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Fungal molecular diagnostics: a mini review
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Abstract. Conventional methods to identify fungi have often relied on identification

of disease symptoms, isolation and culturing of environmental organisms, and labora-

tory identification by morphology and biochemical tests. Although these methods are

still fundamental there is an increasing move towards molecular diagnostics of fungi

in all fields. In this review, some of the molecular approaches to fungal diagnostics

based on polymerase chain reaction (PCR) and DNA/RNA probe technology are dis-

cussed. This includes several technological advances in PCR-based methods for the de-

tection, identification and quantification of fungi including real-time PCR which has

been successfully used to provide rapid, quantitative data on fungal species from envi-

ronmental samples. PCR and probe based methods have provided new tools for the enu-

meration of fungal species, but it is still necessary to combine the new technology with

more conventional methods to gain a fuller understanding of interactions occurring

in the environment. Since its introduction in the mid 1980’s PCR has provided many

molecular diagnostic tools, some of which are discussed within this review, and with

the advances in micro-array technology and real-time PCR methods the future is bright

for the development of accurate, quantitative diagnostic tools that can provide informa-

tion not only on individual fungal species but also on whole communities.
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Introduction

The ability to accurately identify an organism is fundamental to all aspects of fun-

gal diagnostics and epidemiology whether this is in the field of plant pathology,

medical science, environmental studies or biological control. In phytopathology
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early identification of the causative agent of disease is paramount in order to re-

cognise the pathogen, and implement regulations involving control and quaran-

tine. Conventional methods often rely on identification of disease symptoms,

isolation and culturing of environmental organisms, and laboratory identification

by morphology and biochemical tests. These methods, although the cornerstone

of fungal diagnostics, can lead to problems in identification, resulting in incorrect

interpretation, diagnosis and ultimately treatment. The methods rely on experi-

enced, skilled laboratory staff, the ability of the organism to be cultured, are time

consuming, non-quantitative, prone to contamination and error and in the case

of plant and medical pathology often delay treatment.

New, rapid screening methods are being developed and increasingly used in all

aspects of fungal diagnostics. These methods include immunological methods,

DNA/RNA probe technology and polymerase chain reactions (PCR) technology.

How these methods have been implemented in plant pathology has been inten-

sively reviewed, most recently by MCCARTNEY et al. (2003). This review concen-

trates on the use of PCR technology for fungal diagnostics. The past decade has

seen many advances in fungal molecular diagnostics, the most prolific being

in PCR technology. In contrast to more conventional methods, samples can be

tested directly, and isolates do not require culturing. They are rapid, highly spe-

cific and can be used to detect minute quantities of fungal DNA from environmen-

tal samples before symptoms occur, therefore, allowing implementation of early

control methods. With improved DNA extraction methods from environmental

samples available, and with adequate controls, PCRs can be run routinely and do

not require a high level of expertise for interpretation of the results. PCR technol-

ogy can also provide very accurate quantitative data supplying the necessary addi-

tional information required for control and quarantine decisions, and for assessing

how effective fungal agents are in the case of biological control. The ability to de-

sign PCR primers to target specific regions of DNA has lead to a greater under-

standing of fungal ecology, fungal-plant interactions, fungal-pest interactions

and fungal-fungal interactions. As more information becomes available on fungal

genomics and gene function, the greater the scope of PCR technologies becomes.
As yet, these technologies are still laboratory based, but the aim is to develop

PCR/probe based detection kits that can be taken into the field to assess: fungal
diseases; the ability of a soil to be suppressive against particular pest through natu-
rally occurring fungal antagonists; or to monitor and assess released fungal
strains, providing a new and exciting field of fungal molecular diagnostics.

PCR technology

The development of PCR technology relies on three fundamental steps: 1) the se-
lection of a specific target region of DNA/RNA to identify the fungus; 2) extrac-
tion of total community DNA/RNA from the environmental sample; 3) a method
to identify the presence of the target DNA/RNA region in the sample.
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Selection of target DNA

There are two avenues to this application, selection of the target DNA using spe-

cific sequence information from databases, allowing primers to be designed

across conserved and variable regions, or cloning and sequencing of arbitrary

parts of the fungal genome. The process of primer design is reviewed by

MARCHESI (2001). The main area for the development of fungal diagnostics is ri-

bosomal genes (WHITE et al. 1990), present in all organisms and at high copy

numbers aiding detection and the sensitivity of the PCR reaction.

