’. The same goes for ‘high ...’ and ‘very high ...’, they are linked to
‘above average ...’. We updated the figure by adding a graphical representation of this
hierarchy to the figure (new figure 3D). The hierarchy of LION-terms is also depicted in
supplemental Data S1.

We now include a reference to ‘q-values’ in the figure legends.

#7. It is not absolutely clear from the manuscript but appears that the enrichment tool
relies on the significance of the changes (p-value), as opposed to magnitude, to
evaluate enrichment. Is this true? Is it possible that highly significant changes in low
abundance lipids would dominate the outcome list without having much effect on the
properties of membrane?

All enrichment analyses in the initial version of the manuscript used the ranking-mode
with one-tailed t-test p-values to rank the lipids. Other statistical methods could be
considered, but every choice has its pros and its cons. Magnitude (fold-change of
condition B over condition A) has the undesirable property to overestimate effects
when lipid concentrations are close to noise levels: it does not take sample variance
into account. In contrast, p-values are more robust, but might be less intuitive to users
without strong background in statistics. Using p-values, it is potentially possible that
‘highly significant changes in low abundance lipids could dominate the outcome list’.
However, most low abundant lipids usually display higher variance due to lower
signal/noise levels. As a result, they usually do not generate extreme low p-values.

To provide more flexibility for users and to make the choice of a local statistic explicit,
we now offer three local statistics (one-tailed t-test p-values, 2log fold-change, F-test p-
values) in the updated version of the web-tool. The statistical method must be selected
each time an analysis in the ranking mode is initiated.

#8. More detail should be provided on the statistics, for example, how the distribution
curve was generated for K-S analysis, what were the input parameters for the Fisher
exact test, etc.

We added more information in the Methods section.

#9. Methods for PDA assay and LC-MS should be brought to compliance with editorial
guidelines to allow duplicate these studies. Missing are parameters such as cell
number, concentration of the dye, shape of LC gradient, LC system used, MS/MS
settings, to name a few. The full name of the Fusion mass spec should be provided
because there are several different models. The text is not clear on the sequence of
events: it sounds as if analyte ions fly from orbitrap to linear ion trap for detection - is
this even possible?

We added details about the PDA in the manuscript.

The methods for LC-MS have now been described in greater detail to facilitate easy
replication of experiments. Parallelization of MS1 and MS2 experiments has been
clarified to avoid confusion. Current versions of the MS instrument are branded as
‘Fusion Lumos’ or ‘Fusion IDX’. However, the original ‘Orbitrap Fusion’ mass
spectrometer (serial number FSN10438) was branded under that name and this is the
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model used in our studies. Therefore, we cannot specify the type of instrument more
accurately than we currently do.

#10. With regard to membrane fluidity data, although they show the desired differences
they could be made much more convincing with appropriate controls subtracting
intrinsic fluorescence of the cells.

The membrane fluidity data presented in the manuscript were subtracted from
background fluorescence (blanks were samples with cells but without PDA dye). To
make this clear, we updated the Methods section with this information.

#11. Annotating lipids with the "most abundant fatty acid composition" is misleading - if
isobaric species are not resolved the overall composition (total carbons, total double
bonds) should be shown as primary annotation (possibly followed by the most
abundant isomer).

We now include the overall composition as primary annotation, together with a second
column containing the most abundant isomer (Data S4). MS/MS analysis allows
identification of the most abundant isomer (e.g. PC with a C18:1 and a C18:0 fatty
acid) without assignment of the sn1/sn2 position of the respective fatty acids. It is
important for experiments such as described in figure 3A to use identifiers containing
individual fatty acids. LION-terms related to fatty acids cannot be associated to a
dataset that lacks this information. To avoid confusion, we have renamed the lipid
species from e.g. PC(18:1/18:0) to PC(18:1_18:0) to indicate the fatty acid composition
of lipid species without sn1/sn2 assignment.

Expert editorial board comments on usability:

The following comments are thus from the perspective of a potential user.

Can the authors specify the source of the 50,000 lipid species included into the
analyses? To my knowledge the lipidmaps database reports around 42,000 entries
only.

We used the lipid classification system (hierarchy) in accordance with LIPIDMAPS. The
individual lipid species in LION were constructed by combining lipid classes with
abundant fatty acids. LIPIDMAPS is probably somewhat more stringent about the
inclusion of lipid species in their database as they intend to provide additional
information for individual species. We added a few lines (231-236)
about the construction of individual lipid species in LION to the Methods section.

The number of lipid species linked to experimental or in silico data is more than two
orders of magnitudes lower that the indicated number of 50,000 and mainly refers to
membrane lipids. Are all of these 50,000 species associated with one or more than one
feature? Can the authors comment how many of these 50,000 lipids are associated
with features going beyond chemical properties? What kind of cell biological features
were used and which of these features where linked to which lipid species? In order to
understand and validate the assignments as more detailed description would be
helpful.

Many lipids have a number of associations, whereas some lipids only have a few. As a
consequence of the hierarchical structure of LION, lipids with only one association will
not occur: lipids are (indirectly) associated with the neighbour’s neighbour. To make
this information more accessible for users, we improved the enrichment-report , which
can be obtained by the button ‘download report’. It now contains three files: a CSV-file
with the enrichment information, a CSV-file containing all the LION-terms associated
with the lipids in the dataset, and vice versa, a CSV-file containing all lipids of the
dataset with associated LION-terms. With this information, users are better equipped to
understand the underlying data structures and improve interpretation of obtained
results.

Can the authors comment on why they integrated coarse-grain but not (in addition)
atomistic MD data?
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To our knowledge, there is no comprehensive lipid dataset available that has been
obtained by atomistic molecular dynamics simulations. More importantly, the
biophysical properties are categorized into distinct groups (very low, low, average,
etc.). Given this categorization in groups, we suspect that the increased resolution of
atomistic MD will be of no or very limited added value.

Can the authors specify which data of the two papers in particular was included into
building the application?

We now provide a detailed supplemental table (Data S1) containing references per
LION-term. Moreover, the source data and code are available via the script folder.

The fact that the application in its current form is restricted to glycerol-based lipids and
fatty acids should be indicated in the abstract and in the discussion of the dataset.

We agree that the current LION database is not a complete end product. However, it is
not true that LION only contains (associations to) glycerol-based lipids and fatty acids.
The database includes many more: sphingolipids (sphingomyelins, ceramides,
glycosphingolipids), cholesterol derivatives and retinoids. As comprehensive
biophysical data about these classes is hardly available or too complex in the case of
cholesterol, not all these classes are associated with biophysical properties. The
biophysical properties obtained by MD are limited to glycerol-based lipids. The
transition temperatures are also associated with sphingomyelins. Cellular component,
intrinsic curvature, headgroup charge are associated with many lipid classes.
Limitations of LION/web are included in the Discussion section.

For this first version of LION the authors included only information from two
publications. There is an increasing amount of data available going beyond this
information. Can the authors comment on how they plan to allow for integration of
additional information? Will users be able to do so in a ‘customized’ fashion?

We recognize the importance to involve users in the improvement of LION and
LION/web. To this end, we added several features to the web-tool.
(i) We include an option (not selected by default for privacy reasons) that -when
selected-  informs us when lipids could not be matched to LION. This helps us to keep
track of lipid identifiers that are often used, but not present in LION.
(ii) We include a contact form on the website to lower the threshold to contact us for
questions, requests, suggestions or feedback.
Web-tool improvement will not stop after publication. Currently, we are working on
features to build heat maps and principle component analyses within the web-tool.
When new sources containing useful data become available, this will be added this to
the database.

The power of application depends on the number of features associated with each lipid
species. Can the authors comment on how they plan to advance the data base, e.g.,
by including the community? Will the application be hosted and if so, what is the
perspective?

The full ontology, R-packages to perform enrichment analysis and R-code for the web-
tool is publicly available. This is sufficient for experienced users to build customized
versions of LION or the web-tool. We understand, however, that this will be challenging
for inexperienced users. In the future, we plan to build a dedicated LION R-package
with detailed instructions and guidelines to augment the ontology by individual users.
An R-package provides more flexibility than a web-tool and the use of user-customized
ontology versions will be easier to support.

The web-tool is currently hosted by Shinyapps.io. It will be hosted elsewhere in case
this service discontinuous its operation. The domain name lipidontology.com is owned
by the department and the web-tool LION/web will remain accessible via
lipidontology.com.

Additional Information:

Question Response
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Are you submitting this manuscript to a
special series or article collection?

No

Experimental design and statistics

Full details of the experimental design and
statistical methods used should be given
in the Methods section, as detailed in our
Minimum Standards Reporting Checklist.
Information essential to interpreting the
data presented should be made available
in the figure legends.

Have you included all the information
requested in your manuscript?

Yes

Resources

A description of all resources used,
including antibodies, cell lines, animals
and software tools, with enough
information to allow them to be uniquely
identified, should be included in the
Methods section. Authors are strongly
encouraged to cite Research Resource
Identifiers (RRIDs) for antibodies, model
organisms and tools, where possible.

