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Abstract Efficient RNA isolation is a prerequisite for

gene expression studies and it has an increasingly impor-

tant role in the study of plant–fungal pathogen interactions.

However, RNA isolation is difficult in filamentous fungi.

These organisms are notorious for their rigid cell walls and

the presence of high levels of carbohydrates, excreted from

the fungal cells during submerged growth, which interferes

with the extraction procedures. Although many commercial

kits are already available for RNA isolation, they do not

provide, in most cases, enough amount of pure RNA to be

used in upstream applications. In the present work, we

propose an easy and efficient protocol for isolating total

RNA from the filamentous fungus Mycosphaerella fijien-

sis, the most important foliar pathogen of Musa spp.

varieties worldwide. In addition, we applied the proposed

protocol to the isolation of total RNA from banana leaves

infected with the pathogen. Our methodology was devel-

oped based on the SDS method with modifications

including a carbohydrate precipitation step. The protocol

resulted in high-quality total RNA, from fungal mycelium

grown in PDB medium and infected banana leaves, suitable

for further molecular studies. The proposed methodology is

also applicable to the ascomycete fungus Passalora fulva

(syn. Cladosporum fulvum).
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Introduction

Isolation of large amounts of intact RNA is critical for a

number of molecular genetic analyses such as cDNA pro-

duction and reverse transcriptase driven analysis.

Mycosphaerella fijiensis Morelet (anamorph: Pseudo-

cercospora fijiensis) is the causal agent of the most

destructive foliar disease of bananas and plantains world-

wide [1], well known as the black leaf streak disease

(BLSD) or Black Sigatoka disease. In order to study the

interaction among Mycosphaerella fijiensis and different

Musa spp. cultivars, we are particularly interested in the

construction of cDNA libraries to screen differentially

expressed fungal genes. The success of this approach

extensively depends on having a good representation of

M. fijiensis mRNA molecules from liquid cultures as well

as from infected banana leaves. For this purpose, high-

quality total RNA is needed. However, RNA preparation,

particularly in filamentous fungi, often requires labor-

intensive practices.

Filamentous fungi are notorious for their rigid cell walls.

In addition, the presence of high levels of carbohydrates

excreted from the fungal cells during submerged growth
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interferes with the extraction procedures [2]. Carbohy-

drates not only affect the total RNA isolating process

coprecipitating with it, but also, and even more dramati-

cally, the recovery of the poly A+ mRNA fraction by

blocking matrices used during this step. Although many

commercial kits for isolating RNA from diverse sources

including fungi are already available, the obtained results

do not provide, in most cases, enough amount of pure RNA

to be used in upstream applications. Furthermore, such

systems are not improved for working with carbohydrate-

rich starting material.

Only one protocol for RNA isolation specific for M.

fijiensis has been reported [3], which does not consider

carbohydrate removal a crucial issue. Instead, this protocol

focused on obtaining RNA preparations free of melanins,

phenolic compounds naturally produced by many fungi. In

that research, authors report a hybrid methodology of

commercially available methods.

Here, we present a simple protocol for total RNA

extraction from M. fijiensis mycelium grown in potato

dextrose broth (PDB) medium and infected banana leaves.

Some progresses in isolating RNA from plant tissues rich

in polysaccharide compounds, like fruit flesh preparations

[4], were extrapolated to improve carbohydrate removal

from fungal samples. Cleaning steps [5], which are usually

not employed in commonly reported protocols, were car-

ried out to minimize interferences during further RNA

manipulation and for the removal of phenolic compounds

such as melanins. The method produces the required

amounts of high-quality total RNA to be used in mRNA

purification and reverse transcription-polymerase chain

reaction (RT-PCR).

