
113© Springer International Publishing Switzerland 2017 
A. Tosti et al. (eds.), Onychomycosis, DOI 10.1007/978-3-319-44853-4_11

Chapter 11
Molecular Techniques (PCR)

Rigoberto Hernández-Castro, Ramón Fernández-Martínez, 
Gabriela Moreno-Coutiño, and Roberto Arenas

�Introduction

The conventional method for the identification of the etiological agents of onycho-
mycosis is the fungal culture, considered the gold standard; however, it has several 
disadvantages such as a high rate of false-negative results and when it does grow, 

Key Features
• � The polymerase chain reaction (PCR) is a highly sensitive and specific 

molecular technique for onychomycosis diagnosis.
• � The commercial kits allow an ideal DNA extraction from clinical samples 

of onychomycosis and fungal cultures.
• � The genomic regions mostly used for onychomycosis diagnosis are the ITS1 

and ITS2 region. Other useful genes are the chitin synthase 1 and β-tubulin.
• � The panfungal primers are the principal ones for fungal species 

identification.
• � The real-time PCR helps identify fungal presence and its species in clinical 

samples in a fast and specific way.
• � The sequencing of the PCR-amplified DNA is highly sensitive and specific 

for fungal species identification.
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the utilized time may take up to 4 weeks to do so. These disadvantages are being 
tried to decrease with the development of molecular techniques that allow species 
identification in a time span of 24–48 h, which is a considerable reduction when 
compared to 4 weeks. These techniques also permit the detection of difficult-to-
grow fungi and generate reproducible results with high specificity and sensibility.

Although molecular techniques are still not used as routine tests for these pur-
poses, its applications in investigative protocols have been constantly increasing 
during the last years and, thus, have allowed a cost reduction in its supplies making 
it more accessible. The downside of molecular biology is that it requires qualified 
personnel and the specific infrastructure to develop the procedures.

�State of the Art

�DNA Extraction

DNA extraction is a crucial step for any molecular technique either for basic or 
clinical research with any microorganism or cell type. The extraction methodol-
ogy must allow the DNA obtained to be of the highest quality, purity, and integ-
rity. The different methods vary according to the origin of the DNA sample, from 
a clinical sample or from a pure culture. When working with fungi, specialized 
techniques are required because of the characteristic components of the fungal 
cell wall; they can be mechanic, physic, or enzymatic [1–3]. The majority of DNA 
isolation methods involve three steps: cellular lysis, inactivation of nucleases, and 
purification.

For DNA extraction by enzymatic digestion (cellular lysis), Proteinase K, lyti-
case, zymolyase, or other cell wall-degrading enzymes are used [4, 5]. The mechanic 
procedure includes freezing with liquid nitrogen and crushing of the sample with 
mortar and pestle, sand, or glass beads. The physical methods may break the cellular 
wall with microwaves or sonication [6–8]. To obtain a sufficient amount of DNA, 
these methods require a large quantity of clinical sample and DNA-purifying sub-
stances such as phenol-chloroform and RNAse treatment. Something that we must 
keep in mind is that the physical and mechanical methods may cause DNA rupture 
or degradation [1–3, 9].

For DNA extraction, the noncommercial methods are very efficient when using 
a large amount of fungal culture; however, they are not recommended for working 
with large amounts of clinical samples or paraffin-embedded tissues. The use of 
commercial methods is very helpful for molecular diagnosis in all sample types and 
avoids cross contamination, they can handle large number of samples, and the meth-
odological standardization and reagents are simple and faster to use and sometimes 
even more cost-effective [6, 10–12]. The process includes cellular lysis, RNA 
removal, protein and polysaccharide elimination, and the union by centrifugation of 
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DNA to the column. The centrifugation is usually done under refrigeration and 
requires several wash cycles with tube change in every extraction. The purity, integ-
rity, and amount of DNA obtained are higher than the obtained via noncommercial 
methods [13–15].

For the reasons mentioned above, the use of commercial kits has increased when 
fungal DNA extraction is required. Some of the most popular are Fast DNA Kit 
(Qbiogene, Irvine, CA, USA), ZR Fungal/Bacterial DNA Kit (Zymo Research, 
Irvine, CA, USA), DNeasy Plant Mini Kit or DNeasy Blood and Tissue DNA 
Extraction Kits (Qiagen, Valencia, CA, USA), UltraClean Soil DNA Isolation Kit 
(Mo Bio Laboratories Inc., Carlsbad, CA, USA), MasterPure Yeast DNA Purification 
Kit (Epicenter, Madison, WI), and High Pure PCR Template Kit (Roche, Basel, 
Switzerland) among others. All the commercial extraction systems share the use of 
columns.

