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ABSTRACT

Lievens, B., and Thomma, B. P. H. J. 2005. Recent developments in
pathogen detection arrays: Implications for fungal plant pathogens and
use in practice. Phytopathology 95:1374-1380.

The failure to adequately identify plant pathogens from culture-based
morphological techniques has led to the development of culture-inde-
pendent molecular approaches. Increasingly, diagnostic laboratories are
pursuing fast routine methods that provide reliable identification, sensi-
tive detection, and accurate quantification of plant pathogens. In addition,
since plants or parts thereof can be infected by multiple pathogens, multi-
plex assays that can detect and quantify different pathogens simultane-
ously are highly desirable. Technologies that can meet these require-
ments, especially those involving polymerase chain reaction, are being

developed and implemented in horticultural and agricultural practice.
Currently, DNA array technology is the most suitable technique for multi-
plex detection of plant pathogens. Recently, a quantitative aspect was
added to this technology, making DNA arrays highly attractive for various
research and practical applications. Here, we review the most important
recent advances in molecular plant pathogen diagnostics, with special
attention to fungal molecular diagnostics. In addition to their applicability
in practice, the different criteria that have to be fulfilled for developing
robust detection procedures that can routinely be used by diagnostic
laboratories are discussed.

Additional keywords: diagnosis, disease management, high-throughput,
phytopathogen.

The lack of rapid, accurate, and reliable means by which plant
pathogens can be adequately detected, identified, and quantified is
one of the main limitations in plant disease management. Tradi-
tionally, the most predominant techniques used to identify plant
pathogens relied upon culture-based morphological approaches.
The major limitations of these methods, however, are the reliance
on the ability of the organism to be cultured, the time consuming
and laborious nature, and the requirement for extensive taxonomi-
cal knowledge, all together often complicating timely disease man-
agement decisions. Molecular techniques can circumvent many of
these drawbacks, especially if they make use of the polymerase
chain reaction (PCR) (34). In general, these methods are much
faster, more specific, more sensitive, and more accurate, and can
be performed and interpreted by personnel with no specialized
taxonomical expertise. Perhaps even more important, these tech-
niques allow detection of nonculturable microorganisms. How-
ever, whereas these methods are routinely used in the diagnosis of
human diseases (50), they are not yet widely used for routine
plant pathogen detection. One of the reasons is that, although gen-
erally most of these assays are reliable, they target only a single
pathogen, making comprehensive screening of complex samples
relatively unprofitable. Therefore, the major challenge currently is
the development of multiplex pathogen detection assays that, in
addition, allow quantification and are suitable for implementation
in practice.

In this review, we discuss recent advances in PCR-based plant
pathogen diagnostics, with special attention to fungal molecular
diagnostics. In addition to their applicability in practice, the dif-
ferent requirements for developing robust detection procedures
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that can be routinely used by diagnostic laboratories are dis-
cussed. For a description of the typical features and some of the
applications of these techniques, we refer to other recent reviews
(28,33).

REQUIREMENTS FOR TECHNOLOGY
IMPLEMENTATION IN PRACTICE

Since its introduction in the mid-1980s, PCR has become a
fundamental aspect of fungal molecular diagnostics, and several
technologies based on PCR have been developed since then (28,
33). However, although extensively used as a tool in (academic)
research, the use of PCR-based technologies in horticultural and
agricultural practice is still limited (33,48). Nevertheless, several
areas would benefit from the commercial availability of such de-
tection assays. With the opening of the borders of many countries
and increased free-trade agreements, rapid testing for possible
contamination with quarantine organisms is in high question. In
addition, in order to be able to take timely control measures, the
question from commercial growers for rapid, affordable pathogen
detection assays is increasing. However, different requirements
have to be met before new detection methods are implemented in
practice. These requirements can be separated into technical and
economical demands. Whereas the technical demands are abso-
lutely required for the development of any successful diagnostic
method, the economical criteria are important guidelines for the
development of a commercially attractive assay.

