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INTRODUCTION 

detection of fungal pathogens to species or strain level is 
often essential for disease surveillance and implementing a 

assays is challenging because fungal pathogens can exist 
as multiple species complexes or at very low concentration 

fungi remain a major challenge when studying biotrophic, 

techniques are required when attempting to detect fungi in 

Increasingly molecular techniques are employed in 

in situ 

environment
, 
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GENERAL CONSIDERATIONS

enormous range of habitats that fungi can occupy are crucial 

isolation of nucleic acids are the methods used for extraction 
and sample preparation, as well as the sampling strategy 

DNA extraction methods 

the case of soil, none of the kits presently available are able 

used, including specialist equipments such as a planetary 
et al.

et al.
approaches using equipment such as a paint shaker for soil 

et al.

potentially damaging to the nucleic acid quantity and quality, 
either through direct shearing of the nucleic acid, or through 

adequate level of cell disruption to enable satisfactory nucleic 
acid extraction, but without too much nucleic acid damage or 

step, consideration needs to be given to the nucleic acid 

generation sequencing approaches will require pure, high 

diagnostic purposes where the emphasis is on nucleic acid 
quantity, speed and cost of extraction because the downstream 

Sample preparation 
Innovative sample preparation can enhance chances of 

from soil and processed separately for fungal targets which 

forming pathogens may be separated from the rest of the soil 

approaches effectively concentrate the fungal target, thereby 

appropriate, a baiting approach could be used in conjunction 

Sampling strategy 
In addition, an appropriate and statistically robust sampling 

for a target with a highly clustered distribution, and a grid 

et al. 

of the target species is essential for designing and determining 
the optimum sampling and extraction methodology in any 

SEQUENCING INDEPENDENT METHODS

strategy is fast and accurate, but is dependent on sequence 

evolved fungal groups, however, the ribosomal genes are 

diagnostic laboratories, and therefore various sequencing 

Fluorescent in situ hybridisation

biodiversity and abundance, as well as their ecological roles 
in different habitats, such as soil, decaying leaves and wood, 

in communities or ecosystems in order to understand 

a means to identify species in situ but is extremely laborious 
in the experimental preparation. 

in 
situ

in situ detection of 

et al.
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technique can detect metabolically active fungi directly in the 

spatial distribution of growing mycelia on or within colonized 
et al et 

al et al et al.

biological materials or environmental samples, and the 

approach’ research followed with feedback to the top level 
et al

of targeted organism is well-understood, and the probe is 
designed based on the nucleotide sequence which has been 

or mitochondrial genes because they are abundant in 

probes can be designed by computer-assisted search from 

conferred signal is correlated with the ribosome content, and 

et al. Aureobasidium pullulans 

Eurotiomycetes were 
demonstrated to be more abundant than Dothideomycetes in 

et al et al.

et al
et al

the features of the probe, and hybridisation conditions such 

et al.

Fig. 1. in situ A. Clavariopsis aquatica
et al B. Tetracladium marchalianum 

et al.
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et al

by confocal laser scanning microscopy revealed that many 
et 

al

several wavelengths at the same time, interfering with probe 

microscope is helpful in reducing background emissions 
et al

et al
to overcome this problem is to use cell wall lysing enzymes, 

are mimics in which the negatively charged sugar-backbone 

cell walls more effectively due to their neutrality and they do 
not have to overcome the destabilizing electrostatic repulsion 

et al et al

potential substrate in oligotrophic habitats, or the presence of 

et al

DNA array hybridization 
, also 

based 
on 
of interest to immobilized oligonucleotides spotted on a 

It was originally developed to detect 
mutations of human genes, and is still an important diagnostic 

et al
et al.

of fungi and other microbes, such as bacteria, from complex 
environmental samples without the need for isolation in 

et al et al et 
al. et al. et al et al

et al. 
o et al
designed from a taxonomically complete dataset of suitable 

et al et al

multi-sequence alignments, or through computer programs, 
et al

onto a supporting platform, such as a nylon membrane or 

can 
which can favour the detection of broader taxonomic groups 

et al

et al.

generates a chemiluminescent signal which can be detected 

images are then analysed on a computer program such as 

et al
et al et al  It is generally agreed 
that the length of the oligonucleotide, the number, type and 

many polymorphic sites as possible located close to the 

et al
et al

et al

to matched base pairs, yet increase the number of bases 

et al et al

used in macroarrays for the detection of plant viruses using 
gene sequences that are widely different between the closely 

also been demonstrated that more complicated parameters, 
such as actual sequence arrangement and the mismatched 
duplex type, and their interactions, can play important roles 
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in affecting the discriminatory power of an oligonucleotide 
et al et al et al

interaction between the probes and oligonucleotides remains 
et al

et 
al et al.

cox

et al. et 
al et al et al

are often designed from polymorphic sites located at indels 
et al

et al
locus that can be well aligned with low sequence divergence 
tends to cross-react with non-target amplicons and display 
strong false positive signals even when tested with pure 
cultures because of the low frequency of polymorphisms 

arrays using cox Penicillium Penicillium
et al et al
arrays were constructed from multiple loci of Phytophthora 
species, including ITS, cox cox

