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Abstract 
Mucormycosis has emerged as a relatively common severe mycosis in patients 
with hematological and allogeneic stem cell transplantation. Source of transmission 
is from unidentified sources in the environment. Early diagnosis of infection and its 
source of contamination are paramount for rapid and appropriate therapy. In this 
study, Rolling Circle Amplification (RCA) is introduced as a sensitive, specific and 
reproducible isothermal DNA amplification technique for rapid molecular 
identification of six of the most virulent species (Rhizopus microsporus, R. 
arrhizus var. arrhizus, R. arrhizus var. delemar, Mucor irregularis, Mucor 
circinelloides, Lichtheimia ramosa, Lichtheimia corymbifera). DNAs of target 
species were successfully amplified, with no cross reactivity between species. RCA 
can be considered as a rapid detection method with high specificity and sensitivity, 
suitable for large screening. 
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Introduction 
Most members of Mucorales are fast-growing saprotrophic fungi that are found as 
first colonizers of organic materials in soil, dung and dead plant material. Several 
species are used for the fermentation of soya-based foodstuffs such as ragi, tempe, 
or peka because of their production of hydrolytic enzymes (Hesseltine 1983, 
Jennessen et al. 2005, Skiada et al. 2011).The same or similar species are prevalent 
as etiologic agents of infections in patients with severe immune or metabolic 
impairments (Hesseltine 1983). Patients with diabetic ketoacidosis, hematologic 
malignancies, stem cell or solid organ transplantation, neutropenia, increased 
serum levels of available iron, or birth prematurity are at risk. Clinically the 
infection presents as rhinocerebral, pulmonary, gastrointestinal, renal or 
disseminated disease, and is life-threatening in susceptible patient populations. 
Usually extended necrosis is observed within days because of significant angio-
invasion. Rhizopus arrhizus is the most common infectious agent, being 
responsible for 70% of all cases of mucormycosis and 90% of all rhinocerebral 
cases (Skiada et al. 2011, Ibrahim et al. 2012, Walsh et al. 2012, Roilides et al. 
2012). Incidence of Rhizopus arrhizus is followed by that of Mucor and 
Lichtheimia species (formerly known as Absidia), and Rhizopus microsporus 
(Rammaert et al. 2012). In another study, the dominant species was Rhizopus 
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arrhizus (85% of rhinocerebral forms, and 32% of all mucormycoses), followed by 
Lichtheimia (approximately 29% of all mucormycoses), and R. microsporus 
(Lanternier et al. 2012). Mucor irregularis is special in causing chronic cutaneous 
infections in immunocompetent humans, ultimately leading to severe morbidity if 
left untreated (Lu et al. 2013). The genus Lichtheimia contains four species, of 
which L. corymbifera and L. ramosa have been reported from human infections 
(Alastruey-Izquierdo et al. 2010). Reviews describing the less common members of 
Mucorales causing the remaining 20 to 30% of mucormycosis cases mostly include 
Actinomucor, Apophysomyces, Cokeromyces, Cunninghamella, Rhizomucor, 
Saksenaea, and Syncephalastrum (Skiada et al. 2011, Walther et al. 2013). 
The prognosis of invasive mucormycosis remains poor, with recently reported 
mortality rates varying between 45 and 64%, and in some report 85%, depending 
on the underlying disease (Shoham et al. 2010, Neofytos et al. 2009). Early 
recognition of the source of infection is among the key elements in successful 
management of infection (Gomes et al. 2011). Conventional diagnosis is difficult 
because symptoms, signs, radiographic manifestations, and histopathology of 
mucormycosis are nonspecific (Walsh et al. 2012), and culture of sputum, 
paranasal sinus secretions, or bronchoalveolar lavage fluid is frequently 
unsuccessful. In general conventional diagnostics are slow, unsuited for screening 
purposes, and may have limited specificity. Mucoralean fungi are particularly 
suitable for molecular techniques because interspecific distances tend to be large 
and intra-specific variability is relatively low (Walther et al. 2013). The most 
common molecular method in clinics so far is sequencing of the ITS and D1/D2 
ribosomal DNA (rDNA) regions and Blast comparison in available databases. 
Rolling circle amplification (RCA) is an isothermal amplification method which 
has been proved to be rapid, cost-effective and specific for molecular identification 
of pathogenic fungi (Najafzadeh et al. 2013, Sun et al. 2010, Lackner et al. 2012). 
In this paper, we propose seven padlock probes on the basis of the rDNA ITS 
region to identify the most clinical relevant taxa of Mucorales, viz. R. microsporus, 
R. arrhizus var. arrhizus, R. arrhizus var. delemar, M. irregularis (formerly 
Rhizomucor variabilis), M. circinelloides, L. ramosa, and L. corymbifera. 
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Number Name  Source Geography  