Technical demands. When developing a tool for plant patho-
gen diagnostic purposes, several technical aspects related to plant
disease management on one hand, and regulatory issues on the
other hand, are to be considered. These aspects mainly concern
specificity, sensitivity, and robustness. In addition, multiplexing
and quantification are increasingly becoming required features for
a diagnostic assay.



Specificity. The ability to specifically detect the target patho-
gens is vital for all diagnostic applications. One of the most im-
portant advantages that molecular-based detection techniques
have over conventional diagnostic methods is the power to, in
principle, distinguish closely related organisms. For fungal mo-
lecular diagnostics, ubiquitously conserved genes are frequently
used as target genes. Closely related microbial species often differ
in a single (single-nucleotide polymorphism [SNP]) to a few
bases in such genes. However, the high degree of specificity of
nucleic acid-based detection techniques, achieved through the use
of PCR primers, hybridization probes, or detector oligonucleo-
tides, allows detecting such SNPs (9,30,37). Since closely related
pathogens might have a different host range or display a com-
pletely different pathogenicity, this is an extremely important
trait. Ultimately, to enhance specificity of a diagnostic assay, a
combination of multiple unique diagnostic regions can be ex-
ploited.

Obviously, the specificity of nucleic acid-based techniques is
determined by the sequences that are targeted. In general, there
are two approaches to select target sequences. The first, and most
common, strategy involves targeting ubiquitously conserved known
genes carrying sequence variation that can be exploited. Cur-
rently, the primary target in fungal molecular diagnostics is the
nuclear ribosomal DNA (rDNA), which has been extensively used
in molecular phylogenetic studies and is therefore well charac-
terized (59). A large amount of rDNA sequence data is available
in public databases, which aids the design of a diagnostic assay.
These extensive sequence data allow comparison of sequences
which permits, in turn, determining diagnostic regions harboring
the required specificity. Apart from the discriminatory potential,
the high copy number of rDNA genes in any genome permits a
highly sensitive detection.

Fungal rDNA occurs as a structured unit consisting of three
ribosomal RNA subunit genes that are separated by internal tran-
scribed spacers (ITS). This ITS region is an area of particular im-
portance to fungal diagnostics since it contains alternating areas
of high conservation and high variability. This variability allows
classification over a wide range of taxonomic levels (59), some-
times even below the species level (3). However, ribosomal se-
quences do not always reflect sufficient sequence variation to dis-
criminate between particular species (54). Therefore, but also to
corroborate discrimination based on ITS sequences, other house-
keeping genes are becoming more intensively studied, including
beta-tubulin (15), actin (58), and elongation factor 1-alpha (36).

The second strategy to select target sequences for detection of
plant pathogens involves the screening of random parts of the
genome to find diagnostic sequences. This can be achieved by
several techniques, including random amplified polymorphic DNA
(61) and amplified fragment length polymorphism (56) technol-
ogy. Nevertheless, since the location of possible useful sequences
in the genome is a priori unknown, there often are few sequence
data available for comparison to other organisms in order to guar-
antee specificity. As a consequence, extensive screening is re-
quired to ensure specificity of the potential marker.

Sensitivity. Early detection of pathogens, e.g., before crops are
infected or symptoms have developed, is essential to prevent dis-
eases, spread of the inoculum, and economic losses. Therefore,
diagnostic procedures should be highly sensitive.

Prior to the introduction of nucleic acid amplification methods,
in particular PCR, nucleic acid-based diagnostics mainly involved
the use of specific probes to report the presence of a certain
organism (64). However, these methods often led to “false nega-
tives” because of too low sensitivity. Because of this, PCR has
been introduced in most molecular diagnostic assays in recent
years, allowing detection of minute quantities of pathogen DNA.
However, high sensitivity also causes one of the potential pitfalls
of PCR technology: the slightest carry-over contamination can
give rise to “false positive” results. Therefore, stringent conditions

and controls are necessary, such as guarding the reagents and
samples for accidental DNA contamination via aerosols, running
negative controls simultaneously with the test samples, and having
separate dedicated areas for pre- and post-PCR handling (22).

