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A database (DB) describing the relationships between spe-
cies and their metabolites would be useful for metabolomics
research, because it targets systematic analysis of enormous
numbers of organic compounds with known or unknown
structures in metabolomics. We constructed an extensive
species–metabolite DB for plants, the KNApSAcK Core DB,
which contains 101,500 species–metabolite relationships
encompassing 20,741 species and 50,048 metabolites. We
also developed a search engine within the KNApSAcK Core
DB for use in metabolomics research, making it possible to
search for metabolites based on an accurate mass, molecular
formula, metabolite name or mass spectra in several ioniza-
tion modes. We also have developed databases for retrieving
metabolites related to plants used for a range of purposes.
In our multifaceted plant usage DB, medicinal/edible plants
are related to the geographic zones (GZs) where the plants
are used, their biological activities, and formulae of Japanese
and Indonesian traditional medicines (Kampo and Jamu,
respectively). These data are connected to the species–
metabolites relationship DB within the KNApSAcK Core
DB, keyed via the species names. All databases can be ac-
cessed via the website http://kanaya.naist.jp/KNApSAcK_
Family/. KNApSAcK WorldMap DB comprises 41,548
GZ–plant pair entries, including 222 GZs and 15,240
medicinal/edible plants. The KAMPO DB consists of 336
formulae encompassing 278 medicinal plants; the JAMU
DB consists of 5,310 formulae encompassing 550 medicinal
plants. The Biological Activity DB consists of 2,418 biological
activities and 33,706 pairwise relationships between medi-
cinal plants and their biological activities. Current statistics
of the binary relationships between individual databases
were characterized by the degree distribution analysis,

leading to a prediction of at least 1,060,000 metabolites
within all plants. In the future, the study of metabolomics
will need to take this huge number of metabolites into
consideration.

Keywords: Database � Degree distribution � KNApSAcK
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Abbreviations: DB, database; GZ, geographic zone; MS,
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Introduction

The metabolomics of plants is developing rapidly (Bino et al.
2004, Macel et al. 2010, Saito and Matsuda 2010, Tohge and
Fernie 2010), and it will be an important topic in the
systems-biological studies of interactions between plants and
humans, with the goal of achieving a holistic understanding
of plant function and healthcare, including the activity of
medicinal plants as well as interactions between plants and
their environments (Verpoorte et al. 2005, Shyur and Yang
2008, Okada et al. 2010). Among the analytical technologies
for plant metabolomes, mass spectrometry (MS) plays a power-
ful role in the comprehensive analysis of metabolites, because it
can measure the masses of >2,000 compounds within one
sample, yielding high-accuracy molecular weights (Moco et al.
2007, Sawada et al. 2009). Information on numerous metabol-
ites from various organisms has been collected in several
databases (DBs), including PubChem, most of which place
emphasis on biological pathways (Bairoch 2000, Goto et al.
2000, Kanehisa et al. 2002). However, the relationships between
metabolites and their biological origins have not yet been
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addressed systematically. Therefore, we initiated the construc-
tion of a species–metabolite relationship DB, the KNApSAcK
Core DB, based on the scientific literature.

Integration between the knowledge of plant usage and exist-
ing omics data, including metabolomics, is a major challenge for
the usage of systems-biological approaches to understanding
the effects of components in medicinal plants on human health
(Qiu 2007, Okada et al. 2010). If information on medicinal and
edible plants for individual geographic zones (GZs) could be
accumulated in a single DB, we could use this DB to address
systematically the generality of the usage of a given targeted
plant around the world. Furthermore, data regarding the acqui-
sition of metabolites by plants help us to understand the
efficacy of plants on humans, at the molecular level. To achieve
this goal, we have also accumulated information regarding me-
dicinal plants from around the world, including blended herbal
medicines such as Kampo in Japan and Jamu in Indonesia, based
on their respective scholarly literatures. In blended herbal
medicines, efficacy against complex diseases such as cancer
and dementia will be enhanced by synergistic effects from
medicinal plants, because each prescription uses hundreds of
natural products (Ji et al. 2009). The accumulation of informa-
tion regarding the blending of plants to make herbal medicines
will also play an important role in the development of
new ingredients from medicinal plants for use in human
healthcare.

