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Abstract: The application of molecular tools for the identification of strains，populations and species has
become a common practice in a variety of applied and basic investigations in many parts of the world． Howev-
er，standardization of such applications varies widely among organisms and scientific fields． In this mini － re-
view，the author provides a brief introduction to one of the most prominent effort for species identification －
the international barcode of life ( iBOL) project，discusses the features of fungal diversity including the pro-
posed fungal barcode DNA fragment-the intergenic spacer regions ( ITS) of the nuclear ribosomal RNA gene
clusters，and illustrates the potential promises and problems of using ITS for barcoding and for analyzing the
phylogeographic pattern of the wild gourmet mushroom Tricholoma matsutake species complex． The analyses
show that identification to species level is often insufficient for practical applications and that sequences from
multiple genes in combination with critical morphological and physiological evaluations are needed to identify
strains，populations and species．
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1 DNA barcoding
Accurate species identification is a prerequisite for almost all biological investigations． The description

and classification of organisms have traditionally been the work of specialist taxonomists，who also generally
provide nomenclatural backbones for non-specialists for identification purposes． In today’s society，while the
number of traditional taxonomists has decreased for most groups of organisms in most fields，the need for accu-
rate and efficient species identification has increased significantly． This has been driven by multiple factors
such as for critically assessing and maintaining biodiversity，ensuring bio-security in the age of terrorism and
anti-terrorism，protecting engendered species，preventing emerging infections，and avoiding pandemics．
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Fig． 1 Participating nations for the international barcode of life ( iBOL) pro-
ject． Colored countries represent those whose governments officially contribute to the
iBOL project． Differentially colored countries contribute different amount of resources
to the barcoding effort． Green: Central Nodes ( $ 25million) ; Blue: Regional Nodes
( $ 5million) ; and Red: National Nodes ( $ 1million) ． Please refer to text for de-
tails of the specific countries．

2010 is the International Year of Biodiversity． People from all walks of life are encouraged to participate
in a variety of efforts to help understand，appreciate，and conserve our rapidly declining biological resources
on Earth． To care about biodiversity is not only an academic exercise or for aesthetic reasons，but also for
practical issues such as dealing with invasive species，developing appropriate diagnostic tools for the treatments
of infectious diseases，and monitoring global trades in foods and other biological materials． For example，inva-
sive plants and pathogens cause tens of billions of dollars of losses to crops and forest products each year． The
lack of monitoring of the Zebra mussel and its introduction from Europe to North America has already caused
tens of millions of dollars of damages to ships and water drainage pipes and an estimated over $ 5 billion will
be needed to fully repair the damage． Furthermore，each year，millions of lives and billions of hours of pro-
ductivity are lost due to infection by emerging human pathogens dispersed from one region to another． The in-
creased global trade in food also demands fast and accurate species identifications．

To deal with these issues，the method of‘DNA Barcode of Life’was developed as a standardized，rapid
and inexpensive species identification system accessible to both specialists and non-specialists． DNA barcode
refers to a short standardized sequence that enables species discrimination among a large group of closely relat-
ed organisms［11］． The scientific basis of barcoding is simple and has been noted for a long time: ( i) every or-
ganism on Earth requires a set of genes to survive and reproduce; ( ii) some of these genes are shared among
a large number of organisms; and ( iii) within those genes are short sequences unique to the species that allow
specific identification of the organisms to the species level． Though using DNA sequence for species identifica-
tion had existed for several decades，the concept of barcoding all organisms was pioneered and developed by
researchers at the University of Guelph in Canada［11］． The initial focus of barcoding was on animals but the ef-
fort has subsequently extended to plants，fungi and other groups of eukaryotic organisms．

The DNA barcoding effort has now evolved into the overarching International Barcode of Life project
( iBOL; www． ibolproject． org) ． iBOL is among the largest biodiversity genomics initiative in the world and its
objective was to create a digital
identification system for all living
organisms． The iBOL global
partnership currently involves 25
nations arranged in three collabora-
tive configurations． Specifically，
based on funding and infrastructure
commitments from national govern-
ments，iBOL is organized to four
Central Nodes， ten Regional
Nodes， and six National Nodes
( Figure 1 ) ． The four Central
Nodes are Canada，China，Europe-
an Union ( including France，Ger-
many，Italy，Netherlands，Portu-
gal，Spain，United Kingdom) and
the United States． They will have
primary responsibility in funding
and coordinating iBOL and in supporting its core analytical facilities and data archives． The ten Regional Nodes
are Argentina，Australia，Brazil，India，Korea，Mexico，New Zealand，Norway，Russia，and South Africa． These
countries will oversee regional barcode efforts． In addition，New Zealand and Norway will lead barcoding pro-
grams in the Antarctic and Arctic respectively． The six National Nodes including Argentina，Colombia，Costa
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Fig． 2 The flow chart for assembling typical barcode data