�Molecular Techniques

The development and application of molecular techniques have increased during the 
last decades with the purpose to improve the sensitivity and/or specificity of diagno-
sis, as well as to decrease the periods of time normally required for detection and 
identification of etiological agents.

In clinical samples from patients with onychomycosis, several strategies are used 
based on the DNA detection for dermatophytes and non-dermatophytes. The classic 
technique is the polymerase chain reaction (PCR).

�Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) is a molecular technique widely used to make 
multiple copies of a specific gene or gene fragments.

This molecular tool is very precise and can be used to amplify or copy a specific 
DNA target from a mixture of DNA molecules in vitro, where the DNA polymerase 
enzyme synthetizes a complementary sequence of DNA using two short DNA 
sequences called primers, free nucleotides, MgCl2, and nucleotides (A, T, C, G); the 
mixture is placed in a PCR machine, called thermocycler. The chain reaction 
involves a process of exponential amplification: one DNA molecule is used to pro-
duce two copies of specific fragment and then four, then eight, and then millions of 
copies [16]. Despite that one of the most important characteristics of PCR is its high 
sensitivity, it can produce false-positive results due to exogenous contamination. To 
avoid this, some strategies must prevail such as physical separation of work areas: 
DNA extraction area, PCR area, and electrophoresis area.
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A classic PCR is called end point PCR, which may be uniplex or simple, multi-
plex, and nested. Also, this can be combined with other techniques such as restric-
tion fragment length polymorphism analysis (PCR-RFLP), where restriction 
enzymes that recognize specific sites in the material obtained by PCR generate frag-
ments with different lengths which conform patterns unique to each species of der-
matophyte or non-dermatophyte involved. Direct sequencing to the product obtained 
by PCR has proven to be a great technique for species or subspecies identification. 
PCR may be used in a real-time protocol (PCR real time) with the intention to 
quantify the relative levels of the transcription of the genetic marker of choice and 
to estimate the viability of the sample. Although PCR has the advantage of consum-
ing much less time than fungal culture, it has the disadvantage of being a more 
expensive technique, particularly the PCR sequencing or PCR real time [17–28].

�Gene Target

For gene target options, the internal transcribed spacer regions ITS1 and ITS2 are 
the gene region most commonly used for sequencing and identifying a large number 
of fungi. They are variable regions located between the conserved genes that codify 
for the ribosomal subunits 18S, 5.8S, and 28S.

Ribosomal DNA (rDNA) is a tandem region of 50–100 copies in the fungal hap-
loid genome. It is composed of the gene of the small subunit (SSU) rDNA (18S), the 
gene from subunit 5.8S, and the gene from the large subunit (LSU) rDNA (28S). 
When separating the subunits 18S and 5.8S, and subunits 5.8S and 28S, we find the 
intergenic transcribed spacers (ITS), ITS1 and ITS2, respectively (Fig. 11.1). 
Besides this cluster, we find a second repeated unit of the gene of the subunit 5S 
rDNA flanked by a region of the non-transcribed spacer (NTS). Either cluster can 
be used as a marker for PCR. The genes in the subunits of rDNA are highly con-
served and the ITS regions are highly variable among fungi [29].

The region ITS1 can be amplified from a wide variety of fungus by  
using the primers ITS1 (5-TCCGTAGGTGAACCTTGCGG-3) and ITS2 
(5-GCTGCGTTCTTCATCGATGC-3). A second variable zoned among the cluster 

T. rubrum KU378222 

674bp 

18S rDNA 5.8 rDNA 28S rDNA 

ITS1 ITS2

pITS1 pITS2 pITS4

Fig. 11.1  Map of rDNA locus from Trichophyton rubrum
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of ribosomal DNA has an area named domain D1/D2, located in the rDNA 28S 
subunit. This region can be amplified with ITS1 primers (5-TCCGTAGGT 
GAACCTTGCGG-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3) (Fig. 11.2). 
They are highly conserved and informative and much less variable than the ITS. The 
conserved region of the domains D1/D2 is the anchorage point for the primers that, 
along with the variable nature of the ITS regions, provides a specific combination 
for each species. One of the main advantages of the ribosomal locus in fungi is the 
high number of copies from the target gene, 10–100 times, compared to genes with 
only one copy, what in the end translates in higher sensitivity [11, 19, 22, 30–33].

