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Abstract

In our group, we aim to understand metabolism in the nematode Caenorhabditis elegans and its relationships with gene expression, physi-
ology, and the response to therapeutic drugs. Visualization of the metabolic pathways that comprise the metabolic network is extremely
useful for interpreting a wide variety of experiments. Detailed annotated metabolic pathway maps for C. elegans are mostly limited to pan-
organismal maps, many with incomplete or inaccurate pathway and enzyme annotations. Here, we present WormPaths, which is composed
of two parts: (1) the careful manual annotation of metabolic genes into pathways, categories, and levels, and (2) 62 pathway maps that in-
clude metabolites, metabolite structures, genes, reactions, and pathway connections between maps. These maps are available on the
WormFlux website. We show that WormPaths provides easy-to-navigate maps and that the different levels in WormPaths can be used for
metabolic pathway enrichment analysis of transcriptomic data. In the future, we envision further developing these maps to be more interac-

tive, analogous to road maps that are available on mobile devices.
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Introduction

Metabolism can be broadly defined as the total complement of
reactions that degrade and synthesize biomolecules to produce
the biomass and generate the energy organisms need to grow,
function, and reproduce. Metabolic reactions function in meta-
bolic pathways that are interconnected to form the metabolic
network. In metabolic networks, the nodes are metabolites and
the edges are conversion and transport reactions carried out by
metabolic enzymes and transporters.

Genome-scale metabolic network models provide mathemati-
cal tools that are invaluable for the systems-level analysis of me-
tabolism. Such models have been constructed for numerous
organisms, including bacteria, yeast, the nematode Caenorhabditis
elegans, and humans (Yilmaz and Walhout 2017). Metabolic net-
work models are extremely useful because they can be used with
flux balance analysis to derive specific insights and hypotheses.
For example, gene expression profiling data can be used to gain
insight into metabolic network activity at pathway, reaction, and
metabolite levels under different conditions or in particular tis-
sues (Machado and Herrgard 2014; Yilmaz and Walhout 2016;
Opdam et al. 2017; Yilmaz et al. 2020).

Visualizing the metabolic pathways that together comprise the
metabolic network of an organism is extremely useful to aid in the
interpretation of results from different types of large-scale, sys-
tems-level studies such as gene expression profiling by RNA-seq,
phenotypic screens by RNAi or CRISPR/Cas9,0r genetic interaction
mapping. Several resources are available online for the
visualization and navigation of metabolic pathways. Probably the
most widely used is the Kyoto Encyclopedia of Genes and Genomes
(KEGG), a platform that provides pan-organism annotations and
metabolic pathway maps (Kanehisa et al. 2015). Other online
resources include MetaCyc (Caspi et al. 2014), BRENDA (Chang et al.
2015), and REACTOME (Joshi-Tope et al. 2005). While all of these
platforms are extremely useful resources for metabolic pathway
mapping, enzyme classification, and pathway visualization, they
can have incomplete or incorrect pathway and enzyme informa-
tion due to a lack of extensive manual curations for specific organ-
isms. As a result, map navigation can be rather non-intuitive.

Over the last five decades or so, the free-living nematode
C. elegans has proven to be an excellent genetic model to gain
insights into a variety of biological processes, including
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development, reproduction, neurobiology/behavior, and aging
(Corsi et al. 2015; Lemieux and Ashrafi 2016; Nigon and Felix
2017). More recently, C. elegans has emerged as a powerful
model to understand basic metabolic processes (Watson and
Walhout 2014; Rashid et al. 2020). C. elegans is a bacterivore
that can be fed different bacterial species and strains in the lab
(MacNeil and Walhout 2013; Yilmaz and Walhout 2014).
Numerous studies have begun to shed light on the metabolic
mechanisms by which different bacterial diets can affect the
animal’s metabolism (Larsen and Clarke 2002; Coolon et al.
2009; Gusarov et al. 2013; MacNeil et al. 2013; Watson et al. 2013;
Virk et al. 2016; Zhang et al. 2019). For instance, we have discov-
ered that when fed a diet low in vitamin B12, C. elegans adjusts
the two metabolic pathways that rely on this cofactor.
Specifically, it rewires propionate degradation by transcription-
ally activating a propionate shunt and upregulates
Methionine/S-adenosylmethionine cycle genes to adjust cycle
activity (Watson et al. 2014; 2016; Bulcha et al. 2019; Giese et al.
2020). To enable more global analyses of C. elegans metabolism,
we previously reconstructed its first genome-scale metabolic
network model (Yilmaz and Walhout 2016). The recently
updated version of this model includes 1314 genes, 907 metab-
olites, and 2230 reactions and is referred to as iCEL1314
(Yilmaz et al. 2020). Information about this network and all the
components involved is publicly available on our WormFlux
website (http://wormflux.umassmed.edu).

