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Abstract
The dry bubble disease (caused by Lecanicillium fungicola) is the most threatening disease of cultivated button

mushrooms throughout the world. Most of the symptoms shown by the dry bubble are also shown by the wet bubble
(Mycogone perniciosa) and they may even be confused. Early detection and precise monitoring of the diseases are very
important for managing effective treatments. A PCR-based assay for a specific diagnosis of the disease in various stages of the
disease development was developed. A primer pair designed based on ribosomal DNA generated two bands, 650 and 800 bp,
specific for the detection of L. fungicola. Additionally, a simple and time-saving method for direct extraction of DNA from
the affected sporophores is presented and the impact of sample pre-treatment on the efficiency of DNA isolation is
highlighted. Here, we also report Simplicillium lamellicola from Iran, using the nuclear ribosomal internal transcribed spacer
(ITS) region.
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خالصه
) Agaricus bisporus(ايترین بیماري قارچ دکمه) یکی از مهلکLecanicillium fungicolaبیماري حباب خشک (ناشی از قارچ 

اي (بیماري حباب تر ناشی از هاي قارچ دکمهترین بیماريدر سراسر جهان است.  بسیاري از عالیم این بیماري با یکی دیگر از جدي
Mycogone perniciosa .دینمافایايماریبنایتیریدر مدياکنندهنیینقش تعتواندیو به موقع معیسرصیتشخ) مشابه است.

طراحی شد که rDNAجفت بازي از ناحیه 800و 650یک جفت آغازگر با توانایی تکثیر دو باند L. fungicolaبراي تشخیص اختصاصی 
اي براي استخراج مستقیم دي.ان.آ. باشد. در این تحقیق همچنین، روش سادهاي از توسعه بیماري قادر به تشخیص آن میدر هر مرحله

، هدر این مقالتیمار بافت کالهک بر کارایی این روش مورد بررسی قرار گرفت. به عالوهاي ابداع شد و تاثیر پیشهاي قارچ دکمهاز کالهک
.شودمیها از ایران گزارش با استفاده از آغازگرهاي عمومی ناحیه آي.تی.اس. براي قارچSimplicillium lamellicolaگونه

Simplicillium، اي پلیمرازاستخراج دي.ان.آ.، بیماري حباب تر، نشانگر مولکولی، واکنش زنجیرههاي کلیدي: واژه lamellicola
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Introduction

Dry bubble disease (caused by Lecanicillium

fungicola) and wet bubble disease (caused by Mycogone

perniciosa) are among the most threatening problems for

commercial cultivation of white button mushroom

(Agaricus bisporus) and Lecanicillium fungicola has two

aggressive varieties. In Americas, L. fungicola var.

aleophilum is the sole causal agent, whereas in Europe

and Iran L. fungicola var. fungicola is responsible for the

dry bubble disease (Gams & Zaayen 1982, Gams 1995,

Bonnen & Hopkins 1997, Collopy et al. 2001). So far,

L. fungicola var. aleophilum has not been reported from

Iran (Zare & Khabbaz-Jolfaei 2005). Most of the

symptoms of dry bubble disease are also shown by the

wet bubble disease and they may even be confused by an

experienced eye on mushroom growth bed especially in

the initial stages of the disease development. Generally,

the symptoms are varied from small necrotic lesions on

the cap or stipe of the fruiting bodies to partially

deformed fruiting bodies called stipe blowout or distorted

and undifferentiated masses of mushroom tissue.

Although, some of the symptoms are more common with

one disease than the other, however, the frequency of

the symptoms would greatly be affected by the

environmental conditions (i.e., humidity, evaporation)

and growth stages of the infected mushrooms. The

primary source of the pathogens is contaminated casing

soil especially peat carrying fungal propagules (Ware

1933, Beyer et al. 2005, Fletcher & Gaze 2007, Rokni

et al. 2016). In Iran, imported peat from Europe forms

only a fraction of the casing and most of the materials are

provided from different domestic sources. Currently,

control management of the bubble diseases relies mainly

on chemical and mechanical methods (Rokni et al. 2016).

Development of fungicide resistance in the pathogens,

risks to human health and negative effects of many

chemicals on A. bisporus are among the limitations on

the use of chemicals for the control (Bollen & Van

Zaayen 1975, Wuest et al. 1975, Fletcher & Yarham

1976, Gea et al. 2005, Mehrparvar et al. 2013).

Therefore, early detection and precise monitoring of the

diseases are very important for managing effective

treatments. The polymerase chain reaction (PCR)

sensitivity and accuracy have made it a fast and reliable

method for the detection of fungi associated with the

diversity of organisms or habitats. PCR-based techniques

using fungal nuclear ribosomal DNA (rDNA) loci have

proven rapid, sensitive, and specific by providing an

alternative method for diagnosis and identification.