Rica，Kenya，Madagascar and Panama will augment national biodiversity surveys via barcoding． Researchers
from National Node countries will assemble specimens and interpret results but will often use sequencing facili-
ties in the Central Nodes． Aside from official government participations，hundreds of individual labs and insti-
tutions from over 50 countries are actively involved in barcoding，including natural history museums，zoos，
herbaria，botanical gardens，university as well as private companies and governmental organizations ( www．
barcodeoflife． org) ．

The standard approach for generating the barcode for individual species is relatively simple and straight-
forward ( Figure 2 ) ． However，it
does demand large accessory
information related to individual
specimens and to the quality of the
DNA sequence． All these data are
stored and managed in the Barcode
of Life Data Systems ( BOLD，ht-
tp: / /www． boldsystems． org ) ，an
informatics workbench for the ac-
quisition， storage， analysis and
publication of DNA barcode re-
cords． Different from other DNA databases such as GenBank，BOLD contains not only molecular data but also
detailed morphological and distributional data． As a result，it has the great potential to bridge a long-standing
bioinformatics chasm typical of most databases for species identification． At present，BOLD is the go-to site for
DNA-based identification for several large groups of taxa and is freely available to anyone interested in DNA
barcoding． In the brief seven-year period，a large number of articles have been published on barcoding various
groups of organisms． As of July 2010，its data repository contains 844，163 specimens from 70，291 species
( http: / /www． boldsystems． org) ． However，the current data is highly biased towards animals and relatively
few eukaryotic microbe data are present in the database．

Among the barcode loci，the mitochondrial cytochrome oxidase subunit 1 ( COX1) has been the marker of
choice for animal barcoding［10］． This gene is universally distributed in animals，is often highly polymorphic a-
mong species but relatively homogeneous within species，and is easy to extract and amplify due to its high copy
number in most cells． In addition，specific primers are available to amplify large groups of organisms． In con-
trast，this marker is not effective for most plants． Instead，a combination of two genes in the plastid，rbcL and
matK，have emerged as the preferred marker choice for plant barcoding，at least during initial screening［5］． In
the case of a lack of discriminatory polymorphism at these two loci among closely related plant species，addi-
tional markers appropriate for the specific group of plants will need to be developed to help generate diagnostic
features． As shown below，a locus different from the three mentioned above ( COX1，rbcL and matK) is pro-
posed for fungal barcoding．

2 Fungal diversity and fungal barcoding
There are about 80 000 named fungal species． These fungi have been traditionally divided into six main

Divisions ( the equivalent of phyla in plants and animals) ，differentiated by their sexual reproductive structures
as well as other morphological，structural and biochemical properties． However，based on multiple gene se-
quence analyses，two of the six main Divisions，Myxomycetes and Oomycetes are now considered not true fungi
and are grouped into protists and Straminipila respectively． The true fungi are now classified into five main Di-
visions Chytrids，Zygomycetes，Glomeromycetes，Ascomycetes，and Basidiomycetes ［14 － 15］( Figure 3 ) ． In some
textbooks，another Division，the Deuteromycetes or Fungi Imperfecti，is still presented． This group refers to
moulds and yeasts which when they were first described，had only the asexual form ( also called the anamorphic
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Fig． 3 An overview of the fungal tree of life based on the analyses of six gene fragments ( from James et al，2006)

fungi) ． However，based on molecular phylogenetic studies，most fungi in this Division are phylogenetically
related to sexual Ascomycetes． A minority of these asexual fungi belonged to the Basidiomycetes［15］．

Based on estimates from ecological and environmental DNA sampling，a large number of fungi，estimated
up to 90% -99% of all fungi are not yet described． The main difficulties for describing and for studying these
fungi have been our inability to observe and culture most of these fungi and the lack of distinguishing morpho-
logical and physiological features to separate closely related fungal species． The advent of DNA-based identifi-
cation techniques，including the concerted fungal barcoding initiative，have accelerated fungal identification
and will continue to impact this field in the near future．