Have you included the information
requested as detailed in our Minimum
Standards Reporting Checklist?

Yes

Availability of data and materials

All datasets and code on which the
conclusions of the paper rely must be
either included in your submission or
deposited in publicly available repositories
(where available and ethically
appropriate), referencing such data using
a unique identifier in the references and in
the “Availability of Data and Materials”
section of your manuscript.

Have you have met the above
requirement as detailed in our Minimum

Yes
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ABSTRACT 1 

A major challenge for lipidomic analyses is the handling of the large amounts of data 2 

and the translation of results to interpret the involvement of lipids in biological systems. 3 

We built a new lipid ontology (LION) that associates over 50,000 lipid species to 4 

biophysical, chemical and cell biological features. By making use of enrichment 5 

algorithms, we used LION to develop a web-based interface (LION/web, 6 

www.lipidontology.com) that allows identification of lipid-associated terms in lipidomes. 7 

LION/web was validated by analyzing a lipidomic dataset derived from well-8 

characterized sub-cellular fractions of RAW 264.7 macrophages. Comparison of isolated 9 

plasma membranes with the microsomal fraction showed a significant enrichment of 10 

relevant LION-terms including ‘plasma membrane’, ‘headgroup with negative charge, 11 

‘glycerophosphoserines’, ‘above average bilayer thickness’, and ‘below average lateral 12 

diffusion’. A second validation was performed by analyzing the membrane fluidity of 13 

CHO cells incubated with arachidonic acid. An increase in membrane fluidity was 14 

observed both experimentally by using pyrene decanoic acid and by using LION/web, 15 

showing significant enrichment of terms associated with high membrane fluidity ('above 16 

average’, 'very high’ and 'high lateral diffusion’, and 'below average transition 17 

temperature’). The results demonstrate the functionality of LION/web, which is freely 18 

accessible in a platform-independent way.  19 

 20 

KEYWORDS 21 

lipidomics; lipids; membrane biology; lipid ontology; LION; LION-term enrichment analysis; 22 

membrane biology; web-tool; data analysis; LION/web 23 

  24 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://www.lipidontology.com/


3 

 

BACKGROUND 25 

The comprehensive study of lipids, also termed lipidomics, is gaining momentum. 26 

Instrumentation is becoming increasingly more sensitive, precise and fast, and the use of 27 

lipidomics to address key questions in membrane biology has become widespread. As a result, 28 

datasets are rapidly increasing both in terms of size and complexity. Due to a lack of methods 29 

to perform global and in-depth data mining, lipidomic research tends to focus on individual 30 

lipid classes or lipid species. A common approach in other ‘omics’ disciplines to reduce 31 

complexity is the use of ontologies e.g., Gene Ontology [1], Chemical Entities of Biological 32 

Interest ontology [2], combined with statistical tools to determine terms of interest. Although 33 

lipid structure is closely related to lipid function, it is currently impossible to associate 34 

properties of individual lipids with complex lipid mixtures of cellular lipidomes. Examples of 35 

biophysical properties that play an important role in membrane biology are numerous and 36 

include membrane thickness (e.g., as driving force in the sub-cellular localization of proteins 37 

[3]), membrane fluidity (e.g., regulating bacterial survival [4], membrane heterogeneity in 38 

cellular signaling [5]), intrinsic curvature (e.g., of lipids as key player in lipid droplet 39 

biogenesis [6,7] or COPI coat disassembly [8] ), and net charge (e.g., of membranes as a 40 

determinant in lipid-protein interactions [9]). Here, we aim to provide a lipid ontology 41 

database and complementary enrichment analysis tool that (i) contains chemical and 42 

biophysical information of lipid species, (ii) is platform independent and compatible with 43 

routine mass spectrometry-based lipid analysis, (iii) can be used by researchers without 44 

computer programming skills, and (iv) is freely available to the scientific community.  45 

 46 
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FINDINGS 48 

Basic structure of LION 49 

We constructed an ontology database called LION (File S1) that links over 50,000 lipid 50 

species with four major branches: ‘lipid classification’ (the LIPIDMAPS classification 51 

hierarchy [10]), ‘chemical and physical properties’ (fatty acid length and unsaturation, 52 

headgroup charge, intrinsic curvature, membrane fluidity, bilayer thickness), ‘function’, and 53 

‘subcellular component’ (predominant subcellular localisation). The resulting database 54 

contains more than 250,000 connections (‘edges’), providing a detailed system for in-depth 55 

annotation of lipids. An example of all LION-terms associated with a single 56 

phosphatidylserine (PS) lipid species, PS(34:2), is depicted in Figure S1. We describe the 57 

construction of LION in more detail in the Methods section. All LION-terms, classification 58 

rules and references are described in Data S1, all lipids currently supported by LION are 59 

described in Data S2. 60 

 61 

Addition of biophysical properties to LION  62 

An important feature of LION is the association of lipid species with biophysical properties. 63 

We made use of experimental data (from five phospholipid classes and sphingomyelin) [11] 64 

and data (from five phospholipid classes) obtained by coarse-grain molecular dynamics 65 

simulation (CG-MD) [12], each providing distinct biophysical properties . These data were 66 

used to estimate the biophysical properties of all related lipids in the LION-database by 67 

multiple linear regression analysis. 68 

The regression models were validated in two ways. First, we performed leave-one-out cross-69 

validations (LOOCV) of all three models (Fig. S2 A-C), showing satisfactory agreement 70 

between determined and predicted values. Second, we compared two properties closely 71 

associated with membrane fluidity: ‘transition temperature’ (from experimental datasets) and 72 

‘lateral diffusion’ (from the CG-MD datasets) (Fig. S2 D). As expected, lipids with low 73 
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transition temperatures were predicted to have high lateral diffusion values at a defined 74 

simulation temperature and vice versa.  75 

Subsequently, all numerical datapoints for each biophysical property were categorized into 76 

five pre-defined groups (‘very low’, ‘low’, ‘average’, ‘high’, ‘very high’). We aimed to find 77 

group definitions with physiological relevance. Therefore, limits of each group were 78 

calculated on the basis of four mammalian lipidomics publications that served as a reference 79 

[13-16]. Using these group definitions, numerical values of all applicable lipid species present 80 

in LION were classified and connected to their respective LION-term (Fig. S2 E).  81 

 82 

LION enrichment analysis and web-tool LION/web 83 

Next, we used LION as a basis to build an ontology enrichment tool that facilitates reduction 84 

of lipidome complexities in an unbiased manner. To this end, we made use of an adapted 85 

version of ‘topGO’, an R-package designed for enrichment analysis of GO-terms [17]. 86 

Subsequently, we designed a web-tool with R-package Shiny (‘LION/web’, 87 

www.lipidontology.com) that offers an intuitive user-interface and supports two major 88 

workflows (Fig. 1): enrichment analysis of a subset of lipids of interest (‘target-list mode’) 89 

and enrichment analysis performed on a complete and ranked list of lipids (‘ranking mode’, 90 

referred to as ‘SAFE’ and described in the context of genes [18]). A detailed step-by-step 91 

description of LION/web’s workflow can be found in Note S1. 92 

Analogous to Gene Ontology enrichment approaches [1], which facilitate pre-selection of 93 

ontology sub-domains or subsets of GO-terms (‘GO-slims’), LION/web offers the option to 94 

limit analysis to specific LION-terms of interest. Furthermore, the web-tool allows removal of 95 

the most generic LION-term (the one with the highest hierarchy) if a related term contains the 96 

same subset of lipids. For example, the term ‘diacylglycerophosphocholines’ might be 97 

associated with the same lipids as ‘glycerophosphocholines’. With this option switched on, 98 

only the most specific term (‘diacylglycerophosphocholines’) is included in the results. 99 
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 100 

Performance of ‘target-list mode’ by LION/web 101 

To test the functionality of LION/web, we made use of a previously published and well 102 

characterized dataset containing lipidomics data from several sub-cellular fractions of RAW 103 

264.7 macrophages, with or without TLR-4 activation by Kdo2-lipid A (KLA) [13] (see 104 

Methods for a direct link to the dataset). First, we re-normalized the dataset by expressing all 105 

lipid species as fraction of the total amount of lipid per sample. Subsequently, the data were 106 

visualized by constructing a heat map graph (Fig. 2 A). Lipid species were grouped into 10 107 

clusters by hierarchical clustering. Each lipid cluster was subsequently analyzed by 108 

LION/web, which was able to reformat and match the vast majority (>97%) of the submitted 109 

lipids in the dataset. In the ‘target-list mode’, LION/web assesses the enrichment of LION-110 

terms in a subset of lipids, as compared to all lipids in the experiment. For every cluster, lipids 111 