The fungal nuclear ribosomal DNA (rDNA) consist of three genes, the large

subunit gene (25S), the small subunit gene (18S) and the 5.8S gene, separated by

internal transcribed spacer (ITS) regions, in a unit repeated many times. The ITS

region is an area of particular importance to fungal diagnostics. It has areas of high

conservation and areas of high variability and is an ideal starter for the develop-

ment of specific PCR primers for identification of fungal species. Universal prim-

ers (WHITE et al. 1990) are available for fungi that isolate the regions of the ITS,

once cloned these sequences can be compared to the wealth of other sequences in

the sequence database and diagnostic primers developed for a particular fungus.

The degree of variability within the ITS region, however, may not be sufficient to

discriminate sufficiently between fungal species and biovars in some cases, al-

though ATKINS et al. (2003a) discriminated between two varieties of the same

nematophagous fungus Pochonia chlamydosporia using primers based on the ITS

region.

Although the ITS region is the main target, other genes are becoming more

widely studied, in particular the �-tubulin gene (FRAAIJE et al. 1999, HIRSCH et al.

2000), and mating type genes (DYER et al. 2001, FOSTER et al. 2002). Develop-

ment of taxon-specific primers based on these genes is routine and there are many

examples in the literature where they have provided discriminative probes and

primers (MCCARTNEY et al. 2003). In some cases where the data provided is inad-

equate, screening arbitrary regions of the genome is often the next step

(SCHESSER et al. 1991, MUTASA et al. 1995). Design of probes or primers based

on sequence information from this data is often less discriminating as the regions

are arbitrarily chosen and there is often little in the database to compare the se-

quence to, therefore, primers and probes designed can often recognise other or-

ganisms.

Once primers have been selected they need to be screened to demonstrate that

they are selective for a particular taxon and that false positives do not occur. Fig-

ure 1 demonstrates the use of specific primers to detect three fungal species

Pochonia chlamydosporia, Plectosphaerella cucumerina and Paecilomyces

lilacinus from soil.

It is more difficult to design PCR based primers that are isolate specific, al-

though with the rapid increase in the size of DNA databases and advances in PCR

technology it is becoming easier. The identification of isolates is particularly im-
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portant when monitoring released strains and if

no isolate specific primer set is available then

a combination of techniques is required. Firstly

isolates need to be cultured to allow DNA profil-

ing (only effective when DNA is extracted from

pure culture). Once DNA has been extracted

a DNA profile can be generated. A number of

primers exist for this such as RAPDs (random

amplified polymorphic DNA: WELSH and

MCCLELLAND 1990), REPs (repetitive

extragenic palindromic: HIGGINS et al. 1982) and

ERICS (enterobacterial intergenic consensus:

DE BRUIJN 1992, ARORA et al. 1996). Interpreta-

tion and review of these methods is outlined by BRIDGE and ARORA (1998). These

profiles can be compared to other isolates in the genus and specific isolates moni-

tored. Figure 2 demonstrates this. Figure 2A shows the use of selective primers to

confirm that isolates taken were P. chlamydosporia as described by HIRSCH et al.

2000. In figure 2B the gel shows an ERIC PRC profile of P. chlamydosporia iso-

lates re-isolated from a field plot where the fungus had been added to control po-

tato cyst nematodes (PCN). All but one of the isolates (Figure 2B; Lane 5) had

the profile of the released organism (Lane 2). Lane 5 demonstrates the profile

of an indigenous isolate. DNA profiling allows isolates to be discriminated, with-

out this technology fungal isolates could not be identified and knowledge about

how populations interact, or how a released isolate competes and survives in the

environment could not be ascertained.