CBS 120.12 R. arrhizus var. delemar NA Japan  

CBS 120593 R. arrhizus var. delemar Human: lung France  

CBS 285.55 R. arrhizus var. delemar Tempe Netherlands  

CBS 324.35 R. arrhizus var. delemar Cocos cake Indonesia  

CBS 395.54 (R) R. arrhizus var. delemar Human: diabetic Georgia 

CBS 404.51 R. arrhizus var. delemar NA China  

CBS 102659 R. arrhizus var. arrhizus Human: skin  France  

CBS 109939 (R) R. arrhizus var. arrhizus Human: skin of back Canada  

CBS 120589 R. arrhizus var. arrhizus Human: lung  France  

CBS 120590 R. arrhizus var. arrhizus Human: skin  France  

CBS 120806 R. arrhizus var. arrhizus  Human: rhino-cerebral France  

CBS 146.90 R. arrhizus var. arrhizus Human: palatum molle Netherlands  

CBS 700.68 (R) R. microsporus Forest soil Georgia 

CBS 308.87 R. microsporus Human  Australia 

CBS 631.82 R. microsporus Bread  China 

CBS 112587 R. microsporus Tempe  Indonesia 

CBS 102277  R. microsporus Rhinocerebral 
infection  

NA 

CBS 112586  R. microsporus Tempe  Indonesia 

CBS 102.48 L. corymbifera Moldy shoe India 

CBS 115811 L. corymbifera Indoor air Germany 

CBS 429.75 L. corymbifera Soil Afghanistan  

CBS 100.31 L. corymbifera Aborted cow NA 

CBS 101040 L. corymbifera Human: keratomycosis France 

CBS 109940 (R) L. corymbifera Human: finger tissue Norway 

CBS 112528 L. ramosa Human Germany 

CBS 649.78 L. ramosa Cultivated field soil India 

CBS 582.65 L. ramosa Theobroma cacao Ghana 

CBS 223.78 L. ramosa Cocoa soil NA 

CBS 124198 L. ramosa Culture contaminant Netherlands 

CBS 103.35 (R) L. ramosa Musa sapientum NA 

CBS 480.70F (R) M. circinelloides  Garden soil India 

CBS 479.70 M. circinelloides  Soil Finland 

http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=261&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
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CBS 416.77 M. circinelloides  Chinese yeast NA 

CBS 394.68 M. circinelloides  Thawing beef meat Netherlands  

CBS 384.95 M. circinelloides  Human: face China 

CBS 111560 M. circinelloides  Sufu Vietnam 

CBS 100164 M. irregularis Human China 

CBS 103.93 M. irregularis Human: hand China 

CBS 609.78 M. irregularis Garden soil Nigeria 

CBS 654.78 M. irregularis Owl pellet India 

CBS 700.71 (R) M. irregularis Soil India 

CBS 977.68 M. irregularis NA India 

 
Table 1: Strains analyzed. Abbreviations used: CBS = Centraalbureau voor Schimmelcultures, Utrecht, The 
Netherlands, R = Controls for cross reactivity. 

 
 
Materials and methods 
 
Fungal strains 
In total 42 strains from reference collection of the Centraalbureau voor 
Schimmelcultures (CBS-KNAW Fungal Biodiversity Centre, Utrecht, The 
Netherlands), were used in this study and are listed in supplementary Table 1. The 
set included 6 strains each of R. microsporus, R. arrhizus var. arrhizus, R. arrhizus 
var. delemar, M. irregularis, M. circinelloides, L. ramosa, and L. corymbifera, 
including strains tested as negative controls. Isolates were identified with different 
genetic markers prior this study and there is no conflict about their taxonomic 
identification (Lu et al. 2013, Walther et al. 2013, Dolatabadi et al. 2014). 
Lyophilized strains were grown on 5% Malt Extract Agar (MEA; Oxoid, 
Basingstoke, U.K.) in 8 cm culture plates incubated at 30 °C for 3 days.  
 
DNA extraction and amplification 
DNA was extracted using a CTAB method as described previously (Dolatabadi et 
al. 2014b). ITS amplicons were generated with primers V9G and LS266. The ITS 
amplicons were used as targets for RCA reactions. 
 