(Data S3) were entered as target-list and compared with the background list. Enrichment 112 

analysis of all 10 clusters resulted in at least one significant LION-term (Fig. 2 B). The heat 113 

map showed that lipids present in clusters 7 and 8 were abundant in the mitochondrial 114 

fractions (Fig. 2 A). In line with this observation, enrichment analyses of these clusters 115 

resulted in significant terms associated with this organelle (e.g., 116 

‘diacylglycerophosphoetahnolamines’, ‘mitochondrion’, ‘diacylglycerophosphoglycerols’, 117 

‘headgroup with negative charge’). Similar results were obtained for cluster 6 (terms related 118 

to the plasma membrane), and to lesser extent for cluster 9 (terms related to endoplasmic 119 

reticulum). Lipids in cluster 5 were more abundant in KLA-treated fractions and resulted in 120 

terms reported by LION/web that were associated with low membrane fluidity. 121 

 122 

Performance of ‘ranking mode’ by LION/web 123 

An alternative method to assess enrichment of LION-terms in LION/web is the ‘ranking-124 

mode’. In the ‘ranking-mode’, all individual lipid species of two conditions are compared and 125 

ranked based on a ‘local’ statistic. This local statistic is any numeric value that associates 126 
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individual (hence ‘local’) lipids with the provided conditions. LION/web supports three 127 

different local statistics: one-tailed Welch two sample t-tests P-values (comparison of 2 128 

conditions); 2log fold-change values (comparison of 2 conditions) and one-way ANOVA F-129 

tests P-values (comparison of >2 conditions). Subsequently, the distributions of all associated 130 

LION-terms over the ranked list are compared to uniform distributions by using one-tailed 131 

Kolmogorov–Smirnov tests (‘global’ statistics, as full lipidomes are assessed). A LION-term 132 

is enriched when its associated lipids are higher ranked than expected by chance. To illustrate 133 

the ‘ranking mode’, we compared the isolated PM fraction (samples #19-21 from Fig. 2 A) 134 

with the ER fraction (samples #13-15 from Fig. 2 A) from non-stimulated macrophages using 135 

one-tailed Welch two sample t-tests P-values as local statistic. Subsequently, LION/web 136 

assessed all LION-terms for enrichment (Fig. 2 C). In good agreement with current 137 

descriptions of the selected organelles [19,20], significant enriched LION-terms included 138 

terms associated with chemical descriptions (e.g., ‘glycerophosphoserines’, ‘headgroup with 139 

negative charge’, ‘phosphosphingolipids’), biological features (‘plasma membrane’) and 140 

biophysical properties (e.g., ‘above average bilayer thickness’, ‘below average lateral 141 

diffusion’, ‘very low lateral diffusion’, ‘very high bilayer thickness’, ’neutral intrinsic 142 

curvature’). LION/web also reported the significant enrichment of ‘very high transition 143 

temperature’, which is in line with the (very) low lateral diffusion terms (see also Fig. S2 D). 144 

The term ‘very low transition temperature’ was also reported to be significantly enriched. 145 

Inspection of the lipid species responsible for the LION-term ‘very low transition 146 

temperature’ revealed the presence of lipids that all contain polyunsaturated fatty acids 147 

(PUFAs) with at least four unsaturations. This may be a macrophage-specific phenomenon, 148 

related to their involvement in inflammation [21]. 149 

 150 

Enrichment performance of chemical and biophysical LION-terms 151 

To further characterize the enrichment of chemical and biophysical properties by LION/web, 152 

we used two different experimental approaches. First, we investigated the enrichment of 153 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



8 

 

chemical features that can be easily incorporated into lipids. To this end, CHO-k1 cells were 154 

incubated overnight in the presence of palmitic acid (PA), linoleic acid (LA) or arachidonic 155 

acid (AA) complexed to bovine serum albumin (BSA). Subsequently, lipids were analysed by 156 

LC-MS/MS and quantified. When available, we used MS/MS data to annotate lipids with 157 

their most abundant fatty acid composition. This level of annotation is important as it enables 158 

LION to link input lipids with terms associated with fatty acids (Data S4 and Fig. S3). Next, 159 

the web-tool was set to use the ‘ranking mode’ and to limit analysis to LION-terms indicating 160 

the presence of fatty acids as lipid building blocks. LION/web reliably reported the significant 161 

enrichment of the respective fatty acid in the three different conditions (Fig. 3 A and Data 162 

S5). 163 

Second, to investigate the enrichment of biophysical LION-terms, we incubated CHO-k1 cells 164 

with arachidonic acid (AA). This procedure is known to increase membrane fluidity [22]. 165 

After incubation, the membrane fluidity properties of the samples were analyzed both 166 

experimentally and by LION/web. Membrane fluidity was experimentally assessed using 167 

pyrene decanoic acid (PDA) (Fig. 3 B). This fluorescent probe can exist as monomer or 168 

excimer, resulting in a shift of its emission spectrum. The ratio of excimer over monomer 169 

fluorescence is proportional to the degree of membrane fluidity [23]. As expected, the ratio of 170 

excimer/monomer forms of PDA revealed a significant increase in membrane fluidity of 171 

lysates in the presence of AA (Fig. 3 C). For parallel LION/web analysis of membrane 172 

fluidity properties, lipids were extracted from the same samples and analysed by LC-MS/MS 173 

(Data S6 and Fig. S4). LION contains two sets of terms associated with membrane fluidity: 174 

‘transition temperature’ and ‘lateral diffusion’. Accordingly, LION/web was set to limit 175 

enrichment analyses to these sets, after which the lipidomic data were analyzed (‘ranking 176 

mode’). In line with the experimentally measured increase in membrane fluidity, terms 177 

associated with high membrane fluidity ('above average’, 'very high’ and 'high lateral 178 

diffusion’, and 'below average transition temperature’) were significantly enriched in cells 179 

that had been treated with AA (Fig. 3 D and Data S7).  180 
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 181 

DISCUSSION 182 

Despite the quick grow of lipidomics and the rise of many tools to process raw data into lipid 183 

compositions [24], no automated pipeline to reduce complexity in lipidomic datasets using 184 

prior knowledge was yet available. Such a tool facilitates the generation of hypotheses, which 185 

is an important aim in many omics experiments. Here, we have presented a new ontology 186 

called LION and have used this ontology to build a web-based online LION-term enrichment 187 

tool suited to fulfill this need. In a single analysis, trends in complex lipidomic datasets can 188 

now be assessed in a standardized way. The web-tool assures that the pipeline is accessible to 189 

users that are not familiar with programming languages.  190 

Just like enrichment analysis approaches in other omics fields, LION-term enrichment 191 

analysis comes with specific strengths and limitations. The quality and coverage of the 192 

underlying ontology is of great importance. For LION, we aimed to support most commonly 193 

found lipid species in mammalian systems. In our examples, >85% of the input lipids could 194 

be matched to the ontology. Due to the great diversity of lipidomes in different organisms, this 195 

coverage could be be lower in user-provided datasets from non-mammalian systems. We hope 196 

to support LION’s coverage of plant, bacterial and yeast lipidomes better in the future. 197 

LION/web offers users several feedback options to keep track of missing annotations and to 198 

act specifically upon users' needs. 199 

It is important to note that the enrichment of biophysical properties such as membrane 200 

fluidity, membrane thickness and curvature cannot replace functional assays. More factors 201 

than lipids alone – protein composition, temperature - are playing important roles. Moreover, 202 

the effect of cholesterol is complex and depends on the interaction with other lipids. 203 

Therefore, the biophysical effects of cholesterol are not included. Also, the relative amounts 204 

of lipids in the described enrichment analysis methods are not taken into account: low 205 

abundant lipids contribute equally to enrichment as their high abundant counterparts.  206 

This limitation can be circumvented by defining local statistics that takes abundancies into 207 
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account. This type of statistic will become more urgent when lipidomic analyses shifts from 208 

mostly semi-quantitative to quantitative analyses in the future. 209 

In summary, LION/web reveals changes in lipid patterns that allow researchers to study the 210 

complexity of lipidomes in a biological context. With future expansions of the LION database 211 

and of LION/web (also upon request of the scientific community), LION/web will be 212 

increasingly successful to bridge the gap between lipidomics and cell biology. 213 

 214 

METHODS 215 

Creation of lipid ontology (LION) 216 

We built an ontology database that connects lipid species to the following four major 217 

branches: ‘lipid classification’, ‘function’, ‘cellular component’ and ‘physical or chemical 218 

properties’. For readability, a term is included at the top of each branch to indicates the nature 219 

of a LION-branch. These ‘category’ terms are distinguished from other LION-terms with an 220 

ID containing the prefix ‘CAT’.  221 

The classification system is based on the LIPIDMAPS classification [10]. LIPIDMAPS does 222 

not support lipid species with summed fatty acid. However, this extra layer is useful as it 223 

enables mapping or when exact fatty acid compositions of measured lipids are not known. 224 