Recently, attempts are being made to assess the potential use of
relatively novel highly sensitive amplification techniques such as
rolling circle amplification (4) for pathogen detection. However,
compared with PCR this procedure is fairly complicated (2) and
relatively expensive. Therefore, it is important to realize what
level of sensitivity is required for a method to be used for plant
pathogen detection. Techniques more sensitive than conventional
PCR amplification will probably not be required when assessing
whether measures have to be taken to prevent yield losses, as the
threshold level that has to be crossed can easily be detected using
PCR. In contrast, sensitivity is very important for quarantine
organisms for which a nil-tolerance is wanted.

Multiplexing. Most current molecular diagnostic assays used in
plant pathology target one specific pathogen. However, because
crops can be infected by numerous pathogens which are, in
addition, often present in plants as complexes, it is desirable to
develop assays that can detect multiple pathogens simultaneously.
The first multiplex PCR-based strategies involved the use of
multiple primer sets in the same reaction. Nevertheless, the devel-
opment of a reliable multiplex PCR, in order to resolve at least a
few amplicons by gel electrophoresis, is a significant technical
challenge (13). For real-time PCR (17), the amplification process
is monitored on-line, meaning that the size difference of ampli-
cons to discriminate them on gels is not necessary. Nevertheless,
in this case multiplexing is limited by the availability of dyes
emitting fluorescence at different wavelengths on one hand, and
the monochromatic character of the energizing light source in
real-time PCR instruments on the other hand (31). As a result,
detection of more than a few pathogens per assay is currently not
possible using these strategies.

In contrast, array hybridization technology offers the possibility
to add a multiplex aspect to PCR-based detection. In theory, DNA
arrays, originally designed to study gene expression or to generate
SNP profiles, can be used to detect an unlimited amount of dif-
ferent organisms in parallel (24,28,32). The virtually unlimited
screening capability of DNA arrays, coupled with PCR amplifica-
tion, results in high levels of sensitivity, specificity, and through-
put capacity (26). A pathogen detection array typically consists of
many discretely located pathogen-specific detector sequences that
are immobilized on a solid support, such as a nylon filter or a
glass slide, to create a macroarray or a microarray, respectively.
For signal amplification, in general the target DNA to be tested is
amplified using consensus primers that target a genomic region
containing the pathogen-specific sequences, and is labeled simul-
taneously or subsequently. In this way, it may thus be possible to
differentiate a large number of organisms using a single PCR,
provided that sufficient discriminatory potential exists within the
region that is used. Subsequently, labeled amplicons are hybrid-
ized to the array under stringent conditions. In plant pathology,
this approach was applied for identifying oomycete, nematode,
bacterial, and fungal DNA from pure cultures (14,25,26,55) as
well as for the identification of a number of viruses (5). Despite
these studies, for application in practice, identification of patho-
gens from pure cultures is not very relevant as, in the end, patho-
gens preferably should be assessed directly from plant and soil
samples. In recent studies, the utility of this technology for the
diagnosis of multiple pathogens in such environmental samples
was shown (26,29,35). Ultimately, such multiplex approach
should lead to a comprehensive diagnostic kit that can detect all
relevant pathogens of a specific crop. In an analogous manner,
recently the first cross-pathogen group DNA array to detect
human pathogens has been developed for high confidence identi-
fication of 11 bacterial species, five viruses, and two eukaryotic
pathogens (62).
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Quantification. With respect to plant disease management, es-
pecially quantification of a pathogen upon its detection and
identification is an important aspect as it can be used to estimate
potential risks regarding disease development, spread of the
inoculum, and economic losses. Apart from this potential, it pro-
vides the information required to take appropriate management
decisions. However, the nonlinear nature of PCR amplification
makes it challenging to relate the amount of amplicon produced
in the reaction to the amount of target DNA initially present in the
sample. Nevertheless, several studies have shown that by exten-
sive optimization of PCR conditions, quantification in endpoint
analysis-based PCR assays can be performed (20). More recently,
the introduction of real-time PCR technology (17), which is char-
acterized by on-line measurement of amplicons as they accumu-
late during each cycle, has improved and simplified methods for
PCR-based quantification. Currently, in plant pathology, real-time
PCR is the most reliable culture-independent technique to quantify
the detected pathogen (16,47) as well as for quantification of
disease progress (7). However, to quantify more than a handful of
plant pathogens in a single assay, real-time PCR instrumentation
needs to be adapted or other techniques should be pursued.