Padlock probe design and RCA reactions 
ITS sequences of all strains were aligned and adjusted manually using 
BioNumerics v. 4.61 (Applied Maths, St-Martens-Latem, Belgium) to identify 
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informative nucleotide polymorphisms. Padlock probes targeting the ITS region 
were designed and were ordered from Invitrogen Inc. (Breda, The Netherlands). In 
order to optimize binding efficiency to target DNAs, the padlock probes were 
designed with minimum secondary structure and with Tm of the 5’ end probe 
binding arm close to or above ligation temperature (63 ℃, see below). To increase 
its discriminative specificity, the 3’ end binding arm was designed with a Tm 10–15 
℃ below ligation temperature. Linker regions of species-specific probes were taken 
from Zhou et al. (2008) and 5’ and 3’ binding arms were designed in this article 
(Table 2). Oligonucleotide probes (Table 2) consisted of two adjacent 
complementary target sequences (12–26 bp) with a spacer region (63 bp) to 
facilitate loop formation and to provide a template for RCA primer binding. All 
primers and probes were synthesized by a commercial manufacturer (Invitrogen, 
Carlsbad, CA, U.S.A.). 
 
 
Organism Padlock 

probe 
names 

Species-specific site of padlock probe (length) 

Site X at 5´ end (23-26 nt) Site Y at 3´end (12-14 nt) 

Rhizopus 
microsporus 

Rm 5´ P CTAGGTAGTTCGTAATTTAATGAAAA AAGCACGATGG 3´ 

Rhizopus arrhizus 
var arrhizus 

Ra 5´ P ACCACATAAACAAATGTTATGTGTG ATGCGACCCATC 3´ 

Rhizopus arrhizus 
var delemar 

Rd 5´ P AAAAAGATCCTGAGACCAGCGTAA GGGCGAACCAAAG 3´ 

Mucor irregularis Mi 5´ P AATCCCTCAAAACGCTAAACAGTA ATAATCTTTAGGC 3´ 

Mucor circinelloides Mc 5´ P CGTGCTCATTGGAATACCAATGA GATACTGAAACAGG 3´ 

Lichthemia 
corymbifera 

Lc 5´ P AGAAGCCTTCAAGTTAACAAATAAC GACTCTTTTTAC 3´ 

Lichthemia ramosa Lr 5´ P GTTTACACGAGAAGAATAAACACC TTCGTACATCATG 3´ 

RCA1 primer 
sequence 

 5´-ATGGGCACCGAAGAAGCA-3´  

RCA2 primer 
sequence 

 5´-CGCGCAGACACGATA-3´  

Padlock probe core: 
X- 

 gatcaTGCTTCTTCGGTGCCCATtaccggtgcggat
agctacCGCGCAGACACGATAgtcta-Y 

 

 
P at the 5′end of the probe indicates 5′-phosphorylation. 
The padlock probe core consists of the linker region (lowercase bold letters) and the RCA primer binding sites 
(capital letters). The padlock probe core comprises 63 nt and represents the backbone of the probe that inhibits 
interlooping of DNA. 
Table 2: Rolling circle amplification padlock probes and padlock probe-specific primers used in this study. 
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One microlitre of ITS amplicon was mixed with 0.1 μl of ampligase (5 U / μl), 2 
nmol of padlock probe, 1 μl of 10× ligation buffer, 4.9 μl of water with a total 
reaction volume of 10 μl. Padlock probe ligation was conducted with one cycle of 
denaturation for 5 min at 95 ℃, followed by seven cycles of 95 ℃ for 30 s and 4 
min ligation at 63 ℃. 
Exonucleolysis is required to remove unligated padlock probe and template PCR 
product and thus reduce subsequent ligation-independent amplification events. This 
step seems optional in previous works (Sun et al. 2010), and we decided to delete 
this step without jeopardizing speed and reliability of the method. 
Three microlitre of ligation product was used as template for RCA. The total 
volume was 46 μl containing 1 μl Bst DNA polymerase LF (New England 
Biolabs), 1 μl deoxynucleoside triphosphate mix (5 Mm), 1.5 μl of 10 pmol of 
RCA primer each, 5 μl RCA buffer 10×, 36 μl water. Probe signals were amplified 
by incubation at 65 ℃ for 60 min, and accumulation of double stranded DNA 
products was visualized on a 1% agarose gel to verify the specificity of probe-
template binding. Positive reactions showed a ladder-like pattern, whereas negative 
reactions showed a clean background. Smart DNA ladder (0.2–10 kb; Eurogentec, 
Seraing, Belgium) was used as molecular weight standard. 
 
Sensitivity 
To evaluate the detection limit of the RCA assay, two microlitres of each 10-fold 
serial dilution was used in each RCA reaction. ITS amplicons of R. arrhizus var. 
delemar CBS 395.54 was used (Fig. 2). 
 