DNA extraction protocols

A large number of extraction methods exist for fungi, and the method chosen de-

pends upon the need for rapid extraction, DNA purity and the type of environmen-

tal sample the DNA is to be extracted from. For simplicity DNA can be directly

extracted from fungal colonies removed from an agar plate and boiled with an ex-

traction buffer (KLIMYUK et al. 1993). This enables DNA to be extracted from

a large number of colonies in a short period, and the diluted DNA extract is suffi-

ciently pure for PCR. Better quality DNA is however required for total commu-

nity extracts when processing environmental samples or when large volumes

of DNA are needed, or for long term storage. DNA is extracted from fungal myce-
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Figure 1. Detection of Paecilomyces lilacinus (Lane 1)

Pochonia chlamydosporia (Lane 2) Plectosphaerella

cucumerina (Lane 3): Lane 4 = 123 bp marker (Roche,

UK). All primers designed to function at 60°C



lium by a number of physical methods, grinding in liquid nitrogen, bead beating

and use of cell wall degrading enzymes, often with detergents such as sodium

dodecyl sulphate (SDS). DNA is then purified by phenol and phenol/chloroform

washes to remove cell components and DNA degrading enzymes. DNA is precipi-

tated by isopropanol precipitation and salts removed by washing DNA in ethanol

and air-drying. The addition of RNase is often used to remove RNA from the sam-

ple. The method used in our laboratories is that of LEE and TAYLOR (1990).

Co-extraction methods to extract both DNA and RNA from soil exist and allow

identification and activity (GRIFFITHS et al. 2000) of fungal species. Extraction

of fungal DNA from environmental samples such as plant tissue, or soil is now of-

ten kit based for ease and reliability, and a large range of kits exist from a number

of companies (Dynal’s DNA direct, Mo Bio Laboratories, Inc. Soil DNA isolation

kit, Qiagen DNeasy range are examples). The choice of kit is often subjective

to the laboratory, for soil we use the soil DNA extraction kit (Mo-Bio Labora-

tories, UK), and extraction from plant material is done using a DNeasyTM Plant

mini kit (Qiagen, UK).
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Figure 2. Detection of Pochonia chlamydosporia isolate RES280 from colonies isolated from

soil. A) Use of selective primers to confirm isolates to be P. chlamydosporia (HIRSCH et al.

2000): Lanes 1 and 20 = 100 bp marker; Lane 2 = positive control Isolate RES280; Lanes 3-19

= P. chlamydosporia isolates. B) ERIC PCR of isolates to confirm isolate status: Lanes 1 and 20

= 100 bp marker; Lane 2 = positive control Isolate RES280; Lanes 3-19 = P. chlamydosporia

isolates



DNA probing technology

This technology uses probes with sequence homology to target DNA and has pro-

vided the backbone to most of the current knowledge and still has many uses.

DNA probes (either short oligos, or large fragments of DNA several hundred base

pairs long) can be used to detect specific sequences in DNA or RNA samples,

and can be used for detection and activity studies. The probe is labelled either with

a radioactive isotope or a chemiluminescence reporter. Once bound to the DNA

sample, which is immobilised on a nitrocellulose or nylon membrane, the probe is

detected by exposure to X-ray film (SOUTHERN 1975).

Although PCR technology has reduced the detection time and greatly in-

creased the levels of detection compared to hybridisation techniques for the ma-

jority of fungal diagnostics purposes, it still has a very important role to play.

It can answer several questions such as copy number, presence or absence of re-

striction sites, insertion of foreign DNA elements and other roles reviewed

in SAMBROOK et al. (1989). Subtractive hybridisation is exploited to demonstrate

the activity of genes switched on as a response to a particular stimulus,

house-keeping genes that are present in the control sample are removed leaving

only those genes that are active as a result of the stimulus, therefore, fungal-host

interactions can be more closely studied and gene activity assessed (TOMKINS

et al. 1999).
Microarray technology is a method currently under much review and was first

introduced by SCHENA et al. in 1995. Initially the advent of high density
microarrays made it possible to measure the expression levels simultaneously
of all or most genes in a given genome using cDNA as the probe target. However,
with the advent of oligonucleotide arrays they can, in theory, be custom made
to identify the presence and relative quantity of specific fungal species/isolates us-
ing ITS or ribosomal RNA information, as well as functional genes i.e. for patho-
genicity and resistance. Here, DNA from an environmental sample can be
screened against several hundred to several thousand oligoprobes fixed to a sup-
port. The environmental DNA is labelled and the resulting patterns can be com-
pared to a reference set of known organisms. Therefore, this technology would
enable all fungi in a particular sample to be detected and quantified. Scaling up
of this technology enables hundreds or thousands of different organisms to be
screened for simultaneously in the same sample (SERVICE 1998, LIPSHUTZ et al.
1999, WANG 2000). However, the complexity of environmental samples, soil
having an estimated 30 million different genes in each gram compared to an esti-
mated 30,000 genes in the human genome, may greatly increase the level of false
positives and background, thereby necessitating pre-selective methodologies to
isolate specific groups of DNA/RNA. The use of fluorescent probes has allowed
direct in situ analysis of organisms, even those that are unculturable, increasing
the knowledge of interactions occurring. This technique is refereed to as fluores-
cent in situ hybridisation (FISH) and has been used in the study of fungal interac-
tions (LI et al. 1997, SPEAR et al. 1999, SCHRODER et al. 2000).
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PCR

