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Abstract

The Plant Metabolic Network (PMN) is a free online database of plant metabolism available at https://plantcyc.org. The latest release, PMN
16, provides metabolic databases representing >1200 metabolic pathways, 1.3 million enzymes, >8000 metabolites, >10 000 reactions and
>15 000 citations for 155 plant and green algal genomes, as well as a pan-plant reference database called PlantCyc. This release contains 29 ad-
ditional genomes compared with PMN 15, including species listed by the African Orphan Crop Consortium and nonflowering plant species.
Furthermore, 52 new enzymes with experimentally supported function information have been included in this release. The single-species
databases contain a combination of experimental information from the literature and computationally predicted information obtained through
PMN's database generation pipeline for a single species, while PlantCyc contains only experimental information but for any species within
Viridiplantae. PMN is a comprehensive resource for querying, visualizing, analyzing and interpreting omics data with metabolic knowledge. It
also serves as a useful and interactive tool for teaching plant metabolism.
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Introduction

food safety, energy and healthcare. None of the currently used
Plant metabolism is fundamental to addressing major global  crops have been bred to withstand the variability and extremes
challenges related to the climate crisis, pollution, agriculture, of the current and projected climate in the near future. To
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understand how plants respond to changing climates and
identify and engineer adaptive traits rapidly, we need to re-
veal the genome sequence and metabolic capacity of a large
diversity of species and populations. Advances in omics tech-
nologies and the growing application of these tools in plants
rapidly increased the body of plant genome data. Most of the
biological knowledge, however, exists in individual publica-
tions, limiting its access and use.

To enable a comprehensive understanding of plant
metabolism and facilitate metabolic engineering and crop
breeding efforts, the Plant Metabolic Network (PMN) was
created to serve as a central resource for genome-scale an-
notations of metabolic enzymes, pathways and metabolites
in plants and algae (1). PMN is an integrative metabolic
database resource for 155 plant and algal genomes and a pan-
plant reference database, PlantCyc. PMN has become a valu-
able resource, which is used widely by genome annotators,
metabolic modelers and plant biologists. PMN has several
unique attributes. First, the pipeline used to generate Pathway
Genome Databases (PGDBs) can be scaled up to any number
of genomes. Second, compared with other pathway databases
such as Plant Reactome (2) and KEGG (3), PMN includes
more experimentally validated reactions (1). Third, PMN has
a large user base: 5719 registered users and a mailing list with
1324 members. PMN is used by a wide range of scientists and
students as a general reference for plant metabolism, to gain
metabolic insights from omics datasets, to aid in annotating
new genomes and to answer questions about the evolution of
plant metabolism.

Despite housing metabolic data for many species, PMN’s
coverage of certain plant groups is limited. In addition, there
is still a very small portion of experimentally supported en-
zyme data. In this paper, we describe PMN 16 that introduces
29 new single-species databases from underrepresented plant
groups as well as the addition of literature-curated, experi-
mentally supported enzyme data.

Materials and methods

An advanced pipeline to generate PMN databases

The PMN databases are created using a bioinformatics
pipeline (Figure 1). The pipeline takes the full set of protein
sequences from an annotated genome for the organism and
produces a PGDB. The principal stages are (i) the ensemble
enzyme prediction pipeline (E2P2), which predicts enzymes
from the protein sequences; (ii) PathoLogic, which uses the
predicted enzymes to call presence/absence on each pathway
in the reference database and creates the initial single-species
database; and (iii) the semi-automated validation infrastruc-
ture (SAVI), which applies past curation decisions at the path-
way level to each new database, serving as guardrails against
highly implausible pathway predictions.