In this study, we designed and constructed the KNApSAcK
Core DB, which contains 101,500 species–metabolite relation-
ships encompassing 20,741 species and 50,048 metabolites.
We also developed a search engine for use in metabolomics
research, which makes it possible to search for metabolites

based on accurate masses, molecular formulae, metabolite
names and/or mass spectra obtained in several ionization
modes. We also designed a multifaceted plant usage DB,
which encompasses binary relationships between plants and
the GZs in which they are utilized, between plants and
their biological activities, and between plants and formulae
for herbal medicines in Kampo and Jamu medicinal systems.

Concept of the DB system KNApSAcK family

Fig. 1 shows the concept underlying the KNApSAcK family,
which contains two types of binary relationships: the
Metabolomics DB system and the Multifaceted Plant Usage
DB. The Metabolomics DB system consists of the KNApSAcK
Metabolomics Search Engine and the species–metabolite
relationship DB (KNApSAcK Core DB), which are freely avail-
able at http://kanaya.naist.jp/KNApSAcK/. To facilitate access
to metabolite information obtained from analytical techniques
and stored in the DB and thereby support the interpretation
of mass spectral data, we provided a tool (KNApSAcK
Metabolomics Search Engine) that allows users to retrieve a
list of candidate metabolites that correspond to a particular
molecular weight on a mass spectrum. From such data,
it is possible to obtain information regarding individual
metabolites.

In the Multifaceted Plant Usage DB, medicinal/edible plants
are related to (i) GZs where the plants are used (KNApSAcK
WorldMap DB); (ii) the species–biological activity relationship
DB (Biological Activity DB); (iii) formulae for Kampo in
Japan (KAMPO DB); and (iv) formulae for Jamu in Indonesia

Fig. 1 The concept underlying the KNApSAcK family of databases. GZ stands for the geographic zone.
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(JAMU DB). Those binary relationships are connected to the
species–metabolite relationship DB (KNApSAcK Core DB) via
the scientific name of each species. Thus, metabolites can be
retrieved for a species selected by biological activity, GZs and/or
the Kampo and Jamu formulae in which they are used.
The Multifaceted Plant Usage DB of the KNApSAcK family
can be easily extended by adding other systems (Fig. 1).

All databases can be accessed, and the KNApSAcK Search
Engine can be downloaded, via the website http://kanaya.naist
.jp/KNApSAcK_Family/. The main window for the KNApSAcK
family is shown in Fig. 2A. An instruction manual with
examples is also available via the website http://kanaya.naist
.jp/KNApSAcK_Family/manual.pdf (at the bottom of the
main window) and Supplement 1. Species can be selected by
GZs (1 in Fig. 2A), biological activity (2), Kampo formula (3)
and Jamu formula (4). A cross-search system (Skewered
KNApSAcK; 5 in Fig. 2A) makes it possible to retrieve all infor-
mation corresponding to a given species at once, i.e. GZs,
Kampo and Jamu formulae and biological activity. Formulae
and species relationships pertaining to Kampo and Jamu medi-
cines can be retrieved via species and formula names, as shown
in Fig. 2B and C, respectively. Details of individual retrieval
systems are described below.

Search options of the KNApSAcK
Metabolomics Search Engine for the
KNApSAcK Core DB