PCR is a fundamental part of fungal molecular diagnostics. Since its introduction

in the mid 1980’s it has become the cornerstone of DNA technology and has

spawned an increasing number of associated technologies. PCR is the enzymatic

exponential amplification of a specific target region using short primers, leading

to detectable amounts of amplified DNA from one or a few original sequences.

Conventional PCR is not quantitative but is qualitative and has been used to de-

tect, monitor and identify fungi from a whole range of environmental samples and

is the core of fungal molecular diagnostics. Associated technologies include

methods that increase sensitivity and are more discriminative such as nested PCR

in which a second round of PCR using a separate primer set internal to the first

round increases amplification of a specific region in the first PCR amplified target

gene. This is not only more specific, but is also much more sensitive allowing

the detection of the target DNA several fold lower than conventional PCR. Re-

verse transcription PCR (rt PCR) exploits the use of the enzyme reverse transcrip-

tase to convert RNA to cDNA before PCR amplification. This method enables

gene activity to be investigated and is an important step forward in understanding

gene function and activity. Detection of several different fungal isolates in

the same PCR reaction can be achieved if the highly specific primers are designed

to anneal at the same temperature and the PCR products are designed to be of dif-

ferent sizes to allow discrimination (Figure 1). Fluorescent in situ PCR uses

fluorescently labelled primers or probes to detect and localise fungi within fixed

environmental samples after semi-permeabilizing (STERFLINGER et al. 1998).

Following PCR the fluorescence from the labelled primers/probe is detected using

a confocal microscopy. This technique not only allows the direct detection of or-

ganisms from an environmental sample but also shows its spatial distribution and

interactions with host and other organisms. BAGO et al. (1998), utilised in situ

PCR to detect and localise arbuscular mycorrhizal infections. The scope of PCR

technology is endless, it can be used to investigate a single species (Figure 1), or to

investigate whole communities (HEUER et al. 1997, RANJARD et al. 2001,

DAHLLOF 2002).

Quantification of PCR

One of the main limitations of PCR has been quantification. PCR is ideal for de-

tection of small amounts of target signal, but without quantification, decisions on

whether to treat fungal disease, or to assess the effect of the fungus are delayed un-

til more conventional methods of quantification such as culturing on agar plates

can be performed. Techniques have now been developed that allow quantification

of PCR target signals. As outlined above, fluorescent in situ PCR provides a direct

method of quantification of a fungus from a fixed sample. Other methods include

competitive PCR. This method involves an additional target sequence being

added to the PCR mixture. The PCR product is of different size to the fungal DNA
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to be PCR’ed, but is recognised by the same primers and competes for them hence

the referral to competitive PCR. The added target is serial diluted across a range of

PCR reactions and the level is previously calculated. Quantification is done visu-

ally on a gel, when the ratio of both target signals is the same then the level of un-

known fungal DNA matches the quantity of the added DNA and, therefore, the

level of fungus in the sample can be quantified. This method has been used to suc-

cessfully quantify the nematophagous fungus Pochonia chlamydosporia from soil

(MAUCHLINE et al. 2002).

