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employed in metagenomic research) reduced its utility. Thus, the MAPLE system 
was further developed to reduce calculation time by adapting KAAS to use 
GHOSTX [6], a much faster homology search program, instead of BLAST. The 
latest  MAPLE system 2.3.1  is  now avai lable  through a web interface  
(https://maple.jamstec.go.jp/maple/maple-2.3.1/). 
    Although next-generation sequencing (NGS) can easily produce massive 
sequence datasets, these raw data cannot be directly applied to the system 
because the data submitted to MAPLE must be a multi-FASTA file of amino 
acids. Unfortunately, it is difficult for researchers who are unfamiliar with 
bioinformatic tools to process such massive raw datasets properly. To increase 
user convenience, we developed MAPLE Submission Data Maker (MSDM), 
which can convert raw NGS data into multi-FASTA files of amino acid 
sequences. This useful software can be installed on personal computers  that run 
MacOS X or Windows OS. 
    MAPLE results, such as MCR, Q-value, and module abundance, can be easily 
downloaded as an Excel file. However, MAPLE results are difficult to judge 
visually as they consist of rows of numerical values. Thus, we developed two 
kinds of downloadable program that is available through the website to draw 
histograms based on the MAPLE results (MAPLE Graph Maker (MGM). With 
the program, users can easily visualize MAPLE results by importing resulting 
Excel files. This protocol presents the methodology for functional metagenomics 
using MAPLE system to reveal the functional diversity of individual microbes 
and WCs of microbes in the actual environments. 
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                  Considering that culturable microbes constitute less than 1–10% of all 
microbes thriving in natural environments, metagenomic analysis is one of the 
most powerful ways to understand species and functional diversity in whole 
communities (WCs) of microbes. Since the first report of a comprehensive 
metagenomic analysis of a marine environment was published [1], many 
metagenomic analyses focused on microbial communities ranging from natural 
environments to human gut microbiota have been reported. However, the 
diversity estimates based on 16S rDNA and some other key genes, which enable 
the characterization of the habitats have just been discussed in most 
metagenomic papers. However, a main goal of metagenomics is the actual 
deduction of not only community structure but also potential comprehensive 
functions (the functionome) harbored by entire communities across various 
environments. We define the functionome as the comprehensive functions 
occurring through combinations of individual functions, such as carbon fixation, 
nitrogen fixation, nitrification, denitrification, and amino acid metabolism, 
encoded by multiple genes [2]. This goal remains poorly addressed because the 
evaluation of the potential functionomes still remains difficult compared with 
the functional annotation of individual genes or proteins, mainly because there 
is no established standard methodology for extracting functional category 
information such as data pertaining to metabolism, energy generation, and 
membrane transport systems.
     To resolve this problem, a new method for evaluating the potential 
functionome was developed based on calculating the completion ratio of four 
types of Kyoto Encyclopedia of Genes and Genomes (KEGG) modules (see Note 
1): pathways, molecular complexes, functional sets, and signatures [3]. This is 
represented as the percentage of a modulecomponent filled with the input KEGG 
Orthology (KO)-assigned genes by KAAS [4]. A prototype system of MAPLE 
(Metabolic And Physiological potentiaL Evaluator) for automating the newly 
developed method was then launched in December 2013. MAPLE first assigns 
KO to the query gene, maps the KO-assigned genes to the corresponding KEGG 
functional modules, and then calculates the module completion ratio (MCR) of 
each functional module to characterize the potential functionome of the user’ s 
own genomic and metagenomic data. Afterwards, two new useful functions for 
calculating module abundance and Q-value, which indicate the functional 
abundance and statistical significance of the MCR results, respectively, were 
added to the new MAPLE ver. 2.1.0 to enable more detailed comparative 
genomic and metagenomic analyses [5]. 
     Although this system was very useful at the time, especially for metagenomic 
data analysis, the high computational time associated with analyzing the often 
massive amino acid sequence datasets (with 1–3 million sequences typically 
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                MAPLE is an automatic system that can perform a series of steps used in 
the evaluation of potential comprehensive functions (i.e., functionomes) harbored 
by genomes and metagenomes. From April (2016) through March (2017), MAPLE 
was accessed 2.5 million times. However, beginners still have difficulty in 
processing such massive raw datasets produced by NGS prior to data submission to 
MAPLE and in interpreting MAPLE results, which contain many rows of numerical 
values. Thus, we now provide a complete system to support every step from initial 
data processing to final visualization of the MAPLE results (Fig. 1).
    MAPLE first assigns a KO ID to the query gene using KAAS (Fig. 2B), then maps 
the KO-assigned genes to the KEGG functional modules (Fig. 2C), and finally 
calculates the MCR of each functional module and its abundance when the module 
is complete (Fig. 2D). There are two methods for KO assignment by KAAS: 
bidirectional best hit (BBH) and single-directional best hit (SBH). The BBH method 
is suitable for complete gene sets identified from complete genomes, while the SBH 
method is mainly appropriate for short-read sequences of metagenomes or 
incomplete genomes. When the query sequences are submitted to MAPLE (Fig. 2A), 
the MCR and abundance of each KEGG module as well as the taxonomic 
information for the KO-assigned genes mapped to the module are displayed along 
with a mapping pattern. When a KO mapped to a module is shared by two or more 
modules, the module IDs sharing the same KO are listed (Fig. 3). The MCR 
calculation is performed based on a Boolean algebra-like equation defined by KEGG 
for each module. The results of KO assignment produced by KAAS, taxonomic 
information for the genes mapped to the KEGG modules, and calculated MCRs are 
downloadable in an Excel spreadsheet format. MAPLE can display the results of 
comparative analyses of mapping patterns, MCR results, and the abundance of 
complete modules between the different metagenomic samples. To evaluate the 
working probability of the physiological function in the incomplete modules, we 
proposed the Q-value as a more appropriate way to interpret MCR results. The 
Q-value, which indicates the probability that a reaction module is identified by 
chance, is calculated based on the statistics of the sequence similarity score and KO 
abundance using the concept of multiple testing corrections according to Boolean 
algebra-like equations.
    The previous version of MAPLE system (ver. 2.1.0) can accept 1 million amino 
acid sequences (<160 Mbytes) for each job; however, the 80-hour running time to 
finish all calculation steps for 1 million sequences strongly motivated efforts to 
reduce the calculation time for many users. To resolve this urgent problem, we 
employed GHOSTX [6], a homology search program that is much faster than 
BLAST, which had been used in a previous version of MAPLE. In the current 
MAPLE version 2.3.1, approximately 18 hours are required to complete jobs when 
users select GHOSTX instead of BLAST as a homology search program, depending 

