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Abstract 

BACKGROUND: The detection of inoculum of phytopathogens greatly assists in the 

management of diseases, but it is difficult for those pathogens with airborne fungal 

propagules. In this paper, we present experiments on the determination of the abundance 

and distribution frequencies of the ascospores of Leptosphaeria (Plenodomus) species that 

were collected on the tapes of volumetric Hirst-type traps near oilseed rape fields of 

Poznan, Poland and Harpenden, UK. Fungal detection and species discrimination were 

achieved using SYBR-Green qPCR with two different pairs of primers previously reported to 

differentiate Leptosphaeria maculans (Plenodomus lingam) or L. biglobosa (P. biglobosus).  

RESULTS: Detection was successful even at less than 5 spores per m3 of air. The primer pairs 

differed in the correlation coefficients obtained between DNA yields and the daily 

abundance of ascospores that were quantified by microscopy on duplicate halves of the 

spore trap tapes. Important differences in specificity and sensitivity of the published SYBR-

Green assays were also found, indicating that the Liu primers did not detect L. biglobosa 

subclade ‘canadensis’ while the Mahuku primers detected L. biglobosa subclade 

‘canadensis’ and also the closely-related Plenodomus dezfulensis. 

CONCLUSIONS: Comparisons affirmed that application of qPCR assays to spore trap samples 

can be used for the early detection, discrimination and quantification of aerially dispersed 

L. maculans and L. biglobosa propagules before leaf spot symptoms are visible in winter 

oilseed rape fields. The specificity of the primers must be taken into consideration because 

the final result will greatly depend on the local population of the pathogen.  

 
Key words: airborne inoculum, ascospore detection, Brassica napus, Burkard spore sampler, 
rapeseed  
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1 Introduction 

Phoma stem canker (blackleg) and necrosis of the upper canopy (sensu1) are 

damaging diseases of winter oilseed rape (Brassica napus) plants globally caused by the 

sibling species Leptosphaeria maculans and L. biglobosa (synonyms Plenodomus lingam and 

P. biglobosus).2-4 To date, two genetic subclades of L. maculans (‘brassicae’ and ‘lepidii’) and 

seven genetic subclades of L. biglobosa (‘americensis’, ‘australensis’, ‘brassicae’, 

‘canadensis’, ‘erysimii’, ‘occiaustralensis’ and ‘thlaspii’) have been identified.5 The disease 

cycle of both species begins with necrotic lesions on the cotyledonary and true leaves of 

seedlings incited primarily by autumn-produced wind-dispersed ascospores that are 

produced within pseudothecia of these dothediomycete fungi, surviving in the debris of the 

previous season’s crop. Thereafter, mycelia of the pathogens in the infected plant advance 

along the leaf petiole towards the stem, where the pathogen is initially asymptomatic and 

endophytic but this relationship with the host switches to necrotrophy, manifested by 

destructive stem lesions and cankers in the following summer.6-7 Conidia dispersed by wind-

swept rain from pycnidia are also pathogenic and contribute to phoma epiphytotics.8-9 

Although West and Fitt10 considered conidia to be less important than ascospores in the 

epidemiology of stem canker of brassicas in the UK, a much greater role has been attributed 

to conidia in Australia11, Canada12 and France13. Furthermore, airborne spores of both 

species are also associated with allergenic causes of the phenomenon of ‘autumn asthma’ in 

humans.14 Due to their small size, detection of conidia, which can become aerosolized, is 

difficult by normal light microscopy. In addition, the identification and quantification of the 

larger ascospores by light microscope is very time-consuming. Thus, DNA-based assays have 

been developed for early detection and estimation of the aerial biomass, abundance and 

distribution patterns of airborne propagules of these pathogens to enable the formulation 

of intervention programmes and enhance the timeliness of incorporating such decisions into 

disease management practices.15-17 Estimation of aerial inoculum abundance, and 

determination of patterns and distribution frequencies of airborne biological particles, 

including pollen and fungal spores, are done routinely with the aid of volumetric traps and 

samplers equipped with adhesive-coated tapes18. Originally, visual assessment of the 

numbers of spores collected was used routinely by light microscopy and staining 

techniques.18 With advances in detection technology for fungal spores, earlier molecular 
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biological approaches to estimation by end-point PCR have been replaced by real-time qPCR 

techniques utilising species-specific primers designed for greater accuracy and precision, 