Among the many loci used for fungal species delineation，the internal transcribed spacer ( ITS) regions of
the nuclear ribosomal RNA gene cluster have emerged as the top choice as the fungal barcode． In some groups
of fungi，the barcode used in animals ( i． e． COX1) was found effective for species identification． However，
for many groups of fungi，the presence of introns within COX1，sometime up to 20 kb in length，makes this lo-
cus difficult to amplify and to obtain DNA sequence． However，the ITS barcode also has its own problems． For
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example，there was limited variation among closely related species at the ITS regions within several groups of
fungi． In addition，the multi-copy nature of ITS often results in significant variation among the copies within an
individual strain，making DNA sequencing chromatograms unreadable． A recent review discussed these issues
and summarized recent progresses toward fungal barcoding［17］．

3 ITS sequence variation in a gourmet mushroom
The problems and promises of using ITS sequences as barcode for fungi can be illustrated using population

samples of the gourmet mushroom Tricholoma matsutake species complex． Mushrooms have been widely used
since ancient times not only as foods or food flavoring materials but also for spiritual and medicinal purpo-
ses［19］． The ectomycorrhizal matsutake ( or Pine-mushroom，Phylum Basidiomycota) is among the most re-
vered and valuable mushrooms in the world． Its accurate identification is thus of significant commercial impor-
tance．

The commonly used term matsutake refers to a loosely defined species complex in the genus Tricholoma．
Like most mushrooms，the major biomass of the matsutake mushroom is underground in the soil in which their
mycelia form an extensive network called Shiro． For species in Tricholoma and many other ectomycorrhizal fun-
gi，their mycelia establish unique symbiotic relationships with the roots of conifer and broadleaf trees［9］． Due
to the lack of clearly defined morphological or physiological characters to distinguish populations and species of
the commercially available samples，it has been difficult to establish natural groups within the T． matsutake
species complex． As a result，the informal name matsutakes commonly refer to those fungi recognized as valua-
ble by the Japanese market-the world’s major consumer market for matsutake mushrooms． Bergius and Dan-
nell ［4］concluded that the European specimens of T． nauseosum and the Asian T． matsutake are considered
conspecific and belonged to the‘true matsutake’． Though also consumed in Japan and North America，mush-
rooms of the species Tricholoma magnivelare are considered a‘matsutake-ally’，similar to those of Tricholoma
caligatum and Tricholoma fulvocastaneum． On the other hand，though morphologically very similar to T． mat-
sutake，a more distantly related species Tricholoma bakamatsutake is not consumed and is called‘false mat-
sutake’or sometimes‘fool’s matsutake’in the popular literature．

Geographically，the loosely defined matsutake is broadly distributed from Europe to Northern Africa，from
the sub-Himalayan region to the easternmost countries of Asia，from the Pacific Rim in North America to the
Rocky Mountains，the Great Lakes，the east coast of the United States，and to Mexico． Matsutake has yet to
be recorded from Africa outside the Atlas Range，from Australasia，or from South America［7］． In general，the
range of matsutake roughly matches the distribution of coniferous genera such as Pinus，Pseudotsuga，Tsuga，
Picea，Cedrus and Abies［21］． Nonetheless，several forms of matsutake frequently are found in mixed forests
where associations with broadleaf trees cannot be ruled out． In southwestern China，matsutake is often found
associated with oak ( Quercus spp) ． T． magnivelare in the Pacific Northwest coast of North America often is
found in pure stands of Lithocarpus densiflora ( tanoak) ［3］． T． bakamatsutake，the false matsutake sympatric
with T． matsutake，is believed to be associated with Castanopsis，Fagus，Pasania and Quercus spp．，despite
its occurrence in forests where conifers also are present ［13］． A similar case in North America applies to the
matsutake-ally T． caligatum from the US and Mexico，suspected to associate with angiosperm hosts．

Despite our lack of understanding for the basic biology of these organisms，matsutakes are of significant
importance，not only because of their market value as gourmet mushrooms but also their epitomizing non-timber
forest products in coniferous forests in many parts of the world［1］． For example，the estimated value of non-
timber forest products in mixed forests in the Pacific Northwest of the United States and British Columbia in
western Canada is greater than the economic value of the timber in the same forest and the matsutake-ally T．
magnivelare represents the most significant component of the non-timber forest products in this region［1 － 2］．