Between coding regions (i.e., 18S, 5.8S, and 28S) of

nuclear rRNA genes are the internal transcribed spacers

1 (ITS1) and 2 (ITS2) regions which evolve more rapidly

and possess characteristics that are useful for the

detection of pathogens at the species level (White et al.

1990, Hibbett 1992, Johannesson & Stenlid 1999). Using

the sequence of a randomly amplified polymorphic DNA

(RAPD)-PCR product, Romaine et al. (2002) developed

a polymerase chain reaction (PCR)-based test specific for

detection of L. fungicola var. aleophilum (Lfa) from

mushroom infected fruit bodies. Zijlstra et al. (2008)

used a set of primers and TaqMan MGB Probe

Fluorescence Real-Time Quantitative PCR for detection

of L. fungicola var. fungicola and L. fungicola var.

aleophilum from allegedly trace amounts of target DNA

extracted from casing soil or any other potential sources.

Ten sets of primers that were designed from rDNA

region for specific detection of L. fungicola by Piasecka

(2010) amplified the same size products for other

ascomycetous fungi. Taxon-selective ITS amplification

has also been used for the detection of Verticillium spp.

(Nazar et al. 1991). This study was initiated to develop a

sensitive and reliable PCR assay for the selective

detection of L. fungicola from the infected white button

mushroom fruit bodies.

Materials and Methods

- Fungal isolates and biomass preparation

Four isolates of Lecanicillium fungicola (Lf-Jd,

Lf-B, Lf-P, and Lf-M) with specific symptoms of dry

bubble and an isolate (Lf-S) from infected mushrooms

which did not exhibit the common symptoms of bubble

diseases were collected from seven mushroom farms
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located in Tehran, Karaj, and Dezful (Iran) in 2014. The

isolates were selected according to different sources of

casing materials. They were then examined both

morphologically and physiologically to confirm their

initial identification and purity by microscopic

examination and tests of growth at 30 °C for intraspecific

varietal distinctions (Zare & Gams 2008). Morphological

studies were performed by measuring 40 conidia and

colony growth across two diameters in 14 days of

incubation at 22 °C in triplicates. Statistical analyses

were carried out by one-way ANOVA model with

statistical software SAS, Ver. 9.4, and the comparison of

means by Duncan's multiple range tests. Mycogone

perniciosa was also isolated from infected mushroom

samples with typical symptoms of the wet bubble.

Microscopic characterization was also performed using

the description provided by Brady and Gibson (1976).

Some prevalent fungal flora of casing soil were also

isolated by using serial dilution method on water agar

(WA) culture medium (supplemented with 2% glucose

and 200 mg/L streptomycin sulfate). A soil sample was

used for the purpose, made by a mixture of equal

amounts of casings from different above-mentioned

sources. Characterization and identification of the

isolates were performed by microscopy following the

mycological literature (Kiffer 2011). For fungal biomass

of A. bisporus, fungal materials, commercial cultivar Syl-

737 (Jolgeh-Dez Mushroom Agricultural Co., Dezful,

Iran), were tissue-cultured under aseptic condition by

placing small sections of internal mushroom cap tissue

without surface sterilization on potato dextrose agar

media (PDA) (supplemented with 5 g/L yeast extracts

plus 200 mg/L streptomycin sulfate) (Rokni et al. 2015).

The cultures were incubated for two weeks at 25 °C and

then purified by subculturing on PDA and kept at 2–5 °C

for further studies.

- DNA extraction

The efficiency of DNA isolation from filamentous

fungi, intact and infected fruit bodies were assessed

according to Doyle & Doyle (1990) and Safaie et al.

(2005). The material used was either fresh mycelia of

fungal samples grown in 50 ml potato dextrose broth for

5–10 days at 25 °C in a rotary shaker at 100 rpm,

harvested by filtration through a piece of filter paper and

rinsed with distilled water, or from intact/infected tissue

of fruit bodies. The fungal materials (100 mg) were

ground in liquid nitrogen, then, 500 µL of extraction

buffer [Tris-HCl, 100 mmol/L, EDTA, 5 mmol/L (pH =

7.5–8.0), and NaCl, 1.4 mmol/L] or [2% w/v CTAB, 1.4

M NaCl, 20 mM EDTA (NaOH pH 8), 100 mM Tris

(HCl pH 8), 0.2% w/v ß-mercaptoethanol, 1% (w/v)

PVP-40 )] were added to the ground samples. The same

subsequent steps were then performed for both methods.

The samples were incubated at 65 °C in a water bath for

30 min and then placed on crushed ice for 10 min, then

500 µL of chloroform-isoamyl alcohol (24:1 w/v) was

added and the tubes were mixed by gently shaking, then

centrifuged for 10 min at 9000 g, and 300 µL of the

aqueous phase was transferred into a new tube. Then,

210 µL of cold isopropanol was added and mixed by

inverting the tubes 20–30 times. The tubes were then

centrifuged for 15 min at 15600 g and 300 µL of 70%

ethanol was added after discarding the supernatant. DNA

was collected by centrifugation for 2 min at 15600 g. The

DNA concentration was adjusted to approximately 200

ng/µL and the samples were stored at –20 °C. The

aliquots (2 ml) of DNA from each sample were loaded on

a 1% (w/v) agarose gel supplemented with DNA safe

stain to check the quality.