and enabling DNA quantifications in the pico- and femto-molar range.3,19-22 The DNA yields 

are thereafter relatable to the abundance of spores that were collected. Jedryczka et al.23 

and Kaczmarek et al.24 postulated that the irregularity and differences in the dynamics of 

sporulation of L. maculans and L. biglobosa require constant monitoring of air samples for 

the benefit of farmers, whose crops may be severely affected by the disease originating 

from airborne inoculum. The monitoring may be supported by molecular detection of 

particular alleles and genes specific for the Leptosphaeria species complex.23 Diagnostic 

primers have been designed for detecting effector (Avr), mating type and sterol-

metabolizing gene alleles from collected aerially dispersed propagules of these 

dothideomycete pathogens.19,24,25 In a recent publication22, qPCR primers and dual-labelled 

fluorescent probes targeted against fragments of the genes for EF1α and actin from 

L. maculans ‘brassicae’ and L. biglobosa ‘brassicae’, respectively, were successfully 

developed (to species and subclade level) for the specific detection, quantification and 

discrimination of the phoma disease pathogens in infected rapeseed leaf, stem and stubble 

samples. However, this technical advance remains to be applied to aerially dispersed, 

trapped ascospores and propagules of these Leptosphaeria species. The present study 

concentrates on evaluation of published SYBR-Green assays because this type of assay is 

less-expensive than dual-labelled probe assays.  

Recently, a new species found to infect oilseed rape in Iran in 2021,  was named 

Plenodomus dezfulensis.26 This species appears to be closely related to L. biglobosa and 

although it has not been found in Europe, evaluation of diagnostic primers, originally 

designed for detection of L. maculans and L. biglobosa, was made in this study to test for 

potential misidentification by the primer sets, which were designed before the new species 

had been described.  

Experiments were done in the current study to determine the abundance and 

distribution frequencies of airborne propagules of the Leptosphaeria species that were 

collected on the tapes of volumetric Hirst-type samplers operated near oilseed rape fields at 

the Institute of Plant Genetics, Polish Academy of Sciences, Poznan in Poland and 

Rothamsted Research, Harpenden in the UK. Two pairs of different primers (based on the 

internal transcribed spacer (ITS) regions of rDNA) utilising SYBR-Green fluorescence were 
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used for fungal detection and species discrimination and quantification. The relative 

efficiencies and specificities of these primer pairs were estimated and compared. 

 
2 Materials and Methods 

2.1 Ascospore trapping and quantification by microscopy 

Propagules of Leptosphaeria spp. were collected with a Hirst-type volumetric 7-day 

spore sampler (Burkard Manufacturing Company, Rickmansworth, UK) routinely in the 

autumn months (September to November) with 214 samples from Poznan in Poland (41-44 

days per year in 2004-2008) and 56 samples in 2002 from Harpenden in the UK; in total 270 

samples were tested over five years. Both spore samplers were surrounded (in a radius of 

≈2 m from the spore trap3) by stubble from canker-infected stems of an oilseed rape crop, 

from the previous years, collected from local fields. The Burkard seven-day spore traps were 

operated with the standard 2 mm x 14mm air intake and this was set to be approximately 

50 cm above ground level. Both units were powered by 12V batteries and the air flow was 

checked regularly and, if needed, adjusted to 10 L/min. The drum of the sampler rotated at 

2 mm h-1, attained 1 revolution per week, during which airborne particles were deposited 

on to a Vaseline-coated Melinex tape coating the rotating drum. Each week, the 20 mm-

wide tape was cut into 48 mm-long pieces, each representing a 24-h day and each was 

divided length-wise into equal halves (each 48 mm x 10 mm); one half was stained (0.1% 

w/v Trypan Blue in lactophenol, Figure 1) for ascospore detection and counting for 

abundance determination (per m3 of air) by light microscopy. Ascospores were identified by 

microscopy as both L. maculans and L. biglobosa if they fitted the description of being 

biseriate, 5 septate, cylindrical to ellipsoidal, with guttules, 35-70 x 5-8 µm, with rounded 

ends27,28. Their colour is normally pale yellow-brown but not when stained with Trypan blue 

as shown in Figure 1. 