As concluded in the previous paragraph, DNA array technology
offers the most suitable technology for multiplex detection of
plant pathogens. Therefore, implementation of a quantitative
aspect to this technology would be highly desirable. Two recent
studies have demonstrated that such a trait can be achieved (27,
44). Rudi et al. (44) developed a two-step PCR-based procedure,
essentially to avoid bias in template-to-product ratio, followed by
membrane-based array hybridization for multiplex detection and
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Fig. 1. Detection and quantification of fungal DNA utilizing a DNA macro-
array. A, Scheme for the localization of the oligonucleotide detectors on the
macroarray. B, Signals obtained upon hybridization of amplicons resulting
from co-amplification of 50 pg of Fusarium solani genomic DNA and 5 ng of
Verticillium albo-atrum genomic DNA. C, Signals obtained upon hybridiza-
tion of amplicons resulting from co-amplification of 5 ng of F. solani genomic
DNA and 5 ng of V. albo-atrum genomic DNA. D and E, Quantification of
hybridization signals obtained in B and C, respectively. Hybridization signal
strength is reported relative to the average integrated optical density of a
labeled reference control, marked 2 in panel A. Values are means of two repli-
cates. The target oligonucleotides (spotted at 8.0 fmol/spot) to detect F. solani
and V. albo-atrum are marked 10 and 11, respectively. In addition, several
control oligonucleotides were spotted on the membrane, including a positive
control for the hybridization [1], an oligonucleotide to target exogenously
added control DNA [9], and a dilution series of a universal fungal detector
oligonucleotide (absolute quantities are 8.0 [3], 2.0 [4], 0.5 [5], 0.2 [6], 0.1
[7], and 0.02 fmol [8]). The labeled reference oligonucleotide for detection
and calibration [2] is also synthesized without label and spotted as a negative
control [12].
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quantification of DNA from genetically modified organisms. In
the first few PCR cycles, targets are amplified with bipartite prim-
ers containing a universal 5' tail region and a 3’ region specific to
each target. After primer removal, a second PCR step is per-
formed with a primer that hybridizes to the consensus sequences
generated at both ends of the amplicons. Finally, specific oligo-
nucleotides hybridizing to internal segments of the generated
PCR products are sequence specifically labeled and hybridized to
an array. Alternatively, Lievens et al. (27) showed that while ac-
counting for specific criteria, pathogen DNA could be accurately
quantified in concentration ranges typically encountered in horti-
cultural practice by using a single PCR and macroarray hybridiza-
tion (Fig. 1). These criteria include optimizing of PCR conditions,
inclusion of the proper controls, and spotting the appropriate
amounts of detector sequences. Whereas the first two were used
to monitor potential bias in template-to-product ratio, the latter is
important when it comes to accurate quantification of the hy-
bridization signals.

Robustness. Obviously, each diagnostic assay developed should
be robust, meaning that the methodology is highly reproducible.
Therefore, the assay must be optimized and thoroughly tested
against multiple targets and taxonomically related organisms, pre-
ferably isolated from various hosts or cultivars and from different
geographical areas.