E2P2 (https://github.com/carnegie/E2P2) is an ensemble en-
zyme prediction framework produced by the PMN team. The
new E2P2 version 5.0 was used to create PMN 16 and was
released publicly alongside it. E2P2 works by combining the
predictions of other classifier software, with each enzyme class
weighted for each classifier according to its performance un-
der cross-validation (4). Version 5.0 makes E2P2 modular by
allowing the user to define new external classifiers by writing a
configuration file and to select which of the available classifiers
to use at runtime (in previous versions of E2P2, the classifiers
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Figure 1. The PMN pipeline. An overview of the major steps in the PMN
pipeline, used by the PMN team to generate each PMN single-species
database. Amino acid sequences for the species are fed into E2P2 that
predicts enzymes. Pathologic then predicts pathways and generates the
initial database. SAVI refines the predictions using a set of
curator-defined rules. The refine steps add experimental data for the
species and perform other finishing refinements.

were hardcoded and could not be changed without editing the
E2P2 source code). E2P2 5.0 also removes PRIAM (5) as a de-
fault classifier and replaces it with DeepEC (6), which shows
similar performance under cross-validation. The change was
made because the PRIAM software is no longer maintained.
BLAST remains the other default classifier, as it was in E2P2
4.0.

The predictions of E2P2 are made based on a reference pro-
tein sequence dataset (RPSD) assembled by the PMN team
from various sources. It consists of protein sequences and the
set of reactions each protein is known to catalyze based on ex-
perimental evidence. Additionally, a high-quality, trusted set of
nonenzyme protein sequences is included. RPSD is assembled
from MetaCyc (7), PlantCyc (1), GO (8,9), BRENDA (10), Ex-
pasy (11), TAIR (12) and UniProt (13). RPSD 5.2 was released
alongside E2P2 5.0. RPSD 5.2 contains 169 251 enzymes and
17 002 enzymatic reactions (‘enzyme function classes’ in E2P2
terminology).

Generation of the initial databases is performed by Patho-
Logic, a function of the Pathway Tools suite produced by
SRI International (14). PMN 16 was built using Pathway
Tools 28.0. Each single-species database is built from reference
databases as a source of pathway, reaction, and compound
data. PlantCyc is used as the primary reference for all PMN
databases and MetaCyc is used as an additional source. The
function of PathoLogic in the PMN pipeline is to call presence
or absence of each metabolic pathway in the target genome
from the reference database on the basis of the pathway’s com-
plement of predicted enzymes. PathoLogic then imports the
necessary reactions, compounds and other data to construct
an initial database.


https://github.com/carnegie/E2P2
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The last major step in the PMN pipeline is SAVI. SAVI is
a piece of software developed by the PMN team to apply
past curation decisions at the pathway level to a newly cre-
ated single-species database. Each pathway that is predicted
in any plant species is classified into five validation lists by
the PMN curators. These lists are UPP (universal plant path-
ways), for pathways that are expected to be universal to all
embryophytes and should be added if not predicted; CVP
(common Viridiplantae pathways), similar to UPP but for
chlorophytes (in spite of the name referring to Viridiplantae
for historical reasons); NPP (nonplant pathways) for path-
ways not found in plants or green algae that should be re-
moved if predicted; AIPP (accepted-if-predicted pathways) for
pathways whose prediction or nonprediction by PathoLogic
should be left as is; and CAPP (conditionally accepted plant
pathways), for cases where a pathway should be removed un-
less it is within a specific taxon specified by the curators. SAVI
is run on each new database and recommends pathways to be
added to and removed from the initial database.

After SAVI comes a series of minor refining steps that ap-
ply SAVI’s recommendations automatically, correct the nam-
ing of enzymatic reactions, add enzyme links to Phytozome
(15) and other databases for genomes from those sources, add
authorship information, add citations for E2P2 and SAVI, im-
port pathways and enzymes from the reference databases that
have experimental evidence for the target species, run Pathway
Tools’ consistency checker and generate the cellular overview
diagram.

Past work has evaluated the results of this pipeline and
found it to have good accuracy. Cross-validation on the
results of E2P2 (5-fold cross-validation using the RPSD)
previously found an F1 score of 0.735 for enzyme pre-
diction (4). Subsequent work examined the accuracy of
the final databases at the pathway level by having cu-
rators manually assign a randomly selected set of 120
pathways to their expected phylogenetic range based on
the literature and comparing the results with the pre-
dicted phylogenetic range (1). Seventy-eight percent of the
pathways’ predicted range matched that assigned by the
curators.