- Molecular characterization of the isolates

The universal ITS (ITS 1 and ITS 4) primers

(White et al. 1990) were used for DNA amplification of

both Lf-Jd and Lf-S isolates. The sequencing of

amplicons was performed by Takapou Zist Inc. (Tehran,

Iran) and subsequently deposited in GenBank. Similarity

checks were done at NCBI using the nucleotide BLAST

tool. For further analysis, ITS sequences of closely

related sequences were downloaded from NCBI,

alignments were done by Clustal W implemented in

MEGA 4.1 and the phylogenetic tree was reconstructed

using the Maximum Likelihood method to estimate

evolutionary distances between DNA sequences (Tamura
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et al. 2007). The sequences of Verticillium dahliae were

used as outgroup.

- PCR primers

In this study, we used rDNA sequence analysis to

design selective primers for Lecanicillium fungicola

detection.  Online internet tools were used for identifying

primer sequences. Using the BLAST tool, FASTA

format of nucleic acid sequences within the rDNA

regions of the selected fungal species were retrieved

from GenBank (www.ncbi.nlm.nih.gov). To ensure the

adequacy of sample size, some common soil inhabitant

fungi belonging to diverse taxonomic groups were added

to the isolated species of this study (section 2.1).

Multiple alignments of the target sequence (i.e.,

L. fungicola) with those of related fungal reference

strains (i.e., A. bisporus, M. perniciosa, Trichoderma sp.,

Cladobotryum dendroides, Aspergilus sp., Penicillium

sp., Rhizopus sp., Mucor sp., Aphanocladium

sp., Fusarium sp., and Geotrichum sp.) were

constructed with the program ClustalW2

(http://www.ebi.ac.uk/Tools/msa/clustalw2). Aligned

sequences were manually searched for unique sequences

appropriate for use as L. fungicola specific

oligonucleotides. Through comparisons of the aligned

sequences, several potential primer target sites were

determined for L. fungicola with the least amounts of

nucleotide similarity with other fungal genera. Primers

were then evaluated for self- and hetero-dimerization,

hairpins, as well as annealing temperatures and

GC contents using Oligo analyzer 3.1

(http://www.idtdna.com). Ultimately, among several sets

of primers evaluated both theoretically and practically for

their selective amplification of the target sequence, PCR

conditions for a set of primers designed were optimized

and consequently, the working value of primers was

assessed for specific detection of L. fungicola from the

affected A. bisporus tissue.  Primers Lec-F (5'-GTC GAA

AGG CCA GC-3') and Lec-R (5'-TGC TTT AAT AAG

CCA CTC AG-3') showed high efficiency for specific

identification of L. fungicola from the affected

mushroom tissue. While theoretical annealing

temperatures were determined as 52 °C in the process of

primer design, gradient temperatures between 50–54 °C

were assessed to determine actual optimal annealing

temperatures and primers specificity using gradient-

capable head Bio-Rad thermal cycler. The amplicons

were then migrated and visualized in 1% (w/v) agarose

gel supplemented with DNA safe stain to confirm

optimal temperature as determined by the brightest band.

The efficiency and fidelity of the primers in producing a

constant banding pattern were then validated by all the

L. fungicola isolates. Ultimately, the practical value of

primers was assessed for specific detection of

L. fungicola in the infected tissue of A. bisporus. To

verify the sensitivity of primers, DNA extractions were

performed from fruit bodies at two different infection

stages, i.e., initial and later stages of necrosis. Tissue

sampled from non-infected caps served as healthy

control.

- PCR amplifications

All primers were synthesized by Takapou Zist Inc.

(Tehran, Iran). For polymerase chain reactions (PCR)

each amplification (20 µL) contained a 100 ng DNA

template and 10 pmol of each primer, 0.2 mmol dNTPs

mix, 1 U high yield Taq DNA polymerase (Jena

Bioscience), and 2 µL 10× PCR high-yield buffer. The

amplification started with an initial denaturation step at

95 °C for 3 min, followed by 35 cycles, each consisting

of 30s at 95 °C, 30s at appropriate annealing temperature

for the primer pair being used, and 45s at 72 °C. A final

extension step was performed at 72 °C for 5 min. The

procedure was repeated several times to ensure the

specificity, sensitivity, and reproducibility of the PCR

using all the L. fungicola isolates. For ITS primers, the

reaction started with 5 min of 95 °C followed by 35

cycles of denaturation at 95 °C for 30s, annealing at

62 °C for 30s and extension at 72 °C for 1 min. The

reaction was finished by an extension step at 72 °C for 8

min. The quality of PCR was checked by electrophoresis

in 1% (w/v) agarose gel supplemented with SYBR DNA

Stain (Jena Bioscience). The fragment sizes of amplicons
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were estimated based on a DNA ladder mix using

UVIDOC Ver. 99.02.

