
Introduction

Phoma stem canker is an economically important

disease that causes considerable yield loss in oil-

seed rape (Brassica napus L.) every year world-

wide (Fitt et al. 2006). It is associated with a

complex of fungal pathogens, comprising 2 spe-

cies, Leptosphaeria maculans (Desm.) Ces. et de

Not. and L. biglobosa (Shoemaker and Brun

2001). All parts of the susceptible oilseed rape

host can be colonized by these pathogens, includ-

ing the tap root, stem base, upper stem parts,

leaves, cotyledons, and seeds (Paul and Rawlinson

1992). In Europe, the first disease symptoms on

winter oilseed rape appear in autumn, when coty-

ledons and leaves are inoculated naturally with

airborne ascospores (sexual spores), which germi-

nate to penetrate and cause phoma leaf spot lesions

(West et al. 1999; Toscano-Underwood et al.

2003). Thereafter, mycelia of the pathogens colo-

nise host tissues biotrophically, through

endophytic growth within the petiole, to reach the

stem where stem lesions and damaging basal stem

cankers are produced (Hammond et al. 1985).

In Europe, crop disease control consists mostly

in the use of resistant cultivars, stubble manage-

ment, and fungicide application (Gladders et al.

1998; Li et al. 2003; Rouxel et al. 2003). As asco-

spores and splash-dispersed pycnidiospores (asex-

ual spores) constitute inocula in phoma disease

epidemics, information on timing of airborne

propagule release is an essential tool in the protec-

tion of oilseed rape against Leptosphaeria spp.

(Gladders et al. 1998; West et al. 2002). The effec-

tiveness of chemical control of this disease is de-

pendent on both the timing and dosage of

fungicide application. In Poland, ascospore re-

lease is monitored by the System for Forecasting
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Disease Epidemics (System Prognozowania

Epidemii Chorób = SPEC), which involves a net-

work of 10 volumetric spore samplers (Burkard

Manufacturing, Rickmansworth, UK, and

Lanzoni, Bologna, Italy) located across the clima-

tic regions of the country (Jêdryczka et al. 2008).

The conventional method for evaluation of air-

borne fungal spores that are captured by spore

samplers utilizes staining and light microscopy.

However, as the ascospores (the primary

inoculum) of the 2 species of Leptosphaeria do not

differ in shape or size, discrimination of these spe-

cies is unattainable by visual methods (Shoemaker

and Brun 2001). Molecular biological techniques

based on polymerase chain reaction (PCR) and

species-specific primers for L. maculans and

L. biglobosa have an advantage over visual detec-

tion by microscopy. Moreover, as these pathogens

differ in aggressiveness and sensitivity to fungi-

cides, knowledge of the relative proportions of

DNA of the 2 species from ascospores may serve

as a guide for decisions on the dosage of fungicide

formulation and timing of application.

This study was designed to compare the rela-

tive effectiveness of traditional end-point PCR

and quantitative real-time PCR (qPCR) in evaluat-

ing DNA extracted from samples of captured air-

borne propagules of Leptosphaeria spp.

Materials and methods

Sample collection

Samples of airborne propagules were collected at

the Experimental Station for Variety Testing in

Rarwino (53°55’38.7’’N, 14°50’19.8’’E) near

Kamieñ Pomorski in northwest Poland in 2004

and 2006. Each year, spore collection was done in

autumn, from 1 September until 30 November.

This is the main period of ascospore release by

L. maculans and L. biglobosa, which cause phoma

stem lesion and stem canker epidemics in winter

oilseed rape in Poland. Weather parameters were

measured from July (when oilseed rape was har-

vested) to the end of November.

Ascospore release from oilseed rape stem stub-

ble under natural conditions was monitored using

a Burkard 7-day recording spore sampler (Burkard

Manufacturing Co., Rickmansworth, UK). The

spore sampler was operated in open air by a modi-

fication of methods described by Lacey and West

(2006) after crop harvest in July 2004 and July

2006. It was surrounded by oilseed rape stem stub-

ble. The trap sampled 10 dm3 of air min–1, so that

particles in the air were deposited on a Vase-

line-coated Melinex tape mounted on a rotating

drum (1 revolution per week, turning at 2 mm h–1).