PMN 16 updates to streamline pipeline use

To build PMN 16, the pipeline as a whole was re-engineered.
The previous version of the pipeline consisted of many steps
that had to be executed manually by the user. There was a
large amount of manual work involved in the process at many
points, and the code was scattered among many scripts that
had to be called individually by the user. The same informa-
tion, such as the name and location of config files and exe-
cutables, had to be entered multiple times in different steps.
The new pipeline integrates everything using a single front-
end script. Much of the manual work has been eliminated,
and what remains is mostly front-loaded to the start of the
pipeline, eliminating inefficient alternation between manual
and automated steps. More importantly, all remaining manual
steps are in the form of writing configuration files rather than
direct manipulation of the data and software controls. The use
of these config files greatly improves the reproducibility of re-
sults from the pipeline because the config files can be re-run to
produce identical output. The pipeline can easily be re-run to
adjust a parameter or correct a mistake without repeating the
manual work. The pipeline has also been packaged into a Sin-
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gularity container so that its results can be reproduced reliably
on computer systems with different configurations. The new
pipeline also uses much simpler commands and supports par-
allel execution of many steps that previously were obligately
single-threaded. Finally, the pipeline features a presets system
that allows common sets of configuration options to be ap-
plied to many databases at once without having to enter them
repeatedly.

Results

PMN 16

The updated PMN 16 consists of 1535 single-species databases
(up from 126 species in PMN 15), each of which presents the
metabolism of a single plant or green algal species, based on
a combination of computational predictions and evidence cu-
rated from the literature. In addition, the network hosts Plant-
Cyc, a pan-plant database containing only experimental infor-
mation from any species within Viridiplantae. A total of 517
species are represented in PlantCyc by at least one enzyme or
pathway. The principal objects stored by the PMN database
are enzymes, reactions, compounds and metabolic pathways.
PMN 16 has, across all single-species databases and Plant-
Cyc, 1297 pathways, 10 389 reactions, 8189 compounds, 15
199 external publications cited and 1308 907 enzymes. The
breakdown of the counts of these database objects for each
database in PMN 16 is given in Supplementary Table S1,
and a comparison with all prior PMN releases is given in
Supplementary Table S2. The count of enzymes is much higher
than the other metrics because unlike the other data types in
the databases, each enzyme in a species is a different object
(regardless of homology).

Increased coverage of underrepresented species

To the single-species databases already present in PMN
15, PMN 16 adds 29 new plant species and varieties
(Supplementary Table S1), each with its own genome-wide
computationally predicted database. Well-studied crop and
model species like Arabidopsis thaliana, maize and soybean
were already well served by early releases of PMN, but im-
portant crop species in the Global South have been under-
served both by plant biology as a field and by PMN. Non-
flowering plants have also been understudied and underrepre-
sented in PMN in the past. To begin to address this short-
coming, the PGDBs for seven species listed by the African
Orphan Crop Consortium, Artocarpus altilis, Artocarpus het-
erophyllus, Moringa oleifera, Eragrostis tef, Faidberbia albida,
Vigna subterranea and Persea americana (two databases for
this species, one for the americana and one for the drymifo-
lia variety); and seven nonflowering plant species, Anthoceros
agrestis (two varieties, Bonn and Oxford), Anthoceros an-
gustus, Anthoceros punctatus, Azolla filiculoides, Salvinia cu-
cullata, Sequoia sempervirens and Gnetum montanum, were
added to PMN 16. These new metabolism databases can fa-
cilitate research into these species, as well as draw attention
to and drive interest in studying them from the broader plant
biology community.