This concept is also used in the Swiss Lipids system [25]. Downstream, individual lipid 225 

species belonging to classes described in Data S1 were constructed as combinations of the 226 

following fatty acids: C12:0; C14:0; C14:1; C16:0; C16:1; C18:0; C18:1; C18:2; C18:3; 227 

C20:0; C20:1; C20:2; C20:3; C20:4; C20:5; C22:0; C22:1; C22:2; C22:3; C22:4; C22:5; 228 

C22:6; C24:0; C24:1; C24:2; C24:3; C24:4; C24:5; C24:6; C26:0; C26:1; C26:2; C26:3; 229 

C26:4; C26:5; C26:6 and C26:7. For sphingolipids, sphingosine (d18:1) and sphinganine 230 

(d18:0) were used as possible backbones. In the current version, LION does not distinguish 231 

between sn-positions. Fatty acids were ordered by chain length (low to high) and number of 232 

unsaturations (low to high). Altogether, LION contains circa 50,000 lipid species. 233 
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The branch ‘function’ comprises three subcategories: ‘membrane component’ (associated with 234 

lipids that are primary regarded as structural component of lipid bilayers), ‘lipid-mediated 235 

signaling’ (lipids that have been implicated in signaling) and ‘lipid-storage’ (lipids that are 236 

associated with storage, primarily in lipid droplets). In the category ‘cellular component’, 237 

lipid classes that are enriched in particular cellular organelles are linked to their 238 

corresponding organelle terms [7,19,20]. The branch ‘physical or chemical properties’ 239 

comprises a number of subcategories. First, a number of chemical descriptions (‘contains 240 

fatty acid’, ‘fatty acid unsaturation’, ‘fatty acid length’ and ‘type by bond’) was inferred from 241 

the species names. Second, data about ‘intrinsic curvature’ [7,26] were categorized into either 242 

negative, neutral or positive curvature. As data on species-level are limited, curvature was 243 

assumed to be predominantly headgroup-dependent and fatty acid composition was neglected. 244 

The third subcategory, ‘charge headgroup’, was divided into three groups based on structural 245 

data: ‘negative’, ’positive/zwitter-ion’ and ‘neutral’ [25]. This last term comprises also lipids 246 

lacking a headgroup. The fourth subcategory in ‘physical or chemical properties’ is 'chain-247 

melting transition temperature'. This property is derived from a number of sources, 248 

comprehensively reviewed by Marsh [11]. This dataset covers a range of lipid classes in both 249 

glycerophospholipids (PC, PE, PG, PA, PS) and sphingolipids (SM). We made use of multiple 250 

linear regression analysis with lipid class, fatty acid length and unsaturation as predictors to 251 

facilitate data extrapolation to previously unreported lipid species. The obtained model 252 

(coefficients are available via Data S8) was validated by leave-one-out cross-validation 253 

(LOOCV). Briefly, one datapoint from the dataset was taken out, after which the model was 254 

rebuilt with the remaining points as training set. Subsequently, the selected datapoint was 255 

used as validation sample. This procedure was repeated for all the datapoints (Fig. S2 C).  256 

Ontologies contain categorical data and are not compatible with numeric values. Therefore, 257 

we classified chain-melting transition temperature values into five distinct categorical data 258 

groups: 'very low', 'low', 'average', 'high' or 'very high' chain-melting transition temperature. 259 

To define the limits of these intrinsic subjective groups, we used four previously reported 260 
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datasets to serve as reference lipidomes [13–16]. From all reported lipids, the transition 261 

temperature was predicted by the model. The obtained transition temperature distribution was 262 

used to define the groups: the lowest 20% (first quintile) was classified as ‘very low’, the 263 

second 20% (second quintile) as ‘low’, etc. Subsequently, these limits were used to categorize 264 

all lipid species present in LION. Lipids with transition temperature values lower than the 265 

lowest limit were defined as ‘very low’, whereas values higher than the highest limit were 266 

defined as ‘very high’. A flow-chart of this procedure is depicted in Fig. S2 E.  267 

In addition to these experimental data sets, we also used data [12] that was obtained by coarse 268 

grain molecular dynamics simulation (MARTINI force-field [27]) and which includes 269 

membrane properties ‘bilayer thickness’ and ‘lateral diffusion’. The dataset contains lipids 270 

from five common classes of glycerophospholipids (PC, PS, PG, PA, PE), but lacks 271 

sphingolipids and sterols. By definition, coarse-grained lipids represent a range of structures. 272 

To be able to use the dataset in the ontology system, names of coarse-grained lipids were 273 

translated into their representing counterparts. Subsequently, lipid properties were 274 

extrapolated to the entire database by multiple linear regression analysis models (with lipid 275 

class, fatty acid length and unsaturation as predictors, coefficients are available via Data S8) 276 

and validated by LOOCV (Fig. S2 A-B). We followed the same procedure as used for 277 

transition temperatures; extrapolated results for both properties were categorized into 278 

representative classes: 'very low', 'low', 'average', 'high' or 'very high', based on values, 279 

predicted by our models, of the reference datasets [13–16].  280 

The initial structure of LION was built with OBOEdit v.2.3.1 [28] and formatted as OBO-file. 281 

Subsequently, custom R-scripts connected specific terms with more general terms based on 282 

the described datasets. The entire ontology can be found as File S1.  283 

Implementation of enrichment analysis tool 284 

To use LION with existing ontology enrichment tools, we used an adapted and generalized 285 

version of Bioconductor R-package ‘topGO’ [17]. This version, called ‘topOnto’, allows users 286 

to include ontologies other than those provided with the package. TopOnto’s attached Perl-287 
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script was used to convert the ontology file from OBO- to SQLite-format. Apart from this 288 

extra feature, the ‘topOnto’ package provides the same functionality as the original version.  289 

To perform the enrichment analysis, two statistical approaches are used. In the ‘target-list 290 

mode’, one-tailed Fisher-exact statistics are used to test enrichment. To this end, 2x2 291 

contingency tables are constructed for every LION-term, containing the number of lipids 292 

associated and not associated with the given term for both the target-list and the background 293 

set, and analyzed. In the ‘ranking mode’, one-tailed Kolmogorov-Smirnov tests are used as 294 

‘global’ statistics to assess enrichment of LION-terms over a ranked (by ‘local’ statistics) list 295 

of lipids. For every LION-term, the cumulative distribution of associated lipids over the 296 

ranked list is compared with the uniform distribution. Enrichment is defined as over-297 

representation of highly ranked lipids associated with the term. To rank input lipids, 298 

LION/web offers three different ‘local’ statistics: P values from one-tailed Welch t-tests (2 299 

condition comparison), 2log fold-change values (2 condition comparison) and P values from 300 

one-way ANOVA F-tests (>2 conditions comparison). Ranking direction (from high to low, or 301 

vice versa) is automatically updated after local statistic selection, but can be set manually. In 302 

addition, users can use custom local statistics. In both modes, topGO’s classic algorithm is 303 

selected [17]. After LION enrichment analysis, raw P values are corrected for multiple testing 304 

(Benjamini-Hochberg). The R-scripts were used to build the user-friendly web-based tool 305 

LION/web (Note S1) with R-package ‘shiny’. The application has been made available on the 306 

shinyapps.io server as a free online tool, accessible through http://www.lipidontology.com/.    307 

 308 

Cell culture and preparation of fatty acid-albumin complexes 309 

CHO-k1 cells were cultured in Ham’s F-12 medium (Thermo Fisher Scientific, Waltham, 310 

MA, USU) supplemented with 7.5% FBS (Thermo Fisher Scientific, Waltham, MA, USU), 311 

100 units/ml penicillin and 100 μg/ml streptomycin (Thermo Fisher Scientific, Waltham, MA, 312 

USU). Cells were grown in a humidified incubator at 37°C containing 5% CO2 and passaged 313 
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twice a week. Stocks of 10 mM arachidonic acid, linoleic acid, oleic acid, or palmitic acid (all 314 

obtained from Sigma, St. Louis, MO, USA) were complexed to 2 mM fatty-acid free BSA 315 

(Sigma, St. Louis, MO, USA), filter-sterilized and stored at −20 °C. Control incubations 316 

without fatty acid contained equivalent amounts of fatty-acid free BSA. All experimental 317 

incubations were performed in plastic 6-well culture dishes (Corning, Tewksbury, MA, USA). 318 

Measuring membrane fluidity 319 

After overnight incubation in the absence or presence of fatty-acids (using fatty acid-free BSA 320 

or fatty acids coupled to BSA, respectively), cells were washed and scraped in PBS. Cells 321 

were subsequently homogenized on ice with 26-gauge needles (BD Bioscience, San Jose, CA, 322 

USA). Homogenates (equivalent to 40,000 cells) were mixed 1:1 with the manufacturer’s 323 

supplied dilution buffer (Membrane fluidity kit, Abcam, Cambridge, UK) in the absence 324 