The average number of ascospores counted in two longitudinal traverses of each 

piece of tape was used to calculate the concentration of spores per cubic metre of air 

sampled according to the formula of Lacey and West18. Briefly, the counts of Leptosphaeria 

ascospores in two microscope traverses along the length of the spore tape, located near the 

centre-line of the tape, were used to estimate the total number of Leptosphaeria 

ascospores deposited on each daily spore trap sample.  The width of both traverses 

combined was 1,750 µm and the total area of the spore deposit was 14mm x 48mm. 
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Therefore, the area counted in the two traverses as a proportion of the total area was given 

by (1750 x 48000)/ (14,000 x 48000), which simplifies to (1750/14,000) or 0.125. To convert 

to the number of spores on the entire tape, the number of spores counted in the two 

traverses was divided by 0.125, e.g. 20 spores counted divided by 0.125 gives 160 spores 

estimated on the entire tape. The other half-tape was used for DNA extraction (method 

below). In Poland and the UK, a similar spore sampling and detection protocol was set up in 

the autumn of winter oilseed rape cropping seasons (from the beginning of September until 

the end of November). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Example of ascospores of Leptosphaeria maculans and L. biglobosa (marked by yellow 
arrows with no distinction between the two species), stained with Trypan blue. 

 

2.2 DNA extraction 

DNA was extracted from all propagules, including ascospores, that were trapped on 

the second half pieces of tapes from the volumetric spore sampler using a modification of 

the CTAB (cetylammonium bromide = hexadecyl trimethyl ammonium bromide) extraction 

method of Graham et al.29 Each piece of tape was placed in a sterile 2-ml screw-capped 

microtube with 0.15 g of 425-600 µm diameter acid-washed glass beads (Sigma, UK) and 

extracted with 2% w/v CTAB buffer at pH 7.5 containing 100 mM Tris, 1.4 mM NaCl and 20 

mM EDTA (Sigma, UK) with 2% β-mercaptoethanol included at the point of use. Each sample 
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was subjected to two rounds of 40-second Fast-Prep (Savant Instruments, Holbrook, New 

York, USA) cycles and extracts were heated (70oC, 30 min) and centrifuged (16,000 g, 15 

min). The supernatant was extracted after centrifugation (16,000 g, 15 min) of an equal 

volume of a 24:1 chloroform/isoamyl alcohol mixture and DNA was precipitated by 

incubation at -20oC by adding 2 volumes of absolute ethanol and 0.1 volume of 3 M sodium 

acetate (pH 5). Pellets were washed with ice-cold 70% v/v ethanol, dried at 37oC, dissolved 

in 100 µL Tris-EDTA buffer (10 mM Tris HCl pH 7.5, plus 1 mM EDTA) and stored at -20oC. 

2.3 Quantitative PCR for assessment of proportions of DNA from species of Leptosphaeria. 

Quantitative PCR determinations were done in 20-µL standard reaction volumes 

containing 5 µL (1:4 aqueous dilution) template DNA extract from spore tapes, 200 nM 

forward primer, 180 nM reverse primer30-31 plus 10 µL Sybr Green JumpStart Taq ReadyMix 

(Sigma UK), 0.08 µL ROX internal reference dye (Sigma, UK) and 3.78 µL nuclease-free water. 

The primers used in this study are listed in Table 1. 

 

Table 1. The source and sequence of primers tested in this study designed to detect Leptosphaeria 
maculans and L. biglobosa, the causes of phoma leaf spotting and stem canker 
Source Forward primer 5’-3’ Reverse primer 5’-3’ 

Leptosphaeria maculans (Plenodomus lingam) 
Mahuku et al. 
199630 

LmF (HV17S): CCCATTTTCAAAGCACTGCC LmR (HV26C): 
GAGTCCCAAGTGGAACAAACA 

Liu et al. 
200631 

LmacF: CTTGCCCACCAATTGGATCCCCTA LR*: GCAAAATGTGCTGCGCTCCAGG 

Leptosphaeria biglobosa (Plenodomus biglobosus) 
Mahuku et al. 
199630 

LbF (WV17S) CCCTTCTATCAGAGGATTGG LbR (5.8C) GCTGCGTTCTTCATCGATGC 

Liu et al. 
200631 

LbigF: ATCAGGGGATTGGTGTCAGCAGTTGA LR*: GCAAAATGTGCTGCGCTCCAGG 

* The common reverse primer originally termed ‘LmacR’ used for Leptosphaeria maculans and L. biglobosa 
in the study by Liu et al. 31 

 