 
Results 
The ITS alignment revealed suitable positions for the development of padlock 
probes distinguishing between six taxa tested in this study. All tested strains 
generated positive results with respective padlock probes. The duration of the RCA 
assay was 2 h. Positive responses proved to be 100% specific for all strains, 
species-specific probes correctly identifying all six species and varieties analyzed. 
No cross reaction was observed between these taxa (Fig. 1). CBS 395.54, CBS 
109939, CBS 109940, CBS 103.35, CBS 480.70F, CBS 700.71, and CBS 700.68 
were used as negative controls in tests with non-orthologous taxa. The concordance 
of RCA results and identification by multilocus sequencing was 100%. Products of 
the RCA reaction were visualized by electrophoresis on 1% agarose gels. With 
exonucleolysis, positive responses showed ladder-like patterns after RCA, whereas 
with negative results the background remained clean. When exonucleolysis was 



RCA 
 

 
96 

 

omitted, a single, weak or strong band was visible on negative lanes, representing a 
non-specific band that did not interfere with the RCA reaction. Sensitivity testing 
showed that RCA yields positive results in wide ranges of amplicon concentrations 
down to 3.2 × 105 copies of amplicon (Fig. 2). 
 
 

 
 
Figure 1: Gel representation of specificity of rolling circle amplification probes. Amplification of probe signals 
was seen only with matched template–probe mixtures (empty lanes denote absence of signals with unmatched 
template–probe mixtures). The taxon-specific probes are labeled as shown at the top of the figure. Lane M is 200-
bp DNA MW marker (Eurogentec, The Netherlands); lane 1, R. microsporus (CBS 700.68); lane 2, R. arrhizus 
var. arrhizus (CBS 109939); lane 3, R. arrhizus var. delemar (CBS 395.54); lane 4, M. irregularis (CBS 700.71); 
lane 5, M. circinelloides (CBS 480.70F); lane 6, L. ramosa (CBS 103.35); lane 7, L. corymbifera (CBS 109940). 
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Figure 2: Analytical sensitivity of Rolling Circle Amplification (RCA) in detecting artificial template of the ITS1-
5.8S-ITS2 rDNA region. ITS amplicons of R. arrhizus var. delemar CBS 395.54 was used as a sample. Left to 
right: Lane M, 200-bp DNA MW marker (Eurogentec, The Netherlands); lanes 1 to 10: 3.2 × 1013, 3.2 × 1012, 3.2 
× 1011, 3.2 × 1010, 3.2 × 109, 3.2 × 108, 3.2 × 107, 3.2 × 106, 3.2 × 105 and 3.2 × 104 copies per tube, respectively.  

 
 
Discussion 
rDNA ITS is a sufficient barcoding marker in Mucorales, because interspecific 
distances tend to be relatively large compared to e.g. more recently evolved 
ascomycetes (Walther et al. 2013). In addition, the majority of clinically relevant 
taxa are located in distantly related clades. The main exception is with R. arrhizus 
var. arrhizus and R. arrhizus var. delemar which differ in 3 bp in ITS, show 
occasional interbreeding and have been considered to be varieties of a single 
species rather than separate species (Dolatabadi et al. 2014a). RCA reportedly has a 
specific detection limit of single nucleotide (Sun et al. 2010) and thus should be 
able to differentiate between these groups. Our results showed that this was indeed 
the case (Fig. 1).  
The purpose of the present study was to establish a screening method based on 
RCA enabling rapid detection, with specificity down to few nucleotide differences 
and assess the limits of this molecular method. We found specificity of 100%, and 
high sensitivity. RCA is a robust and simple isothermal DNA amplification 
technique allowing rapid detection of specific nucleic-acid sequences with no need 
of sequencing and can be performed within 2 h, and is therefore applicable for 
rapid and economic screening purposes (Najafzadeh et al. 2013, Sun et al. 2010). 
Specially designed padlock probes hybridize to a target DNA or RNA and permit 
the detection of single nucleotide mismatch and prevent non-specific amplification, 
a common risk factor in conventional PCR. To date, RCA has been used for 
different fungi, such as Cryptococcus, Trichophyton, Candida, Aspergillus, 
Talaromyces marneffei, Scedosporium, and black yeasts (Sun et al. 2010).  
In Mucorales no cross reactivity was observed within tested strains. RCA is 
particularly suited for high throughput applications. Wide ranges of amplicon 
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concentrations yield positive results. The amplification product can be visualized 
by agarose gel electrophoresis, but also in gel-free systems using fluorescence 
staining of amplified product by SYBR Green in combination with UV-
transillumination, and this can add to the speed and ease of the test. RCA is 
practical for detection of low copy number DNA. The method can be performed 
with a variety of DNA polymerases compared to direct PCR (Sun et al. 2010). 
RCA represents a tool for screening in view of hospital hygiene, and for 
understanding pathogen population dynamics (Baner et al. 2003). 
The continued development of reliable diagnostic tools for the early detection and 
identification of fungi remains a priority for improving patient outcomes. Judging 
from these results and given the simplicity of the method, RCA can become a 
routine test in hospital hygiene where large numbers of samples are to be screened. 
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