on the size and content of the metagenomic sequences. For example, a job using the 
BBH method for a 4.4-Mb individual genome containing 4,035 protein sequences 
can be completed within 45 minutes. In the case of metagenomic sequences 
containing 3 million sequence reads, a job will take about 12–18 hours to complete 
when the SBH method is used. Fundamentally, the SBH method should be used for 
metagenomic analysis even when using contigs assembled from metagenomic 
sequences if contigs are a part of the genome of an individual organism (i.e., draft 
genome). An e-mail address can be specified for users to receive a message with a 
URL for the results from the system upon completion of the job.  

2-1. Overview of functional potential evaluation
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   Generally, it is expected that the MCR is linked to the likelihood that the 
organisms perform the physiological function corresponding to a particular 
module. However, when the KOs used for a module are shared with the 
other modules, the MCR does not necessarily reflect the working 
probability of each functional module (Fig. 4). Thus, the MCRs of the 
targeted module, module completion of other modules to which the same 
KOs are assigned, and the contribution of specific KOs of each module to 
module completion should be considered when a module is incomplete. That 
is, even if the same MCR was observed among different modules, the working 
probability of the physiological function is not necessarily equal among these 
MCRs. To avoid these problems, we propose the use of the Q-value for 
determining the significance of module completion. This measure, which 
represents the probability that a reaction module is identified by chance, is 

calculated based on statistical sequence similarity scores (e.g., E-values) 
using the concept of multiple testing corrections, according to the definition 
of the KEGG reaction module (i.e., Boolean algebra-like equation) [5].

　MAPLE highlights the difference in the potential functions of organisms 
and environmental samples if the MCRs of various modules differ. MAPLE 
can also determine diversity in individual taxonomic rank (ITR) for completed 
modules and abundance of the modules for every ITR to clarify the difference 
in the functional potential of modules commonly completed across multiple 
samples. ITR is a second taxonomic rank defined in the KEGG Organisms 
database such as phylum, class, and order (http://www.genome.jp/kegg/
catalog/org_list.html).
　The total number of sequence reads assigned to each KO in constructing a 
module was divided by the average length of each KO group to normalize KO 
abundance. This normalized KO abundance is described in the lowerright 
corner of each KO box when the mapping pattern of the query genes for the 
module are displayed (Fig. 5). The module abundance is calculated based on 
the normalized KO abundance. For example, the module M00529 (Figs. 4B–F 
and 5), defined as a denitrification reaction, is composed of four reaction 
steps. For each K number set, vertically arranged K numbers represent a 
complex whereas horizontally arranged K numbers represent alternatives [4, 
5]. Because the enzyme responsible for the first reaction (nitrate reductase) is 
composed of four (Fig. 5, left side) or two KO complexes (Fig. 5, right side), 
the abundance of the first reaction step becomes 0 unless all KOs vertically 
connected are filled with the KO-assigned genes. When all vertically 
connected KOs are filled, the minimal value of KO abundance in the vertically 
connected boxes becomes the abundance at the first step. Thus, the 
abundance of the first step in module M00529 is 63. As the second step, when 
two horizontally located KOs are filled with the KO-assigned genes, the 
abundance at the second step becomes 1,129, which is the sum of both KOs. 
The abundance at the third step becomes 56 in a similar manner as the first 
step, and that of the last step is 46 (Fig. 5). Because the module abundance 

   The completion ratio of all KEGG functional modules in each organism was 
calculated on the basis of a Boolean algebra-like equation. For this analysis, 1 
genome was selected from each of the 5,257 available prokaryotic and 457 
eukaryotic species genomes, and a reference genome set was constructed to 
cover all completely sequenced organisms, excluding draft genomes as of 
July 13, 2018 (3,622 total genomes, 3,186 prokaryote genomes, and 436 
eukaryotic genomes). For example, M00001 is a pathway module for 
glycolysis, comprising 10 reactions as shown in Fig. 3. In each KO number set 
depicted, the horizontally arranged rows of K numbers indicate alternatives, 
which are related to each other by “Or” or “,” in the equation [4]. When genes 
are assigned to all KO IDs in each reaction according to the Boolean 
algebra-like equation, the module completion ratio becomes 100%. For 
example, when genes are not assigned to KO IDs in two reactions, the module 
completion ratio is calculated to be 80% (8/10 × 100 = 80).
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2-1-2. Evaluation of the module completion ratio according to Q-values