The tape was changed every 7 days and cut into

pieces 48 mm long (each representing 24 h). Each

piece was cut in half lengthwise. One half was

mounted onto a microscope slide, stained with

0.1% (w/v) Trypan Blue in lactophenol and exam-

ined with a light microscope. The numbers of

spores were counted and recorded as daily

ascospore number per m3 of air. The correspond-

ing half-piece of the tape was placed in a 1.5-mL

microfuge tube and stored at –20oC for molecular

biological detection using traditional end-point

PCR and qPCR.

DNA extractions from the tape

One half of each Melinex segment, corresponding

to a 24-h period, was placed in a sterile 2-mL

screw-capped tube with acid-washed glass beads

(0.15 g; particle size 425–600 �m; Sigma, UK)

and extracted with 2% (w/v) CTAB

(hexadecyltrimethyl ammonium bromide =

cetyltriammonium bromide; Sigma, UK) buffer

using a modification of the methods of Graham

et al. (1994). Samples were subjected to two

40-second Fast-Prep (Savant Instruments,

Holbrook, New York, USA) cycles. The extract

was incubated for 30 min at 70oC, centrifuged for

15 min at 16 000 g, and partitioned against an

equal volume of a chloroform:isoamyl alcohol

mixture (24:1) by vortexing. DNA was precipi-

tated by incubation for 1 h at –20oC with absolute

ethanol (2 volumes) and sodium acetate (3 M,

pH 5, 0.1 volume), and next centrifuged (16 000 g,

15 min). The supernatant was discarded and DNA

pellets were washed with ice-cold 70% (v/v) etha-

nol, centrifuged, dried, and dissolved in 100 µL of

1 mM TE (tris-ethylenediamine tetraacetic acid,

pH 7.5; Sigma, UK) buffer.

PCR conditions and DNA visualization

For traditional PCR, a 15-µL reaction contained
1 µL of DNA extract as a template, 7.5 µL of
REDTaq ReadyMix with MgCl2 (Sigma, UK),
0.3 µL each of L. maculans or L. biglobosa spe-
cies-specific forward and reverse primers
(Mahuku et al. 1996), and 5.9 µL of nuclease-free,
sterile water (Sigma, UK) in a 200-µL PCR tube.
PCR amplification was done on a GeneAmp2700
PCR System (Applied Biosystems, USA). Ther-
mal cycling parameters for the detection of
L. maculans were: initial denaturation for 2 min at
95oC followed by 38 cycles of 95oC for 1 min, an-
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nealing for 1 min at 58oC, and elongation for 1 min
at 72oC, with a final extension for 10 min at 72oC.
For the detection of L. biglobosa, the annealing
temperature was adjusted to 55oC instead. PCR
products were visualized (GeneGenius Bio Im-
aging System, Syngene, Cambridge, UK) by stain-
ing with ethidium bromide (0.5 µg mL–1) after
electrophoresis in 1 × TAE (tris-acetic acid-
ethylenediamine tetraacetic acid, pH 8) buffer on
1.5% (w/v) agarose gels (BDH, UK) at 80 V for 45
min. Images were recorded as JPEG files.

For qPCR, a standard 20-µL reaction contained
5 µL (1:4 aqueous dilution) of template DNA,
0.6 µL of forward primer, 0.54 µL of reverse
primer (Mahuku et al. 1996), 10 µL of SYBR
Green JumpStart Taq ReadyMix (Sigma, UK),
0.08 µL of ROX internal reference dye (Sigma,
UK), and 3.78 µL of nuclease-free, sterile water
(Sigma, UK) in capped 96-well PCR plates
(ABgene, UK). In this study, duplicate 10-µL re-
action volumes were used routinely. Thermal cy-
cling parameters for the detection were: initial
denaturation for 2 min at 95oC, followed by 38 cy-
cles of 95oC for 15 s, annealing for 30 s at 60oC,
and elongation for 45 s at 72oC. A dissociation
step was added at the end of these cycles with a
thermal profile of: 95oC for 15 s, 60oC for 1 min,
and 95oC for 15 s. Nuclease-free water (Sigma,
UK) was used as the no-template control. A stan-
dard curve was generated by plotting the threshold
cycle (Ct) value for each sample of a standard se-
ries of L. maculans and L. biglobosa DNA concen-
trations from 10 ng µL–1 to 100 fg µL–1. After each
assay, melting curve analysis was done to deter-
mine the accuracy of the reaction, and products
were randomly selected, stained with DNA load-
ing buffer, separated on 1.5% (w/v) agarose gels in
1 × TAE buffer (80 V for 45 min), and visualized
under UV light to ascertain that single-banded di-
agnostic amplicons corresponding to the expected