The Metabolomics Search Engine provides tools for analyzing
a user’s own mass spectra data sets, stored in files prepared
according to instructions downloadable using the KNApSAcK
Metabolomics Search Engine. After pressing 6 in Fig. 2A, it leads
to the window where a user can choose to download the
database, or access the search window. By choosing WEB:
Application Version, it leads to the search window shown in
Fig. 3A, and the major panels for the system (Fig. 3B, C).
Information on metabolites can be searched using the name
of a metabolite or an organism (a in Fig. 3A), molecular weight
within a specified margin (b), molecular formula (c) and/or
multiple-format mass spectra detailing molecular weights and
the intensity of each peak (d in Fig. 3B). As an example, the
search results are displayed (h in Fig. 3A) as shown in the upper
panel of Fig. 3C. Using mass spectrographic data, up to three
spectra can be displayed and analyzed simultaneously (Fig. 3B).
By selecting one of the available ionization modes (NH4+, K+,
Na+, H+ and H�) in Mode Selection (f in Fig. 3A), and the
spectra in Select MS data (g in Fig. 3A), all masses in the files
are displayed on the left side of the panel (left of Fig. 3B).
When we select a mass isolated from the list, the black vertical
line pointer moves to the position of the corresponding peak;
simultaneously, possible metabolites corresponding to the
selected molecular mass (within a specified margin) are
shown in the upper panel (h in Fig. 3A). The margin for mass
values is adjustable by the user (i in Fig. 3B). From a list

generated by a search (e.g. Fig. 3C), users may select a metab-
olite for detailed information regarding its molecular weight,
formula, structure and biological functions (lower panel in
Fig. 3C). The display of the molecular structure can be enlarged
using the zoom-in button (j in Fig. 3C). This tool is applicable
to any data that contain masses and their corresponding inten-
sities. A tutorial for use of the KNApSAcK Metabolomics Search
Engine is available via http://kanaya.aist-nara.ac.jp/KNApSAcK/
Manual/KNApSAcKManual.html.

Multifaceted Plant Usage DB

KNApSAcK WorldMap DB. Users can retrieve medicinal/
edible plants by selecting individual GZs. If the user inputs
the name of a specific medicinal plant in the text box of the
main window of the KNApSAcK WorldMap DB and then clicks
the List button (Fig. 4A), the flags of the GZs where the target
plant is utilized start blinking. The user can thereby visualize
the extent of usage of a targeted plant around the world, as
reported in the literature. Metabolites produced by individual
species can be obtained if a KNApSAcK icon is displayed for
that species. When the user clicks this icon, then the list of
metabolites is displayed. When one of the metabolites is se-
lected, the user can obtain the information on taxonomy as well
as species producing the targeted metabolite (Fig. 4B).

Biological Activity DB. Users can retrieve medicinal/edible
plants by inputting a search term pertaining to biological
activity, including biochemical activities, diseases and human
states in a text box. All of the data regarding biological activities
are linked to relevant citations from the literature.

KAMPO DB. Kampo is Japanese traditional medicine. Kampo
medicines consist of multiple raw herbs, referred to as Kampo
formulae; the ratio of each herb in a formula is strictly fixed. The
KAMPO DB contains two types of relationships: (i) groups of
formulae used for identical medicinal purposes, connected to
formula names; and (ii) formula names and ingredients, con-
nected to plant names. Thus, we can retrieve formula names
from the names of medicinal plants, as well as lists of ingredient
plants from the groups of formulae and formula names
(Fig. 2B).

JAMU DB. Jamu is Indonesian traditional medicine. Almost
every region in Indonesia has its own traditional formula of
Jamu; the variations depend on the plant resources in the region
(Sangat et al. 2000, Adnyana and Soemardji, 2007, Pramono,
2007). By a program of the Indonesian Government, individual
Jamu formulae have been systematized for use in the healthcare
system. In addition to these traditional formulae, many Jamu
are also produced commercially in Indonesia, and are registered
in JAMU-DB, an official database at NA-DFC (National Agency
for Drug and Food Control, http://www.pom.go.id/nonpublic/
obat_tradisional/default.asp) of Indonesia. In the JAMU DB, we
can retrieve formulae from the names of medicinal plants,
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Fig. 2 KNApSAcK family database. (A) Main window for the KNApSAcK family. Users can access the geographic zone–species relationship DB by
clicking the button for KNApSAcK WorldMap (1); biological activity, by clicking Biological Activity (2); Kampo medicine by clicking KAMPO (3);
and Jamu medicines, by clicking JAMU (4). All information regarding geographic zone, Kampo and Jamu medicines can be retrieved by clicking
Skewered KNApSAcK (5). The KNApSAcK Metabolomics Search Engine is available by choosing WEB application after clicking on KNApSAcK
Metabolomics Search Engine (6). (B) Kampo medicine database. (C) Jamu medicine database. Medicinal plants and formulae can be obtained
from the KAMPO and JAMU databases (B and C, respectively).
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Fig. 3 KNApSAcK Metabolomics Search Engine (A) Main window. (B) Display of mass spectra. (C) Results of a metabolite search.
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and also the names of medicinal plants from formula names
(Fig. 2C).