2-1-3. Calculation of module abundance

MAPLE system
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Fig.4

2-1-1. Calculation of the module completion ratio based on the Boolean 
           algebra-like equation
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    In many metagenomic analyses, 16S rRNA gene sequences obtained by 
PCR amplification are used to compare microbial community structures 
among different environments. In recent studies, this PCR-based amplicon 
approach has been used to target the V4 region because different regions of 
the 16S rRNA gene yield varying degrees of accuracy in taxonomic 
assignments [8]. However, prokaryotic species exhibit variation in copy 
number of the 16S rRNA gene even within the same species (https://rrndb.
umms.med.umich.edu/) [9], and it is impossible to determine the copy 
numbers of individual unculturable and unknown microbes present in actual 
microbial communities. Thus, because taxonomic compositions based on 
amplicon sequences are strongly influenced by copy number in addition to 
basic PCR bias, this approach is not useful for the analysis of microbial 
community structure.
    Ribosomal proteins are well conserved among all organisms and possess 
sequences specific to each individual organism; therefore, ribosomal proteins 
can be used for the identification of organisms. Actually, it has been 
confirmed that MAPLE can be effectively used to identify organisms by 
constructing a metagenome based on ribosomal proteins [5]. To apply 
MAPLE to taxonomic analysis, we calculated the proportions of Bacteria, 
Archaea, and Eukaryote in the metagenome based on the mapping pattern of 
the virtual module M91000 for all ribosomes (Fig. 6) and the taxonomic 

annotation of each ribosomal protein, whereas eukaryotic taxonomic 
information is limited in the KEGG database. As mentioned above, because 
archaeal and eukaryotic ribosomes, which contain 58 and 77 ribosomal 
proteins, respectively, have 6 and 15 more proteins than the bacterial 
ribosome, we normalized the total number of archaeal ribosomal proteins to 
the number of bacterial ribosomal proteins by multiplying the archaeal and 
eukaryotic ribosome count data by 52/58 and 52/77, respectively. We 
summed the number of bacterial ribosomes and normalized archaeal and 
eukaryotic ribosomes and then used this sum as a denominator for 
calculating the proportions of Archaea, Eukaryote, and Bacteria. We can also 
calculate the proportion for each taxonomic level defined by KEGG, such as 
phylum and class, in the metagenome using the same method. When a 
metagenome is composed of only prokaryotic sequences, module M90000 is 
useful for analysis of prokaryotic community structure, but module M91000 
for ribosomes of all organisms is also useful for community structure 
analyses when the microbial community also contains eukaryotic species 
together with prokaryotes.
    On the other hand, a new method based on universal single-copy genes, 
which provides prokaryotic species boundaries at a higher resolution than 
possible using the 16S rRNA gene, has been used to estimate the relative 
abundances of known and unknown microbial community members with 
metagenomic data at a species-level resolution [10]. However, community 
structure analysis at such a high resolution is not necessarily required in 
metagenomic analyses of natural environments, unlike that of the human gut 
microbiome, because many community members have not yet been 
cultivated or identified at the species level. Thus, community structure 
analyses at the phylum or class level based on ribosomal proteins using the 
latest version of the MAPLE system (version 2.3.1) are thought to be feasible 
for analyses of metagenomes from natural environments.

becomes the minimum value among all steps,the abundance of module 
M00529 is calculated to be 46. To facilitate normalization by ribosomal 
proteins, we defined a new virtual module (M91000) for all ribosomes (i.e., 
prokaryote + eukaryote ribosomes) comprising 130 ribosomal proteins 
(excluding accessory proteins) because the 31 KOs corresponding to the 
ribosomal proteins are shared by Bacteria and Archaea and 26 KOs are 
shared between Archaea and Eukaryote (see 1.2). Thus, we calculated the 
module abundance per ribosomal protein to enable the comparison among 
different environmental sites. 
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2-2-1.  Microbial community structure based on ribosomal proteins
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                Massive NGS datasets consist of raw data that cannot be directly 
imported into the MAPLE system as a standard FASTQ file because data 
submitted to MAPLE must be in multi-FASTA files of amino acid (a.a.) 
sequences with unique IDs in the comment lines and without tab delimiters (Fig. 
2A). This compatibility issue can be an impediment to researchers who would 
like to utilize MAPLE but are unfamiliar with the relevant bioinformatic tools. 
Accordingly, we developed MAPLE Submission Data Maker (MSDM), an 
application that automatically  converts paired-end FASTQ fi les into 
multi-FASTA files. This software can be installed on personal computers with 
MacOS X and Windows OS, as detailed in the installation manual. Users can 
o b t a i n  t h e  s o f t w a r e  f r o m  t h e  M A P L E  s o f t w a r e  d o w n l o a d  s i t e  
(https://maple.jamstec.go.jp/maple/maple-2.3.1/softdownload/) after 
registration of their account. The query sequence does not necessarily need to be 
a complete gene, but a.a. sequences longer than 100 residues are generally 
recommended for accurate KO assignment, though some genes consist of fewer 
than 100 amino acids, such as ribosomal proteins. The number of query 
sequences may not exceed 3 million sequences owing to the limitations of 
computational resources; an error message is displayed when the file size 
exceeds this limit. 
      When more sequence data are required for an analysis, the user can submit 
several sub-datasets consisting of fewer than 3 million sequences derived from 
the same metagenomic sample and then merge the results from all sub-datasets 
into one dataset by clicking the “Merge” button on the job list page. When two 
jobs with 3 million sequences are merged as one job (i.e., 6 million total 
sequences), it will take 10 hours. Datasets containing 3 million sequences are 
ideal for the accurate evaluation of MCRs by considering the results of KO 
rarefaction curves to determine whether sufficient sequences have been included 
(https://maple.jamstec.go.jp/maple/maple-2.3.1/help.html), 
particularly for determining the abundance of completed modules. However, we 
can sufficiently elucidate the overall trends of the functionome indicated by 
metagenomic data even when using fewer than 3 million sequences. Rarefaction 
curves are automatically drawn when the MAPLE analysis is complete and can 
be accessed from the results page. Indeed, we have successfully determined the 
metabolic potential of the human gut microbiome from 13 healthy individuals by 
comparative analysis with total sequences from each consisting of fewer than 
100,000 amino acids [4]. After submission of a dataset, a URL address for 
accessing the results is displayed along with the job ID. The results are also 