Results

- Intraspecific varietal distinctions of Lecanicillium

fungicola isolates

Both Lecanicillium fungicola var. fungicola and

L. fungicola var. aleophilum have similar conidiophores

and morphologically are indistinguishable. However, the

only area of distinction is the physiological difference of

the continuing growth of L. fungicola var. aleophilum at

30 °C (Zare & Gams 2008). As a result, except for Lf-S,

the growth of all the tested isolates (i.e., Lf-Jd, Lf-B, Lf-P,

and Lf-M) was stopped at 30 °C (Fig. 1 a,b).

ANOVA results approved significant differences

among colony sizes (Table 1) and mean comparisons

once again ratified Lf-S in a separate group (Table 2).

Furthermore, polyhedral crystals that are commonly

present in agar culture of L. fungicola were not observed

in the culture of Lf-S by microscopy and the size of

conidia [2.9–(4.7)–7.7 × 1.2–(1.6)–2.1 µm] was slightly

shorter than those described by Zare & Gams (2008).

Although colony shape is not a discriminating factor for

Lecanicillium species and they share many similarities,

however, unlike flat colonies of the other isolates, those

of Lf-S had a cottony, convex, and erumpent appearance

(Zare & Gams 2008, Nonaka et al. 2013) (Fig. 1b). PCR

amplification of all isolates using L. fungicola var.

aleophilum specific primers (Romaine et al. 2002) did

not amplify the expected fragment (Fig. 2a). DNA

similarity searches of Lf-S and Lf-Jd ITS sequence

regions identified them as Simplicillium lamellicola and

L. fungicola var. fungicola with true homologies of 99%

and 98%, respectively. Phylogenetic relationships of both

isolates and the related species were reconstructed from

maximum likelihood analysis of rDNA ITS region

sequences (Fig. 2b). Sequences reported in this paper are

deposited in the GenBank database.

- Efficiency of DNA extraction buffers

Both DNA extraction buffers were examined

several times for isolation of DNA from filamentous

fungi and intact/infected tissue of fruit bodies during the

study. High quality DNA yield was obtained by using

CTAB buffer from all samples which were prepared from

biomass of examined fungi. An effective protocol for

DNA isolation from intact Agaricus bisporus fruit bodies

was described by Rokni et al. (2015). We concluded that,

the method could be effectively used for DNA isolation

from mushroom infected tissues. However, the

reproducibility of the method significantly relies on

sampling quality. For this purpose, an intact/infected

sporophore is cautiously cut into halves, without

surface sterilization. Using a sterilized sharp edge, some

pieces of internal tissue are gently cut off and sliced

into small pieces. The sliced tissues were then let to be

semi-dried by keeping overnight at room conditions.

Finally, 100 mg of the prepared sample was used for

DNA extraction (Fig. 3). As a result, high-quality

genomic DNA could be directly extracted from the

intact/infected mushroom tissue with this sample

preparation method following the protocol described by

Rokni et al. (2015).
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Fig. 1. The evaluation growth rate of L. fungicola isolates at 30 °C: a. The growth of all isolates, except for Lf-S was
stopped at the given temperature. The bottom row (control treatment) along each column represents the normal growth
of each isolate at 22 °C, b. Colony shape difference of the isolates. Lf-S: erumpent, convex, and cottony; others with a
flat appearance on PDA culture media.

Table 1. ANOVA results for comparison of colony sizes of Lecanicillium fungicola isolates after incubation for
14 days at 22 °C

Source DF Sum of squares Mean square F value Pr > F**

Treatment 4 984.990667 246.247667 34.01** < 0.0001

Error 10 72. 40667 7.240667 - -

Total 14 1057.397333 - - -

Accession Nos: KT898392 and KT898393

Table 2. Mean comparison of colony sizes  of Lecanicillium fungicola isolates after incubation for 14
days at 22 °C

Isolate N Mean (mm) Duncan grouping at P ≤ 0.01

Lf-JD 4 59.067 A

Lf-M 3 58.833 A

Lf-P 3 58.833 A

Lf-B 4 54.333 A

Lf-S 3 38.00 B

Means with the same letter are not significantly different from each other
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Fig. 2. a. PCR amplification of fungal isolates using specific primers designed by Romaine et al. (2002) did not
generate the expected fragment, indicating that, none of the tested isolates belonged to Lecanicillium f. var. aleophilum,
b. Phylogenetic tree for the isolates and related species of Simplicillium lamellicola and L. fungicola var. fungicola
drawn from the Maximum likelihood analyses of the partial sequences of ITS region performed in MEGA 4.1.
Verticillium dahliae was used as outgroup. The numbers indicate GenBank accessions for each taxon.