(background) or presence of 5 μM pyrenedecanoic acid (PDA) and transferred into a 96-well 325 

plate (black plastic with glass bottom, Greiner Bio-One, Frickenhausen, Germany). After 30 326 

minutes of incubation at 37°C, fluorescence spectra (excitation at 360 nm, emission between 327 

375-500 nm, 37°C) were measured with a temperature-controlled fluorescence microplate 328 

reader (CLARIOstar, BMG Labtech, Offenburg, Germany). Data were processed in R by 329 

expressing monomer (370-390 nm) and excimer (470-490 nm) as ratios of mean fluorescence 330 

after subtraction of background fluorescence (samples with cells but without PDA). Results 331 

were expressed as means. Differences were analyzed by two-tailed Welch’s t-tests.  332 

 333 

Lipidomics by LC-MS/MS  334 

After incubation, lipids were extracted as described before [29]. Lipid extracts were dried 335 

under nitrogen and dissolved in 100 μL chloroform/methanol (1:1) and injected (10 μL) on a 336 

hydrophilic interaction liquid chromatography (HILIC) column (2.6 μm HILIC 100 Å, 50 x 337 

4.6 mm, Phenomenex, Torrance, CA). Lipid classes were separated by gradient elution on an 338 

Infinity II 1290 UPLC (Agilent, Santa Clara, CA, USA). At a constant flow rate of 1 ml/min, 339 
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ACN/acetone (9:1, v/v) was used as solvent A. Solvent B consisted of a mixture of ACN/H2O 340 

(7:3, v/v) with 10mM ammonium formate. Both solvents contained 0.1% formic acid. The 341 

gradient was as follows (time in min, %B): (0, 0), (1, 50), (3, 50), (3.1, 100), (4, 100). 342 

Samples were injected without re-equilibration of the column. The column effluent was 343 

connected to a heated electrospray ionization (hESI) source of an Orbitrap Fusion mass 344 

spectrometer (Thermo Scientific, Waltham, MA) operated at -3600V in the negative 345 

ionization mode. Temperatures for the vaporizer and ion transfer tube were 275°C and 380°C, 346 

respectively. Full scan MS1 measurements in the mass range from 450 to 1150 amu were 347 

collected in the orbitrap at a resolution of 120.000. Parallelized data-dependent MS2 348 

experiments were done with HCD fragmentation set at 30V, using the dual stage linear ion 349 

trap to generate up to 30 spectra per second. 350 

 351 

Lipidomics data analysis 352 

Acquired raw datafiles were converted to mzXML-files by msConvert (part of ProteoWizard 353 

v3.0.913) [30] and processed with R-package ‘xcms’ v2.99.3 [31]. After deisotoping, 354 

annotation of lipids was performed by matching measured MS-1 m/z values with theoretical 355 

m/z values. Lipids with the same or similar m/z values - e.g., BMP(38:4) and PG(38:4) - 356 

could by distinguished by differences in retention time (Fig. S3 and S4). Lipid annotation 357 

containing individual fatty acids (extra column ‘most abundant isomer annotation’ in Data 358 

S4) as used in Fig. 2 A and Fig. S3 was accomplished by examining MS-2 spectra. When 359 

MS-2 spectra were available for a given MS-1 peak, the most abundant fatty acid combination 360 

was used to annotate the lipid. The resulting experimental datasets, as well as the public RAW 361 

264.7 macrophage dataset [13], were normalized by expressing all lipids as ratios of the sum 362 

of all intensities per sample. MetaboAnalyst 3.0 [32] was used to replace missing values (of 363 

the RAW 264.7 dataset) by half of the minimum positive value in the original data, and to 364 

perform Principal Component Analysis (with Pareto scaling). 365 
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Heat map, hierarchical cluster analysis and LION-enrichment analyses 366 

The heat map of the RAW 264.7 dataset was constructed after calculating z-scores for all 367 

lipids (all lipids were scaled to a mean of zero and a standard deviation of 1) using R-package 368 

‘pheatmap v1.0.10’. Lipids were grouped by hierarchical clustering. The dendrogram of the 369 

lipids on the y-axis of the heatmap used Euclidean distance as the similarity measure and was 370 

performed with complete linkage. The number of clusters was set to 10. Enrichment analysis 371 

of each of the 10 clusters was performed using the ‘target-list mode’ with default settings. 372 

Enrichment analyses used in Fig. 2 C and Fig. 3 A and D were performed using the ‘ranking 373 

mode’, with one-tailed Welch two sample t-tests P-values as local statistics. The analysis for 374 

Fig. 2 C was performed with default settings, whereas LION-terms to be considered were 375 

limited to all child-terms of 'contains fatty acid' (CAT:0000100) for Fig. 3 A and all child-376 

terms of 'chain-melting transition temperature' (CAT:0001734) and 'lateral diffusion' 377 

(CAT:0080950) for Fig. 3 D. 378 

 379 

Software and R-packages 380 

All R-scripts were run with RStudio v1.0.153 (R v3.4.4) with the following packages: ‘shiny 381 

v1.1.1’, ‘visNetwork v2.0.1’, ‘data.table v1.10.4-2’, ‘GMD v0.3.3’, ‘igraph v1.0.1’, ‘reshape2 382 

v1.4.2’, ‘ggplot2 v2.2.1’, ‘ggthemes v3.4.0’, ‘shinyTree v0.2.2’, ‘shinyWidgets v0.4.1’, 383 

‘shinythemes v1.1.1’, ‘RSQLite v2.1.1’, ‘topOnto v0.99.0’, ‘pheatmap v1.0.10’ and ‘xcms 384 

v2.99.3’ [31]. Perl-scripts provided with the topOnto package were run with Perl v5.26.0. All 385 

figures were built in R and processed in Cytoscape v3.5.1 or Inkscape v0.92.2. 386 

Data and code availability 387 

The LION database (OBO-format) and raw lipidomics data are available as Supplementary 388 

Data. The public RAW 264.7 macrophages dataset [13] is available on the journal’s website 389 

(http://www.jlr.org/content/suppl/2010/06/23/jlr.M008748.DC1/jlr.M008748-1.xls). R-390 

package ‘topOnto’ is available at https://github.com/hxin/topOnto, the associated R-package 391 
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containing the LION database in topOnto-friendly format at 392 

https://github.com/martijnmolenaar/topOnto.LION2.db. The source code of the web-tool is 393 

available via github; Project name: LION-web; Project home page: 394 

https://github.com/martijnmolenaar/LION-web/ ; Operating system(s): platform independent; 395 

Programming language: R; License: GNU General Public License v3.0 396 

 397 
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ADDITIONAL MATERIAL 413 

Figure S1. LION-terms associated with PS(34:2). 414 

Figure S2. Model validations of biophysical properties in LION. 415 
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Figure S3. Lipidomics of CHO-k1 cells incubated with free fatty acids.  416 

Figure S4. Lipidomics of CHO-k1 cells incubated with arachidonic acid (AA).  417 

Supplementary Data 1. XLSX-file containing all LION-terms excluding lipids with 418 

classification rules and sources. 419 

Supplementary Data 2. CSV-file containing all lipids present in LION. 420 

Supplementary Data 3. CSV-file with lipid clusters. 421 

Supplementary Data 4. CSV-file with lipidomics dataset supporting Figure 2D. 422 

Supplementary Data 5. CSV-file with LION/web output values supporting Figure 2D. 423 

Supplementary Data 6. CSV-file with lipidomics dataset supporting Figure 2A. 424 

Supplementary Data 7. CSV-file with LION/web output values supporting Figure 2A. 425 

Supplementary Data 8. XLSX-file containing the coefficients of the biophysical models. 426 

Supplementary Data 9. CSV-file with test-set for lipid names conversion. 427 

Supplementary File 1. LION-database in OBO-format. 428 

 429 

ABBREVIATIONS 430 

LION: lipid ontology; CG-MD: coarse-grain molecular dynamics simulation; LOOCV: leave-431 

one-out cross-validations; GO: gene ontology; PUFA: polyunsaturated fatty acid; PA: palmitic 432 

acid; LA: linoleic acid; AA: arachidonic acid; BSA: bovine serum albumin; LC-MS/MS: 433 

liquid chromatography – tandem mass spectrometry; PDA: pyrene decanoic acid; CSV: 434 

comma separated values 435 
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23 

 

Figure 1. Enrichment analysis approaches supported by LION/web. A lipidomics dataset 541 

containing lipid identifiers and abundances derived from two or more conditions (❶) can be 542 

processed by LION/web in two ways. In the ‘target-list mode’ (left, ❷), a subset of lipids 543 

(e.g., derived from thresholding or clustering) is compared to the total set of lipids. After 544 

standardization of lipid nomenclature (❸), applicable LION-terms are associated and assessed 545 

for enrichment in the subset by Fisher’s exact statistics. In the ‘ranking mode’, input lipids are 546 

ranked by numeric values (‘local’ statistics) (❷). After ranking, lipid nomenclature is 547 

standardized (❸). Applicable LION-terms are subsequently associated to the dataset and 548 

distributions are compared to a uniform distribution by ‘global’ statistics (here, Kolmogorov–549 