     To access the tables containing the results of completion ratios for all types of 
KEGG modules (i.e., pathway, structural complex, functional set, and signature 
modules), the user clicks on the URL address displayed on the submission page; 
alternatively, the user can be notified of job completion by e-mail and then click 
on the job ID in that email. The user can view detailed information of the mapping 
results for each KEGG module by clicking on the module ID in each table. In 
addition, the user can access an overview of the MCR results by clicking on the 
“histogram (PNG)” button on the results page and accessing the mapping results 
of the KEGG module by placing the cursor on each module name (Fig. 7).
   Additional information for each module, such as taxonomy, class, and 
definition, are also displayed on the results page (Fig. 7). Taxonomy is defined as 
the biological classification based on the MCR patterns of reference organisms 
with the determined genomic sequences. For example, if a module contains more 
than four prokaryotic species (i.e., Bacteria or Archaea) belonging different phyla, 
the module is represented by a prokaryotic taxonomy. Similarly, if a module 
contains only species belonging to Proteobacteria, the taxonomy of the module is 
Proteobacteria. Class indicates the module type based on the MCR patterns of 
reference organisms as previously defined. 
   The distribution of MCRs among 3186 prokaryotic or 436 eukaryotic species 
(one genome per species) can be categorized into four patterns (i.e., universal, 
restricted, diversified, and nonprokaryotic/noneukaryotic) regardless of the 
module type (i.e., pathway, structural complex, signature, or functional set) (see 
Note 2). A Boolean algebra-like equation is defined by KEGG for each module, and 
MCRs are calculated based on this equation. Since KOs are often assigned to two 
or more modules, all module IDs that share each KO composing a particular 
module are listed together with the pathway IDs containing the KO. For example, 
K01623, a member of M00167 (reductive pentose phosphate cycle), is shared by 
M00001 (glycolysis) and M00003 (gluconeogenesis) and is used in seven pathway 
maps (Fig. 7). In the case of metagenomic sequences, taxonomic information for 
KO-assigned genes is displayed, and the details of the phylum or class level for 
every KO, which facilitate the classification of organisms contributing to the 
completion of each functional module, are listed. For example, the module for 
virtual prokaryotic ribosomes (M90000), comprising 21 bacterial, 27 archaeal, 
and 31 common ribosomal proteins between Bacteria and Archaea (Fig. 6), can be 
used to represent the taxonomic breakdown of prokaryotes in the metagenome 
instead of the 16S rRNA gene, whose copy number varies among prokaryotic 
species. Ribosomal proteins can be used effectively because most are encoded by 
single-copy genes in the genome, and there is only minor variation in length 
among orthologous groups. The results are removed from the server 14 days after 
the job is completed; however, the user can download the results by clicking the 
“MAPLE results” button (Fig. 7).
   The user can browse all MAPLE data by re-uploading previously downloaded 
data from the first page. In addition, the user can also easily download the data 
in an Excel-readable format containing KO assignments by KAAS, MCRs, the

3-1. Data submission

3-2. Results pages
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abundances of KO-assigned genes and completed modules, analyses of module 
significance results, and taxonomic information for the KO-assigned genes 
mapped to each module from the results page (Fig. 8).

   MAPLE results, such as MCR, Q-value, and module abundance, can be easily 
downloaded as an Excel file. Drawing histograms using these files is laborious 
because there are 800 functional modules. To address this difficulty, we developed 
MAPLE Graph Maker (MGM) to automatically draw histograms of MAPLE results 
(Fig. 1). Users can easily create histograms by importing Excel files containing 
their MAPLE results. After a MAPLE job has been completed, the user can 
download an Excel file summarizing all the MAPLE results (MCR, Q-value, and 
module abundance) from the first results page (Fig. 7). When MGM is started, the 
initial menu is shown.
    When the user selects an Excel file and clicks the “Read Excel” button, a new 
menu is displayed after 20 seconds, from which the user can select data (i.e., 
MCR%, Q-value, and module abundance) and drawing parameters (combination 
and order of the data and the elimination of the histogram showing that MCR% is 
zero in all samples used for comparison). When the user clicks the “Show Graph” 
button after making the appropriate selections, the histogram is automatically 
displayed. This histogram can be saved as a PDF file.