Materials and Methods

Fungal Material

M. fijiensis strain CCIBP-Pf-83, belonging to the fungal

collection of the IBP, was grown in erlenmeyer flasks

containing 50 ml of PDB medium (Difco, Germany)

incubated on a rotary shaker (150 rpm) for 2–3 weeks at

28�C (Fig. 1a). Part of the cultured mycelium was washed

twice with distilled water, collected, and immediately

lyophilized. The remaining fresh mycelium was directly

used for RNA isolation and inoculum preparation by

mixing it for 1 min in an Ultra Turrax T25 homogenizer

(Rose Scientific Ltd., Canada). The concentration of

mycelium fragment suspension was determined by obser-

vation under optic microscope (Leitz Wetzlar, Germany) in

a Bürker hemocytometer (Brand, Wertheim, Germany).

Passalora fulva (syn. Cladosporium fulvum) strain

seven isolated from the tomato (Solanum esculentum) HA-

3105 hybrid was grown in B5 liquid medium on a rotary

shaker at 22�C. After 7 days, the mycelium was harvested

and lyophilized.

Fig. 1 Starting material for

total RNA extractions (a):

Mycosphaerella fijiensis 15-

day-old liquid culture (b):

M. fijiensis infected ‘Grande

naine’ leaf at stage three of

disease progression. The square

indicates the area (surrounding a

lesion) used for total RNA

preparation. Ethidium bromide-

stained agarose 1% gel

electrophoresis (c): total RNA

preparations from an infected

plant [1] and fungal [2]

material. (d): RT-PCR results

using the M. fijiensis
cytochrome b specific primer on

total RNA preparations from a

non-infected [1] and infected [2]

‘Grande naine’ leaf and fungal

liquid culture [3]. Molecular

weight marker: GeneRulerTM

100 bp plus DNA ladder,

(Fermentas Life Sciences,

Lithuania) [4]
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Plant Material

The susceptible banana cultivar ‘Grande naine’ (AAA) was

propagated in vitro according to the methodology used at

INIBAP (International Network for the Improvement of

Banana and Plantain) Transit Centre at Katholieke Uni-

versiteit Leuven [6]. Rooted plantlets were transferred to

greenhouse conditions for 2–3 months on an appropriate

substrate (organic matter 20%, CEC 60 mS/m, pH 5.5–6.5).

Fungal Inoculation Procedure

‘Grande naine’ banana plants with a height of approximately

20 cm and four active leaves were infected as described by

Alvarado et al. [7]. The first three open leaves were used for

the inoculation by brushing the abaxial surface of each leaf

with a 1 9 105 cfu/ml M. fijiensis mycelium suspension.

Banana leaves used for total RNA extraction were collected

at different stages of the disease progression according to the

scale proposed by Alvarado et al. [7] as shown in Fig. 1b.

Infected tissues were frozen in liquid nitrogen and main-

tained at -80�C until used for RNA preparations.

Solutions and Reagents

The tubes and bottles were treated with 0.1% diethyl pyro-

carbonate (DEPC) solution at 37�C overnight, autoclaved

twice at 121�C for 20 min, and dried at 100�C before use.

• Extraction buffer: 0.6 M NaCl, 10 mM EDTA,

100 mM Tris–HCl pH 8.0, 4% SDS (the solution was

treated first with 0.1% DEPC and Tris–HCl was added

after autoclaving was completed). b-mercaptoethanol

was then added to the extraction buffer when used at a

final concentration of 2% (v/v).

• Clean-up buffer: 100 mM Tris–HCl pH 8.0, 0.35 M

sorbitol, 10% (w/v) PEG 6000, 2% (v/v) b-mercapto-

ethanol

• 10 M LiCl with 0.1% DEPC

• 5 M K acetate, pH 4.8

• DEPC-treated water

• Absolute ethanol

• 75% (v/v) ethanol

• DEPC water-saturated phenol

• Chloroform

• Chloroform–isoamyl alcohol (24:1, v/v)