Both sets of primers were designed from gene fragments of the internal transcribed 

spacer (ITS) regions of either Canadian L. maculans and L. biglobosa ‘canadensis’ isolates30 

or European L. maculans ‘brassicae’ and L. biglobosa ‘brassicae’ isolates.31 For this study, 

involving SYBR-Green chemistry, 20-µL assays were routinely done in duplicate. The thermal 

cycling parameters for amplification and detection were 95oC for 2 min followed by 38 

cycles of 95oC for 15 s, 60oC for 30 s and 72oC for 45 s. A melting (dissociation) curve was run 

and analysed after each final amplification by heating samples at 95oC for 15 s, cooling to 
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60oC for 1 min and heating to 95oC for 15 min, in order to ascertain the specificity of the 

procedure. Fluorescence was measured continuously, and standard curves were plotted 

from the Ct values of the amplification of standard genomic DNA concentration in the 10 ng 

µL-1 to 1 pg µL-1 range from mycelial cultures of L. maculans or L. biglobosa.  

All reactions were done in capped plastic Thermo-Fast 96-well non-skirted reaction 

plates (ABgene, Epsom, UK). Amplification and detection were done in an Applied 

Biosystems 7500 Real Time qPCR thermocycling System (Applied Biosystems, Forster City, 

CA, USA). 

2.4 Testing specificity of primer pairs 

The two different primer sets, each for L. maculans and L. biglobosa (Table 1), were 

tested for specificity of a range of isolates of L. maculans, L. biglobosa subclades ‘brassicae’ 

and ‘canadensis’ and Plenodomus dezfulensis (Table 2). The isolates used in this study were 

selected to represent subclades that are currently the most prevalent in the UK and Poland 

and generally in Europe. Assays were as described for the spore trap samples, except that 

the 5 µL of DNA added was standardised for each isolate at 0.2 ng/µL. Therefore, each 

individual reaction contained 1 ng total genomic DNA of an individual isolate. Quantification 

of the pure DNA was made by Qubit fluorescence photometry, using Qubit 2.0 and 

Invitrogen Qubit dsDNA HS assay kit, according to the manufacturer’s instructions. 

 
Table 2. Isolates and species tested with SYBR Green assays and two primer pairs listed in Table 1 
 

Isolate symbol Species (subclade if known) Country of origin 
IRE/A/05 L. maculans Ireland 
FRA/M/05 L. maculans France 
22PURPLE02 L. maculans Poland 
22HOH01 L. maculans Germany 
22GERSH01 L. maculans Germany 
FRA/B/06 L. biglobosa France 
23NEMKT02 L. biglobosa UK 
21WAS8-4 L. biglobosa ‘brassicae’ UK 
21WAS1-2 L. biglobosa ‘canadensis’ UK 
23DERE03 L. biglobosa UK 
22BLACK01 L. biglobosa UK 
S41 P. dezfulensis Iran 
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2.5 Statistical analyses 

Pearson correlation coefficients from relating ascospore counts to DNA yields were calculated after 

log (x + 1) transformation of the data to attain normalization. All statistical analyses were performed 

using Statistica (12.0).  

 
3 Results 

3.1 Ascospore quantification 

The extraction of spore tapes yielded fungal DNA solutions that were quantified 

through amplification by real time qPCR using primers that were designed for specific 

detection of L. maculans and L. biglobosa (Table 1). When quantified DNA was related to 

numbers of spores categorised by light microscopic examinations of stained half tapes, it 

was possible to draw comparisons of precision and efficiency as well as accuracy among the 

species-specific primer pairs. 

Reduced detection reliability of both assays at lower levels of ascospore abundance 

(0-30 m-3 of air sampled) was detected (Table 3). The UK materials contained samples with 

spore numbers per cubic metre up to 300, whereas spore numbers in Polish samples 

reached a maximum of 50 spores per cubic metre.  