molecular sizes from L. maculans (377 bp) or
L. biglobosa (237 bp) were formed.

Data evaluation

DNA yields from extracted spore tapes were cor-
related against the corresponding ascospore num-
bers using the GenStat statistical package (Payne
et al. 2007).

In order to compare the relative sensitivities of
traditional PCR and qPCR in the assessment of
DNA quantities from both Leptosphaeria spp., 38
samples were randomly selected from the 2004
and 2006 surveys (19 samples per year). In 2004,
the samples were collected on 8, 15 and 30 Sep-
tember; 2, 7, 11, 17, 20, 24, 28, 30 October; and 3,
4, 7, 9, 15, 18, 23, and 30 November. In 2006, the
samples were collected on 1, 3, 7, 15, 19, 21, 27
September; 1, 5, 8, 15, 25 October; and 9, 11, 14,
18, 24, 25, and 27 November. The usefulness of
traditional PCR was evaluated based on visibility
of 377-bp and 237-bp amplicons, for L. maculans
and L. biglobosa, respectively. Quantities of
Leptosphaeria spp. in selected samples deter-
mined by qPCR were measured as DNA concen-
trations in 1 µl of the reaction product, following
the reaction with the appropriate species-specific
primers.

Results

A total of 67 tapes collected from spore traps in

2004 and 84 tapes collected in 2006 were exam-

ined by light microscopy, after staining, to assess

seasonal changes in the abundance of ascospores

of the 2 species of Leptosphaeria in air samples. In

2004, the first peaks of airborne ascospore abun-

dance were observed in mid-September, and sub-

stantial quantities were further captured on 20
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Table 1. Weather parameters in Rarwino in the study period

Month Precipitation (mm) No. of rainy days Mean tem-
perature

(°C)

1–15 16–31 Total 1–15 16–31 Total

Jul 2004 59.4 32.9 92.3 12 8 20 16.5

Aug 2004 40.6 36.7 77.3 5 11 16 18.4

Sep 2004 1.2 34.5 35.7 2 10 12 13.2

Oct 2004 7.5 36.6 44.1 5 10 15 9.5

Nov 2004 21.6 45.1 66.7 7 10 17 4.2

Jul 2006 2.7 1.0 3.7 1 3 4 20.7

Aug 2006 89.4 72.1 161.5 9 13 22 17.1

Sep 2006 27.6 2.3 29.9 4 2 6 16.5

Oct 2006 12.4 19.8 32.2 6 7 13 11.5

Nov 2006 55.9 24.0 79.9 12 6 18 7.2



September (285 ascospores per day). Such an

early ascospore release period might have been in-

fluenced by weather, as evidenced by local

weather data (Table 1), especially by frequent

rains in both July and August 2004. In 2006, July

was extremely dry, with only 4 days of light driz-

zle, yielding on average less than 1 mm rainfall per

day. This hindered the development of

pseudothecia (data not shown), and resulted in de-

layed ascospore release, which started in the first

half of October. Subsequently, more frequent

rains in August 2006 wetted the dry stubble and fa-

cilitated the resumption of pseudothecial develop-

ment, followed by ascospore release. In that year,

the peak abundance (660 spores per slide) of air-

borne Leptosphaeria ascospores was recorded on

1 October. In both 2004 and 2006, there was also a

second, minor period of ascospore release, which

lasted about 2 weeks. In 2004, the period of inten-

sive ascospore release spanned a week beginning

from mid-October. In 2006, however, this period

occurred later, in the cooler November. Low tem-

peratures slowed down the processes of both

pseudothecial maturation and ascospore release.

