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ABSTRACT

Kang, S., Mansfield, M. A., Park, B., Geiser, D. M., Ivors, K. L., Coffey,
M. D., Griinwald, N. J., Martin, F. N., Lévesque, C. A., and Blair, J. E.
2010. The promise and pitfalls of sequence-based identification of plant-
pathogenic fungi and oomycetes. Phytopathology 100:732-737.

Sequences of selected marker loci have been widely used for the
identification of specific pathogens and the development of sequence-
based diagnostic methods. Although such approaches offer several
advantages over traditional culture-based methods for pathogen diagnosis
and identification, they have their own pitfalls. These include erroneous
and incomplete data in reference databases, poor or oversimplified inter-

pretation of search results, and problems associated with defining species
boundaries. In this letter, we outline the potential benefits and drawbacks
of using sequence data for identification and taxonomic deductions of
plant-pathogenic fungi and oomycetes, using Phytophthora as a primary
example. We also discuss potential remedies for these pitfalls and address
why coordinated community efforts are essential to make such remedies
more efficient and robust.

Additional keywords: culture collection, database, diagnosis, DNA
barcode, phylogeny, taxonomy.

Within the past decade plant pathologists have become increas-
ingly dependent on publicly accessible sequence databases such
as GenBank and EMBL to identify organisms based on DNA
sequence similarity. This application has been particularly impor-
tant in instances where users may not possess the expertise or
reference material necessary to make accurate identifications
using morphological and cultural characteristics. The latter ap-
proach, while absolutely vital in many instances, may not be
practical in cases where time is of the essence in the prevention,
control, or eradication of serious plant disease outbreaks. From a
human resources standpoint, those interpreting morphological and
cultural characteristics often need years of training and ex-
perience in order to make an accurate identification. From a
systematics standpoint, DNA sequences are highly objective
because they are an intrinsic characteristic of an organism, not
dependent on environmental or cultural conditions, and are highly
reproducible. Naturally, multiple efforts to develop DNA markers
that can support phylogenetic analysis and/or rapid identification
have emerged, covering everything from particular groups of
organisms (e.g., genera, ecological groups such as mycorrhizal
fungi) to entire kingdoms (3,8,9,33). Besides supporting pathogen
identification and providing robust phylogenetic frameworks for
understanding the evolution of pathogens, resulting data have
aided the development and validation of molecular diagnostic
tools (32,44,50).
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The Assembling the Fungal Tree of Life project represents the
global fungal community effort to generate and curate phylo-
genetic and phenotypic data from a wide range of species repre-
senting the major branches of the Kingdom Fungi (9,33). The
Consortium for the Barcode of Life (http://www.barcod-
ing.si.edu/) is an international organization that aims to tag
individual known species in all kingdoms of life with unique
DNA barcode sequences (4,23,46). This approach has enabled
rapid species identification and discovery and has also aided in
creating biodiversity inventories (26,43). It is important to point
out that tree of life initiatives and DNA barcoding are often
complementary. The markers for tree of life studies are sequenced
for a few representative species across an entire kingdom or
phylum and should align well, whereas barcode sequences are
typically generated for all species in a genus and do not
necessarily have to align well throughout the genus, families or
orders. Barcoding represents the twigs and leaves of the tree,
whereas tree of life initiatives provide information about the
branches (13). Examples of the species identification platforms
with a barcode-like approach include the FUSARIUM-ID (http://
www.fusariumdb.org/), a Fusarium identification database (20);
the Phytophthora Database (http://www.phytophthoradb.org/)
(39) and Phytophthora-ID (http://phytophthora-id.org/), databases
supporting the identification and molecular systematics of
Phytophthora; UNITE (http://unite.ut.ee/index.php), an internal
transcribed spacer (ITS) database supporting the identification of
ectomycorrhizal fungi (28); TrichOKey (http://www.isth.info/
tools/molkey/index.php), a database supporting the identification
of Hypocrea and Trichoderma species (15); and BOLD (http:/
www.boldsystems.org), the main barcode of life data system (41)
which now contains an extensive database of ITS and cytochrome
oxidase 1 (COI) for oomycetes.