Over time, we found that we were missing metabolic pathway
maps that are easy to navigate and that can be used to help inter-
pret results from phenotypic screens and gene expression profil-
ing experiments. We used KEGG pathways, which provide
generic, non-organism-specific visualizations, as a starting point
to redraw maps of C. elegans metabolism on paper to help us in-
terpret our data. In KEGG, enzymes are indicated by Enzyme
Commission numbers and maps are colored with those enzymes
predicted to be present in an organism of interest; however,
organism-specific pathways cannot be extracted. Furthermore,
many of these maps contain incorrect or partially correct reac-
tions for C. elegans. We found that redrawing pathway maps that
contain information about metabolites, genes encoding the pro-
teins that catalyze metabolic reactions or transport metabolites
between cells or cellular compartments, molecular structures,
and cofactors was very helpful to our studies (Watson et al. 2016;
Bulcha et al. 2019; Giese et al. 2020).

Here, we present WormPaths, a web-based collection of stan-
dardized metabolic pathway maps for C. elegans. In total,
WormPaths contains 62 maps covering major metabolic path-
ways (glycolysis/gluconeogenesis, TCA cycle, etc.), amino acid
metabolism, and pathways fundamental to C. elegans physiology
(collagen biosynthesis, ascaroside biosynthesis, propionate deg-
radation, etc.). Each map connects to other pathways, thereby
covering the entire iCEL1314 network. Importantly, the network
was expanded by adding reactions and genes found in the litera-
ture that were heretofore missed. Maps were carefully curated,
hand-drawn, and then visualized in a standardized Scalable
Vector Graphics (SVG) format, which allows interactive usage in
web applications. WormPaths annotations and maps are publicly
available on the WormFlux website (http://wormflux.umassmed.
edu). Our careful gene-to-pathway annotations at different levels
(see Results) enable statistical enrichment analyses. Finally, our
maps may provide a useful format for the drawing of metabolic
pathway maps in other organisms. In the future, we envision fur-
ther refining the maps through detailed literature reviews and
experiments.

Materials and methods
Design of pathway maps
The design of pathway maps aimed at capturing and visualizing
metabolic functions in such a way that would be broadly useful
for both statistical analyses and navigation purposes. The start-
ing point for pathway definitions was the pathway annotations of
reactions and genes of iCEL1314 in WormFlux and in KEGG.
Existing pathways were then split and/or modified such that the
functional resolution of pathways was increased without disrupt-
ing the coherence of reactions, while the number of overlapping
reactions was minimized. For example, the valine, leucine, and
isoleucine degradation pathway (one map in KEGG) was first di-
vided into three maps to increase pathway resolution: valine deg-
radation, leucine degradation, and isoleucine degradation. Then,
a reaction that existed in the original pathway that converts
propionyl-CoA to methylmalonyl-CoA (i.e., RM01859 in iCEL1314
and R01859 in KEGG) was removed from valine degradation and
isoleucine degradation maps to avoid a redundant overlap with
propionate degradation, where this reaction defines a critical
step. In KEGG, R01859 is associated with glyoxylate and dicarbox-
ylate metabolism in addition to valine, leucine, and isoleucine
degradation and propionate metabolism, thus appearing in three
places. However, propionyl-CoA to methlymalonyl-CoA conver-
sion is clearly the first step of canonical propionate degradation.
Typically, pathways were designed to start or end with three
types of metabolites: (i) the main substrate or product by defini-
tion (e.g., histidine is the starting point in histidine degradation,
and collagen is the endpoint in collagen biosynthesis), (ii) a con-
nection to other pathways (e.g., valine degradation ends with
propionyl-CoA through which it is connected to propionate me-
tabolism), and (iii) an endpoint that can be transported to or from
extracellular space (e.g., histamine is produced in histidine degra-
dation pathway and exported). The connections of terminal
metabolites to other pathways are indicated in maps by clickable
pathway boxes as in KEGG, unless the metabolite is associated
with more than two other pathways. When a terminal metabolite
is not associated with any other pathway, a proper transport that
explains the source or fate of the metabolite is included. If a
transport is not available either, then it follows that the metabo-
lite is associated with reactions not included in WormPaths maps
yet, which is indicated by a box labeled “other”. In any case, the
number of pathways and the types of transports (cytosol-extra-
cellular space or mitochondria-cytosol) a metabolite is associated
with are indicated by colored squares and circles, respectively, as
shown by a legend appended to every map. Furthermore, clicking
a metabolite brings the page of that metabolite in WormFlux,
which shows all pathways and reactions it is associated with.
Thus, information about the pathway associations and transport-
ability of, not just terminals, but every metabolite in a pathway,
is reachable from the pathway map.