Nevertheless, the mean temperature was sufficient

to support prolonged ascospore development, last-

ing about 2 weeks.

It was impossible to discriminate between as-

cospores of these pathogens by light microscopy.

DNA was extracted from Melinex spore tapes, and

daily changes in DNA concentrations (determined

by qPCR) were consistent with the number of

ascospores and the seasonal dynamics of their

abundance on tapes (Figure 1). There were signifi-

cant (P = 0.05) positive correlations in both years

(R2 = 0.72, y = 1.5344x + 2.3798 in 2004 and R2 =

0.69, y = 0.0444x + 0.8094 in 2006) between

ascospore counts and quantities of DNA of both

Leptosphaeria spp. The use of species-specific

primers and qPCR enabled discrimination and

quantification of DNA of L. maculans and

L. biglobosa (Figures 1 and 2).

In September-November 2004, the total con-

centration of L. biglobosa DNA on tapes from

Rarwino was 2.3 times greater than that of

L. maculans, as judged by qPCR. In that season,

L. biglobosa was predominant in more than 60%

of samples that were evaluated for DNA concen-

tration (Figure 2). However, in September to No-

vember 2006, DNA originating from L. maculans

propagules became predominant in air samples

(Figure 3).

The maxima in L. maculans or L. biglobosa

DNA concentrations determined by qPCR corre-

sponded to the prominent bands on agarose gels

from traditional PCR (Figures 4 and 5). With sam-

ples from 2004, it was possible to visualize as sin-

gle bands on agarose gels the 377-bp L. maculans

and 237-bp L. biglobosa traditional PCR

amplicons. Judging by qPCR, amounts of

L. maculans DNA for autumn 2004 in Rarwino

ranged between 230 fg and 180 pg µL–1; while

414 J. Kaczmarek et al.

Figure 1. Seasonal fluctuations (Rarwino, autumn 2004) in numbers of ascospores of both Leptosphaeria spp. jointly,

assessed by microscopic counts, and in their DNA concentrations assessed by qPCR.
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those of L. biglobosa were between 2.2 and

320 pg µL–1. Figure 6 shows the relative visibility

of serially diluted genomic DNA standards from

each of these species. However, DNA yields from

captured spores were about 10-fold lower in au-

tumn 2006 (350 fg to 36 pg µL–1 from

L. maculans; 790 fg to 40.8 pg µL–1 from

L. biglobosa), resulting in lower sensitivity and re-

duced reliability of traditional PCR. As shown in

Figure 7, the 377-bp L. maculans amplicon was

barely visible in more than 60% of the selected

samples. For L. biglobosa, the diagnostic 237-bp

PCR band was recognizable on agarose gels in

only 5 samples, collected on 19 and 27 September,

1 and 25 October, and 9 November, 2006.

Discussion

Quantitative aerobiology assists timely interven-

tion in crop protection by providing guidance in

the choice and timing of control measures. The

aim of this study was to investigate the possibili-

ties of molecular detection of airborne ascospores
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Figure 2. Seasonal fluctuations in DNA concentrations from propagules of Leptosphaeria maculans and L. biglobosa

on Melinex tapes in Rarwino in autumn 2004

Figure 3. Seasonal fluctuations in DNA concentrations from propagules of Leptosphaeria maculans and L. biglobosa on

Melinex tapes in Rarwino in autumn 2006
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Figure 4. Concentrations of Leptosphaeria maculans DNA determined by real-time PCR (top), and bands of the 377-bp

traditional PCR amplicon (bottom) from 19 selected samples collected in Rarwino in autumn 2004

Figure 5. Concentrations of Leptosphaeria biglobosa DNA determined by real-time PCR (top), and bands of the 237-bp

traditional PCR amplicon (bottom) from 19 selected samples collected in Rarwino in autumn 2004

Figure 6. Amplicons from traditional, end-point PCR estimation of serially diluted genomic DNA standards

(Leptosphaeria maculans, 377 bp [a] and L. biglobosa, 237 bp [b]) derived from mycelial cultures



of both Leptosphaeria species causing stem can-

ker of oilseed rape, using spore trap samples col-

lected in the field.