Fig. 3. Electrophoretic profile of DNA extraction from mushroom infected tissue: a. Integrity of DNA and
reproducibility of the results by the isolation method described by the authors for PCR amplification using primers Lec-
F and Lec-R, b. From the tissue in necrotic spots on the early (Mix1), c. Late (Mix2) stages of disease development.

- Selective primers for identification of Lecanicillium

fungicola

In contrast to our expectation, none of the

designed primer sets, either theoretically or those tested

practically, were able to specifically amplify the

estimated fragment. This was the case for primers Lec-F

and Lec-R by producing an expected ~100 bp

amplification product for Lecanicillium fungicola, but

fragments of the same size were also produced by DNAs

isolated from Agaricus bisporus and Mycogone

perniciosa, and some other ascomycetous fungi tested.

However, we found that, this primer set was also able to

amplify two specific ~ 650 and ~800 bp fragments for

L. fungicola. Reproducibility of the results was approved

by running several independent tests by consistently

producing the same amplicons using L. fungicola

isolates. The optimal annealing temperature was

determined at 50.5 °C by gradient search. Competency of

the primers was also approved by consistent detection of

L. fungicola after expanding the range of tests to some

other Ascomycetes, Zygomycetes and Oomycetes. PCR

amplification involving primers Lec-F and Lec-R readily

detected the presence of expected amplicons from

necrotic lesions at both early and late stages of disease

development on fruit bodies. In contrast to the banding

patterns of healthy mushrooms, the 550 bp diagnostic

amplicon for A. bisporus was not generated with

amplifications from infected tissue (Fig. 4 a,b). In

conclusion, L. fungicola can be readily detected by

primers Lec-F and Lec-R in any stages of the disease

development from infected fruit bodies of the button

mushroom.
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Discussion

Fungal species belonging to the genus

Simplicillium and Lecanicillium are a major part of the

species traditionally classified in Verticillium sensu lato.

They have similar morphological characteristics and this

remarkable resemblance may have so far resulted in

frequent misidentifications. However, using a

combination of morphological characteristics and

phylogenetic traits, these fungi can be clearly

distinguished from related fungal genera (Sung et al.

2007, Kouvelis et al. 2008). In this study, different

physiological and morphological characteristics of the

so-called Lf-S isolate (S. lamellicola) from other isolates

encouraged us to evaluate the molecular traits.

Simplicillium lamellicola is a soil inhabitant species as

well as a well-known mycopathogen causing gill mildew

and brown spots on A. bisporus (Zare & Gams 2001), an

entomopathogen (Fernandes & Bittencourt 2008), a

parasite of cysts and eggs of nematodes (Gams 1988) and

possess both antibacterial and antifungal activities (Le

Dang et al. 2014). We isolated S. lamellicola from

mushroom infected tissue showing brown spot symptoms

which were intermingling with other infected ones

showing dry bubble disease symptoms. Interestingly, the

related casing soil was from a southwestern warm region

of the country (Fars province). According to the

literature, this is the first report of S. lamellicola from

Iran. Usually DNA template quality greatly affects the

reliability and reproducibility of amplification-based

DNA fingerprinting of micro-organisms (Honore-

Bouakline et al. 2003). Comparisons of two sample

preparation methods, i.e., fresh and semi-dried

mushroom tissue following the same extraction steps,

confirmed the impact of the technique on the

reproducibility of the DNA extraction method from

healthy and infected mushroom tissues. In recent years,

small-scale production of button mushroom is being

developed and has become a good source of income for

the household economies in the country. However, the

threat of diseases, especially bubbles, is of the main

concerns of the producers and is considered a high risk

for investment. Molecular biological tools can be used to

screen a large number of samples from different regions

as a convincing way to understand the extent, frequency,

and development of diseases, and subsequently to

manage the disease using documentary data. However,

the main challenge is to find a specific region for

distinguishing the target pathogen among a large number

of closely related fungi. Although the rDNA region is an

attractive target for PCR-based detection methods, the

fact that variability in this region is not very high

between different fungi, should not be ignored (Geisen

2007). It seems, all the attempts for designing specific

primers from the rDNA region for detection of

L. fungicola have so far remained inconclusive

(Largeteau et al. 2007, Piasecka 2010). Our results with

other reports consistently support the idea that, the

rDNA, as a conserved region in ascomycetes (White

et al. 1990, Bruns et al. 1991, Richard et al. 2008), could

be such a challenging target for designing selective

primers for L. fungicola.

Our primers (Lec-F and Lec-R) which

unexpectedly were able to amplify two specific

fragments, offer a specific and rapid alternative for

culture-based detection and identification of L. fungicola

that requires prolonged incubation time on selective

media (Rinker et al. 1993, Piasecka et al. 2011). We tried

to find an explanation for the loss of the expected 550 bp

amplicon in the banding pattern of diseased sporophores.