There are, however, specific obstacles that can affect the robust-
ness and reliability of PCR-based diagnostic assays. PCR effi-
ciency can be drastically reduced or even inhibited due to a
variety of naturally occurring compounds that are co-extracted
with the nucleic acids, such as phenolic compounds, humic acids,
fulvic acids, and heavy metals. However, in many cases, these
specific problems have been circumvented by improved extraction
methods (33) or by the use of optimized extraction kits (27) by
which highly purified DNA can be obtained from complex en-
vironmental samples. To improve reliability, PCR efficiency can
be monitored by spiking the DNA extract with a certain amount
of exogenous control DNA that can be amplified in the same
reaction (10) or in parallel (27).

Validation. In many cases, detection procedures are developed
to be used in specific research areas. As a consequence, these
tools are generally only evaluated to work under the experimental
conditions used. The steps required to evaluate new detection
techniques for their direct use in practice are, however, rarely
taken. New diagnostic procedures should be validated and stan-
dardized using worldwide ring tests before entering the market.
Factors involved in validation include (i) specificity, (ii) sensitiv-
ity, (iii) reproducibility, (iv) accuracy of results, and (v) consis-
tency and reliability of detection. The reliability of the test must
be demonstrated unequivocally in blind tests in several different
laboratories and results should be interpreted without any am-
biguity. Preferably, the evaluation process must be monitored by
an internationally recognized organization that ensures suitable
expertise for the crop(s) and pathogen(s) involved in evaluating
the test. As soon as new methods and reagents are validated, they
can be officially recognized and recommended for plant pathogen
detection and eventually replace more conventional gold stan-
dards in specific control directives (32,52).

Economical demands. Apart from the technical criteria, several
economical aspects have to be considered in the development of
reliable detection methods that can be used by diagnostic labora-
tories. These demands include short diagnosis time and high-
throughput capability. In addition, it should be possible to perform
the test with a minimum of taxonomical expertise and at a mini-
mum of cost. With regard to quarantine and export, legislation
speed is the most important factor. When it comes to routine diag-
nosis requested by growers especially, cost is of high importance.

Speed. The speed at which results can be obtained is a very
important issue for any commercial diagnostic tool, especially for
the detection of pathogens of high-risk potential or when it comes



to timely disease management decisions. Whereas culture-based
traditional techniques are often laborious and time-consuming,
and typically take days to weeks to complete, molecular detection
techniques can generate accurate results much faster. In general,
most molecular analyses can be accurately performed within 1 or
2 days, which is a considerable gain of time compared with the
more conventional analyses.

High-throughput sample analysis. Another requirement for
commercial applicability is the possibility to screen a large num-
ber of samples in a short period of time. Nowadays, when using
molecular techniques, comprehensive screening of samples is
made possible because of recent developments in automated high-
throughput DNA extraction systems and because of the introduc-
tion of 96- to 384-well plate PCR systems. In addition, the de-
velopment of DNA arrays for plant pathogen diagnosis has en-
abled screening of multiple pathogens in a single assay, elimi-
nating the need of performing several singleplex assays. However,
when many samples need to be processed using such multiplex
assays in a short time, there is still a lack of high sample through-
put capacity. Nevertheless, it can be expected that this will be
achieved in the near future by the use of low-density arrays in a
multiwell configuration, similar to the array systems that are cur-
rently being used for the pharmaceutical industry (12).

Expertise. Traditionally, the predominant techniques used to
identify pathogens have relied upon morphological criteria and
require highly specialized taxonomical expertise, which may take
extensive education plus years of work in practice to acquire.
However, since many pathogens are difficult to identify using
morphological criteria, these techniques often lead to incomplete
or even wrong diagnoses. Therefore, companies that provide diag-
nostic services are intensively searching for generic diagnostic
tools that can be executed relatively easily and interpreted by
technicians with a general education in molecular biology.

Cost issues. Cost is perhaps the most important consideration
for routine pathogen testing since, relative to human clinical diag-
nostics, the willingness to spend money on expensive plant dis-
ease diagnosis is limited. This is caused by the fact that profit
margins in agriculture and horticulture are often low as is the
emotional value of a crop. On the other hand, when it comes to
regulatory issues and risk management of exotic pathogens, other
criteria like specificity, sensitivity, and speed are more important
than cost.