Mlustration of pathway maps

Draft maps were drawn as SVG files in the open-source vector
graphics editor Inkscape (http://inkscape.org) following a tem-
plate (Supplementary Figures S1 and S2). Genes from each map
were extracted from the SVG files and cross-referenced to the
master levels spreadsheet (Supplementary Table S1). After cor-
rection of errors, the final SVG maps were wrapped with HTML
format and uploaded to the WormFlux website (http://wormflux.
umassmed.edu, last accessed June 18, 2021). Maps were blended
with WormFlux pages and made interactive using PHP language
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for server-side processes (e.g., search) and JavaScripting language
for the client-side actions (e.g., metabolite image display).

Pathway enrichment analysis

To facilitate pathway enrichment analysis (PEA), we developed
an interactive webtool in the WormFlux website (http://worm
flux.umassmed.edu/WormPaths/pea.php, last accessed June 18,
2021). This tool takes a list of genes from the user as the input.
First, the overlap between the input and the background (univer-
sal) set, i.e., the entire gene list of iCEL1314, is determined. This
overlap defines the metabolic hits. For each gene category at
each level, the strength and significance of the intersection be-
tween category genes and metabolic hits are evaluated. The
strength is the enrichment score calculated as k/n, where k is the
number of genes in the intersection set, and n stands for the total
number of genes in that category. The significance was based on
the hypergeometric test performed using the hypergeom func-
tion in scipy package of Python 2.7. Briefly, a hypergeometric dis-
tribution is derived for the size of the intersection set between
the category genes and the metabolic hits using hypergeom(M, N,
n), where M is the size of the universal set, which is 1314, and N is
the number of metabolic hits. Then, the probability mass func-
tion of this distribution is used to calculate the enrichment p-
value as the sum of probabilities for k and greater integers, which
corresponds to the total probability of having k or more genes in
the intersection. Similarly, the depletion p-value is calculated as
the total probability of having k or less genes in the intersection.
The PEA tool provides an interactive color-coded table that illus-
trates enrichment scores and enrichment or depletion p-values
for every category at every level. The results are also provided in
greater detail as a downloadable tab-separated text file.
Importantly, a multiple hypothesis testing correction is not done
by PEA to avoid the underestimation of enrichment strength. The
users are encouraged to apply Bonferroni correction when
searching enrichments or depletions at a significance level of «,
such that p < o/n_test must be satisfied, where n_test is the num-
ber of tests (e.g., the number of categories at a level of interest). A
workflow is shown in Supplementary Figure S3.

Metabolite structures

Out of the 907 metabolites in iCEL1314, 777 are represented in
WormPaths maps by abbreviations that are linked to images with
metabolite name, formula, and structure. The image of a metab-
olite is displayed when its abbreviation is hovered over. Names
and formulas follow from iCEL1314 (Yilmaz et al. 2020).
Structures were based on mol file representations (Dalby et al.
1992) or hand drawings. Mol files were readily obtained from
KEGG (Kanehisa et al. 2015) for 559 metabolites, and from other
public resources including Virtual Metabolic Human Database
(Noronha et al. 2019), PubChem, and ChEBI for 43 more. All mol
files were converted to PNG format using Open Babel (O’'Boyle
et al. 2011). The structures of 160 metabolites were created based
on mol files and shapes of similar molecules using a commercial
vector-based graphics software when necessary. These drawings
were also saved in PNG format. No definitive structures were
found for the remaining 15 metabolites (mostly proteins) for
which a “Structure not available” sign was used instead of a mo-
lecular structure. Finally, each structure image was stacked with
the corresponding metabolite name and formula using Inkscape
to obtain the images of metabolites displayed in WormPaths.