3-4. Visualization of MAPLE results using MAPLE Graph Maker

Fig. 7

Fig. 9

Fig. 8

   Users can compare results not only between their own jobs but also between job
(s) and KEGG-annotated genomes by clicking the “MAPLE job comparison” 
button on the top of the page and then inputting an e-mail address to access the 
job list. To conduct a comparative analysis, the “Comparison” button can be 
selected after checking the job IDs to be compared on the job list page. When 
several IDs of jobs to be compared are checked in the job list and the 
“Comparison” button is clicked, the job arrangement page is displayed. The user 

can add pre-analyzed individual organisms from the organism list if necessary and 
change the display order. The comparison results of MCR values and mapping 
patterns for each KEGG module are displayed side by side in parallel (Fig. 9). 
Detailed information for each KEGG module and the taxonomy of the 
KO-assigned genes mapped to the module are displayed, and the MCR and 
taxonomy results of the KO-assigned genes can be downloaded, as previously 
mentioned. Comparisons between KEGG-annotated genomes, excluding the 
user’ s jobs, are also possible. The user can directly access the comparison page 
without submitting an e-mail address using the “MAPLE genome comparison” 
button at the top of the page.

3-3. Comparison of results
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Notes
Notes

  Pattern C (defined as “diversified” ) accounted for 33.7% of all the pathway 
modules and comprised modules ranging widely in completion ratios. M00012 
(the glyoxylate cycle, comprising five reactions) is one of the representatives of 
pattern C (Fig. 10C). One or several KO IDs were assigned to each reaction in 
this module; however, KO IDs, except for K01637 and K01638 assigned to the 
third and fourth reactions, were also assigned to other pathway modules such as 
the tricarboxylic acid (TCA) or Krebs cycle (M00009), reductive TCA cycle 
(M00173), and C4-dicarboxylate cycle (nicotinamide adenine dinucleotide 
(NAD)+-malic enzyme type; M00171). Some KO IDs assigned to many of the 
modules categorized into pattern C were also assigned to several other 
independent modules [4]. Thus, when the MCR is low, the relationship between 
the MCR of the targeted module and others for which the same KO IDs were 
assigned should be considered. Pattern D, which accounted for 32.6% of all 
pathway modules, comprised nonprokaryotic modules that are not completed 
for prokaryotic species (Fig. 10D).

“

4chapter

                KEGG MODULE [8] is a collection of pathway modules and other 
functional units designed for automatic functional annotation and pathway 
enrichment analysis. As of July 13, 2018, a total of 305 pathway modules have 
been defined for energy, carbohydrate, lipid, nucleotide, and amino acid 
metabolisms, including genetic and environmental information processing 
pathways. A total of 796 KEGG modules (305 pathways, 294 structure 
complexes, 157 functional sets, and 40 signatures) can be accessed through the 
website (http://www.genome.jp/kegg-bin/get_htext?ko00002.keg). Pathway 
modules in KEGG MODULE correspond to smaller portions of subpathways 
(Fig. 3A), manually defined as consecutive reaction steps, operons, or other 
regulatory units, and phylogenetic units obtained by genome comparisons (Fig. 
3B). Other functional units include (1) structural complexes representing sets of 
protein subunits for molecular machineries such as ATPase, (2) functional sets 
representing other types of essential sets such as aminoacyl-tRNA synthases, 
and (3) signature modules representing markers of phenotypes such as the 
enterohemorrhagic Escherichia coli pathogenicity signature for Shiga toxin. 
Each module is defined by a combination of KO identifiers (IDs) such that it can 
be used for annotation and interpretation purposes in individual genomes or 
metagenomes. Notations of the Boolean algebra-like equation (Fig. 3) for this 
definition include space-delimited items indicating pathway elements, 
comma-separated items in parentheses indicating alternatives, plus signs 
indicating complexes, and minus signs indicating optional items.

4-1. KEGG module

4-2. Distribution patterns of the module completion ratio for 3,186 prokaryotes

than 70% of the 3,186 species (Fig. 10A-1), and more than 70% of the 3,186 
species possessed MCRs of >80%, referred to as pattern A-2 (Fig. 10A-2). Only 
9.0% of the pathway modules were grouped into pattern A, and they mainly 
belonged to the categories of central carbohydrate metabolism and cofactor and 
vitamin biosynthesis. Although there are many species, more than 70% of the 
3,186 prokaryotes possessed MCRs of 80%. Species with a 100% completion 
ratio were very limited within the pattern A-2 group. M00096, a representative 
of pattern A-2 (Fig. 10), is a pathway module for C5 isoprenoid biosynthesis, a 
non-mevalonate pathway comprising eight reaction steps. Pattern B (defined as 
“restricted” ) is composed of modules completed by less than 30% of the species 
(Fig. 10B) and accounted for 24.7% of all the pathway modules, and 66 modules 
were rare modules, completed for less than 10% of the 3,186 species. 

     Each KEGG module is designed for automatic functional annotation by a 
Boolean algebra-like equation of KEGG Orthology IDs. However, it remains 
unclear which species possess common modules or whether certain modules 
demonstrate universality or rareness among specific taxa. Specific information 
regarding the phylogenetic profiles of each module holder would be especially 
useful for annotating metagenomes [4]. Thus, we first examined distribution 
patterns of the MCRs of the KEGG modules for the 3,186 prokaryotic species 
whose genomic sequences have been completed. Although the distribution of the 
MCRs for the 3,186 species varied greatly depending on the kind of module (Fig. 
10), we found that there were essentially four patterns (i.e., universal, restricted, 
diversified, and non-prokaryotic) regardless of the module type (i.e., pathway, 
structural complex, signature, or functional set) when considering 70% of all 
species to represent a majority measurement for the patterns.
    Pattern A (defined as “universal” ) comprised modules completed for more 