While nucleic acid-based assays provide an excellent opportu-
nity for rapid and precise detection, currently their success largely
depends on well-equipped laboratory facilities. Therefore, first of
all, companies that provide diagnostic services should compare
the many advantages afforded by nucleic acid-based diagnostic
assays to the cost of establishing and maintaining a suitable
laboratory environment.

When large numbers of samples need to be assessed for the
presence of one specific pathogen (as in some quarantine testing
programs), diagnostic assays that can detect only single pathogens
may be the most cost-effective. In contrast, when one has no idea
about the causal agent of a disease or when several pathogens
need to be targeted simultaneously, detection of multiple patho-
gens increases efficiency, reduces cost, and saves time. With re-
gard to a grower, it is the price that one has to pay that counts. In
general, a multiplex assay, like a DNA array-based test, is the
most cost effective per sample because the use of a singleplex
assay often requires multiple consecutive analyses to determine
and confirm the cause of a disease, hence increasing the price per
sample analyzed.

Nevertheless, the price of such DNA array-based analysis is
largely determined by the instruments used. In general, there are
two types of DNA arrays, membrane-based macroarrays and
high-density microarrays using a glass slide (49) or beads (63).
Whereas macroarray-based detection generally does not require
specialized equipment, highly specialized instruments are needed

for microarray fabrication and reading. As a consequence, imple-
mentation of microarray technology for disease diagnostic use in
plant pathology is currently relatively expensive and therefore
commercially unattractive. In addition, macroarrays are generally
more sensitive than microarrays since spots on a macroarray often
contain higher amounts of detector oligonucleotides (8), favoring
the use of macroarrays. Besides, high density is probably not a
necessity for host-based diagnostic assays since the number of
major pathogens of a given crop is usually not more than 100.

POTENTIAL PITFALLS AND LIMITATIONS

Molecular methods have become increasingly important to
specifically detect pathogens and, as indicated above, different re-
gions of the genome can be targeted to obtain the desired specifi-
city. In recent years, multiplexing and quantification are being
implemented as traits to several of these technologies. However,
despite all their advantages, there remain limitations to molecular
technologies that can hamper accurate pathogen detection and
quantification. Nevertheless, most of these are inherent to the
classical detection methods as well.

First, misclassification of strains is a regularly occurring phe-
nomenon in fungal taxonomy. Historically, closely related fungi
have been grouped into a single species and subsequently to a
certain genus largely based on similarities in morphological and
biological features (53). However, very poorly defined genera and
genera containing asexual fungal species such as Fusarium and
Rhizoctonia are known to often contain unrelated species (23,41).
As a result, relationships based on these morphological and bio-
logical traits are not always reflected by the phylogenies that are
revealed using nucleic acid-based characterization techniques
(53). Consequently, finding DNA sequences that are shared by all
members of a given species or genus may be challenging. There-
fore, efforts to solve misclassifications should be closely moni-
tored. Presently, there is a trend to reconstruct phylogenies based
on orthologous DNA sequences, known as “DNA barcodes” (18).
However, controversy exists over the value of DNA barcoding,
largely because species determinations based solely on the
amount of genetic divergence in one gene could result in incorrect
species recognition (60).

Another difficulty for molecular detection of certain plant
pathogens is the existence of fungal species that contain patho-
genic as well as nonpathogenic or even beneficial strains. This is
a known phenomenon for complex species such as F. oxysporum,
F. solani, and R. solani (40). Since these differences can very
often not be resolved by targeting the known and generally used
conserved genes, target sequences should preferably be derived
from genes that are directly linked to pathogenicity (21,40). As
long as no molecular markers are available for these species
complexes that allow for discrimination between pathogenic and
nonpathogenic strains, pathogenicity tests with different hosts or
cultivars need to be performed to determine whether or not a
specific isolate is a pathogen of a specific crop.