The best examples of such databases harbor expert-curated
DNA sequences attached to publicly available, vouchered cul-
tures, providing users with data and taxonomic identifications that
are trustworthy at best and scientifically disprovable at worst.
With recent advances in molecular methodologies, many of the
processes required for sequence generation have become faster,
cheaper, and less labor intensive. Accordingly, DNA-based methods
for systematics and species identification will continue to improve
and expand in plant pathology. However, these methods are not
the proverbial silver bullets of modern taxonomy or pathogen
diagnosis, as they, like all other methods, have their own limita-
tions. Therefore, unless certain precautions are taken in generat-
ing and interpreting data, the resulting answers may be
misleading.

POTENTIAL PITFALLS IN SEQUENCE-BASED
PATHOGEN IDENTIFICATION

Erroneous and incomplete data in public databases. The
BLAST (basic local alignment search tool) program (1) infers
relatedness between sequences based on the statistical signifi-
cance of matches and has been widely used to identify organisms.
Because this approach relies on sequences from previously
characterized organisms for comparison, the quality of the result-
ing answers is only as good as the existing reference data set. As
such, the lack of sequence data from identical or closely related
taxa can lower the probability of an accurate identification. How-
ever, because of the rapid increase in sequence data from a wide
range of genera, especially of the ITS region of ribosomal RNA
encoding genes, the use of this marker as a query generally leads
to sequences of closely related species. The ITS region has been
proposed as the primary barcode for fungi and oomycetes (45,46).
There were 2,425 ITS sequences derived from Phytophthora iso-
lates in GenBank in April 2008; by January 2009, these had
increased by 10.1% (Table 1). Although the number of ITS se-
quences representing individual Phytophthora species varied
widely, with more than 50% of the sequences corresponding to
just 10 species, the majority of described and recently discovered
species appear to be represented in GenBank.

Public databases like GenBank contain a small yet significant
fraction of erroneous and/or incomplete data (6,7,22,31,34,49).
Although GenBank manually curates the submitted data to ensure
the accuracy of locus annotation, taxonomic accuracy is validated
only at higher taxonomic levels. Therefore, if the submitted data
are generated from a misidentified isolate, it subsequently be-
comes associated with incorrect species information and is
difficult to rectify because only the depositor of sequences is
allowed to make changes. In cases where the taxon information
has changed or is in flux (e.g., P. parasitica = P. nicotianae; P.
arecae = P. palmivora, P. sinensis = P. melonis), the old infor-
mation usually remains in GenBank. In addition, a large number
of sequences in GenBank are annotated as “Phytophthora sp.”
(Table 1), suggesting that the depositors were unclear about
species identity or considered them to be putative new species at
the time of data deposition. To determine whether the sequences
labeled “Phytophthora sp.” actually represent potentially novel
species that await formal description, we compared them with
other sequences available in GenBank and the Phytophthora
Database (39) via BLAST. Approximately 33% of the sequences
labeled “Phytophthora sp.” were identical to the ITS sequences
from described species (data not shown), illustrating that many of
the “Phytophthora sp.” accessions are incompletely annotated.

To assess the type and degree of potential errors associated with
Phytophthora in GenBank, we downloaded all Phytophthora 1TS
sequences in April 2008 and aligned them based on their species
annotation. We limited our analysis to the accessions that cover
the whole ITS region (i.e., those in the 701 to 900 bp range) and
excluded the sequences labeled as “Phytophthora sp.” Conse-

quently, the total number of ITS sequences analyzed was 1,940.
Sequences that did not align well with those from other strains
within the same species were then subjected to BLAST searches
against GenBank and the Phytophthora Database. This analysis
revealed that 25 accessions were clearly misidentified, as their
sequences showed much higher identity to sequences from
distantly related species than to the annotated species designation.
Some of these errors were likely caused by morphological
similarity between certain species. For instance, P. melonis was
traditionally considered a synonym of P. drechsleri (24), but this
proposal has not been upheld with subsequent molecular analyses
(3,12). Not surprisingly, six accessions labeled as P. drechsleri
(AF228093, AF228095, AY251650, AY251651, AY251652, and
DQ501284) had much higher sequence homology with P. melonis
sequences. Because we focused on sequences that clearly differed
from others within data sets of individual species and omitted
those that had higher sequence similarity to closely related
species, the number of misidentified Phytophthora accessions is
likely much higher than 25.