Real-time PCR

A less time consuming process involves the use of real-time PCR. During

real-time PCR, the accumulation of PCR products is measured automatically dur-

ing each cycle in a closed tube format using an integrated cycler/fluorimeter. Di-

rect measurement of the accumulated PCR product allows the phases of

the reaction to be monitored. The initial amount of target DNA in the reaction can

be related to a cycle threshold (ct) defined as the cycle number at which there is

a statistically significant increase in fluorescence. Target DNA can then be quanti-

fied by construction of a calibration curve that relates ct to known amounts of tem-

plate DNA. Figure 3 shows an example of a calibration curve for real-time PCR

based on a serial dilution of DNA from the nematophagous fungus

Plectosphaeralla cucumerina. DNA was extracted from two field sites in the UK

where PCN populations were naturally declining, Spalding and Ely. The level of

P. cucumerina DNA was quantified and the population of the fungus was ascer-

tained by comparison of the ct value to the standard curve. The real-time data cor-

related well with other more conventional methods to assess the population of

the fungus (ATKINS et al. 2003b). PCR products can be monitored using either flu-

orescent DNA intercalating dyes such as SYBR Green I, or sequence specific

probe based assays using TaqMan probes (WITTWER et al. 1997) and molecular

beacons (TYAGI et al. 1998). The use of intercalating dyes is a cheaper option, but

is less specific as the dye binds to all double-stranded DNA present, and primer

dimers can result in a false reading. Sequence specific probes add a greater degree

of specificity to the reaction (LIVAK et al. 1995). The probe consists of a fluores-

cent reporter dye and a quencher, once the probe has bound and the Taq enzyme

elongates the target gene the reporter dye is released and fluorescence detected.

The specificity of the probe allows single nucleotide polymorphisms (SNPs) to be

targeted (TYAGI et al. 1998), therefore, allowing isolate specific probes to be de-

signed. The use of probes with different reporter dyes allows isolates to be moni-

tored together, a massive step forward in trying to understand how isolates

interact, and trying to understand the complexity of populations. Currently, Lux™

Fluorgenic primers are replacing TaqMan probes in real-time PCR technology to

provide a cheaper, reliable method with the specificity of TaqMan probes without

some of the restraints (NAZARENKO et al. 2002). Real-time PCR has been used
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successfully to quantify a number of plant pathogens (BOHM et al. 1999, BATES

et al. 2001, CULLEN et al. 2001, WINTON et al. 2002) and the technique has much

promise for the future.

Discussion

Fungal diagnostics has increased dramatically with the introduction of molecular

tools, in particular that of PCR. There are many applications for this technology

and the aim now is to produce products that can detect fungal isolates at source

without the need for samples to be taken back to the laboratory for processing. Ad-

vances in automation of many of these processes means that rapid screening

of samples can now be undertaken, and commercialisation of detection of fungal

pathogens subject to government regulations on fungal disease levels and quaran-

tine are now feasible. PCR technology has many applications in plant pathology,
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Figure 3. Standard curve for quantification of the nematophagous fungus Plectosphaerella

cucumerina based on ct values from a serial dilution of DNA. Plotted are ct values from soil

samples taken from two field sites in the UK, Ely (�) and Spalding (�) where nematode

populations were being controled
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extensively reviewed by MCCARTNEY et al. (2003). These areas include diagnosis

and quantification of fungal diseases, study of fungicide resistance, study

of pathogen mating-types, identification of virulent pathotypes and detection

of airborne pathogen inoculum.

PCR technology has opened up many avenues of investigation, not only in

plant pathology, but in all aspects of mycology. Yet it must be stated that this tech-

nology is only a tool and must be combined with other techniques to try and gain

a wider picture of what may be occurring. For example, to detect and quantify

a fungus from soil does not necessarily mean that it is having an effect on, say,

the pest nematode population although reports have indicated that this is so

(ATKINS et al. 2002). Of more scientific relevance is, therefore, the identification

of fungi found within nematode eggs added as a bait to the soil. Here, PCR plays

an important role in identifying the presence of a particular fungus from individual

eggs and, therefore, its role in suppression of the pest population can be assessed.

This is an example of where the combination of a number of techniques is required

to derive a conclusion and results from direct PCR on total community DNA may

be misleading (ATKINS et al. 2003a).

Since the introduction of PCR in the mid 1980’s the technology has greatly in-

creased, becoming more widespread and affordable. Each year the technology is

improved and new aspects are considered and tested. The future holds many chal-

lenges, but will prove to be an exciting time. Molecular diagnostics is making

a huge impact on research in mycology, and, in time, its importance will increase

in the monitoring, detection, quantification and identification of fungi, leading

to better management and control of plant, animal and human disease, and investi-

gation of beneficial fungi.
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