In addition, the lack of adequate sequence information can
hamper the development of a reliable molecular diagnostic assay.
However, sequence data in public databases are continuously in-
creasing which also allows validating current phylogenetic classi-
fications. As a result, integration of more organisms into detection
systems should become possible, and identification of emerging
pathogens is likely to become an easier task. In this respect, the
increasing availability of full-genome sequences of plant patho-
gens is a desirable development.

In consideration that PCR can also amplify DNA from dead or
nonactive organisms, detection of nonviable propagules, and thus
the risk of false positives, should be taken into account. This is
particularly relevant for pathogens subjected to elimination treat-
ments such as disinfection or antibiotics. Nevertheless, the rate of
DNA degradation from dead cells in soils should be considered
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fairly high due to the high microbial activity, suggesting that
interference by DNA derived from nonviable cells might be of
less importance (19). The rate of DNA breakdown depends on soil
type (42) and moisture content (6). Because DNA degradation
occurs more slowly in dehydrated soils (6), reliable diagnosis,
especially of samples from dry fields, may be perverted by
detection of nonviable organisms. However, since persisting soil
desiccation generally does not occur in horticultural or agricul-
tural practice, this should not be of major concern. To exclude
detection of nonviable organisms, PCR-based diagnostics may be
combined with a pre-culturing step (46). Because only the viable
propagules will grow, selection of living organisms is guaranteed.
In addition, by this culturing step the detection limit is increased
and potential PCR inhibiting compounds from the original sample
are eliminated (38,46). However, disadvantages to this approach
are the labor-intensive and time-consuming nature, implications
for quantification since the initial amount of target is influenced
in an uncontrolled manner, and the inability to detect organisms
that are either slow or difficult to grow or nonculturable. A per-
haps more attractive alternative is the use of DNA-binding dyes
such as ethidium monoazide (EMA) to distinguish viable from
nonviable organisms (43). Since dead cells have compromised
plasma membranes, EMA is able to selectively penetrate dead
cells where it intercalates into DNA upon photoactivation. Once
this takes place, EMA-bound DNA inhibits PCR amplification
and thus allows the selective amplification of targets from living
organisms. Another alternative is the use of RNA as a target
instead of DNA, in combination with reverse transcriptase-PCR
(RT-PCR). Since RNA is less stable than DNA, RNA will be
degraded more quickly in dead organisms. In addition, messenger
RNA (mRNA) is only produced by metabolically active cells,
making mRNA suitable to selectively detect living microorgan-
isms. However, because of the extreme sensitivity to degradation,
specific precautions should be taken to isolate RNA from envi-
ronmental samples.

As mentioned previously, rDNA sequences are currently the
primary target for diagnostic development. Whereas the high copy
number of this gene allows sensitive detection, this may, however,
complicate pathogen quantification in environmental samples.
More importantly, accurate quantification would be biased if it
should appear that the copy number of the rDNA repeats signifi-
cantly varies between different isolates of the same species.
Nevertheless, to our knowledge, this has not been reported to
date. Another factor that can hamper reliable quantification is the
potential presence of both spores and mycelium, which are co-
extracted during DNA extraction (11). However, at present, it is
still unclear how this proportion varies under horticultural con-
ditions. In addition, because the majority of spores are likely to be
found in the upper layers of a soil, they are less likely to be of
concern when deeper soil samples are taken (11).