A significant number of Phytophthora ITS accessions in
GenBank are only partial sequences of the ITS region (e.g., 262
and 330 accessions being shorter than 700 bp in the 2008 and
2009 data sets, respectively) with some being shorter than 200 bp
(62 and 70 accessions in the 2008 and 2009 data sets, respec-
tively). While some researchers may choose to analyze shorter
portions of marker loci depending on their research objectives,
deposition and use of partial sequences can potentially contribute
to confusion in pathogen identification, especially in the taxon
groups that have not been comprehensively and accurately
characterized (see below). Human mistakes during editing and
annotation have been documented in public sequence databases
(6,22). In addition, some sequence errors can also result from
problems during the amplification or sequencing steps of data
generation (11).

Difficulties in interpreting BLAST search results. The top
score match may not necessarily represent the same species or
even a close relative, especially when the diversity of the target
taxon is poorly represented in the database. BLAST scores and
e-values can be influenced by factors other than the evolutionary
relationships between the query and search results; one such
factor is the length of the alignment made between the match and
the query, labeled as the query coverage. A perfect match with
one of the numerous partial sequences mentioned above will have
a much lower score than a longer alignment with the incorrect
species that has several base pair differences. It is very common
to obtain part of the small subunit (SSU) and large subunit (LSU)

TABLE 1. The number and distribution of internal transcribed spacer (ITS)
sequences from Phytophthora species in GenBank?®

Species April 2008 January 2009
P. capsici 197 198

P. cactorum 164 177

P. cinnamomi 155 162

P. cryptogea 149 152

P. infestans 144 146

P. citricola 134 153

P. nicotianae 111 169

P. megasperma 92 95

P. citrophthora 83 83

P. ramorum 75 77
Phytophthora sp. 152 213
Other species 945 (90) 1,040 (91)
Total number 2,425 2,670

2 AILITS sequences available in GenBank were downloaded twice (April 2008
and January 2009) and grouped according to their species annotation.
Phytophthora sp. includes ITS sequences without species identity. Other
species corresponds to all ITS sequences from species other than the top 10
and those labeled Phytophthora sp. The number of species in the other
species group is shown in parentheses.
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of rRNA genes from the sequencing of the ITS region. For some
environmental studies of oomycetes, long reads from SSU or LSU
are deliberately obtained in addition to ITS in order to generate at
least a genus-level match. Sending a BLAST query with both ITS
and LSU will return accessions that have both LSU and ITS at the
top, i.e., the sequences that have the longest matching sequence
coverage to the query will have the highest score.

For many organisms, relying on information from a single gene
region, most commonly ITS, narrows the possible identity to the
genus and occasionally, but not always, to the species level
(8,12,18,29). However, the use of sequence identity at a single
locus to conclude identity at the species level can be problematic
as there is no reasonable threshold of sequence identity that
justifies species boundaries. Also, a single gene may not have
comparable rates of evolution from one species to another.
Speciation within the genus Phytophthora, like most organisms,
has resulted from a variety of factors, including but not limited to
geospatial separation, host selection, and/or mating isolation (5).
Therefore, defining species boundaries based on the nature and
rate of sequence change in a single locus is problematic, as
different genes can tell different stories. Multilocus-based species
recognition provides a means to dissect species boundaries among
closely related taxa, particularly when a single locus fails on its
own to distinguish them (19,48).

In Phytophthora, comparison of ITS sequences may reveal
little difference between closely related but distinct species, while
at the same time exhibiting a high degree of variation within
certain species. Our in-depth phylogenetic analyses of P. cinna-
momi and P. capsici (M. A. Mansfield, D. M. Geiser, Gugino, F.
N. Martin, J. E. Blair, S. Kang, and M. D. Coftey, unpublished
data) and the data generated to construct the Phytophthora
Database (3,39) illustrate the complexity of this issue. We have
sequenced the ITS regions for nearly 100 isolates each of P.
cinnamomi and P. capsici. In P. cinnamomi, all isolates were
identical at this locus, despite the wide host and geographical
range represented. However, in P. capsici there was considerable
variation with the degree of sequence difference between some P.
capsici isolates being even greater than that between several
closely related species (e.g., P. cactorum versus P. hedraiandra
and P. infestans versus P. phaseoli). Additional multigene phylo-
genetic analyses suggest that traditionally defined P. capsici is a
complex consisting of several cryptic species (M. A. Mansfield,
D. M. Geiser, Gugino, F. N. Martin, J. E. Blair, S. Kang, and
M. D. Coffey, unpublished data). For some species, the ITS
region is invariable as exemplified with P. infestans relatives (17).
A MEGABLAST search (using P. ipomoeae query AY770742.1)
resulted in equally good hits to P. infestans and P. mirabilis.