• 0.5% SDS (w/v) with 0.1% DEPC

Total RNA Extraction Protocols

One gram of either lyophilized mycelium or frozen

‘Grande naine’ infected tissue (Fig. 1a, b) was placed in a

clean cold mortar, and liquid nitrogen was added to keep

the material frozen and brittle. The material was then

ground to a very fine powder with a pestle and later it was

transferred to a 50 ml polypropylene centrifuge tube con-

taining 20 ml of clean-up buffer. The samples were

vortexed for 30 s and centrifuged at 8,000g for 10 min at

4�C. During the centrifugation step, a volume of extraction

buffer (at a ratio of 10 ml per gram of starting material

with 2% of b-mercaptoethanol) was preheated at 65�C. The

supernatant and the floating cell debris were decanted

carefully and the extraction buffer was then added. The

pellet was resuspended by vortexing during 30 s and the

tube treated in a water bath at 65�C for 10 min with

occasional shaking to mix the content. Afterwards, the tube

was cooled to room temperature, and 1 ml of 5 M K ace-

tate, 3 ml of cold absolute ethanol, 10 ml of phenol, and

2 ml of chloroform were added sequentially and well

mixed after each addition. The tube was shaken vigorously

to form an emulsion and incubated 30 min on ice and

centrifuged at 12,000g for 30 min at 4�C. The supernatant

was transferred to a new tube, and extracted with chloro-

form–isoamyl alcohol (24:1, v/v) with gentle shaking for

about 10 min and centrifuged at 12,000g for 10 min at 4�C.

This step was repeated once more, and the supernatant was

transferred to another new tube containing 1/4 volume of

10 M LiCl. The content was mixed thoroughly and stored

at 4�C overnight, and RNA was obtained by centrifugation

at 12,000g for 30 min at 4�C. The RNA pellet was dis-

solved very gently in 500 ll of 0.5% SDS, extracted with

chloroform–isoamyl alcohol (24:1, v/v) and then centri-

fuged at 12,000g for 10 min at 4�C. The supernatant was

again transferred to a 1.5 ml tube, and 2.5-fold volumes of

absolute ethanol was added and mixed thoroughly for

precipitating the total RNA for 2 h at -20�C. Subsequently

the RNA was pelleted at 12,000g for 30 min at 4�C,

washed in 75% ethanol twice, dried in a vacuum, re-dis-

solved in 100 ll DEPC-treated water, and stored at -80�C

for further use.

We also used the RNA extraction protocol for M. fiji-

ensis reported by Islas-Flores et al. [3] starting from

250 mg fresh mycelium. To allow direct comparison with

our method, the protocol was also applied on 50 mg

lyophilized mycelium (a weight ratio of fresh to dry fungal

mycelium of 5 to 1 [8] to was taken into consideration).

In parallel, total RNA preparations were obtained from

100 mg of lyophilized mycelium and frozen ‘Grande na-

ine’ non-infected tissue, by using the RNeasy� Plant Mini

Kit (QIAGEN, Germany) according to the manufacturer’s

instructions.

The quantity and quality of the isolated total RNA were

measured spectrophotometrically (Eppendorf BioPhotom-

eter, Germany) and 5 ll run on 1.0% agarose gel with 19

TBE (45 mM Tris base, 45 mM boric acid, 1 mM EDTA

pH 8.0), followed by staining with ethidium bromide.
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Purification of Poly A+ RNA from Mycelium-Collected

Total RNA and cDNA First-Strand Synthesis

Isolation of the poly A+ RNA fraction was conducted using

the Oligotex� mRNA Spin-Column Protocol (QIAGEN,

Germany). Only total RNA preparations obtained by the

protocol proposed here were loaded in the mRNA isolation

columns. Subsequently, 2 lg of mRNA was used for the

first-strand cDNA synthesis with reagents supplied in the

Clontech PCR-SelectTM cDNA Subtraction Kit (BD Bio-

sciences, USA) as appropriate.

M. fijiensis Genomic DNA Extraction

Genomic DNA from M. fijiensis strain CCIBP-Pf-83 was

obtained from 100 mg of lyophilized mycelium using the

DNeasy� Plant Mini Kit (QIAGEN, Germany) protocol

according to the manufacturer’s instructions. The quantity

and quality of the DNA were measured spectrophotomet-

rically (Eppendorf BioPhotometer, Germany). To check

DNA integrity, 2 ll of the DNA preparation was then run

on 0.8% agarose gel with 19 TBE, followed by staining

with ethidium bromide.