It has been well-documented that, A. bisporus responds

to L. fungicola invasion by the production of

extracellular phenol oxidases, peroxidases, and

antibiotics (Score et al. 1997, Savoie et al. 2004,

Largeteau et al. 2006). Therefore, the disappearance of

the 550 bp amplicon could be further attributed to

induction of apoptotic DNA damage and necrotic cell

death, a response of Agaricus similar to the

hypersensitive reaction in plants in which cells in

infected tissue die to deprive the pathogens of a supply of

food and confine them to initial infection point

(Greenberg et al. 1994, Berendsen et al. 2010,

Foulongne-Oriol et al. 2012). In conclusion, using both
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the PCR banding patterns and typical symptoms of

bubble-infected mushrooms, the primers could be used

for rapid and early detection of both M. perniciosa and

L. fungicola in mushroom infected tissue. Moreover, the

PCR test can also be used for reliable estimation of the

true incidence rates by screening a large number of

samples on individual farms or a region to create

effective data-dependent disease management programs.
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Fig. 4. Electrophoretic profile of PCR products: a. Specificity of primers Lec-F and Lec-R for identification of
Lecanicillium fungicola by amplification of two ~ 650 and 800 bp fragments. Lane 1, 100 bp molecular marker; Lane 2,
L. fungicola var. fungicola; lane 3, Simplicillium lamellicola; Lane 4, Agaricus bisporus; lane 5, Mycogone perniciosa;
Lane 6, Penicillium sp.; Lane 7, Aspergillus sp.; Lane 8, Trichoderma sp.; lane 9, Oomycete; Lane 10, Mucor sp.; Lane
11, Acremonium sp.; Lane 12, Negative control, b. Detection of L. fungicola on diseased fruit bodies. DNAs for PCR
amplifications with primers Lec-F and Lec-R were extracted from the tissue of healthy fruit bodies and necrotic spots in
the early and late stages of the disease development. Lanes indicate: M, 100 bp molecular marker; Lec, L. fungicola
DNA control; Ag, A. bisporus DNA control; Mix1, DNA extracted from necrotic spots on early and Mix2, late stage of
disease development. In contrast to Ag DNA control, the expected amplicon was not observed in 550 bp regions of both
DNAs from Mix1 and Mix2 which could be attributed to the DNA damage-induced cell death response. Note the
1100bp band resolution from control Ag, which produced by both Ag and Lec, and compare it with the resolutions from
Mix samples.

References

Berendsen, R.L., Baars, J.J., Kalkhove, S.I., Lugones,

L.G., Wösten, H.A. & Bakker, P.A. 2010.

Lecanicillium fungicola: causal agent of dry

bubble disease in white‐button mushroom.

Molecular Plant Pathology 11: 585-595.

https://doi.org/10.1111/j.1364-703.2010.00627.x.

Beyer, D.M., Wuest, P.J. & Kremser, J.J. 2005.

Verticillium Dry Bubble Fact Sheet

http://www.ppath.cas.psu.edu/MushGrowInfo/Ver

ticillium%20Dry%20Bubble.htm.

Brady, B.L.K. & Gibson, I.A.S. 1976. Mycogone

perniciosa. CMI Descriptions of Pathogenic

Fungi and Bacteria. No. 499. Commonwealth

Agricultural Bureaux, London.

Bruns, T.D., White, T.J. & Taylor, J.W. 1991. Fungal

molecular systematics. Annual Review of Ecology

and Systematics 22: 525–564.

Bollen, G.J. & Van Zaayen, A. 1975. Resistance to

benzimidazole fungicides in pathogenic strains of

Verticillium fungicola. Netherlands Journal of

Plant Pathology 81: 157–167.

Bonnen, A.M. & Hopkins, C. 1997. Fungicide resistance

and population variation in Verticillium fungicola,

a pathogen of the button mushroom, Agaricus

bisporus. Mycological Research 101: 89–96.

Collopy, P.D., Largeteau-Mamoun, M.L., Romaine, C.P.

& Royse, D.J. 2001. Molecular phylogenetic

analyses of Verticillium fungicola and related

species causing dry bubble disease of the



ROSTANIH
A

Rokni et al. / Molecular detection of Lecanicillium fungicola …/ Rostaniha 21(2), 2020 215

cultivated button mushroom, Agaricus

bisporus. Phytopathology 91: 905–912.

https://doi.org/10.1094/PHYTO.2001.91.9.905.

Doyle, J.J. & Doyle, J.L. 1990. Isolation of DNA from

small amounts of plant tissues. Focus 12: 13–15.

Fernandes, É.K.K. & Bittencourt, V.R.E.P. 2008.

Entomopathogenic fungi against South American

tick species. Diseases of Mites and Ticks 46: 71–

93. https://doi.org/10.1016/j.vetpar.2007.03.030.

Fletcher, J.T. & Gaze, R.H. 2007. Mushroom pest and

disease control: a color handbook. Boca Raton:

CRC Press.