Fig. 10
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Fig. 11

    Among structural complex modules redefined from modules with various 
complex patterns, 150 modules were categorized into pattern B (51.7%), and 119 
were rare modules. Pattern C accounted for only 18.6% of the structural modules 
compared with 33.7% of the pathway modules. Thus, it was hypothesized that 
most of the structural complex modules, except for those conforming to pattern 
D, are shared only among limited prokaryotic species. Non-prokaryotic modules 
account for 32.6% of the pathway (e.g., M00741) and 26.6% of structural 
complex modules, respectively, and other modules were classified into various 
taxonomic patterns such as prokaryotic, Bacteria-specific, and Archaea-specific 
based on the module completion profiles (Fig. 11). These four patterns indicate 
the universal and unique nature of each module and also the versatility of the 
KO IDs mapped to each module. Thus, the four criteria and taxonomic 
classifications for each module should be helpful for interpretation of results 
based on module completion profiles.
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Figure legends

Fig.1. Outline of functional metagenomic analysis using the MAPLE system. MAPLE Submission Data Maker (MSDM), for 

preparing multi-FASTA file, and MAPLE Graph Maker (MGM) and MAPLE Metabolic Map Viewer (MMMV), for 

visualizing MAPLE results, are available from the website 

(https://maple.jamstec.go.jp/maple/maple-2.3.1/softdownload/).

Fig. 2. Workflow of the MAPLE system, including the four steps and intermediate results at each step. This diagram was 

slightly modified from the original version with permission from DNA Research [10]. (A) Query sequences 

submitted to the MAPLE system must be amino acid sequences containing partial genes from metagenomic 

sequences generated by high-throughput DNA sequencers, such as Illumina MiSeq and HiSeq. (B) The Kyoto 

Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) assignments are performed by the KEGG Automatic 

Annotation Server (KAAS) on the basis of results from the BLASTP program. (C) The query sequences should be in 

multi-FASTA format with unique IDs, and the gene IDs must not include tabs. After the KO assignment to each 

query sequence is finished, mapping of the KO-assigned sequences to the KEGG functional modules starts, and 

(D-1) subsequently, the module completion ratio (MCR) is calculated. (D-2) After MCR calculation, KO abundance 

and module abundance are calculated. (D-3) Finally, the Q-value of the module is calculated based on the MCR 

results, the abundance, and the similarity score of each KO-assigned sequence mapped to the module. MSDM, 

MAPLE Submission Data Maker.

Fig. 3. Glycolysis reactions registered in the KEGG pathway database. (A) KEGG reaction map for glycolysis. (B) KEGG 

functional module for glycolysis corresponding to the reaction map. The module M00001 comprising 10 reactions is 

defined for the glycolysis module and represented as a Boolean algebra-like equation of KEGG Orthology identifiers 

or K numbers for computational applications. The relationship between this module and the corresponding KEGG 

pathway map is also indicated by the corresponding K number sets in the module and Enzyme Commission (EC) 

numbers in the pathway map using the same index. In each K number set, horizontally arranged K numbers 

indicate alternatives, related to each other with “Or” or “,” in the equation.

Fig. 4. Illustration of the Q-value concept. This image was slightly modified from the original version with permission from 

DNA Research [10] because the M00530 module was redefined by the Kyoto Encyclopedia of Genes and Genomes. (A) 

Schematic diagram of a reaction module. (B-E) As an example, the reaction module M00529 is shown. The weight of 

the K number (e.g., K00370) indicates the sequence similarity scores. The Q-value is lower in the following cases. (B) 

The module is more complete (i.e., it has a higher module completion ratio). (C) The module consists of genes with 

higher similarity scores. Red numbers indicate high similarity scores. (D) Genes are more abundant. (E) Enzymes or 

reactions include alternative elements (e.g., isozymes exist). (F) The module has less overlap with the other modules 

because there are fewer multiple comparisons. Note that the left-side module in (F) is ideal (i.e., M00529 is 

assumed to be independent from M00530) for the purpose of illustration. MCR, module completion ratio.
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Figure legends

Fig. 5. Illustration of the module abundance concept. This diagram was slightly modified from the original version with 

permission from DNA Research [10]. Module M00529 comprises four reaction components and is defined as a 

denitrification reaction. In each K number set, vertically arranged K numbers indicate a complex whereas 

horizontally arranged K numbers indicate alternatives. Small numbers in the lower right of the boxes indicate the 

abundance of the Kyoto Encyclopedia of Genes and Genomes Orthology (KO)-assigned genes normalized by the 

mean number of genes categorized in each orthologous group (i.e., KO). In the case of a complex (1 and 3), the 

minimum number is defined as an abundance of a complex. When there are alternatives in the reaction component 

(i.e., 1, 2, and 3), the sum of both abundances is defined as the abundance of each reaction component. Finally, the 

minimum abundance of the four reaction components is defined as the module abundance.

Fig. 6. Virtual modules for prokaryotic and all ribosome (M90000 and M91000) and taxonomical characterization of the 

ribosomal proteins by the MAPLE system. This figure was modified from the original version with permission from 

DNA Research [10]. (A) Organization of the module. The M90000 is composed of 79 (21 bacterial, 27 archaeal, and 

31 common) and the M91000 is composed of 130 (M90000+51 eukaryotic) ribosomal proteins, respectively. 

Accessory KEGG Orthologies (KOs) are not used to define the module. Because most of the genes for broadly 

conserved ribosomal proteins are single copy within individual genomes and specific for each organism, the 

taxonomic information for each KO assigned to this module can be used for more precise analysis of the 

taxonomical composition of microbiomes from various environments. In contrast, 16S rRNA genes are of limited 

value because their copy number obviously varies among organisms.