RT-PCR and PCR Analysis

RT-PCR reactions were performed using specific primers

to amplify M. fijiensis cytochrome b gene (based on

AF343069 GenBank accession number), which were

designed in a way to know whether the obtained product

results from the amplification of genomic or cDNA

sequence. Primers used in the reactions were: Mycos fiji

cytb forward primer (50-CCTTATGGTC AAATGTCTTT

ATGAGC-30) and Mycos fiji cytb reverse primer (50-
TTACCTGAACCTGCACTATCGTG-30).

Access RT-PCR System (Promega, USA) was used

according to the manufacturer’s protocol starting from

1.5 ll of total RNA obtained by our protocol applied to

M. fijiensis liquid cultures and infected and non-infected

‘Grande naine’ banana plants. These primers were also

used for PCR amplifications over 20 ng of genomic DNA

and 2 ll of total RNA preparations as starting template for

assessing DNA contamination. The PCR reaction was

conducted using 0.5 lM of primers, 200 lM dNTPs,

1.5 mM MgCl2, and 1 U of Taq DNA polymerase (Fer-

mentas Life Sciences, Lithuania) under the following

conditions: Initial denaturation for 2 min at 94�C, 35

cycles of 45 s at 94�C, 45 s at 55�C, and 1 min at 72�C,

with a final extension of 7 min at 72�C.

In all cases, before RT-PCR reactions, the RNA was

subjected to a rigorous DNAse treatment using the TURBO

DNAfree TM Kit (Ambion, UK) as appropriate.

Results and Discussion

Total RNA Extraction from Mycosphaerella fijiensis

Mycelium

Total RNA was extracted from M. fijiensis mycelium using

the protocol described in this paper. RNA was also pre-

pared using the RNeasy� Plant Mini Kit (QIAGEN,

Germany) since this kit is recommended by the manufac-

turer for RNA purification from plants and filamentous

fungi [8]. We also included the RNA extraction protocol

for M. fijiensis reported by Islas-Flores et al. [3]. In the first

instance, M. fijiensis fresh samples were processed as

described in the protocol [3]. To allow a direct comparison

of the RNA yield obtained, the Islas-Flores et al. [3] pro-

tocol was also applied on lyophilized M. fijiensis

mycelium. In this case, a weight ratio of fresh to dry fungal

mycelium of 1:5 [8] was taken into consideration.

The mean yield of total RNA was 110.6 lg/g of

lyophilized mycelium in samples processed by our proto-

col. When using the Islas-Flores et al. [3] protocol on fresh

samples, we obtained an average RNA yield of 40.70 ug/g

mycelium fresh weight, which is in the same range as the

values reported [3]. Both isolation methods gave similar

yields when applied on lyophilized mycelium. In contrast,

a less substantial yield (25.3 lg/g of lyophilized mycelium)

was obtained when the commercial kit was applied

(Table 1).

In samples processed with our protocol, the A260/A230

ratios were always above 1.9, while the ratios obtained by

the two other protocols were always substantially lower

(Table 1). A high A260/A230 ratio suggests little contami-

nation of polyphenols and polysaccharides [9]. These

values show that the present protocol efficiently removes

carbohydrates from fungal samples. The presence of sugar

residuals in the RNA preparations drastically affects the

efficiency of the mRNA isolation procedure. Carbohy-

drates in the sample may establish hydrophobic

interactions with the matrix carrying the oligo dT groups

needed for poly A+ RNA attachment, which block this

process. Initially, we faced these kinds of problems when

working with samples with lower A260/A230 ratios such as

those obtained by the RNeasy� Plant Mini Kit (QIAGEN,

Germany) protocol (Table 1).

The A260/A230 ratio is also useful as a control for mel-

anin contamination since Dörrie et al. [10] showed that

melanin absorbs UV-light over the whole spectrum from

200 to 400 nm. Although the protocol reported by Islas-

Flores et al. [3] is recommended for the removal of mel-

anins, these authors did not report the corresponding A260/

A230 ratios. Usually, the presence of melanins in RNA

preparations are inferred visually; the clearer the sample

the lower the contamination. In our case all the samples
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processed by the protocol detailed here appeared trans-

parent after the last step.