Skewered KNApSAcK. The skewered KNApSAcK system (5 in
Fig. 2A) makes it possible to retrieve geological usage, formulae
in Kampo and Jamu, as well as biological activities using the
names of species and biological activities as search terms.

Current status and law unveiled in binary
relationships of the KNApSAcK family DBs

The International Organization for Standardization (ISO3166)
has defined 251 GZs based on the borders between nations and
small islands. Medicinal/edible plants reported in the scientific
literature have been classified into these GZs. The KNApSAcK

Fig. 4 (A) Window for searching plants by the geographical zone–species relationship DB (KNApSAcK WorldMap). Users input the scientific
name in the text box and click Show, causing the geographical zone flags to blink. (B) List of plants retrieved by metabolites in the KNApSAcK
Core DB. All databases in the Multifaceted Plant Usage DB are connected with the KNApSAcK Core DB.
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WorldMap DB comprises 41,548 GZ–plant pair entries,
including 222 GZs and 15,240 medicinal/edible plants
(Fig. 1), covering 98% of the entire GZs (exceptions include
ministates such as the Principality of Liechtenstein,
Principality of Monaco, State of the City of the Vatican and
the Principality of Andorra). The number of accumulated
medicinal plants in the DB corresponds to 72% of the enumer-
ation of the World Heath Organization (21,000 medicinal
species; Penso, 1980).

In the KNApSAcK family DB, we represent data as binary
relationships between two different attributes. In this study, the
relationship between each pair of attributes was characterized
by a power law analysis. Fig. 5 shows the procedure for power
law analysis, using as an example a typical binary relationship
between a species and a metabolite. We can obtain the number
of species that produces a given set of reported metabolites
(referred to as the metabolite degree distribution; Fig. 5A), as
well as the number of metabolites for a given set of reported
species (referred to as the species degree distribution; Fig. 5B).
In this manner, two types of distributions can be obtained: the
relationship on a log–log scale between numbers of metabolites
and counts of species, and the relationship between numbers of

species and counts of metabolites. Species degree distributions
for five attributes (GZs, formulae in Kampo and Jamu medi-
cines, biological activities and metabolites) are shown on the
left side of Figs 6A, C, E, 7A, C; degree distributions for
the aforementioned attributes are shown on the right side of
Figs. 6B, D, F, 7B, D.

Three Asian zones [the People’s Republic of China (3,634
plants), the Republic of India (3,072) and the Kingdom of
Thailand (1,888)], and two African zones [the Republic of
Kenya (1936) and the Republic of Uganda (1,873)] have the
largest numbers of reported medicinal/edible plants thus far.
Both India and China are nations with their own holistic
medicine systems, namely Ayurvedic medicine in India and
TCM (traditional Chinese medicine) in China (Chan, 2005).
The diversity of medicinal plants reported in the two African
nations is comparable with that of the three Asian nations.
The five most popular medicinal plants utilized throughout
the world are Ricinus communis, Psidium guajava, Jatropha
curcas, Carica papaya and Zingiber officinale at the latest release
of the database (November 1, 2011).