Smirnov tests). Calculated P values of LION-terms from both modes are corrected for 550 

multiple testing (Benjamini-Hochberg). 551 

 552 

Figure 2. LION-term enrichment analysis of RAW 264.7 macrophages. (A) Heatmap of 553 

scaled lipid amounts (z-score < 0: blue, z-score > 0: red) of subcellular lipidomics data [13] 554 

with samples on the x-axis and individual lipid species on the y-axis. Lipids were clustered 555 

into 10 groups by hierarchical clustering. (B) Enrichment analyses of all lipid clusters in the 556 

‘target-list mode’. For each cluster, the first n + 2 significant LION-terms are shown. (C) 557 

Enrichment analysis of PM vs. ER fractions in the ‘ranking mode’. The gray vertical lines 558 

indicate the cut-off value of significant enrichments (q < 0.05). Bar colors are scaled with the 559 

enrichment (-log q-values). 560 

 561 
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Figure 3. LION-term enrichment and membrane fluidity of CHO-k1 cells. CHO-k1 cells 563 

were incubated overnight with PA, LA or AA (100 μM) (A) or with AA (250 μM) (B-D). All 564 

incubations were performed in triplicate. For control incubations, cells were incubated with 565 

fatty-acid free BSA. (A,D) After extraction and lipidomics profiling by LC-MS/MS, 566 

enrichment analyses of the conditions of interest versus control incubations were performed 567 

by LION/web of (A) LION-terms indicating the presence of selected fatty acids or (D) LION-568 

terms indicating the degree of membrane fluidity. Dot sizes in the dot plots are scaled to the 569 

number of associated lipids; colors are scaled to the level of enrichment (-log q-values). (B,C) 570 

After incubation, fluorescence emission spectra of lysates containing pyrenedecanoic acid 571 

(PDA) were measured (B). Fluorescence spectra examples of either control (black) or AA-572 

stimulated lysates (red). Gray shades indicate monomer and excimer fluorescence filters. (C) 573 

Mean ratios (bar) and individual datapoints (dots) of excimer over monomer fluorescence 574 

(representative data of three independent experiments). Statistical significance was 575 

determined by Student’s two-tailed t-test. (A,C,D) * P or q < 0.05, ** P or q < 0.01, *** P or 576 

q < 0.001. 577 
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Ruth Welti (Reviewer 1) 
 
LION provides useful information helping users associate lipidomics data on membrane lipid species 
from mammalian systems with the chemical and physical properties of those systems. Overall this is 
an ambitious undertaking that is likely to provide insights on lipid properties, particularly to users 
that are not familiar with chemical or physical properties of membrane lipids. Overall, the tool seems 
useful and the paper is well-written, but a few points could be explained in more detail.  
 
We appreciate the positive and constructive comments of the reviewer.  
 
#1. It should be mentioned, and perhaps the authors could include an explanatory note at the site, 
noting that actual physical properties of membranes (such as fluidity) depend on factors in addition 
to the typically measured lipids, including sterols and protein type and content.  
 
We incorporated a statement about this aspect at three different locations: i) in the web-tool (on 
the ‘?’ sign, beneath the results output); ii) in a new F.A.Q. that is now available via the website; and 
iii) in the Discussion (line 200-204). 
 
#2. It might be useful to point out specifically that the samples chosen to "calibrate" the lipid 
categorization are all from mammalian cells and thus the ability to accurately interpret lipidomics 
data from other types of systems is not clear. Perhaps this is because it is not clear to the reviewer 
precisely how the categorized lipids (page 4, lines 69-74) were used in the analysis. Since many 
mammalian tissues (e.g. brain, heart) have more extreme compositions, will this be a problem for 
analysis?  
 
Indeed, we made use of mammalian lipidomics datasets as reference to define the groups of three 
biophysical properties. To emphasize this, we included a comment on LION’s focus on mammalian 
lipidomes in the Discussion (line 193-197). This will, however, not compromise the results in specific 
examples as mentioned by the reviewer as the principle of LION/Web is based on sample 
comparison (Fig.1, sample A and B). A comparison between tissues with more extreme compositions 
(e.g. brain and liver) is likely to result in enriched terms related to very low Tm’s or very high lateral 
diffusions, and in different lipid classes/species, results that reflect the respective lipidomes. 
Comparison between samples from the same tissue ( e.g. wt brain vs. geneX-/- brain) will often yield 
more subtle differences, depending on the knockout. However, LION/Web will report any significant 
difference, e.g. if geneX affects lipid composition. The statistical power of the significance can be 
further increased by increasing the number of replicates (n). 
 
#3. The ranking approach appears to be a pairwise comparison. I.e., even when multiple samples are 
present, comparison is to one (control) sample. This is analogous to a typical transcriptomic 
approach but, given that it's actually easier to collect lipidomic data than transcriptomic data on 
hundreds of samples/conditions, having to analyze the data pairwise might be a bit burdensome. 
Maybe you could discuss the choice of approach in the paper or clarify if the reviewer's 
understanding is incorrect.  
 
We thank the reviewer for this comment. We have extended the web-tool with more options to 
calculate local statistics (values that are used to rank lipids). One of these options is the use of p-
values derived from one-way ANOVA F-tests. This statistic analysis allows comparison of multiple 
conditions and can be used to rank the most fluctuating lipid species in datasets. Subsequent 
enrichment analysis will result in LION-terms summarizing these lipids. 
A second option that we included to characterize lipidomic datasets with more than 2 conditions, is 
the use of hierarchical clustering in combination with the target-list mode. A new figure (Figure 2B) 
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illustrates this approach using the same public dataset that we used in the initial version of the 
manuscript. Enrichment analysis of the lipids in the clusters, in combination with a visual 
presentation of the clusters in relation to the conditions, further aids in characterization of the full 
dataset. 
 
 
#4. An example showing the output from the target mode would be helpful to the reader. 
 
We agree with the reviewer that the manuscript would benefit from an example of the target mode. 
As mentioned above (#3) we now include a new figure (Figure 2B) that shows a clustered heat map 
of the RAW 264.7 macrophages dataset. Each cluster is characterized by assessing LION-term 
enrichment of the lipids within each cluster, as compared to all the lipids in the experiment. 
 
 
 
 



 
Aleksander Andreyev (Reviewer 2) 
 
This technical note describes a LIpid-related ONtology database (LION) and accompanying 
enrichment analysis tool with potentially high value for lipidomics research. According to the authors 
they aim to "bridge<> the gap between lipidomics and cell biology" (p.7, l.138). A mere attempt at 
this herculean task is highly commendable. This entails, however, that the narration should be 
comprehensible for a non-expert user, presumably a cell biologist with little understanding of 
bioinformatics (which would be also in line with the GigaScience editorial guidelines). Unfortunately, 
the manuscript is plagued with multiple issues that make it very hard to understand the utility and 
intended use of the tools and nearly impossible to evaluate their validity. From the way manuscript is 
written, it feels as if it is intended more for bioinformatics audience which almost defeats the 
purpose. It is also somewhat disorganized with the logical flow being interrupted by off-hand 
remarks and description of one topic spread over different parts of the manuscript, sometimes 
repetitively. In a few cases, the text is burdened with statements of the obvious (e.g., "lipid structure 
is closely related to lipid function", "allows identification of lipid-associated terms in lipidomes"). 
There are multiple typos, grammar errors and misused words or terms that make a mere reading of 
the article a torture. One step to address this issues might be including subsections under the 
Findings section, another - careful reassessment of what material represents technical side and 
belongs to Methods and what should be in the Findings (my feeling is that a good portion of the LION 
description, currently under Methods, actually belongs to the Findings, right after the background 
information). The same goes to figure legends - I think currently they are overloaded with 
information that belongs in the Methods. The manuscript suffers from frequent use of vague 
statements. Instead of describing WHAT was done the authors simply state the means for doing it: 
"we used" this or that, "we made use of" this or that, such and such "was used", etc. Instead of 
explaining HOW something was done a bare statement "based on" is often made. References are 
missing (e.g., "as described in the literature", p.4, l.53, "was reported", p.5, l.99). The tally of 
connections between membrane biophysics and cell biology (p.3, l.35-43) looks random and lacking 
completeness. Besides, it seems somewhat misplaced.  Authors use what appears to be in-house or 
jargon terms, such as "by target list", "by ranking" for the modes of the enrichment analysis, "local" 
statistics, etc. Use of such terms should be avoided. For such important terms as the modes of 
analysis the names should be related to their function and, ideally, self- explanatory (or, at least, 
thoroughly explained). All these issues pertaining to the quality of the narration should be addressed 
before the substance of the work can be properly evaluated.  
 