 
Table 3. Quantification of the DNA yields from Leptosphaeria-like ascospores collected in air samples 
in close proximity to oilseed rape debris from Poznan, Poland and Harpenden, UK grouped based on 
spore numbers 
 

Number of Leptosphaeria 
spores per m3 of air  

 
Number of samples 

DNA in one spore (pg/µl) calculated  
based on primers 

Mahuku et al., 1996 Liu et al., 2006 
Poznan Harpenden Poznan Harpenden Poznan Harpenden 

0.1-5 184 14 35.72 97.07 40.83 77.64 
5.1-10 10 3 18.83 15.00 10.96 8.23 

10.1-20 8 6 30.54 16.32 6.01 22.96 
20.1-30 8 4 3.79 5.41 6.80 50.22 
30.1-50 3 5 1.75 4.14 4.96 18.39 

50.1-100 1 15  2.33 9.75   8.47 
100.1-200  7   3.35   2.74 
200.1-300  2   1.09   6.44 

 Sum Mean Mean 
 214 56 15.49 19.02 13.91 24.39 
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The paradox of more DNA at low concentrations of spores per cubic metre (right-hand side 

of Table 3) is thought to be due to the presence of aerosolised rain-splashed conidia 

(pycnidiospores), which provide a background of the same target DNA but were not counted 

by microscopy due to being very small inconspicuous spores that cannot be distinguished 

visually. Therefore, this background DNA from conidia could explain why the amount of DNA 

per ascospore is greatest when there were few ascospores present and that the DNA per 

ascospore apparently decreases as the number of ascospores increase due to the 

background amount of DNA from conidia becoming negligible. A little variability is also likely 

due small differences due to random deposition on the spore trap tape between numbers of 

spores counted visually on one half of the tape and the number of spores on the other half 

that was used for DNA extraction and molecular evaluation.   

 

The correlation coefficients for relationships between ascospore number obtained 

through microscope counts and DNA yield by qPCR using the ITS primers of Mahuku et al.30 

gave smaller values of Pearson’s correlation coefficients than those obtained with the 

primers of Liu et al.31, especially for the spore samples collected in Poznan (Table 4). There 

was also a difference in primer efficiencies between Harpenden and Poznan, which is most 

likely because the population of the pathogen was different between the two sites, with 

more L. biglobosa present in the air in Poland as compared to the UK. 

The efficiencies of the primers were assessed by comparing the DNA yields obtained per 

ascospore when different species-specific primers were used. The results suggest very 

different ratios of L. maculans to L. biglobosa determined by the different primers, showing 

for both sites that ascospores were mainly L. maculans if Mahuku primers were used but 

that the ascospores were predominantly L. biglobosa if the Liu primers were used (Table 4).  

 

Table 4. Correlation between light-microscope counts of Leptosphaeria-like ascospores and 
molecular quantification of the same species by qPCR using DNA extracted from a duplicate 
half-tape of spore traps from sites in Poland and the UK, comparing the efficiency of 
different PCR primer pairs; estimation of the efficiency of primer pairs was judged by the 
ratios of DNA from Leptosphaeria maculans to that of L. biglobosa  
 

Spore collection site 
Pearson correlation coefficients 

between molecular detection and 
spore counts 

Primer efficiency ratio,  
Lm:Lb 
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Mahuku et al., 
199630 

Liu et al.,  
200631 

Mahuku et al., 
199630 

Liu et al.,  
200631 

Harpenden (2002) 0.465 0.578 1:0.65 1:2.02 

Poznan (2004-8) 0.409 0.647 1:0.05 1:2.46 
 
 

3.2 Specificity of assays 

The results of the primer sets tested show that some assays either were not specific 

to a single species or did not amplify DNA of all isolates of selected species (Table 5). Both 

primer sets were specific for L. maculans, but the Mahuku primers for L. biglobosa detected 

not just subclades ‘brassicae’ and ‘canadensis’ but also amplified P. dezfulensis, whereas the 

Liu primers for L. biglobosa detected subclade ‘brassicae’ but not ‘canadensis’ nor 

P. dezfulensis.  

In terms of quantification, the Liu primers quantified L. maculans more efficiently 

than the Mahuku primers. For L. biglobosa, both primer sets worked equally for L. biglobosa 

‘brassicae’ but the Mahuku primers were consistently and significantly (P<0.05) more 

sensitive for L. biglobosa ‘canadensis’ (smaller Ct value) than for L. biglobosa ‘brassicae’ 

(Figure 2). Other differences in quantification between isolates tested using both primer 

sets (Fig. 2) were sometimes statistically significant but were so small that they were most 

likely due to variation in initial DNA template concentrations as determined by Qubit 

photometry.  