In our protocol, the A260/A280 ratios ranged from 1.79 to

2.02 indicating that there was little contamination by pro-

teins (Table 1).

Electrophoresis on agarose gel showed distinct and very

clear 25S and 17S bands, which confirm the quality of the

total RNA obtained by our protocol (Fig. 1c, line 2). The

extracted RNA and mRNA were used for further expres-

sion analysis by RT-PCR. According to the experiment

setup, a 1.2 kb fragment indicates the presence of genomic

DNA in the total RNA preparation, while a fragment of

224 bp, as observed in our assay, indicates no contamina-

tion with DNA (Fig. 1d, line 3). To support this result, and

to be sure that the absence of a 1.2 kb product in this

reaction was actually due to the absence of genomic DNA

more than its presence in low concentrations, total RNA

was directly used in excess in a PCR experiment. The

reaction yielded no products (data not shown). M. fijiensis

genomic DNA was used as a positive control of the PCR

reaction giving a sharp product of 1.2 kb (data not shown).

A key problem in isolating nucleic acids from some

fungal materials is that they generate very viscous lysates

and large amounts of precipitates in early stages of the

isolation procedure. As a result, only low amounts of the

clear lysate are recovered. Even after centrifugation,

considerable quantities of lysis buffer remain trapped in

the interstitial space of the amorphous material formed.

To diminish such adverse effects, in all our preparations

we settled for 10 ml of extraction buffer per gram of

lyophilized material ratio. Previous attempts using a

CTAB-based extraction buffer [11] or the one that is

reported here, but without the step where the clean-up

buffer is added, resulted in the failure of the extraction

procedure. Similar results are reported by Islas-Flores

et al. [3].

Total RNA Extraction from Infected Banana

(‘Grande naine’) Leaves

Although CTAB-based extraction protocols are not suitable

to extract RNA from filamentous fungi, these protocols are

Table 1 Yield and quality evaluation of RNA obtained from Mycosphaerella fijiensis and Passalora fulva mycelium and M. fijiensis infected

banana leaves using different extraction protocols

Fungal species RNA isolation protocol

(starting material)

Concentration

(lg/ll)

Absorbance ratios Yield (lg/g SM)a

OD 260/280 OD 260/230

M. fijiensis Own protocol (lyophilized

mycelium from liquid

culture)

0.90 1.79 1.92 90.00

1.50 1.99 2.35 150.00

0.92 2.02 2.33 92.00

Average 1.11 ± 0.30 1.93 ± 0.12 2.2 ± 0.24 110.6 ± 3.40

Islas-Flores et al. [3]

(lyophilized mycelium

from liquid culture)

0.15 1.84 1.67 90.00

0.17 1.80 1.69 102.00

0.15 1.82 1.70 90.00

Average 0.16 ± 0.01 1.82 ± 0.02 1.69 ± 0.02 94.00 ± 6.93

Islas-Flores et al. [3] (fresh

mycelium from liquid

culture)

0.33 1.80 1.79 40.50

0.35 1.79 1.77 42.00

0.33 1.82 1.76 39.70

Average 0.34 ± 0.01 1.80 ± 0.02 1.77 ± 0.02 40.7 ± 1.20

RNeasy� Plant Mini Kit,

Qiagen (lyophilized

mycelium from liquid

culture)

0.02 1.90 1.78 20.00

0.03 1.97 2.00 30.00

0.02 1.89 1.72 26.00

Average 0.03 ± 0.01 1.92 ± 0.04 1.83 ± 0.14 25.3 ± 5.03

Own protocol (fresh

infected banana leaves)

0.46 2.00 2.10 46.00

0.48 1.65 1.98 48.00

0.52 1.65 1.97 52.00

Average 0.49 ± 0.03 1.77 ± 0.20 2.02 ± 0.10 48.67 ± 3.10

P. fulva Own protocol (lyophilized

mycelium from liquid

culture)