We thank reviewer #2 for his thorough review report and would like to apologize for the typos and 
grammar errors in the manuscript that made ‘reading of the article a torture’. As suggested, the 
Findings section is now subdivided into subsections with headings. We also include a separate 
Discussion section to avoid the ‘interruption by off-hand remarks’. 
 
Indeed, LION/web is intended to be useful for non-experts in bioinformatics. We recognize that 
some concepts used in the manuscript might be difficult to grasp with limited bioinformatics 
experience. Nevertheless, some basic understanding of data-analysis must be expected from users 
that obtained omics-data (which is obviously a prerequisite to use LION/web). In the updated 
version, we have provided more explanation and illustrate some of the concepts with examples in 
the following ways: 
i) throughout the manuscript, we added additional information. 
ii) we added a point-by-point frequently asked question (F.A.Q.) section in the web-tool, that can be 
accessed via the main menu of the website.  



iii) we added ‘tooltips’ in the LION/Web application. Tooltips are pieces of information or 
instructions that appear when users hover the mouse cursor over an item - without clicking on it. 
This allows for specific instructions for specific steps. 
Upon the reviewer’s request, we have considered several alternative names for the enrichment 
modes (ranking and target-list mode). However, we found the initial names to be the clearest, as it 
describes the difference between the modes the best. The use of a target-list (usually referred to as 
gene list, ID list, etc.) is also common practise in gene ontology enrichment procedures (DAVID, 
Panther, GOrilla). Users who have experience in this field will recognize the concept ‘target-list’. To 
improve the understanding of these terms/modes, we included more details about both modes in 
the Methods section. In addition, we added a new figure (Figure 2A+B) to illustrate the target-list 
mode. 
 
With respect to the comment “The tally of connections between membrane biophysics and cell 
biology (p.3, l.35-43) looks random and lacking completeness” we note that the listing of biophysical 
properties related to membrane biology in the background section was not intended to be 
complete, but to provide a few intuitive examples. To clarify this, we put these examples in 
parentheses and ‘e.g.’. 
 
Concerning missing references: Details about references per data source is now available via 
Supplemental Data 1. The statement ‘was reported’ (page-5/line-99 of initial manuscript) refers to 
LION-terms that were reported by the web-tool. 
 
However, even in the present state the manuscript allows to point out the following 
weaknesses/areas for improvement:  
 
#1. The LION should be completely verbally described (beyond the present reference to the .obo file). 
This should include a list of categorical ontology terms and rules of association between them. For 
the ones that are not obvious, a justification should be provided. As it stands now, the terms in 
question are hidden inside 1275-page long Excel file among about 50,000 terms representing 
individual lipids. Some of them relate to conventional structural elements of lipids, others are less 
obvious. For example, "fatty acid with 16-18 carbons" - is there any scientific meaning in this term? 
What is so special about this particular chain length? What exactly are the extra levels of 
classification between lipid classes and species? - they are mentioned but not described.  
 
Upon the reviewer’s request, we describe LION in a better structured way by inclusion of two 
additional tables: 
(1) Supplemental Data 1; describing all LION-terms (excluding lipid species), with detailed 
information about hierarchy, classification and references. 
(2) Supplemental Data 2;  describing all lipid species present in LION. 
 
Concerning the scientific meaning of terms: one of the guiding principles of LION was to be able to 
construct defined subsets of lipids (‘terms’). LION/web then aids to report the most interesting 
subsets. Some of these subsets might be of interest, others might not. Scientific meaning should be 
evaluated by the scientist. For example, "fatty acid with 16-18 carbons" might indeed sound trivial at 
the first sight. Nevertheless, its enrichment could hint towards testable biological hypotheses.  
 
#2. The enrichment tool is the crux of the article, the thing the authors are trying to "sell". However, 
there is no description of what it does and how it can be used. I flatter myself to be a qualified used 
but I could not make a head or tail of what the so called "by target list" mode does. If my "target list" 
includes unsaturated lipids I'll get enrichment in "double bonds", "below average transition 
temperature", etc. That much is obvious without running the tool. What else? What are the scenarios 



when I need to use it? Why do I need two lipidomic data sets for this? What does "derived from 
thresholding or clustering" mean?  
 
We recognize that in the initial version of the manuscript, the use of the ‘target-list mode’ was not 
illustrated. We added an extra figure (figure 2) that demonstrates the use of both modes using the 
RAW 264.7 macrophages dataset (figure 2A+B for the target-list, figure 2C for the ranking mode). 
Figure 2C was a supplemental figure in the original manuscript. 
 
The second mode, apart from the name (why "by ranking"? isn't this purely technical approach to 
facilitate stat analysis?), is less problematic. However, the option to limit analysis to a specific set of 
terms ("terms of interest") should be mentioned upfront. Then, the questions arise in what scenarios 
this would be advantageous? Would this create a bias in the analysis or not, both with regard to 
outcome and its stat significance?  
 
We now describe the selection of specific sets at an earlier stage.  
 
#3. The claim of the scope is overreaching. The "function" category, most interesting for cell biology 
researchers, appears to be extremely frugal, limited just to the crudest distinction between structural, 
signaling and storage functions. If this perception is correct, the LION would be of limited value for 
cell biology. The "chemical" properties appear to be a misnomer with chemical information limited 
purely to structural elements with no regard to reactivity, biochemical synthetic pathways, etc. I 
would say that, according to this Technical Note, the LION is the ontology linking lipidomics data to 
biophysical properties of corresponding membranes. The testing of the ontology was performed in a 
set of assays pertaining to membrane biophysics.  
 
We found a single occurrence of ‘cell biology’ (‘...web-tool bridges the gap between lipidomics and 
cell biology...’) in the initial manuscript. This claim is now phrased with greater caution by ‘... future 
expansions of the LION database..., LION/web will be increasingly successful to bridge the gap 
between lipidomics and cell biology.’ (line 216-218). However, we believe that besides ‘function’, 
also ‘cellular component’ and the biophysical properties are of interest for scientists studying cell 
biology. In addition, we will maintain the LION database and update it when new lipid data and 
functions of individual lipid species or classes become available (see also our reply to the comment 
of the expert editorial board member). 
 
#4. It would be advantageous to sync terminology with other ontologies whenever possible, for 
example, use the GO term "cellular component" instead of "cellular localization", etc. "Lipid 
component" is a very dubious term for a structural lipid.  
 
As suggested, we replaced the LION-term name "cellular localization" by "cellular component". 
"Lipid component" was a typo in the manuscript, and not the name of a term in LION. We apologise 
for this mistake. 
 
#5. The biophysical properties of the vast majority of lipids were inferred from a limited set of 
literature data. It is therefore of utmost importance to thoroughly describe the approach used. What 
kind of data the sources provided? Where they for individual lipids or mixes, measured or calculated? 
How many entries? The equations for the multiple linear (sic!) regression analysis should be shown. 
The resulting coefficients could be of value by itself - why not publish them here?  
 
We thank the reviewer for noticing the missing word ‘linear’. We replaced multiple occurrences of 
‘multiple regression analysis’ by ‘multiple linear regression analysis’.  



As mentioned earlier, we now include a supplemental table with data sources per LION-term. The 
raw numeric values (per lipid) of the biophysical properties derived from these sources were already 
provided together with the original manuscript in ‘scripts’ folder. It is our understanding that this 
folder is available to the reviewers (and to the public after publication). 
 
We appreciate the suggestion to report the coefficients of the models. To this end, we now include 
an Excel spreadsheet containing the coefficients of the models, together with input cells to predict 
(numerical) values of the biophysical properties (Suppl. Data 8). 
 
 
#6. The lipids appear to be divided into "quintiles" using a hard-to-describe (and almost lacking 
description in the manuscript) procedure based initially on a number of lipids in each group rather 
than the value of a biophysical parameter. What is the rationale for this? Does transition 
temperature of a lipid membrane care how many other membranes share the same value? I think the 
categorization should be based upon the magnitudes of biophysical properties alone. By the way, 
how many groups are actually there? The text says 5 but Fig. 2 shows 7… Also, Fig. 2 shows FDR q-
values which are not mentioned in either legend or the main text.  
 
We categorized ‘transition temperature’ into 5 groups: very low, low, etc. These descriptions are not 
defined and intrinsically subjective: whether a membrane has a low Tm depends on the context. To 
provide this context, we selected four lipidomics studies to serve as reference. Lipids from these 
reference lipidomes were ranked based in the predicted numeric values of the biophysical property. 
Then, the first 20% (first quintile) was defined as ‘very low’, the second 20% (second quintile) as 
‘low’, etc. The limits of these quintiles were then used to classify all lipids present in LION. We 
believe that this approach defines the group limits with more physiological relevance. The 
alternative approach, based on magnitudes of biophysical properties alone (as suggested by the 
reviewer) is more likely to yield a quintile ‘average’ for a group of non-physiological lipids.  
 