A linear decreasing trend in the count of species with
respect to the number of GZs can be observed on a log–log

Fig. 5 Schematic representation of power law analysis in the bipartite graph. (A) Metabolite degree distribution. (B) Species degree distribution.
Metabolites and species are represented by ‘mets’ and ‘sp.’, respectively. Circled numbers colored pink and blue are instances of species and
metabolites.
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scale plot (Fig. 6B). This trend is called scale-free degree distri-
bution, and can be regarded as a property of the relationship
between the two attributes. We can offer a preliminary explan-
ation of this scale-free property of the species–metabolite rela-
tionship. Fig. 7D shows that the metabolite degree distribution
is scale free. This property is present for the following reason: at
each step, when a new species (vertex in Fig. 5) is added, for
each of the edges of the new species, either a new metabolite is

added or one is picked from among the existing ones, using
preferential attachment (such a model is also referred to as
growing bipartite graphs using a preferential rewiring process;
Ohkubo et al. 2005, Guillaume and Latapy, 2006); it can be
formally proven that this process exactly follows the original
AB model (Albert et al. 1999). A near-perfect scale-free prop-
erty is observed in the metabolite degree distribution (Fig. 7D),
since a certain number of metabolites determined in a new
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species have already been determined in closely related species,
i.e. in species from the same genera, corresponding to prefer-
ential attachment.

A trend toward a scale-free property in GZs (Fig. 6B) can
also be explained via the growth process of the bipartite graph:
when a new medicinal plant is determined within a GZ, then it
is preferentially attached either to nearby GZs or to GZs with
high diversity.

National health insurance in Japan has approved 1,581
primary formulae of ingredients, which are classified into 336
formula names encompassed by 278 medicinal plants. The
number of plant species included in Kampo formulae has a
peak between seven and eight (Fig. 6C). The degree distribu-
tions of Fig. 6C and D do not exhibit the scale-free property.
Kampo medicine was originally imported from China, but
during the Edo period from 1600 onwards, the seclusion of
Japan from the outside world led to a reduction in the
number of medicinal plants used, from the initial pharmaco-
poeia of thousands of Chinese crude drugs (Watanabe et al.
2011). Thus, it could be argued that an artificial reduction of the
number of medicinal plants used in Kampo medicines
distracted the scale-free property of the formula degree

distribution, and that Kampo has therefore become a unique
medicinal system in this respect.

Numerous Jamu formulae are used in Indonesia, and>7,000
commercial Jamu are registered at NA-DFC. Of these, we have
accumulated 5,310 formulae encompassing 550 medicinal
plants and 12 morphological segments. Formula names and
plant ingredients are related in the JAMU DB. The number of
species included in Jamu peaks at five (Fig. 6E). A trend in the
formula degree distribution that it decreases linearly is clearly
observed (Fig. 6F). This can be explained by the growth process
of bipartite graphs as explained above: a new formula using new
medicinal plants is developed based on knowledge of the main
ingredients, supporting ingredients and those that are added
simply to improve the taste of the Jamu (Beers, 2001); this
process corresponds to preferential attachment. In addition,
the formula degree distribution of Jamu is different from that
of Kampo. It could be predicted that a reduction process of
medicinal plants plays a role in the development of new types
of Jamu formula by comparing the situation of Kampo formula
(Fig. 6D).

No scale-free property is observed in the species degree
distributions of Kampo and Jamu, because the numbers of
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medicinal plants included in Kampo and Jamu medicines are
limited (Fig. 6C, E). Surprisingly, 98 plants are shared between
Kampo (278 species) and Jamu (550 species), corresponding to
35% of the medicinal plants in Kampo and 17% of those in
Jamu. Fig. 8A shows the relationship between the number of
GZs and the number of metabolites reported in these 98 shared
plants. Plants utilized in the largest number of GZs are Z. offi-
cinale, Foeniculum vulgare, Sesmum indicum, Cyperus rotundus
and Curucuma longa, represented by red circles; plants with the
largest number of reported metabolites are Glycine max,
Glycyrrhiza uralensis, Sophora flavescens, Oryza sativa and
Panax ginseng, represented by blue circles. Those plants are
well studied at the molecular level or are used in multiple
regions, i.e. they represent medicinal plants that are common
around the world. Thus, the generality of usage of medicinal
plants can be estimated by distinct criteria: usage in GZs and
reported metabolites.