Fletcher, J.T. & Yarham, D.J. 1976. The incidence of

benomyl tolerance in Verticillium fungicola,

Mycogone perniciosa and Hypomyces rosellus in

mushroom crops. Annual Applied Biology 84:

343–353.

Foulongne-Oriol, M., Rodier, A. & Savoie, J.M. 2012.

Relationship between yield components and

partial resistance to Lecanicillium fungicola in the

button mushroom, Agaricus bisporus, assessed by

quantitative trait locus mapping. Applied

Environmental Microbiololgy 78: 2435–2442.

http://dx.doi.org/10.1128/AEM.07554-11.

Gams, W. 1988. A contribution to the knowledge of

nematophagous species of Verticillium.

Netherlands Journal of Plant Pathology 94:

123–148.

Gams, W. & Van Zaayen, A. 1982. Contribution to the

taxonomy and pathogenicity of fungicolous

Verticillium species. I. Taxonomy. Netherlands

Journal of Plant Pathology 88: 57–78.

Gams, W. 1995. How natural should anamorph genera

be? Canadian Journal of Botany 73: 747–753.

Gea, F.J., Navarro, M.J. & Tello, J.C. 2005. Reduced

sensitivity of the mushroom pathogen Verticillium

fungicola to prochloraz-manganese in vitro.

Mycological Research 109: 741–745.

https://doi.org/10.1017/S095375620500242X.

Greenberg, J.T., Guo, A., Klessig, D.F. & Ausubel, F.M.

1994. Programmed cell death in plants:

a pathogen-triggered response activated

coordinately with multiple defense functions. Cell

77: 551–563.

Hibbett, D.S. 1992. Ribosomal RNA and fungal

systematics. Transactions of the Mycological

Society of Japan 33: 533–556.

Honore-Bouakline, S., Vincensini, J.P., Giacuzzo, V.,

Lagrange, P.H. & Herrmann, J.L. 2003. Rapid

diagnosis of extrapulmonary tuberculosis by PCR:

impact of sample preparation and DNA

extraction. Journal of Clinical Microbiology 41:

2323–2329. doi: 10.1128/JCM.41.6.2323-2329.2003.

Johannesson, H. & Stenlid, J. 2003 Molecular markers

reveal genetic isolation and phylogeography of the

S and F intersterility groups of the wood-decay

fungus Heterobasidion annosum. Molecular

Phylogenetic and Evolution 29: 94–101.

https://doi.org/10.1016/S1055-7903(03)00087-3.

Kiffer, E., 2011. The Deuteromycetes-Mitosporic Fungi:

Classification and Generic Keys. CRC Press.

Kouvelis, V.N., Sialakouma, A. & Typas, M.A. 2008.

Mitochondrial gene sequences alone or combined

with ITS region sequences provide firm molecular

criteria for the classification of Lecanicillium

species. Mycological Research 112: 829–844.

https://doi.org/10.1016/j.mycres.2008.01.016.

Largeteau, M.L., Baars, J.P., Regnault-Roger, C. &

Savoie, J.M. 2006. Molecular and physiological

diversity among Verticillium fungicola var.

fungicola. Mycological Research 110: 431–440.

https://doi.org/10.1016/j.mycres.2005.11.016.

Largeteau, M.L., Regnault-Roger, C. & Savoie, J.M.

2007. Verticillium disease of Agaricus bisporus:

variations in host contribution to total fungal

DNA in relation to symptom heterogeneity.

Eurpean Journal of Plant Pathology 118: 155–164.

http://dx.doi.org/10.1007/s10658-007-9125-9.



ROSTANIH
A

216 Rokni et al. / Molecular detection of Lecanicillium fungicola …/ Rostaniha 21(2), 2020

Le Dang, Q., Shin, T.S., Park, M.S., Choi, Y.H., Choi,

G.J., Jang, K.S., Kim, I.S. & Kim, J.C. 2014.

Antimicrobial activities of novel mannosyl

lipids isolated from the biocontrol fungus

Simplicillium lamellicola BCP against

phytopathogenic bacteria. Journal of Agriculture

and Food Chemistry 62: 3363–3370.

https://doi.org/10.1021/jf500361e.

Mehrparvar, M., Mohammadi Goltapeh, E. & Safaei N.

2013. Resistance of Iranian Lecanicillium

fungicola to Benzimidazole and Ergosterol

Demethylation Inhibiting Fungicides. Journal of

Agricultural Science and Technology 15:

389–396.

Nazar, R.N., Hu, X., Schmidt, J., Culham, D. & Robb, J.

1991. Potential use of PCR-amplified ribosomal

intergenic sequences in the detection and

differentiation of Verticillium wilt pathogens.

Physiological and Molecular Plant Pathology39: 1–11.

Nonaka, K., Kaifuchi, S., Ōmura, S. & Masuma, R. 2013.

Five new Simplicillium species (Cordycipitaceae)

from soils in Tokyo, Japan. Mycoscience 54:

42–53. https://doi.org/10.1016/j.myc.2012.07.002.