The confusing of 5 groups vs. the 7 groups in figure 2 (now figure 3) is related to hierarchy. The 
groups ‘very low ...’ and ‘low ...’ are linked to a parental group called ‘below average ...’. The same 
goes for ‘high ...’ and ‘very high ...’, they are linked to ‘above average ...’. We updated the figure by 
adding a graphical representation of this hierarchy to the figure (new figure 3D). The hierarchy of 
LION-terms is also depicted in supplemental Data S1. 
 
We now include a reference to ‘q-values’ in the figure legends. 
 
#7. It is not absolutely clear from the manuscript but appears that the enrichment tool relies on the 
significance of the changes (p-value), as opposed to magnitude, to evaluate enrichment. Is this true? 
Is it possible that highly significant changes in low abundance lipids would dominate the outcome list 
without having much effect on the properties of membrane?  
 
All enrichment analyses in the initial version of the manuscript used the ranking-mode with one-
tailed t-test p-values to rank the lipids. Other statistical methods could be considered, but every 
choice has its pros and its cons. Magnitude (fold-change of condition B over condition A) has the 
undesirable property to overestimate effects when lipid concentrations are close to noise levels: it 
does not take sample variance into account. In contrast, p-values are more robust, but might be less 
intuitive to users without strong background in statistics. Using p-values, it is potentially possible 
that ‘highly significant changes in low abundance lipids could dominate the outcome list’. However, 
most low abundant lipids usually display higher variance due to lower signal/noise levels. As a result, 
they usually do not generate extreme low p-values. 
 



To provide more flexibility for users and to make the choice of a local statistic explicit, we now offer 
three local statistics (one-tailed t-test p-values, 2log fold-change, F-test p-values) in the updated 
version of the web-tool. The statistical method must be selected each time an analysis in the ranking 
mode is initiated. 
 
#8. More detail should be provided on the statistics, for example, how the distribution curve was 
generated for K-S analysis, what were the input parameters for the Fisher exact test, etc.  
 
We added more information in the Methods section. 
 
#9. Methods for PDA assay and LC-MS should be brought to compliance with editorial guidelines to 
allow duplicate these studies. Missing are parameters such as cell number, concentration of the dye, 
shape of LC gradient, LC system used, MS/MS settings, to name a few. The full name of the Fusion 
mass spec should be provided because there are several different models. The text is not clear on the 
sequence of events: it sounds as if analyte ions fly from orbitrap to linear ion trap for detection - is 
this even possible?  
 
We added details about the PDA in the manuscript. 
 
The methods for LC-MS have now been described in greater detail to facilitate easy replication of 
experiments. Parallelization of MS1 and MS2 experiments has been clarified to avoid confusion. 
Current versions of the MS instrument are branded as ‘Fusion Lumos’ or ‘Fusion IDX’. However, the 
original ‘Orbitrap Fusion’ mass spectrometer (serial number FSN10438) was branded under that 
name and this is the model used in our studies. Therefore, we cannot specify the type of instrument 
more accurately than we currently do. 
 
#10. With regard to membrane fluidity data, although they show the desired differences they could 
be made much more convincing with appropriate controls subtracting intrinsic fluorescence of the 
cells.  
 
The membrane fluidity data presented in the manuscript were subtracted from background 
fluorescence (blanks were samples with cells but without PDA dye). To make this clear, we updated 
the Methods section with this information. 
 
#11. Annotating lipids with the "most abundant fatty acid composition" is misleading - if isobaric 
species are not resolved the overall composition (total carbons, total double bonds) should be shown 
as primary annotation (possibly followed by the most abundant isomer). 
 
We now include the overall composition as primary annotation, together with a second column 
containing the most abundant isomer (Data S4). MS/MS analysis allows identification of the most 
abundant isomer (e.g. PC with a C18:1 and a C18:0 fatty acid) without assignment of the sn1/sn2 
position of the respective fatty acids. It is important for experiments such as described in figure 3A 
to use identifiers containing individual fatty acids. LION-terms related to fatty acids cannot be 
associated to a dataset that lacks this information. To avoid confusion, we have renamed the lipid 
species from e.g. PC(18:1/18:0) to PC(18:1_18:0) to indicate the fatty acid composition of lipid 
species without sn1/sn2 assignment. 



 
Expert editorial board comments on usability: 
 
The following comments are thus from the perspective of a potential user. 
 
Can the authors specify the source of the 50,000 lipid species included into the analyses? To my 
knowledge the lipidmaps database reports around 42,000 entries only. 
 
We used the lipid classification system (hierarchy) in accordance with LIPIDMAPS. The individual lipid 
species in LION were constructed by combining lipid classes with abundant fatty acids. LIPIDMAPS is 
probably somewhat more stringent about the inclusion of lipid species in their database as they 
intend to provide additional information for individual species. We added a few lines (231-236) 
about the construction of individual lipid species in LION to the Methods section.  
 
The number of lipid species linked to experimental or in silico data is more than two orders of 
magnitudes lower that the indicated number of 50,000 and mainly refers to membrane lipids. Are all 
of these 50,000 species associated with one or more than one feature? Can the authors comment 
how many of these 50,000 lipids are associated with features going beyond chemical properties? 
What kind of cell biological features were used and which of these features where linked to which 
lipid species? In order to understand and validate the assignments as more detailed description 
would be helpful. 
 
Many lipids have a number of associations, whereas some lipids only have a few. As a consequence 
of the hierarchical structure of LION, lipids with only one association will not occur: lipids are 
(indirectly) associated with the neighbour’s neighbour. To make this information more accessible for 
users, we improved the enrichment-report , which can be obtained by the button ‘download report’. 
It now contains three files: a CSV-file with the enrichment information, a CSV-file containing all the 
LION-terms associated with the lipids in the dataset, and vice versa, a CSV-file containing all lipids of 
the dataset with associated LION-terms. With this information, users are better equipped to 
understand the underlying data structures and improve interpretation of obtained results. 
  
Can the authors comment on why they integrated coarse-grain but not (in addition) atomistic MD 
data? 
 
To our knowledge, there is no comprehensive lipid dataset available that has been obtained by 
atomistic molecular dynamics simulations. More importantly, the biophysical properties are 
categorized into distinct groups (very low, low, average, etc.). Given this categorization in groups, we 
suspect that the increased resolution of atomistic MD will be of no or very limited added value. 
  
Can the authors specify which data of the two papers in particular was included into building the 
application? 
 
We now provide a detailed supplemental table (Data S1) containing references per LION-term. 
Moreover, the source data and code are available via the script folder. 
  
The fact that the application in its current form is restricted to glycerol-based lipids and fatty acids 
should be indicated in the abstract and in the discussion of the dataset.   
 
We agree that the current LION database is not a complete end product. However, it is not true that 
LION only contains (associations to) glycerol-based lipids and fatty acids. The database includes 
many more: sphingolipids (sphingomyelins, ceramides, glycosphingolipids), cholesterol derivatives 



and retinoids. As comprehensive biophysical data about these classes is hardly available or too 
complex in the case of cholesterol, not all these classes are associated with biophysical properties. 
The biophysical properties obtained by MD are limited to glycerol-based lipids. The transition 
temperatures are also associated with sphingomyelins. Cellular component, intrinsic curvature, 
headgroup charge are associated with many lipid classes. Limitations of LION/web are included in 
the Discussion section. 
 
For this first version of LION the authors included only information from two publications. There is an 
increasing amount of data available going beyond this information. Can the authors comment on 

how they plan to allow for integration of additional information? Will users be able to do so in a ‘
customized’ fashion? 
 
We recognize the importance to involve users in the improvement of LION and LION/web. To this 
end, we added several features to the web-tool.  
(i) We include an option (not selected by default for privacy reasons) that -when selected-  informs 
us when lipids could not be matched to LION. This helps us to keep track of lipid identifiers that are 
often used, but not present in LION.  
(ii) We include a contact form on the website to lower the threshold to contact us for questions, 
requests, suggestions or feedback. 
Web-tool improvement will not stop after publication. Currently, we are working on features to 
build heat maps and principle component analyses within the web-tool. When new sources 
containing useful data become available, this will be added this to the database. 
 
The power of application depends on the number of features associated with each lipid species. Can 
the authors comment on how they plan to advance the data base, e.g., by including the community? 
Will the application be hosted and if so, what is the perspective? 
 
The full ontology, R-packages to perform enrichment analysis and R-code for the web-tool is publicly 
available. This is sufficient for experienced users to build customized versions of LION or the web-
tool. We understand, however, that this will be challenging for inexperienced users. In the future, 
we plan to build a dedicated LION R-package with detailed instructions and guidelines to augment 
the ontology by individual users. An R-package provides more flexibility than a web-tool and the use 
of user-customized ontology versions will be easier to support. 
 
The web-tool is currently hosted by Shinyapps.io. It will be hosted elsewhere in case this service 
discontinuous its operation. The domain name lipidontology.com is owned by the department and 
the web-tool LION/web will remain accessible via lipidontology.com.  
 