Relationships between medicinal plants and biological activ-
ities are contained in the Biological Activity DB. Currently, we
have accumulated 2,418 biological activities and 33,706 pairwise
relationships between medicinal plants and their biological
activities. Most of the medicinal plants have 5–10 biological
activities (Fig. 7A), and a clear scale-free property is observed
in the biological activity degree distribution (Fig. 7B).
Consequently, there is a trend toward a scale-free property in
the right panels, in contrast to the left panels (Figs. 6, 7), which
can be explained by the concept that a preferential attachment
is acquired when a new species is added.

How many plant metabolites are there on
Earth?

The latest release of the KNApSAcK Core DB contains 101,500
species–metabolite relationships involving 50,048 metabolites
and 20,741 species; this exceeds the total number of secondary
metabolites estimated by De Luca and St Pierre (2000).
Using the KNApSAcK Core DB, we tried to predict the total
number of metabolites on Earth based on the scale-free
property of the statistics of the relationships between species
and metabolites. Many biological systems, including neural net-
works (Watts and Strogatz 1998), metabolic pathways (Jeong
et al. 2000, Bike, 2001) and protein domain networks (Rzhetsky
and Gomez, 2001, Wuchty, 2001), appear to conform to the
scale-free network model, which can be explained by evolution-
ary processes in biological systems (Wolf et al. 2002). Thus, the
species degree distribution in Fig. 7C could be scale free. In the
current release of the KNApSAcK DB, the scale-free trend is
observed in the species degree distribution, but the slope is
smaller in the low-degree region on the x-axis compared with
that in the high-degree region (Fig. 7C). The slope in the
high-degree region should be held in species degree distribution
in Fig. 7C. Using the linear relationship in the interval between
10 and 1,000 on the x-axis (number of species), we estimated
that there potentially exist 98,800 unique metabolites among

the 20,741 species in the KNApSAcK Core DB. Thus, on average,
4.7 (=98,800/20,741) unique metabolites are biosynthesized in
individual species.

The scientific literature so far recognizes the existence of
at least 223,300 plant species (Scotland and Wortley 2003).
Thus, the total number of metabolites in plant species can be
estimated as 1,060,000 (=98,800/20741� 223,300), comparable
with the reported range for metabolite number (200,000–
1,000,000; Saito and Matsuda 2010).

Fig. 8B shows the relationship between the numbers of
plant species and medicinal plants. Three countries (Korea,
Pakistan and Japan, denoted by red triangles) have a very
small number of plants, but the ratio of medicinal species is
relatively higher. The red line in Fig. 8B represents the max-
imum ratio of the number of medicinal plants to the number of
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Fig. 8 (A) Relationship between the number of geographical zones
and the number of metabolites reported in plants utilized in both
Kampo and Jamu medicines. (B) Relationship between the number of
wild plants and the number of medicinal plants in different countries.
Data are from Iwatsuki et al. (1995), Mitsuhashi et al. (1988) and
Schippmann et al. (2002).
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wild plants, which is 0.35, with an estimated average ratio of
0.13 (slope represented by a black line). Therefore, assuming
223,300 plant species exist on Earth, the estimated number of
medicinal plants ranges from 29,029 (223,300� 0.13) to 78,155
(223,300� 0.35), and the estimated number of metabolites ex-
pected to have some efficacy in humans ranges from 136,436
(29,029� 4.7) to 367,328 (78,155� 4.7). Metabolomics should
take into consideration the challenge of isolating this huge
number of secondary metabolites and systematizing the effects
of natural products on organisms (including humans),
using systems-biological approaches. Furthermore, metabolo-
mics should play a role in comprehensively understanding
species–species relationships based on natural products, and
sustainable society in view of the chemistry between ecology
and genetics (Macel et al. 2010). We believe that the DBs
reported in this study will make a significant contribution to
plant metabolomics.

Supplementary data

Supplementary data are available at PCP online.
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