Piasecka, J. 2010. Molecular and microbiological

methods for the detection and measurement of dry

bubble disease caused by Lecanicillium

(Verticillium) fungicola on mushroom farms.

Dissertation, National University of Ireland.

Piasecka, J., Kavanagh, K. & Grogan, H. 2011. Detection

of sources of Lecanicillium (Verticillium)

fungicola on mushroom farms. Pp. 479–484. In:

Proceedings of the 7th International Conference

on Mushroom Biology and Mushroom Products.

Richard, G.F., Kerrest, A. & Dujon, B. 2008.

Comparative genomics and molecular dynamics

of DNA repeats in eukaryotes. Microbiology and

Molecular Biology Reviews 72: 686–727.

doi: http://10.1128/MMBR.00011-08.

Rinker, D.L., Bussmann, S. & Aim, G. 1993. A selective

medium for Verticillium fungicola. Canadian

Journal of Plant Pathology 15: 123–124.

Rokni, N., Dabagh, G.Z., Goltapeh, E.M. & Safaie, N.

2016. Competencies of Lecanicillium fungicola in

the face of Agaricus bisporus (white button

mushroom). Merit Research Journal of

Agricultural Science and Soil Sciences 4:

106–112.

Romaine, C.P., Schlagnhaufer, B. & Stone, M.A. 2002.

Polymerase chain reaction-based test for

Verticillium fungicola causing dry bubble disease

on the cultivated mushroom, Agaricus bisporus.

Applied Microbiology and Biotechnology 59(6):

695–699.

Safaie, N., Alizadeh, A., Saiedi, A., Adam, G. &

Rahimian, H. 2005. Molecular characterization

and genetic diversity among Iranian populations

of Fusarium graminearum, the causal agent of

wheat headblight. Iranian Journal of Plant

Pathology 41: 171–189.

Savoie, J.M., Largeteau, M.L. 2004. Hydrogen peroxide

concentrations detected in Agaricus bisporus

sporocarps and relation with their susceptibility

to the pathogen Verticillium fungicola.

FEMS Microbiology Letters 237: 311–315.

https://doi.org/10.1111/j.1574-6968.2004.tb09712.x.

Score, A.J., Palfreyman, J.W. & White, N.A. 1997.

Extracellular phenoloxidase and peroxidase

enzyme production during interspecific fungal

interactions. International Biodeterioration &

Biodegradation 39: 225–233.

Sung, G.H., Hywel-Jones, N.L., Sung, J.M., Luangsa-

ard, J.J., Shrestha, B. & Spatafora, J.W. 2007.

Phylogenetic classification of Cordyceps and the

clavicipitaceous fungi. Studies in Mycology 57:

5–59. https://doi.org/10.3114/sim.2007.57.01.

Tamura, K., Dudley, J., Nei, M. & Kumar, S. 2007.

MEGA4: molecular evolutionary genetics analysis

(MEGA) software version 4.0. Molecular

Biology and Evolution 24: 596–1599.

https://doi.org/10.1093/molbev/msm092.



ROSTANIH
A

Rokni et al. / Molecular detection of Lecanicillium fungicola …/ Rostaniha 21(2), 2020 217

Ware, W.M. 1933. A disease of cultivated mushrooms

caused by Verticillium malthousei sp. nov. Annals

of Botany 47: 763–785.

White, T.J., Bruns, T., Lee, S.J. & Taylor, J.L. 1990.

Amplification and direct sequencing of fungal

ribosomal RNA genes for phylogenetics. Pp. 315–

322. In: Innis, M.A., Gelfand, D.H., Sninsky, J.J.,

White, T.J. (eds). PCR Protocols. A Guide to Methods

and Applications. Academic Press, Inc., San Diego.

Wuest, P.J. & Forer, L.B. 1975. Temperature, time, and

the influence of volatiles on phialospore

germination in Verticillium malthousei Ware.

Mycopathologia 55: 9–12.

Zare, R. & Gams, W. 2001. A revision of Verticillium

section Prostrata. IV. The genera Lecanicillium

and Simplicillium gen. nov. Nova Hedwigia 73:

1–50.

Zare, R. & Gams, W. 2008. A revision of the

Verticillium fungicola species complex and

its affinity with the genus Lecanicillium.

Mycological Research 112: 811–824.

https://doi.org/10.1016/j.mycres.2008.01.019.

Zare, R. & Khabbaz-Jolfaei, H. 2005. Fungi isolated

from Agaricus bisporus in Tehran Province, with

special reference to Verticillium fungicola.

Rostaniha 6: 17–29.

Zijlstra, C., de Weerdt, M., Baar, J. & Baars, J. 2008. A

TaqMan PCR test for timely detection of the causal

agents of dry bubble disease. In: 17th Congress of

the International Society for Mushroom Science,

Cape Town, South Africa, p. 56.