Data availability

All pathway annotations from this study are available in the
Supplementary Tables S1, S3-S5 and are downloadable from the
WormFlux website (http://wormflux.umassmed.edu/download.
php, last accessed June 18, 2021). All pathway maps are available
in WormFlux (http://wormflux.umassmed.edu/WormPaths/
wormpaths.php) and can be used interactively to visualize infor-
mation related to metabolites, genes, reactions, and pathways in
this website. Each pathway map can be downloaded in PNG, PDF,
and SVG formats from the corresponding pathway page.

Supplementary material is available at GENETICS online.

Results

Assigning C. elegans metabolic genes to pathways
at different levels
To generate WormPaths, we built on available resources, most
notably the iCEL1314 metabolic network model (Yilmaz et al.
2020), KEGG (Kanehisa et al. 2015), MetaCyc (Caspi et al. 2014),
WormBase (Harris et al. 2020), and literature searches (Figure 1A).
Briefly, we manually curated each of the 1314 genes present in
the iCEL1314 model and assigned them to one or more biochemi-
cal pathway (see Materials and methods). In addition, we used a
“category” annotation for metabolic genes that best fit in groups
or enzyme categories rather than specific biochemical pathways
(Figure 1B). Examples of categories include the 40 iCEL1314 genes
in complex I of the electron transport chain, guanylate cyclases
that convert guanosine triphosphate to cyclic guanosine mono-
phosphate, and vacuolar ATPases that maintain proton gradients
across organellar plasma membranes. Because all metabolic
pathways are connected into a metabolic network and some
pathways are embedded, or nested, into larger pathways, we de-
cided to annotate C. elegans metabolic pathways at different lev-
els. Categorizing genes into pathways at different levels enables
enrichment analyses at different levels of resolution (see below).
Level 1 includes the broadest assignment to ten annotations:
amino acids, carbohydrates, cofactors and vitamins, energy, lip-
ids, nucleotides, one-carbon cycle, reactive oxygen species, other
amino acids, and other (Supplementary Table S1). Levels 2, 3, and
4 further refine pathways within Level 1 annotations. For in-
stance, the propionate shunt (Watson et al. 2016) (Level 4) is part
of propionate degradation (Level 3), which is part of short-chain
fatty acid degradation (Level 2), which is part of lipids (Level 1)
(Figure 1C, Supplementary Table S1). Altogether, there are 10
groups of pathways or categories at Level 1, 61 groups at Level 2,
79 groups at Level 3, and 85 groups at Level 4. Not all Levels 2 or 3
can be further subdivided, and therefore there is redundancy at
the higher levels (3 and 4) (Supplementary Table S1). For each
pathway, we decided as a group which level would be most useful
for visualization as a map, and a team of two lab members
worked together to design and draw a draft map (Supplementary
Table S2). For example, Level 2 branched-chain amino acid degra-
dation can be subdivided into three maps at Level 3: isoleucine,
leucine, and valine degradation, each of which is visualized sepa-
rately. Another example is methionine metabolism (Level 3),
which can be further refined to methionine salvage and the
methionine/S-adenosylmethionine cycle (Level 4). Other amino
acids need no further categorization and maps are drawn at
Level 2, such as histidine and lysine degradation.

In WormPaths, 32% of genes are annotated to multiple path-
ways. While many genes do in fact act in multiple pathways,
others may be annotated to multiple pathways because
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Figure 1 WormPaths annotation of C. elegans metabolic genes. (A) Cartoon outlining resources used to generate WormPaths. (B) Pipeline of gene to
pathway/category annotations and map construction. (C) Example of pathway-centered WormPaths annotations. (D) Example of gene-centered
WormPaths annotations. BCAA, branched-chain amino acids; SCFA, short chain fatty acids; SVG, scalable vector graphics.

gene-protein-reaction annotations are based on homologies with
known enzymes, and the exact participation of each gene in dif-
ferent pathways cannot be resolved without experimentation.
For instance, the acyl-CoA dehydrogenase-encoding gene acdh-1
is annotated to different degradation reactions in amino acid and
lipid metabolism (Figure 1D, Supplementary Tables S3-S5).
However, only its role in the propionate shunt has been experi-
mentally characterized (Watson et al. 2016). Importantly, its close
paralog acdh-2 is annotated to the same pathways but was experi-
mentally shown not to be involved in the propionate shunt
(Watson et al. 2016). Future biochemical and genetic studies are
needed to disentangle which enzymes can catalyze multiple
reactions, and which are specific to individual reactions.