Fig. 7. Overview of MAPLE results. This figure was modified from the original version with permission from DNA 

Research [10]. Table containing all MAPLE results (module completion ratio [MCR], Kyoto Encyclopedia of Genes 

and Genomes [KEGG] Orthology [KO] and module abundances, and Q-value) are displayed by clicking a job ID. 

The MCR results are displayed as both a table and histogram. Detailed results for each module, such as the mapping 

pattern and taxonomic information, can be displayed by clicking the module ID in the table or module name in the 

histogram. The list of KO-assigned genes by the KEGG Automatic Annotation Server (KAAS), MAPLE results, and 

taxonomic information for KO-assigned sequence are downloadable from the links highlighted by blue boxes on the 

first results page. An example of a downloaded file is shown in Fig. 8. The data package needed to redisplay all 

MAPLE results after the expiration of data storage on the MAPLE server is also downloadable from the same page.

Fig. 8. Examples of downloadable results. All results generated by MAPLE are downloadable in an Excel-compatible 

format (tab delimited). This figure was reproduced with permission from DNA Research [10]. (1) An example of 

downloaded files containing the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) assignment 

results for the genes performed by the KEGG Automatic Annotation Server (KAAS). (2) Module completion ratio 

(MCR), individual taxonomic rank (ITR), Q-value, and module abundance. (3) Taxonomic breakdown of the genes 

mapped to the KEGG modules. WC, whole community.

Fig. 9. Results from comparative analyses of different metagenomic samples. This figure was modified from the original 

version with permission from DNA Research [10]. Module completion ratio (MCR), patterns of mapping to the 

modules, abundance of complete modules, and taxonomic information are displayed and available in Excel format. 

GOS, Global Ocean Sampling; ITR, individual taxonomic rank; KEGG, Kyoto Encyclopedia of Genes and Genomes; 

KAAS, KEGG Automatic Annotation Server.

Fig. 10. Typical completion patterns of the Kyoto Encyclopedia of Genes and Genomes (KEGG) modules for 2367 

prokaryotic species. (A) Universal modules. (A-1) Modules completed by more than 70% of 768 prokaryotic species, 

such as M00018, which represents threonine biosynthesis (aspartate homoserine threonine). (A-2) Modules for 

which more than 70% of 2367 prokaryotic species show a MCR of >80%, such as M00096, which represents C5 

isoprenoid biosynthesis and is a non-mevalonate pathway. (B) Restricted modules completed by less than 30% of 

768 prokaryotic species, such as M00038, which represents tryptophan metabolism (tryptophan kynurenine 

2-aminomuconate). (C) Diversified modules, that is modules that vary in their MCRs among 768 prokaryotic 

species, such as M00012, which represents the glyoxylate cycle. (D) Nonprokaryotic modules completed by no 

prokaryotic species, such as M00014, which represents the glucuronate pathway (uronate pathway). Some 

examples of the taxonomic variation that completes each KEGG module are shown in Fig. 4.

Fig. 11. Taxonomic variation that completes Kyoto Encyclopedia of Genes and Genomes (KEGG) modules. Taxonomic 

variation and completion patterns of each module can be displayed in the MAPLE results page. Some typical 

examples are shown in this figure.
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Fig.1. Outline of functional metagenomic analysis using the MAPLE system. MAPLE Submission Data Maker (MSDM), for 

preparing multi-FASTA file, and MAPLE Graph Maker (MGM) and MAPLE Metabolic Map Viewer (MMMV), for 

visualizing MAPLE results, are available from the website 

(https://maple.jamstec.go.jp/maple/maple-2.3.1/softdownload/).
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slightly modified from the original version with permission from DNA Research [10]. (A) Query sequences 

submitted to the MAPLE system must be amino acid sequences containing partial genes from metagenomic 

sequences generated by high-throughput DNA sequencers, such as Illumina MiSeq and HiSeq. (B) The Kyoto 

Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) assignments are performed by the KEGG Automatic 

Annotation Server (KAAS) on the basis of results from the BLASTP program. (C) The query sequences should be in 

multi-FASTA format with unique IDs, and the gene IDs must not include tabs. After the KO assignment to each 

query sequence is finished, mapping of the KO-assigned sequences to the KEGG functional modules starts, and 

(D-1) subsequently, the module completion ratio (MCR) is calculated. (D-2) After MCR calculation, KO abundance 

and module abundance are calculated. (D-3) Finally, the Q-value of the module is calculated based on the MCR 

results, the abundance, and the similarity score of each KO-assigned sequence mapped to the module. MSDM, 
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functional module for glycolysis corresponding to the reaction map. The module M00001 comprising 10 reactions is 

defined for the glycolysis module and represented as a Boolean algebra-like equation of KEGG Orthology identifiers 

or K numbers for computational applications. The relationship between this module and the corresponding KEGG 

pathway map is also indicated by the corresponding K number sets in the module and Enzyme Commission (EC) 

numbers in the pathway map using the same index. In each K number set, horizontally arranged K numbers 

indicate alternatives, related to each other with “Or” or “,” in the equation.