As already mentioned, it is not uncommon to encounter isolates
that exhibit some level of intraspecific variation, although this is
generally on the order of one to several base pairs. Among closely
related species this can be the same level of variation seen on an
interspecific level thereby resulting in multiple species having the
same BLAST score. One approach to reduce the impact of this
problem is to evaluate a wide range of isolates to identify those
portions of the ITS region that are highly conserved within a
species yet different from the others and conduct the sequence-
based identification using only these conserved regions; this has
been done for Trichoderma spp. (15). The barcode of life data
system (BOLD) alleviates this problem by using exactly the same
partial gene region for all reference sequences. These sequences
align perfectly and a neighbor joining analysis is immediately
available following the BLAST search to compare the query with
the matched data.

Erroneous data (e.g., the 25 Phytophthora accessions described
above along with human/technical errors) and incomplete data
(i.e., sequences annotated as “Phytophthora sp.” and very short
sequences) contribute to confusing BLAST results, but these pit-
falls are relatively easy to recognize. However, erroneous infor-
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mation gets amplified when users simply rely on the top BLAST
match as the final determinant of an organism’s identification and
subsequently deposit their data with the same erroneous anno-
tation. The DNA barcode approach alleviates some of these
problems by giving the “DNA barcode reference” label only if
electropherograms and primer sequences are deposited, if the
specimens or strains are properly vouchered and accessible, and if
the sequence is of proper length. This provides an opportunity for
others to verify the quality of the sequences and perform addi-
tional work if there are any taxonomic issues. However, currently
the GenBank barcode label is only available for COI sequences
from animals, and the best barcode region for fungi or oomycetes
remains to be determined and agreed upon (45,46).

Hybrid species. P. alni is thought to be a hybrid species
consisting of three subspecies (25). Similarly, P. andina may be a
hybrid between P. infestans and another unknown parent, possibly
P. mirabilis (21). Sequences from a hybrid Phytophthora species
are often only provided as a single sequence read using IUB
(International Union of Biochemistry) codes for heterozygous
sites, or worse, a consensus sequence excluding heterozygous
sites, thus removing the hybrid signal. To identify hybrid taxa,
cloning followed by sequencing are thus necessary. Current data-
bases do not easily accommodate separate sequences cloned from
a hybrid taxon, and mitochondrial sequence databases will be
unable to detect hybrids due to the uniparental inheritance of this
organelle.

Discord between previously described species based on
morphological traits and other species concepts. This pitfall is
illustrated by the species complex that was observed among
morphologically identified isolates of P. capsici. The genus
Phytophthora, like many microorganisms, has a limited number
of phenotypic characters, many of which can be affected by cul-
tural conditions. To further complicate matters, the interpretation
of these characters can be subjective, as illustrated by changes
over time in Phytophthora taxonomy (16,18,30,42,47). The
advent of DNA-based techniques has allowed us to examine the
existence of cryptic species, which are unlikely to be easily
distinguished based on morphological and cultural traits. We are
in a period in pathogen taxonomy where data based on different
species concepts (e.g., biological, morphological, and phylo-
genetic) coexist and conflict sometimes. This can lead to prob-
lems with correct identification when relying strictly on BLAST
results (particularly for other species complexes such as P. citri-
cola, P. citrophthora, P. cryptogea, P. drechsleri, and P. mega-
sperma that have yet to be fully resolved). Besides Phytophthora,
the taxonomy of the genus Fusarium, which has long been a
model of taxonomic instability, also demonstrates the issue.
Certain traditionally defined species, such as F. graminearum and
F. solani, include many distinct phylogenetic species (35,38). We
suspect that as more data become available for lesser-studied
pathogenic groups, similar patterns will likely emerge. Unfor-
tunately, discord between classical and molecular taxonomy has
not been well studied in most pathogen groups. Even for those
cases that have been examined, the resulting data and potential
conflicts have not been fully resolved and are not widely
recognized by the plant pathology community.