WormPaths maps—visualization and navigation

After map level assignments and pathway design, maps were
sketched digitally or by hand and electronically uploaded to
Google Docs for sharing followed by manual conversion to SVG
format, an Extensible Markup Language (XML)-based vector im-
age format for general useability on the Internet by both

individual users and computer programs. Metabolite structure
images for all products and reactants were downloaded from
KEGG and other resources (see Materials and methods) and some
that were not available were hand drawn. All reactions on the
SVG maps were manually verified and checked for errors. Maps
were then uploaded to the WormFlux webpage, where they are
available in a drop-down list. All maps are searchable and click-
able. For example, a search for the gene metr-1 will result in the
WormFlux gene page for metr-1, which has links to the
methionine/S-adenosylmethionine cycle and folate cycle path-
ways, each of which brings the corresponding map with the metr-
1 gene highlighted (Supplementary Figure S4). In reverse, clicking
on a gene in any map leads to the associated WormFlux page,
where key identifiers and reactions in which the gene is involved
are listed. The same is true when searching and clicking metabo-
lites.

In total, WormPaths provides 62 maps of C. elegans metabolic
pathways that connect into the larger iCEL1314 network. Figure
2A shows an example of the WormPaths map for glycolysis/glu-
coneogenesis. This is a Level 2 map that is part of carbohydrates
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Figure 2 WormPaths examples. (A) WormPaths map of glycolysis/gluconeogenesis. (B) The key to the reactions, metabolite transportability, and number
of pathway connections that appears on the WormPaths website. (C) An example of a web pop-up window from glycolysis/gluconeogenesis that shows
the metabolite structure of beta-D-glucose 6-phosphate upon hovering the cursor over g6p-B. (D) Example of a literature-curated reaction highlighted in
the gray box.



6 | GENETICS, 2021, Vol. 219, No. 1

(Level 1). The keys for different types of reactions are provided in
Supplementary Figures S1 and S2. In metabolic networks, nodes
are metabolites and edges are the reactions in which these
metabolites are converted into one another, or transported be-
tween cellular compartments, or between the cell and the extra-
cellular environment. The edges in these maps are black for
enzymatic reactions and green for transport reactions (Figure 2B).
The genes encoding the enzymes predicted to catalyze the reac-
tions are indicated in blue, and co-reactants are indicated in or-
ange (Figure 2A). Some reactions have multiple alternative genes
associated with them. These “OR” genes are separated by a verti-
cal bar (|). For example, in glycolysis/gluconeogenesis the inter-
conversion  between  phosphoenolpyruvate  (pep) and
oxaloacetate (0oaa) is associated with pck-1, pck-2, or pck-3 (Figure
2A). None of these genes is associated with any other reaction
and therefore they may function in different conditions or in dif-
ferent tissues (Yilmaz et al. 2020). Indeed, at the second larval (L2)
stage, two of these three genes show very distinct tissue expres-
sion patterns, while the mRNA for the third gene (pck-3) was
undetectable (Supplementary Figure S5) (Cao et al. 2017). For
edges where multiple enzymes together catalyze a reaction, an
ampersand (&) is used to indicate “AND” genes. For example,
pdha-1 and pdhb-1 are both required in the pyruvate dehydroge-
nase complex that catalyzes the conversion of pyruvate (pyr) into
acetyl-CoA (accoa) (Figure 2A).

For metabolite names both in WormPaths (Figure 2A) and in
WormFlux (Yilmaz and Walhout 2016), we used Biochemical
Genetic and Genomic (BiGG) database abbreviations where avail-
able (Schellenberger et al. 2010). The transportability of metabo-
lites between subcellular compartments is indicated by a colored
circle (Figure 2B), and the number of pathways connected

A

between each metabolite is indicated by a grayscale square.
When metabolites are hovered over by the cursor, the full name,
formula, and chemical structure of the metabolite are displayed
in an image that pops up (Figure 2C). For many transport reac-
tions, the transporter is not yet known and only few have associ-
ated genes, or the transport gene is not part of the iCEL1314
metabolic model. We found that, by having multiple people man-
ually evaluate different metabolic genes and pathways, the
iCEL1314 metabolic model can be further improved. For example,
we found that the conversion of y-linolenoyl-CoA (Inlncgcoa) to
stearidonyl-CoA (strdnccoa) by fat-1 was missing from the model
even though this reaction is described in the literature (Figure 2D)
(Watts 2016). Using a combination of KEGG, WormBase, and liter-
ature searches, we added six genes to the maps that are not in
the iCEL1314 model: two to new reactions and four to existing
reactions. We also added 25 genes from the iCEL1314 model to 16
reactions: 5 existing and 11 new. Finally, we found three pathway
connections not identified in the iCEL1314 model.