A gene frequently used is the chitin synthase 1 (CHS1), and in cases where the 
ribosomal target is not sensitive enough for discriminating between closely related 
species, additional loci may be sequenced, such as the β-tubulin [11, 19, 22, 30–33].

More recently, real-time PCR (quantitative PCR [qPCR]) has been used to iden-
tify onychomycosis, using molecular beacons which are small single-chain probes 
of hairpin type that fluoresce when linked to the target site. The same way as with 
conventional PCR (end point PCR), both variable and conserved regions (ITS1-2/
ITS1-4) can be used to design the probe. This will allow the universal identification 
of the fungal presence in the sample or the involved species [34].

On the other hand, in the same qPCR platform, TaqMan technology or hybrid 
probes can be used, such as the carboxyfluorescein (FAM)-labeled probe with a 
Black Hole Quencher (BHQ1) [35, 36]. This technique can detect and quantify 
quickly the nucleic acids directly from human and animal tissue samples. It has high 
sensitivity with a detection threshold of one single molecule and depends from one 
efficient DNA extraction and purification to avoid PCR inhibitors as well as an 
adequate fungal cell wall lysis [11, 12].

M 1 2 3 4 5 6 7 C

Fig. 11.2  The 18S-ITS1-5.8S-ITS2-28S rDNA amplification using the ITS1 and ITS4 primers of 
Trichophyton rubrum from nail samples. M, 100 bp DNA ladder; line 1, T. rubrum positive control; 
lines 2–7, DNA from nails with onychomycosis; C, negative control
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�Panfungal Amplification Technique

The gene regions in the SSU and the LSU rDNA have highly conserved regions and 
variable regions [31, 37]. These permit the development of panfungal primers based 
on the conserved regions of the rRNA cluster which are capable of identifying a 
great number of fungal species and can even be species specific [27, 29, 31]. These 
characteristics have made this the preferred PCR mode. After the amplification of 
the mentioned region, different genders and species can be identified using the same 
amplification product by RFLP, hybridization with specific probes marked with 
radioactivity or digoxigenin, and, with highly specific tool, the direct sequencing of 
the amplification product [38–41].

A general problem with PCR as detection method for the causative agents of 
onychomycosis is the lack of worldwide standardization, as well as the deficit of 
availability of commercial systems in some countries. Several studies report excel-
lent results with “in-house PCR”; however, the majority of these don’t make ade-
quate comparisons mainly in clinical practice [22, 42]. The DNA extraction 
methods, genetic markers, as well as the different types of clinical samples (blood, 
DNA from fungal culture, nails, the hair, the skin, or fluids) are factors that influ-
ence the comparison between different PCR protocols.

�Outlook: Future Developments

Molecular biology is a tool under continuous development and improvement for 
onychomycosis diagnosis.

The challenges ahead are:

•	 Availability of molecular tests to reduce the time consumed in some techniques 
such as PCR sequencing, corroborate sensitivity, and specificity of the currently 
available tests and improve them if possible with the aim to reduce the clinical 
sample required that at present must be large

•	 Improvement of keratin extraction and fungal cell wall rupture techniques
•	 Reduction of costs
•	 Readily accessible kits for fast etiological identification in onychomycosis, par-

ticularly when caused by non-dermatophyte molds or yeasts, which enables the 
indication of adequate treatment options

•	 Improvement of subspecies identification
•	 More than one fungal determination in the same clinical sample
•	 Differentiation of saprophytes from etiological agents
•	 Performance of epidemiological studies to redefine onychomycosis frequency 

and its etiological agents
•	 Implementation of matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry (MALDI-TOFMS) in clinical samples
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•	 Identification of the species of causative agents with PCR-terminal restriction 
fragment length polymorphism (PCR-TRFLP)

•	 Implementation of the use of other operons as genes that codify for non-ribosomal 
proteins and determine if relapses are by the same causative agent
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Summary for the Clinician
Molecular techniques are particularly useful for fast identification of onycho-
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management.