HOW TO NAVIGATE THROUGH THE PITFALLS?

Coordinated community action in the generation and
archiving of high quality data. All BLAST results should be
interpreted with care in determining species identity, and in some
cases additional data and analysis may be required. Once
sequence database users clearly understand the nature and source
of potential pitfalls and limitations, most of the problems in
sequence-based identification can be avoided or resolved. How-
ever, in the long run, the best remedy is generating high quality
data (e.g., accurate sequence barcodes, new species descriptions



founded on a robust phylogenetic framework) based on vouchered
cultures, and archiving both the data and cultures in a format that
can be easily searched and retrieved as community references.
Addressing existing conflicts in species resolution comprehen-
sively is also critical. To make these efforts successful, coor-
dinated community action is essential; a piecemeal or isolated
case approach can potentially create confusion instead of the
order that taxonomy should provide. Potential problems could be
managed more rigorously in a tailored organism-specific com-
munity database (8,39,49), resulting in a much clearer taxonomic
framework of the target pathogen groups, and also contribute to
accurately documenting the earth’s biodiversity through the
organisms’ genotypes as envisioned by the Barcode of Life
initiative (43). Coordination and integration of community
projects to analyze and document the genotypic and phenotypic
diversity of plant pathogens and their nonpathogenic relatives will
help (i) to build solid and comprehensive reference phylogenetic
frameworks for future research and education, (ii) to utilize most
effectively limited resources, and (iii) to document pathogen
diversity worldwide. Plant diseases are an inherently global prob-
lem because pathogens frequently migrate from one region to
another through various means. In order to respond to pathogen
threats based on accurate diagnostics, collaboration to document
and describe pathogen species should be global in scale.

One example that illustrates the value of proactively and
collaboratively building such community resources is how the
recent global outbreak of fusarial keratits (10), corneal infections
caused by Fusarium, associated with the use of a particular brand
of contact lens solution, was handled. Because of the previous
phylogenetic studies on Fusarium isolates associated with human
infections (37,51), investigators were able to quickly identify
multiple species of Fusarium associated with eye infections, and
determined that they were most likely introduced from the patient
environment and not by product contamination. Without the
proactive analysis of Fusarium collections, these investigations
would have taken many months to complete rather than a few
days, resulting in greater human and financial harm. Because of
such proactive studies based on well-curated culture collections at
the Fusarium Research Center, the CBS-KNAW Fungal Bio-
diversity Center, the Agricultural Research Service (NRRL) Cul-
ture Collection, and the Canadian Collection of Fungal Cultures
(CCFC/DAOM), Fusarium went from being one of the most
taxonomically unstable fungal genera to a model of fungal
molecular phylogenetic systematics.

For Phytophthora, the availability of genus-wide, multi-gene
data, including ITS sequences, within the Phyfophthora Database
website (3,39) has facilitated the description of numerous new
species and the characterization of species complexes. The
compilation of comprehensive data sets from traditional and
molecular taxonomic studies into this platform has also helped in
the recognition of errors and inconsistencies in the existing data,
which in turn has directed the elimination of these problems and
the development and testing of new phylogenetic hypotheses.
Recently discovered novel Phytophthora species of global signifi-
cance, such as P. ramorum and P. kernoviae, are unlikely to be the
last Phytophthora threats to agricultural and forest ecosystems,
highlighting the importance of providing such means for data
storage, sharing, and utilization to support monitoring the diver-
sity, distribution and dynamics of Phytophthora worldwide.