WormPaths advantages

Metabolic maps provided by KEGG are extremely useful and fre-
quently published in the primary literature (e.g., Gao et al. 2018;
Chan et al. 2019). However, these maps can be non-intuitive for
several reasons. First, these ‘pan-organism’ maps display all the
chemistry known for a particular pathway based on enzymes
identified by Enzyme Commission number. However, many reac-
tions can be found in some organisms but not others. For in-
stance, many reactions are specific to prokaryotes. By selecting
an organism of choice, here C. elegans, KEGG colors the boxes rep-
resenting enzymes in green if the enzyme is predicted to occur in
that organism (Figure 3A). Second, one has to hover over the
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enzyme box to visualize the associated gene(s). Third, there can
be a lot of overlap between different pathways, and pathways in
WormPaths have been greatly simplified without losing critical

A

information (Figure 3B). For example, the C. elegans pantothenate
and CoA biosynthesis map in KEGG looks extremely complicated,
but many of the boxes in the KEGG map are white, indicating
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enzymes found in C. elegans. (B) Ketone body metabolism map in WormPaths.

(A) Ketone body metabolism map in KEGG. Green boxes indicate
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that there is no known gene for the pertaining reactions in C. ele-
gans. Furthermore, the KEGG map contains components of cyste-
ine and methionine metabolism, arginine and proline
metabolism, propionate degradation, glycolysis, and other over-
lapping pathways. The WormPaths map strips away these excess
genes and pathways and focuses solely on pantothenate and CoA
formation (Figure 3B). In this specific example, connections to
other pathways from the terminal metabolites are not indicated
by boxes due to the fact that cys-L, ctp, cmp, and coa all connect
to more than four other pathways, making the map cumbersome
to navigate. The connecting pathways can be viewed on the
WormFlux website by clicking the metabolite of interest.

In addition to simplifying metabolic pathway maps, we also
extended several WormPaths maps relative to KEGG. For in-
stance, the WormPaths ketone body metabolism map has addi-
tional conversions with associated genes, relative to the map
available in KEGG (Figure 4). More precise connections to other
pathways, transport reactions, and subcellular localization of the
reactions are visualized in WormPaths.

In KEGG, genes are associated with any pathway assigned to
that gene by gene-protein-reaction associations. However, some-
times these reactions can be isolated because surrounding reac-
tions are not found in the organism of interest, thus the isolated
reaction does not connect to the larger pathway or network of
said organism. The isolated reactions may be incorrect annota-
tions that are not likely to exist in the organism, or they may
have been incorrectly inserted into the pathway based on homol-
ogy to another organism (Yilmaz and Walhout 2017). For in-
stance, the aldehyde dehydrogenase alh-2 is associated with 15
KEGG pathways (Figure 5A). However, in several of these KEGG

A

KEGG WormPaths

Arginine metabolism

Arginine metabolism

Glycerolipid metabolism

Glycerolipid metabolism

Glycolysis/gluconeogenesis

Glycolysis/gluconeogenesis

Tryptophan metabolism

Tryptophan metabolism

Ascorbate and aldarate metabolism

beta-Alanine metabolism

Fatty acid degradation

Histidine metabolism

Isoleucine degradation

Leucine degradation

Lysine degradation

Pantothenate and CoA biosynthesis

Proline metabolism

Pyruvate metabolism

Valine degradation

“4 D-Glucurono-
lactone
Lal®) 3.1.1.19 Ot

(1213} »Oa—|
D-CGlucuronate D-Glucarate
2 11.119] [1.1.1.20]
= L-xyio-Hexulono- O
lactons

w_ [ ;
K. U TN G B i
Buonate L13:1.1.25] | Gulono- L-gulonate-6F

I 4 lactone Og———{41185»0Q

Figure 5 WormPaths maps clean up pathway associations for individual

genes. (A) Gene-to-pathway annotations for alh-2 in KEGG and
WormPaths. (B) KEGG annotation for alh-2 (green box with red text) in
ascorbate and aldarate metabolism. White boxes indicate no known

enzyme in C. elegans.