Clinical Pearls
Consider molecular biology for diagnosis in difficult onychomycosis cases:
•	 Identify fungal genus and species in onychomycosis if traditional tech-

niques have failed to do so.
•	 Send enough of the clinical sample for adequate processing.
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onychomycosis cases.

11  Molecular Techniques (PCR)



120

	10.	Haugland RA, Heckman JL, Wymer LJ. Evaluation of different methods for the extraction of 
DNA from fungal conidia by quantitative competitive PCR analysis. J Microbiol Methods. 
1999;37(2):165–76.

	11.	Chen SC, Halliday CL, Meyer W. A review of nucleic acid-based diagnostic tests for systemic 
mycoses with an emphasis on polymerase chain reaction-based assays. Med Mycol. 
2002;40(4):333–57.

	12.	Fredricks DN, Smith C, Meier A. Comparison of six DNA extraction methods for recovery of 
fungal DNA as assessed by quantitative PCR. J Clin Microbiol. 2005;43(10):5122–8.

	13.	Rittenour WR, Park JH, Cox-Ganser JM, Beezhold DH, Green BJ.  Comparison of DNA 
extraction methodologies used for assessing fungal diversity via ITS sequencing. J Environ 
Monit. 2012;14(13):766–74.

	14.	Vesper S. Traditional mould analysis compared to a DNA-based method of mould analysis. 
Crit Rev Microbiol. 2011;37(1):15–24.

	15.	Keswani J, Kashon ML, Chen BT. Evaluation of interference to conventional and real-time 
PCR for detection and quantification of fungi in dust. J Environ Monit. 2005;7(4):311–8.

	16.	Clark D, Pazdernik NJ. Fundaments of the polymerase chain reaction. In: Clark D, Pazdernik 
NJ, editors. Molecular biology. 2nd ed. Oxford: Elsevier Inc.; 2013. p. 163–93.

	17.	Hall L, Wohlfiel S, Roberts GD. Experience with the MicroSeq D2 large-subunit ribosomal 
DNA sequencing kit for identification of filamentous fungi encountered in the clinical labora-
tory. J Clin Microbiol. 2004;42(2):622–6.

	18.	Gupta AK, Simpson FC. Diagnosing onychomycosis. Clin Dermatol. 2013;31(5):540–3.
	19.	Gräser Y, Czaika V, Ohst T. Diagnostic PCR of dermatophytes: an overview. J Dtsch Dermatol 

Ges. 2012;10:721–5.
	20.	El Fari M, Tietz HJ, Presber W, Sterry W, Gräser Y. Development of an oligonucleotide probe 

specific for Trichophyton rubrum. Br J Dermatol. 1999;141(2):240–5.
	21.	Kano R, Nakamura Y, Watanabe S, Tsujimoto H, Hasegawa A.  Phylogenetic relation of 

Epidermophyton floccosum to the species of Microsporum and Trichophyton in chitin synthase 
1 (CHS1) gene sequences. Mycopathologia. 1999;146(3):111–3.

	22.	Brillowska-Dabrowska A, Saunte DM, Arendrup MC. Five-hour diagnosis of dermatophyte 
nail infections with specific detection of Trichophyton rubrum. J  Clin Microbiol. 
2007;45(4):1200–4.

	23.	Garg J, Tilak R, Singh S, Gulati AK, Garg A, Prakash P, Nath G.  Evaluation of pan-
dermatophyte nested PCR in diagnosis of onychomycosis. J  Clin Microbiol. 
2007;45(10):3443–5.

	24.	Ebihara M, Makimura K, Sato K, Abe S, Tsuboi R. Molecular detection of dermatophytes and 
nondermatophytes in onychomycosis by nested polymerase chain reaction based on 28S ribo-
somal RNA gene sequences. Br J Dermatol. 2009;161(5):1038–44.

	25.	Uchida T, Makimura K, Ishihara K, Goto H, Tajiri Y, Okuma M, et al. Comparative study of 
direct polymerase chain reaction, microscopic examination and culture-based morphological 
methods for detection and identification of dermatophytes in nail and skin samples. J Dermatol. 
2009;36(4):202–8.

	26.	Litz CE, Cavagnolo RZ. Polymerase chain reaction in the diagnosis of onychomycosis: a large, 
single-institute study. Br J Dermatol. 2010;163(3):511–4.