CS cox
cox et al
cox
in the sequence alignments of ITS and CS provided better 

combination of all three arrays increased the discrimination 

plant pathogens in a wide range of environmental samples, 
et al et 

al. et al
et al et al et al

et 
al et al

et al et al
et al

the accommodation of oligonucleotides on one membrane 
and the reusability of the membranes, it shows superior 
multiplexing detection capability at a lower cost over other 

would be especially valuable for the simultaneous detection 
of multiple plant pathogens which cover a broad taxonomic 

et al

species of Phyllosticta, Cladosporium, Epicoccum, Godronia, 
Alternaria, Pestalotia, and Pilidium from a single frozen 

et al

the test of plant pathogens in greenhouse nutrient solutions 

generation sequencing technology that have reduced the need 

there are developments in lab-on-a-chip array technology for 

a low density array for Phytophthora detection, where amino-

Fig. 2.
et al

Phyllosticta, Coleophoma, Epicoccum, Godronia, Alternaria, Pestalotia, and Pilidium
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labelled oligonucleotides are spotted over a gap between two 
et al

is detected by a current passing through a silver deposit over 

Multiplex tandem PCR 

et al

et al

the end of each extension cycle, and melt-curve analysis 

also increases the multiplexing and quantitative capacity 

remain a leading cause of morbidity and mortality in 

of fungal pathogens directly from clinical specimens, thus 
circumventing the need for gold standard culture and 

better guidance and earlier administration of targeted 

Candida, Cryptococcus 
neoformans complex, Saccharomyces cerevisiae, pan-
Fusarium, F. solani, and

of causing infections, their potential resistance to frontline 

et al

Candida lambica, C. nivariensis 
and Kodamaea ohmeri

this study demonstrated the diagnostic usefulness of the 
platform to rapidly identify common fungal pathogens within 

et al
the technical and sensitivity issues inherent in routine blood 

that serum and plasma samples were better than whole 

et 
al

to other commercial platforms and integrates well into the 

Fig. 3.

sample containing Candida albicans and C. glabrata. 
et al
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operations and use of commercial reagents further enables 

major limitation of all molecular diagnostic assays is target 
availability, which is often dictated by an effort to balance out 

increased sensitivity of molecular assays and its ability to 
detect viable and non-viable cells should also place heavy 
emphasis on interpreting results with other microbiological 

ISOTHERMAL SYSTEMS

Isothermal systems do not require a thermal cycler to produce 
rapid temperature changes, but require only a simple platform 

Padlock probe technology and rolling circle 

et al
the probes occupy adjacent positions, and can be joined by 

are circularized only when both end segments correctly 
et al

Fig. 4. ®

et al
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probe to topologically bind to the target strand and the probe 
et al

in situ 
et al

were developed originally for discrimination of centromeric 
et 

al
et al

potential for pathogen detection as the interaction between 
padlock probes does not give rise to circular molecules, 

which can be easily removed from the detection system 
et al )

applications for multiplex quantitative targets detection and 
for genotyping fungal and microbial community analysis 

® have 
et al

universal downstream processing after ligation, and high-
et al.

et al

through Phi29

®, which can accommodate 

et al

probes targeting several plant pathogens at various taxonomic 
et al et al

provided perfect discrimination against non-target organisms 

robust in single target versus

detection of multiple pathogens over a wide range of target 
concentrations, and should be easily adaptable for versatile 

et al

biotin-labelled moiety and internal endonuclease cleavage 
 

technology or microarray technology, can be used for 
et 

al et al et al.

et al

et al , )
involves a single forward primer complementary to the linker 

et al

extends the bound primer along the padlock probes for many 
cycles and displaces upstream sequences, producing a long 

Fig. 5.

1. 

2.

3. 

4. 
designed primers and Bst

5. 
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et al

et al.
formation of circular probes via ligation occurs when both 
ends of the padlock probes perfectly hybridize to the target at 

a target probe could be carried out when circularized probes 

et 
al ,  et al. 

developed for various groups of pathogenic organisms, 
et al

et al et al. et al ). 
 differentiate and to 

detect two closely related conifer pathogens vectored by the 
et al .

and rapidity under isothermal conditions, using a set of four 

et al. et al.
 et al.

-fold copies of target in less than 

applications for clinical diagnosis as well as surveillance of 
infectious diseases in developing countries without requiring 

 
, et al.

et al
et al. 

et al. et 
al. et al. et al.

et al. et al. 
also been developed for the rapid detection of pathogenic 

et al
Ochroconis gallopava, an emerging 

fungal pathogen and causative agent of zoonotic infections, 

Penicillium marneffei et al. 
Fonsecaea agents of chromoblastomycosis 

et al. et al
et al. gp43 gene in 
Paracoccidioides brasiliensis et al

Cryptococcus 
neoformans varieties from C. gattii

et al.
Pseudallescheria and Scedosporium 

primers are employed, but in the later cycling steps only 

distinct sequences corresponding to the sense and antisense 

et 
al.

the optimal temperature for Bst 

inner primers are higher than the concentrations of the outer 
et al. et al.

Fig. 6. A. 

B, C.
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et al.

synthesis in the presence of Bst

et al. et al.

of the target sequence in the stem, and a loop formed at 

displacement in the subsequent cycles, the elongation and 

with multiple loops formed by annealing between alternately 
inverted repeats of the target sequence in the same strand 

 et al. et al.

or using a UV transilluminator in the reaction tube by adding 

up to the loading well, which are the various length stem-loop 

CONCLUSION

regardless of the approach, important questions need to be 

include sensitivity, accuracy, robustness, frequency of testing, 

challenges remain to identify as yet unculturable fungi, to 
detect cryptic species, and to characterize the assemblage 
and diversity of fungal communities in different environments 

approaches will also provide promising ways of enlarging the 
scope of molecular-detection studies
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