Integration of experimental enzyme function data

The inclusion of experimentally validated enzyme function
data is critical to improve the accuracy of enzyme function
predictions and hence the overall quality of databases. How-
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Figure 2. Example pathway view. Screenshot showing part of the caffeine biosynthesis pathway from TeaCyc (Camellia sinensis). The pathway structure
is presented in the center; compounds, reactions and enzymes may be clicked to view details of those objects. Several operations are available in the
Operations menu on the right. More functionality is under the Search, Metabolism, Analysis and SmartTables menus.

ever, while enzyme functions of general (primary) metabolism (Setaria italica) (21) and 19 TPSs and P450s were added to
can typically be predicted with high reliability, computational ~ SwitchgrassCyc (Panicum virgatum) (22,23). All of these new

functional annotation of enzymes of plant specialized (sec-  enzymes were entered first into their respective single-species
ondary) metabolism poses a significant challenge due to the databases and then imported into PlantCyc. In addition to the
large enzyme family sizes, high sequence identity and high  enzymes currently appearing directly in the PMN databases,
functional diversity. they will also be incorporated into the next RPSD (see ‘Mate-

To address this issue, experimental enzyme functional data  rials and Methods’ section) and thereby contribute to E2P2’s
need to be expanded. To this end, PMN 16 introduces a new  ability to predict additional enzymes with the same function
system for collaborators to submit experimental enzyme func- in future PMN releases.
tion data, using spreadsheets rather than requiring the use
of the Pathway Tools software, which requires training. Us-
ing an initial trial of this system, we integrated 52 new en- PMN information access and data analysis tools
zyme data into PMN 16. This includes enzyme data for 39~ PMN allows users to search and browse each database for en-
terpene synthase (TPS) and 13 cytochrome P450 monooxy-  zymes, reactions, metabolites and metabolic pathways, which
genase (P450) enzymes, representing core enzymes of general are presented in a visual format (Figure 2). PMN uses the Path-
and specialized terpenoid metabolism. This dataset includes  way Tools software (14) for generating the databases and pre-
enzyme families that are challenging to functionally predict senting them in web-accessible form. Each data type links to
due to their high functional diversity and catalytic promiscu-  related data; for example, a pathway page will link to the re-
ity (16,17). Fourteen TPSs and P450s were added to CornCyc actions, compounds and enzymes that make it up. An enzyme
(Zea mays) (18-20), 19 enzymes were added to SetariaCyc  will link to the reactions it catalyzes. All pathways contain a
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Figure 3. Example SmartTable. Screenshot showing a SmartTable of compounds from AlyrataCyc (Arabidopsis lyrata). From the initially uploaded list of
compounds, a column for chemical formula was added, then a list of reactions involving each compound, then from there a list of enzymes catalyzing
any of those reactions. This illustrates the utility of SmartTables in pulling bulk information out of PMN and transforming metabolic datasets.
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summary written by curators. Citations for relevant facts are
presented, and icons indicate whether a given fact, such as that
an enzyme catalyzes a reaction, is based on experimental evi-
dence or computational prediction.

SmartTables is a functionality that allows users to cre-
ate lists of database objects such as pathways, compounds,
enzymes or reactions, and operate on them in bulk (Fig-
ure 3). Users can create these tables by uploading a list of
various kinds of identifiers or assemble the tables manu-
ally. Once created, SmartTables can be used to get database
fields for any object, such as by adding a column to a
compound smart table with the SMILES code or molecular
weight.

For example, a list of metabolites can be uploaded from
a mass spectrometry experiment to access metabolite prop-
erties such as monoisotopic mass, chemical formula or Pub-
Chem ID and re-export these data as a table for all metabo-
lites of interest. The user can also pull a list of enzymes that
catalyze specific reactions involving those metabolites, trans-
forming a metabolite list to an enzyme list using the “Trans-
form’ function. This function allows users to add a column of
related database objects and, if desired, turn the column into
its own SmartTable. To examine broader metabolic trends in
the data, the user can then perform a pathway enrichment
analysis, which will result in a list of pathways and higher
level classes of pathways that contain more of their metabo-

lites than would be expected by chance for a set of metabolites
of that size. SmartTables therefore enable large-scale opera-
tions to be performed using PMN and its data, and are a use-
ful tool for generating new insights from an existing dataset.
PMN 16 brings these abilities to all the newly released plant
species.