A logical extension of community efforts to provide molecular
and bioinformatics tools for species identification is to build com-
munity infrastructures that support identification of individuals
within species. Because plant diseases are caused by populations
of strains that may vary in multiple traits such as virulence, host
range, fungicide resistance, and toxin production, we often need
more than species identity to develop disease management strate-
gies. Comprehensive data on the genetic and phenotypic structure
within species will help us understand genotype-phenotype

relationships and the mechanisms by which pathogen populations
change in response to host/environmental selection pressures.
Some communities have already begun collaboratively collecting
detailed data on spatial and temporal structures of populations
within species to build a global picture; a notable example is
EuroBlight (http://www.euroblight.net/EuroBlight.asp). The goal
of this European Union-funded project is to examine variation in
European P. infestans populations by standardizing and collating
the wealth of genotypic and phenotypic data collected by co-
operators in >30 participating countries via a single compre-
hensive database. This database now includes data from South
and Central American countries and becomes a powerful refer-
ence resource for monitoring and understanding global P. infes-
tans populations. More initiatives of this magnitude are needed
for pathogens of global economic importance.

The rapid accumulation of sequenced microbial genomes, driven
by increasing sequencing capacity and decreasing costs, will
allow sequence-based species identification and population geno-
typing to become easier and more robust. One method for geno-
typically analyzing populations is multilocus sequence typing.
This method provides an unbiased means by which isolates can
be identified based on molecular signatures, even in cases where
the taxonomy remains unsettled. For example, the F. solani
species complex consists of dozens of phylogenetically recog-
nizable species, but the majority of these are undescribed or
taxonomically vague, and may remain so for a long time. In the
meantime, a simple nomenclatural system which identifies iso-
lates as coming from a particular phylogenetic species (desig-
nated by a numeral) and a multilocus haplotype within a species
(designated by a alphabetic system) has been established in the F.
solani species complex for easy identification (36) and allows
matches at the intraspecific level.

Preservation of key reference cultures. This effort should
accompany improved community coordination in data generation
and sharing. The construction of the Phytophthora Database and
accompanying phylogenetic studies rapidly progressed because
most of the key cultures representing the known diversity of
Phytophthora species and their genomic DNA were readily
available in the World Phytophthora Genetic Resource Collection.
Similarly, the genus Fusarium has become by far the most well
characterized pathogen group due to the existence of well-
preserved culture collections. Pathogen germplasm collections are
irreplaceable and invaluable resources because they support the
scientific discovery process as the primary link between dis-
coveries of the past, present and future (14,27,45). Loss of
previously studied isolates often prevents other scientists from
confirming and building upon past research and forces us to spend
years reestablishing the necessary groundwork to understand
economically important pathogens.

CONCLUSIONS

Here we have reviewed the current status of sequence-based
species identification and some of the current pitfalls in using this
approach, as well as suggesting a few preventative steps to avoid
these pitfalls. Although we have mainly focused on Phytophthora
to highlight potential pitfalls associated with pathogen identi-
fication and taxonomic placement, these issues are not unique to
this genus. Previous reports have pointed out a number of self-
propagating errors and problems that large public databases are
prone to, including sequences associated with misidentified
organisms, the inability to easily change or update data, and the
lack of association or inability to link sequence data to voucher
material for verification (6,22,34,49).

Since it is unrealistic, even undesirable, to expect GenBank to
curate the taxonomic information for individual accessions,
improving the quality of data in GenBank falls primarily on users
who deposit and analyze the data. The use of GenBank’s
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“barcode” keyword only for those accessions that meet a mini-
mum set of criteria is a good step in the right direction but is
currently available only to the animal community. Although the
idea of manual data curation by certain GenBank users was
proposed to improve the quality of data (2,40), acceptance of this
proposal by GenBank has not been forthcoming as it would
require a significant alteration of its role (40). Of course, with
some species being well defined at the morphological and
molecular levels, all searches of publicly accessible sequence
databases to identity pathogens do not always require the most
rigorous quality checks and/or in-depth phylogenetic analysis,
and GenBank represents a tremendous global resource as long as
users are aware of the potential pitfalls.

The real challenge we are facing as a community is coor-
dinating and supporting researchers who work on individual
pathogen groups in building robust and comprehensive data,
material, and data sharing infrastructures. As noted earlier, high
quality data can eliminate most of the current problems associated
with sequence-based identification, however, such data will only
quickly become available if we work closely together. Given
severe budget constraints in many countries, creating new re-
sources to support such work in a global scale will be challeng-
ing. However, considering the potential benefits from such
investment and the urgent need for supporting better pathogen
diagnosis and monitoring to protect global agricultural and
environmental systems, waiting for a better financial environment
is not a sound approach; this calls for immediate global
brainstorming to develop a road map.
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