Estimation of ascospore abundance by light

microscopy is time-consuming and requires con-

siderable expertise in mycology to identify fungal

species accurately. Moreover, close similarities in

spore shape and size of L. maculans and

L. biglobosa preclude species discrimination be-

tween their ascospores by light microscopic exam-

ination of stained slides of airborne particles

captured by spore traps. Pycnidiospores of these

species are even more difficult to visualize on

stained tapes using this technique (Guo and

Fernando 2005). Molecular biological detection

using species-specific primers and PCR tech-

niques reduces the workload and decreases the

time spent on sample processing. The experiments

reported in this paper related microscopic counts

of airborne ascospores of Leptosphaeria spp. that

were captured by spore traps to the amounts of ex-

tracted DNA assessed by either traditional

end-point PCR or qPCR. The results showed that

seasonal fluctuations in ascospore numbers on

tapes corresponded to the dynamics of combined

concentrations of DNA from L. maculans and

L. biglobosa. Thus, the utilization of PCR-based

molecular biological diagnostic techniques en-

abled the detection, identification, accurate moni-

toring, and quantification of airborne inoculum at

the species level. The results presented in this

study also support the findings of Toscano-

Underwood et al. (2003) and Huang et al. (2007),

concerning the influence of temperature and rain-

fall data on the rate of development of sexual fruit-

ing bodies as well as the release of ascospores of

Leptosphaeria spp., causing disease on winter oil-

seed rape. More ascospores were captured earlier

in the more evenly wet 2004 than in 2006, when

July rains were scanty and occurred later.
The technique of qPCR is increasingly being

used in diagnostic estimation of spores and myce-
lia of fungal pathogens in the air and soil, as well
as in infected plants (Walsh et al. 2005; Fountaine
et al. 2007; Luo et al. 2007). A cautionary report
by McDevitt et al. (2007) indicated that qPCR
could be inhibited by masses of particulate matter

of about 50 �g, and the amount of inhibition was
positively correlated with the mass of particulate
and the number of non-filamentous organisms. In
both the current and earlier (Kaczmarek et al.
2008) studies, such inhibition was duly precluded
by stringent partitioning in chloroform and
isoamyl alcohol, washing in 70% alcohol, and us-

ing a 1:4 dilution of the final 100-�L DNA yield as
template in the qPCR reaction volume.

Both traditional end-point PCR and qPCR en-
abled the detection of L. maculans and
L. biglobosa with resolution measured in
picograms, and even in femtograms, of fungal
DNA. Our results affirm the superiority of qPCR,
particularly in 2006, when lower levels of
L. maculans and L. biglobosa DNA, beyond the
limits detectable by traditional PCR, were ex-
tracted from spore tapes. We estimate that each
ascospore of L. maculans or L. biglobosa con-
tained 1-4 pg DNA.

Altogether, while molecular detection and

quantification are possible by both methods,
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Figure 7. Concentrations of Leptosphaeria maculans DNA in selected samples determined by real-time PCR (top), and

bands of the 377-bp traditional PCR amplicon (bottom) from 19 selected samples collected in Rarwino in autumn 2006



qPCR proved to be more sensitive. The end-point

PCR procedure can be made more objective and

informative by the inclusion of densitometry

(Kaczmarek et al. 2009). Dual-labelled probes and

primers targeted at actin, �-tubulin or

cytochrome b from Leptosphaeria spp. might fur-

ther improve the higher levels of sensitivity ob-

tained from the ITS-based primers and SYBR

green chemistry used in our study. The qPCR ap-

proach, though currently more capital-intensive

than traditional PCR, will assist in decisions on the

timing and dosage of fungicide application, to

guide precision management of phoma stem can-

ker epidemics.

Conclusions

There is currently a pressing demand across Eu-

rope for improvements in control methods requir-

ing the use of chemical intervention. In the case of

European winter oilseed rape, such approaches

will be guided by monitoring pre-harvest fluctua-

tions in airborne inoculum of the major

sporulating fungal pathogens, such as L. maculans

and L. biglobosa, leading to better risk prediction

and more judicious use of fungicides. The sensi-

tivity of qPCR makes it highly suitable for this

role.
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