Other potential bottlenecks are sampling procedures and sam-
pling size. As the amount of material necessary for analysis re-
duces with the development of more sensitive technologies, devel-
oping appropriate sampling strategies that account for possible
spatial variability is becoming even more challenging than previ-
ously. The sampling plan should be performed in a manner that
ensures a statistically representative sample. Nevertheless, Ranjard
and coworkers (39) found that DNA extracted from multiple
sampling aliquots of soil of >1 g had no effect on the assessment
of fungal diversity, whereas variations were observed between
replicates of smaller samples. Therefore, to minimize variation
between different molecular analyses, a standard sample size
should be used. Currently, pooling multiple small samples taken
from a plant into one extraction or using subsamples taken from a
homogenized soil sample may be the preferred sampling method.
However, concentrating pathogen inoculum or DNA may be ap-
propriate for certain pathogens, especially for those with limited
distribution capabilities.
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Finally, and very importantly, with respect to plant disease
management, pathogen densities need to be coupled to thresholds
at which damage may occur, and translated in accurate advice to
growers. Therefore, extensive ecological studies need to be con-
ducted, studying the behavior of a pathogen in relation to both
biotic and abiotic factors of its environment.

CONCLUSIONS AND FUTURE PROSPECTIVES

Increasingly, diagnostic laboratories and inspection agencies
are searching for fast routine methods that provide reliable
identification, sensitive detection, and accurate quantification of
potentially plant pathogenic organisms. In addition, multiplex
detection is an important aspect, taking into account efficiency,
cost, time, and labor. Currently, DNA array technology is the most
suitable technique to detect multiple plant pathogens in a single
assay. Recently, a quantitative aspect was added to a macroarray-
based assay (27), making this technology highly attractive for its
use in practice, and several diagnostic companies have imple-
mented this technology to routinely detect plant pathogens in
environmental samples. For instance, Microbiometrix (Belgium),
Relab Den Haan (the Netherlands), and DNA Scan (Germany) are
using a commercially available macroarray combined with ITS
PCR for routine diagnosis of over 50 different plant pathogens
including fungi and bacteria. In addition to diagnosis, the same
approach is used by Blgg (Spain) as a pathogen monitoring tool in
hydroponics to prevent diseases by regularly assaying water
samples. Based on timely and regular analyses, preventive treat-
ments can be properly described and performed, and in case
infections are monitored the afflicted plants can be cured or re-
moved. Whereas previously preventive treatments were frequently
applied without the knowledge of actual pathogen populations,
this approach should result in well-founded control measures.
Ultimately, this concept should reduce the number of treatments
and thus result in minimal environmental impacts.

Obviously, the future will bring new technologies for detecting
plant pathogens, largely because of the current efforts in ge-
nomics and molecular biosystematics and because of new plat-
forms that have been developed primarily in the field of clinical
medicine or even in the field of biological warfare. Whenever
appropriate, they generally find their way somewhat later to plant
pathogen diagnostics as well. This can be illustrated by DNA
array hybridization, essentially a reverse dot blot technique,
which was originally developed to detect mutations related to
different human genetic disorders (45) and was subsequently
successfully applied to plant pathology (14,25,26,35,55). Another
example includes the development of affordable, portable real-
time PCR instruments such as the SmartCycler (Cepheid, Inc.,
Sunnyvale, CA) that was originally designed for military per-
sonnel to rapidly detect biological threats in the field. Nowadays,
it enables sensitive on-site diagnosis of specific pathogens (48).

Most progress can be expected from the development of simple
and rapid devices for on-site pathogen detection such as lateral
flow assays (51) or biosensors. In clinical diagnostics, biosensors
that use DNA-based methods are currently being developed (57).
These devices contain a biological recognition element (e.g.,
specific DNA sequences) coupled with a physical transducer that
translates recognition (e.g., hybridization) into a measurable elec-
tronic signal such as light, current, or frequency. When applied to
the diagnosis of plant pathogens, this should lead to the develop-
ment of simple, rapid, on-site detection systems. Another interest-
ing development in medical diagnostics is the lab-on-a-chip
instrument which integrates several processes (from DNA extrac-
tion to DNA analysis) within a single, portable, and fully auto-
mated instrument (1,57). However, it is unlikely that many of
these devices will meet the desired requirements mentioned
before in the near future. It is likely that only those technologies
that are cost-effective will be used in plant pathogen diagnostics.
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