The Cellular Overview tool (Figure 4) presents an overview
of all pathways in the organism. Users can upload omics
data (any numeric data associated with enzymes, reactions or
compounds) and paint it onto the overview so that objects
shown on the diagram will be colored according to the user’s
data. Such omics data can also be used to calculate a path-
way perturbation score (PPS) to highlight pathways with the
most extreme overall values for the uploaded enzyme, com-
pound or reaction-associated data. Due to updating to Path-
way Tools 28.0, PMN 16 now allows the painting of separate
data (e.g. multi-omics data) onto node size, node color, line
size and line color simultaneously on the cellular overview
diagram.

PMN also includes a Pathway Co-expression Viewer tool,
which is not included in the baseline Pathway Tools software.
This function is available from the Operations menu on the
pathway pages for nine species featured in ATTED-II: AraCyc
(Arabidopsis thaliana Col), MtruncatulaCyc (Medicago trun-
catula), TomatoCyc (Solanum lycopersicum), Brapa_FpscCyc
(Brassica rapa), OryzaCyc (Oryza sativa japonica), GrapeCyc
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(Vitis vinifera), SoyCyc (Glycine max), PoplarCyc (Populus
trichocarpa) and CornCyc (Zea mays). This tool pulls in data
from the ATTED-II gene co-expression database (24) to show
co-expression of all genes in the pathway.

Many other functions are available; PMN contains an on-
line help document describing all functionality in detail (Fig-
ure 5; https://pmn.plantcyc.org/PToolsWebsiteHowto.shtml).

Discussion

PMN is the largest collection of plant metabolic databases
in the world, and continues to grow. It is a significant re-
source for research involving plant metabolism and the un-
derlying metabolites, enzymes and biosynthetic/degradation
pathways. PMN serves to consolidate information that is oth-
erwise dispersed throughout the literature while also extend-
ing knowledge from experimental data to provide genome-
wide predicted metabolism data for now 155 Viridiplantae
genomes. PMN is used as a general reference for specific in-
formation about pathways, metabolites, enzymes and reac-
tions of interest; to transform datasets such as by converting
a list of compounds from a metabolomics experiment into a
list of enzymes in the species that catalyze reactions involv-
ing those compounds; and to highlight pathways or broad ar-
eas of metabolism that are implicated by a given dataset, such
as by performing a pathway enrichment on a set of enzymes
or calculating a PPS for numeric data associated with such a
set.

The new pipeline represents a significant improvement in ef-
ficiency and usability over its previous versions. It will be used
as the foundation for future PMN releases and presents the
opportunity to scale up PMN in a way that would have been
infeasible with the previous semi-manual pipeline. The next
PMN release is expected to be significantly larger, in terms of
the number of genomes and enzyme functions added, than any
previous release.

Centralized resources like PMN integrate omics data into
a comprehensive database of biological knowledge and a
genome-scale gene annotation framework. These resources
can greatly accelerate scientists’ ability to understand com-
plex data to inform their research and advance science and
engineering.

Data availability

All PMN databases can be accessed online for free by all
users without registration at https:/plantcyc.org. All PMN
databases are available for download upon receipt of a free
license, which may be requested via the PMN website; all
users are eligible for a free license regardless of affiliation.
All downloads include both the ‘native’ representation of the
database (.ocelot format), which can be loaded into the Path-
way Tools software, and text-based ‘flat file’ dumps of most
database data in tabular and key-value formats, as well as
BioPAX level 3 dumps of data representable using that format.
The source code for E2P2 version 5.0 is available at https:
/lgithub.com/carnegie/E2P2 and https://doi.org/10.6084/m9.
figshare.27214293.

Supplementary data
Supplementary Data are available at NAR Online.
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