In Japan-the world’s preeminent consumer market，matsutake collected and imported from different parts
of the world are priced very differently，from less than US $ 100 to over US $ 4 000 /kg of fresh fruiting
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bodies［16，25］． As mentioned briefly before，matsutake in Asia is produced in two major regions: eastern Hima-
laya which includes southwest ( SW) China and Bhutan，and the Far East which includes Japan，the Korean
Peninsula，and northeast ( NE) China． The NE Chinese matsutake is distributed in the Changbai Mountain
range bordering North Korea and covers parts of two provinces，Jilin and Heilongjiang［23］． The SW Chinese
matsutake is distributed in eastern Tibet and western parts of Yunnan and Sichuan provinces［27］． In Japan，the
NE Chinese matsutake is sold for an average of about US $ 200 /kg，similar to those from North Korea，slightly
lower than South Korean matsutake，and about half of those from within Japan． However，the matsutake from
SW China is traded at about US $ 100 /kg，significantly lower than their NE counterpart and other Far East
matsutake［16］． Such a price variation is also seen within the Chinese domestic consumer market． Despite its
high price tag，matsutake’s unique aroma［20］ and its demonstrated health benefits to humans［8，12］are attracting
a growing number of people within China． In Japan，the Asian matsutake are generally more expensive and
their flavors more attractive to consumers than those from North America and Europe．

The significant price differences for matsutakes from different parts of the world create conditions for coun-
terfeiting both among countries as well as among areas within countries． However，while useful for discriminat-
ing the“true matsutake”from“matsutake-ally”and“false matsutake”，the ITS region has very limited dis-
criminating power for different geographic populations of the true matsutakes from different regions ( Figure 4) ．
In fact，as noted by Chapella and Garberlatto［6］，some of the presumed T． magnivelare from North America
were clustered with the Asian and European matsutake samples ( Figure 4) ，suggesting a complex relationship
between geography and genetic relationship among the populations．

To investigate the potential of matsutake counterfeiting，we recently analyzed matsutakes from two major
production and trading regions in China and found evidence for significant counterfeiting［26］． In this analysis，
we obtained DNA profiles of T． matsutake fruiting bodies from matsutake trading companies and compared
them with known authentic specimens from NE China and SW China． The commercial matsutake included 107
fruiting bodies from four companies in NE China and 45 fruiting bodies from three companies in SW China．
The geographically authentic matsutake samples included 38 mushrooms from four local populations in Jilin and
Heilongjiang in NE China，and 183 samples from 18 local populations in Yunnan，Tibet，and Sichuan prov-
inces in SW China［27］． Their DNA was extracted［28］ and the genotypes of all 373 isolates were determined u-
sing a PCR genotyping system based on specific primers targeting the gypsy － type retroelements［16，26］． Our an-
alyses showed that 67% commercial matsutake claimed from the northeast were in fact genetically identical at
this marker to those from southwest China but different from authentic northeast Chinese samples． Such analy-
ses highlight the importance of accurate identification of matsutake mushrooms，not only at the species level
but also at population and strain level． Our analysis is similar to those found for counterfeited fish in New York
City，USA［22］． Our finding suggests that caution should be applied to authenticate commercial matsutake from
northeast China． Similar concerns about the authenticity of other gourmet mushrooms such as truffles，morels，
and tubers have also been raised but the identification system is yet to be finalized．

Despite recent progresses，much remains unknown about the relationships among populations of T． mat-
sutake from different geographic regions such as those from eastern North America，Europe，North Africa，
Southwestern China and the Far East． Such understandings will help the conservation and sustainable utilization
efforts． In addition，the precise relationships among closely related species in this group of mushrooms remain
to be clarified． A powerful approach to address both within － species and between － species relationships a-
mong strains and populations is the gene genealogical analyses based on DNA sequences from multiple loci［24］．
Such an approach has been applied to analyze many microbial，including fungal，populations［24 － 25］ and data
from those analyses will continue to impact the identification of strains，populations，and species of microbes，
plants，and animals，beyond what DNA barcoding is offering．
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Fig． 4 Phylogenetic relationships among strains of Tricholoma matsutake and its close allies based on ITS sequences．
Each entry contains the species name，followed by strain name，geographic location，likely associated plant host，and the
GenBank accession number． Strains labeled“Number 14”and“Number 15”are two strains from Yunnan associated with Pi-
nus yunnensis and Quercus spp respectively． Note the limited or no ITS sequence variation pattern among populations of T．
matsutake from different geographic areas．
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