	27.	de Assis SD, de Carvalho Araújo RA, Kohler LM, Machado-Pinto J, Hamdan JS, Cisalpino 
PS.  Molecular typing and antifungal susceptibility of Trichophyton rubrum isolates from 
patients with onychomycosis pre- and post-treatment. Int J  Antimicrob Agents. 
2007;29(5):563–9.

	28.	Arabatzis M, Bruijnesteijn van Coppenraet LE, Kuijper EJ, de Hoog GS, Lavrijsen AP, 
Templeton K, et  al. Diagnosis of common dermatophyte infections by a novel multiplex 
real-time polymerase chain reaction detection/identification scheme. Br J  Dermatol. 
2007;157(4):681–9.

	29.	Reiss E, Tanaka K, Bruker G, Chazalet V, Debeaupuis JP, Hanazawa R, et al. Molecular diag-
nosis and epidemiology of fungal infections. Med Mycol. 1998;36(Suppl 1):249–57.

R. Hernández-Castro et al.



121

	30.	Kan VL.  Polymerase chain reaction for the diagnosis of candidaemia. J  Infect Dis. 
1993;168(3):779–83.

	31.	White TJ, Bruns T, Lee S, Taylor J. Amplification and direct sequencing of fungal ribosomal 
RNA genes for phylogenetics. In: Innis MA, Delfand DH, Sninsky JJ, White TJ, editors. PCR 
protocols. San Diego: Academic Press; 1990. p. 315–22.

	32.	Faergemann J, Baran R. Epidemiology, clinical presentation and diagnosis of onychomycosis. 
Br J Dermatol. 2003;149(Suppl 65):1–4.

	33.	Jensen RH, Arendrup MC. Molecular diagnosis of dermatophyte infections. Curr Opin Infect 
Dis. 2012;25(2):126–34.

	34.	Park S, Wong M, Marras SA, Cross EW, Kiehn TE, Chaturvedi V, et al. Rapid identification of 
Candida dubliniensis using a species-specific molecular beacon. J  Clin Microbiol. 
2000;38(8):2829–36.

	35.	Tyagi S, Kramer FR.  Molecular beacons: probes that fluoresce upon hybridisation. Nat 
Biotechnol. 1996;14(3):303–8.

	36.	Brandt M, Padhye A, Mayer LW, Holloway BP. Utility of random amplified polymorphic DNA 
PCR and TaqMan automated detection in molecular identification of Aspergillus fumigatus. 
J Clin Microbiol. 1998;36(7):2057–62.

	37.	Kappe R, Fauser C, Okeke CN, Maiwald M. Universal fungus-specific primer systems and 
group-specific hybridisation oligonucleotides for 18S rDNA. Mycoses. 1996;39(1–2):25–30.

	38.	Medlin L, Elwood HJ, Stickel S, Sogin ML. The characterization of enzymatically amplified 
eukaryotic 16-S like rRNA-coding regions. Gene. 1988;71(2):491–9.

	39.	Hopfer RL, Walden P, Setterquist S, Highmith WE. Detection and differentiation of fungi in 
clinical specimens using polymerase chain reaction (PCR) amplification and restriction 
enzyme analysis. J Med Vet Mycol. 1993;31(1):65–75.

	40.	Einsele H, Hebart H, Roller G, Löffler J, Rothenhofer I, Müller CA, et al. Detection and iden-
tification of fungal pathogens in blood by using molecular probes. J  Clin Microbiol. 
1997;35(6):1353–60.

	41.	Van Burik JA, Myerson D, Schreckhise RW, Bowden RA. Panfungal PCR assay for the detec-
tion of fungal infection in human blood specimens. J Clin Microbiol. 1998;36(5):1169–75.

	42.	Nenoff P, Krüger C, Schaller J, Ginter-Hanselmayer G, Schulte-Beerbühl R, Tietz 
HJ.  Mycology-an update Part 2: dermatomycoses: clinical picture and diagnostic. J  Dtsch 
Dermatol Ges. 2014;12(9):749–77.

11  Molecular Techniques (PCR)


	Chapter 11: Molecular Techniques (PCR)
	 Introduction
	 State of the Art
	 DNA Extraction

	 Molecular Techniques
	 Polymerase Chain Reaction (PCR)

	 Gene Target
	 Panfungal Amplification Technique
	 Outlook: Future Developments
	References