Fig. 4. Illustration of the Q-value concept. This image was slightly modified from the original version with permission from 

DNA Research [10] because the M00530 module was redefined by the Kyoto Encyclopedia of Genes and Genomes. (A) 

Schematic diagram of a reaction module. (B-E) As an example, the reaction module M00529 is shown. The weight of 

the K number (e.g., K00370) indicates the sequence similarity scores. The Q-value is lower in the following cases. (B) 

The module is more complete (i.e., it has a higher module completion ratio). (C) The module consists of genes with 

higher similarity scores. Red numbers indicate high similarity scores. (D) Genes are more abundant. (E) Enzymes or 

reactions include alternative elements (e.g., isozymes exist). (F) The module has less overlap with the other modules 

because there are fewer multiple comparisons. Note that the left-side module in (F) is ideal (i.e., M00529 is 

assumed to be independent from M00530) for the purpose of illustration. MCR, module completion ratio.
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Figure legends

Fig. 5. Illustration of the module abundance concept. This diagram was slightly modified from the original version with 

permission from DNA Research [10]. Module M00529 comprises four reaction components and is defined as a 

denitrification reaction. In each K number set, vertically arranged K numbers indicate a complex whereas 

horizontally arranged K numbers indicate alternatives. Small numbers in the lower right of the boxes indicate the 

abundance of the Kyoto Encyclopedia of Genes and Genomes Orthology (KO)-assigned genes normalized by the 

mean number of genes categorized in each orthologous group (i.e., KO). In the case of a complex (1 and 3), the 

minimum number is defined as an abundance of a complex. When there are alternatives in the reaction component 

(i.e., 1, 2, and 3), the sum of both abundances is defined as the abundance of each reaction component. Finally, the 

minimum abundance of the four reaction components is defined as the module abundance.

Fig. 6. Virtual modules for prokaryotic and all ribosome (M90000 and M91000) and taxonomical characterization of the 

ribosomal proteins by the MAPLE system. This figure was modified from the original version with permission from 

DNA Research [10]. (A) Organization of the module. The M90000 is composed of 79 (21 bacterial, 27 archaeal, and 

31 common) and the M91000 is composed of 130 (M90000+51 eukaryotic) ribosomal proteins, respectively. 

Accessory KEGG Orthologies (KOs) are not used to define the module. Because most of the genes for broadly 

conserved ribosomal proteins are single copy within individual genomes and specific for each organism, the 

taxonomic information for each KO assigned to this module can be used for more precise analysis of the 

taxonomical composition of microbiomes from various environments. In contrast, 16S rRNA genes are of limited 

value because their copy number obviously varies among organisms.

Fig. 7. Overview of MAPLE results. This figure was modified from the original version with permission from DNA 

Research [10]. Table containing all MAPLE results (module completion ratio [MCR], Kyoto Encyclopedia of Genes 

and Genomes [KEGG] Orthology [KO] and module abundances, and Q-value) are displayed by clicking a job ID. 

The MCR results are displayed as both a table and histogram. Detailed results for each module, such as the mapping 

pattern and taxonomic information, can be displayed by clicking the module ID in the table or module name in the 

histogram. The list of KO-assigned genes by the KEGG Automatic Annotation Server (KAAS), MAPLE results, and 

taxonomic information for KO-assigned sequence are downloadable from the links highlighted by blue boxes on the 

first results page. An example of a downloaded file is shown in Fig. 8. The data package needed to redisplay all 

MAPLE results after the expiration of data storage on the MAPLE server is also downloadable from the same page.

Fig. 8. Examples of downloadable results. All results generated by MAPLE are downloadable in an Excel-compatible 

format (tab delimited). This figure was reproduced with permission from DNA Research [10]. (1) An example of 

downloaded files containing the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) assignment 

results for the genes performed by the KEGG Automatic Annotation Server (KAAS). (2) Module completion ratio 

(MCR), individual taxonomic rank (ITR), Q-value, and module abundance. (3) Taxonomic breakdown of the genes 

mapped to the KEGG modules. WC, whole community.

Fig. 9. Results from comparative analyses of different metagenomic samples. This figure was modified from the original 

version with permission from DNA Research [10]. Module completion ratio (MCR), patterns of mapping to the 

modules, abundance of complete modules, and taxonomic information are displayed and available in Excel format. 

GOS, Global Ocean Sampling; ITR, individual taxonomic rank; KEGG, Kyoto Encyclopedia of Genes and Genomes; 

KAAS, KEGG Automatic Annotation Server.

Fig. 10. Typical completion patterns of the Kyoto Encyclopedia of Genes and Genomes (KEGG) modules for 2367 

prokaryotic species. (A) Universal modules. (A-1) Modules completed by more than 70% of 768 prokaryotic species, 

such as M00018, which represents threonine biosynthesis (aspartate homoserine threonine). (A-2) Modules for 

which more than 70% of 2367 prokaryotic species show a MCR of >80%, such as M00096, which represents C5 

isoprenoid biosynthesis and is a non-mevalonate pathway. (B) Restricted modules completed by less than 30% of 

768 prokaryotic species, such as M00038, which represents tryptophan metabolism (tryptophan kynurenine 

2-aminomuconate). (C) Diversified modules, that is modules that vary in their MCRs among 768 prokaryotic 

species, such as M00012, which represents the glyoxylate cycle. (D) Nonprokaryotic modules completed by no 

prokaryotic species, such as M00014, which represents the glucuronate pathway (uronate pathway). Some 

examples of the taxonomic variation that completes each KEGG module are shown in Fig. 4.

Fig. 11. Taxonomic variation that completes Kyoto Encyclopedia of Genes and Genomes (KEGG) modules. Taxonomic 

variation and completion patterns of each module can be displayed in the MAPLE results page. Some typical 

examples are shown in this figure.
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