6.10 1.99 2.00 610.00

5.87 2.01 2.01 587.00

5.92 2.00 1.99 592.00

Average 5.96 ± 0.12 2.00 ± 0.01 2.00 ± 0.01 596.00 ± 12.00

a The yield is referred to grams of starting material (SM)
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very efficient when applied to plant material such as

banana leaves [5]. Thus, to choose an appropriate protocol

to isolate total RNA from M. fijiensis infected banana

leaves is not trivial, especially since we are particularly

interested in the fungal RNA.

In the present work we applied our methodology on

infected banana leaves to test whether this protocol could

be used to obtain high-quality M. fijiensis total RNA from

this material, which is the most important feature for the

future application of the protocol for molecular studies of

plant–pathogen interactions. As a result, we also obtained

high-quality total RNA preparations. Electrophoresis on

agarose gels analysis showed three distinct bands corre-

sponding to plant 28S, 18S, and 5.8S molecules (Fig. 1c,

line 1) when samples from stage three of the disease

development were used. No fungal rRNA bands were

visible, as we expected and according to the fungal cell

concentration in infected leaves.

The mean yield of total RNA was 48.67 lg/g of infected

leaves in contrast to 110.6 lg/g obtained from fungal

mycelium. A260/A280 and A260/A230 ratios were similar to

those obtained from fungal samples (Table 1).Although the

RNA extraction from leaves was evidently less effective in

terms of yield, we were more interested in finding whether

these total RNA preparations contained enough M. fijiensis

RNA suitable for further molecular studies.

To prove that, we performed an RT-PCR reaction fol-

lowing exactly the same experiment setup to the one

described above for fungal mycelium. RNA samples from

infected leaves corresponding to stages 1–5 of the disease

progression were used. The presence of a DNA fragment of

224 bp (Fig. 1d, line 2) obtained in the samples from

stages 3–5 indicated that plant total RNA preparations from

infected leaves contained M. fijiensis total RNA as well.

However, the amounts of fungal RNA in samples of stages

1 and 2 were not sufficient to get any amplification from

them, which is in accordance with the black Sigatoka

disease progression in banana leaves. In this reaction, a

total RNA preparation from a non-infected ‘Grande naine’

leaves gave no signal (Fig. 1d, line 1).

Concluding Remarks

These results confirm the suitability of SDS-based buffers

to work with M. fijiensis mycelium as well as infected

leaves, and the importance of removing the excess of

carbohydrates present in fungal cultures in early stages of

nucleic acid isolation protocols. The use of the clean-up

buffer allows a reduction in the viscosity of the further

obtained lysate, not only by removing certain substances in

excess, but also by pre-wetting the material. This work

confirms that the CTAB method is not suitable to extract

RNA from M fijiensis.

These findings could have an important impact in

improving the molecular studies intended to study the

M. fijiensis–Musa spp. interactions.

Similar results to those described here were also

obtained for the fungus Passalora fulva (syn. Cladospo-

rium fulvum), considered a model for functional studies on

plant pathogenic Mycosphaerellaceae [12] (Table 1). In

this case, an even greater yield of high-quality total RNA

was obtained compared to the yield obtained for M. fiji-

ensis, which indicates that this protocol may also be

suitable to extract RNA from other fungi. The current

protocol is efficient and recommended for isolation of

good-quality total RNA from filamentous fungi.
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Costa Rica. The international network for the improvement of

banana and plantain (pp. 169–175). Montpellier, France.

Mol Biotechnol

http://dx.doi.org/10.1385/MB:34:1:45
http://dx.doi.org/10.1385/MB:34:1:45
http://dx.doi.org/10.1007/BF02801935
http://dx.doi.org/10.1081/PB-200026790


8. Qiagen (2001). RNeasy� Mini handbook, 3rd ed.

9. Warburg, O., & Christian, W. (1942). Isolation and crystallisation

of enolase. Biochemische Zeitschrift, 310, 384–421.
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