reactions, alh-2 is associated with one or more isolated reactions
that are not connected to iCEL1314 (Yilmaz et al. 2020) (Figure 5B).
This can be further visualized in the KEGG pantothenate and CoA
biosynthesis map from Figure 3A; enzyme EC1.2.1.3 on the lower
left is not connected to the rest of the pathway. Furthermore,
only 5 of the 15 KEGG pathways associated with alh-2 have the
enzyme connected to the rest of the pathway via other C. elegans
enzymes (glycolysis/gluconeogenesis, glycerolipid metabolism,
leucine degradation, isoleucine degradation, and valine degrada-
tion). Altogether, WormPaths identifies four pathways for alh-2,
and all are shared with KEGG (Figure 5A). Refining gene-to-
pathway annotations in WormPaths is especially important for
statistical analyses; when a gene is incorrectly associated with
different pathways, this can affect the significance of detected
enrichments.

WormPaths levels can be used for pathway or
gene set enrichment analysis

To demonstrate how the levels in WormPaths can be used to
identify high-resolution metabolic pathway enrichment in tran-
scriptomic data, we analyzed a previously published RNA-seq
dataset measuring the transcriptomes of untreated animals, ani-
mals treated with 20nM vitamin B12, or 20nM vitamin B12 and
40 mM propionate (Bulcha et al. 2019). We selected all of the genes
from the genome scale experiment with a p-adjusted value of
<0.05 and a fold change of =1.5 and performed PEA using the
PEA tool in WormFlux (see Materials and methods and
Supplementary Figure S3). This approach confirmed our previous
findings that propionate degradation by the shunt pathway and
the Met/SAM cycle are enriched in this dataset (Bulcha et al. 2019;
Giese et al. 2020).

In collaboration with the Walker lab, we previously developed
WormcCat, an online tool for identifying genome-scale coex-
pressed gene sets (Holdorf et al. 2019) (Figure 6). In WormCat,
genes are assigned to a single functional annotation, while in
WormPaths, metabolic genes can be assigned to multiple reac-
tions and, therefore, pathways. This, together with the inclusion
of different Levels of metabolism, allows gene enrichment analy-
sis at greater resolution (Figure 6). In contrast to WormcCat, how-
ever, WormPaths is limited to the genes included in the iCEL1314
model (Yilmaz et al. 2020). Given the advanced curation of the
genes in WormPaths, using these gene sets provides a comple-
mentary level of resolution for the analysis of metabolic path-
ways, relative to WormCat. Thus, we suggest that researchers
first use WormcCat for gene set enrichment analysis and that they
include WormPaths in their analyses when they find an enrich-
ment for metabolic genes. Finally, our high-resolution metabolic
pathway annotations can be integrated as custom gene-sets
while performing other kinds of enrichment analysis, for exam-
ple using classical Gene Set Enrichment Analysis (Subramanian
et al. 2005) to extract specific desired information from gene ex-
pression profiling data.

Discussion and vision

We have developed WormPaths, an expandable online catalog of
C. elegans metabolic pathway maps and gene annotations. Our
overall annotations predict a total of more than 3000 metabolic
genes in C. elegans, based on homologies with metabolic enzymes
or protein domains (Yilmaz and Walhout 2016). Therefore, meta-
bolic network models such as iCEL1314 continue to grow and
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Figure 6 Pathway enrichment analysis using WormPaths levels. Pathway enrichment analysis using a previously published RNA-seq dataset of
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resolution to the genome scale enrichment metabolic results from WormcCat (right, orange).

evolve as more experimental data becomes available. We encour-
age C. elegans researchers to contact us and help with updates
and additions, and to point out any errors they may find. We ex-
pect that new metabolic reactions and metabolites will continue
to be added to future versions of iCEL as they are discovered. For

instance, the iCEL1314 model incorporates the relatively recently
discovered ascaroside biosynthesis pathway (Yilmaz et al. 2020).
In the future, we hope to visualize changes in gene expression,
metabolite concentrations, and potentially metabolic rewiring,
which can occur under different dietary or environmental
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conditions. Altogether, WormPaths builds on and provides
advantages over KEGG and the visualization strategy used to de-
velop WormPaths should be applicable to other model organ-
isms.
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