 

Table 5. Summary of results of amplifications of DNA of target species using the two different pairs 
of qPCR primers 

 
Assay / primers 

Amplified DNA of 
L. 

maculans 
L. biglobosa 
‘brassicae’ 

L. biglobosa 
‘canadensis’ 

Plenodomus 
dezfulensis 

Mahuku et al., 199630 
L. maculans Yes No No No 

Liu et al., 2006 31 
L. maculans Yes No No No 

Mahuku et al., 199630 
L. biglobosa No Yes Yes Yes 

Liu et al., 200631 
L. biglobosa No Yes No No 
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Figure 2. Cycle threshold (Ct) values indicating quantification of different isolates by SYBR-Green 
assays for the same amount of Leptosphaeria maculans (a) or L. biglobosa (b) DNA. Each bar 
represents the mean of four technical replicates. Error bars represent the standard deviation 
(P<0.05). Isolate species are given in Table 2. 
 
 
4 Discussion 
 

Over the last 15 years, quantification techniques for aerially dispersed fungal spores 

have relied increasingly on the use of species-specific primers and polymerase chain 

reaction for both precision in detection and efficiency in quantification. Towards this aim, 

real-time quantitative PCR (qPCR) has replaced end-point PCR and primers based on internal 
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transcribed spacer (ITS) gene fragments of the target pathogen have been the most 

frequently used. For studies on the aerobiology of Leptosphaeria, species-specific primers 

based on gene fragments of diagnostic ITS regions of L. maculans and L. biglobosa were 

used. These primers were originally designed by Mahuku et al.30 for differentiating between 

isolates (sic: highly virulent, HV, i.e. L. maculans, and weakly virulent, WV, i.e. L. biglobosa) 

of these phoma species in infected tissues of Canadian oilseed rape plants. Subsequently, 

they were adapted30 and deployed for qPCR quantification of both species in air spora 

collected from oilseed rape fields in the UK33-34 and Poland.16 Weaknesses in the diagnostic 

precision and efficiency of the Mahuku ITS primers at detecting non-Canadian isolates of 

species of Leptosphaeria led to the development and release of ITS primers by Liu et al. that 

detected European isolates of both Leptosphaeria species.31 However, the present study has 

found that the Liu primers, although the primer set used for L. maculans detection 

(LmacF/LmacR) were specific to L. maculans, the primer set used for specific detection of L. 

biglobosa (LmacR/LbigF) detected  L. biglobosa ‘brassicae’ but did not amplify the 

‘canadensis’ subclade. This paper highlights that there is important variability in 

performance of PCR primers according to the clades present in a geographic location and 

highlight the importance of using primers that detect all L. biglobosa subclades. Variation in 

quantification of the pathogens due to different clades being present may even occur on 

different days at the same site and year if ascospores mature on different parts of crop 

debris infected by different clades. The fact that Mahuku primers were designed prior to the 

formal description of P. dezfulensis, meant that they had not previously been tested against 

this sibling species. The fact that this primer set can detect P. dezfulensis was not surprising 

given its close phylogenetic relatedness to L. biglobosa. As global trade, travel and climate 

change are thought to be responsible for the spread of plant pathogens into new territories, 

the future occurrence of P. dezfulensis in Europe and other territories remains a possibility 

and arising from this, rapid methods to differentiate detection of this pathogen from L. 

biglobosa are needed. 

When 408 bp (including gaps) partial sequences of the ITS rRNA region from species 

of Leptosphaeria were aligned, L. maculans 'brassicae' showed only about 89.5-92.6% 

identity to the seven known L. biglobosa subclades, and only 89.5% identity to the newly 

described species Plenodomus dezfulensis. Across this region, the seven known L. biglobosa 

subclades shared between 95.3-99.5% identity. Plenodomus dezfulensis exhibited a very 
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high (99.3-99.8%) identity to four previously described L. biglobosa subclades ('americensis', 

'brassicae', 'canadensis' and occiaustralensis').  Furthermore, when 479 bp partial sequences 

of the beta-tubulin gene fragment were aligned, L. maculans 'brassicae' exhibited only 

about 91-93.8% identity to the seven known L. biglobosa subclades. Similar divergence was, 

however, identified with fragments of this gene, between the seven L. biglobosa subclades 

(about 92.9-97.9% identity); the two most geographically widespread L. biglobosa subclades 

('brassicae' and 'canadensis') exhibited about 97.5% identity. The utility of different 

molecular biological diagnostics to detect all the known subclades of L. biglobosa requires 

careful evaluation, as target sequence divergence evident between subclades may result in 

failed amplification for some subclades (as demonstrated in this study). Moreover, P. 

dezfulensis has recently been elevated from infra-specific status to species status while, 

arguably based on available sequence data, it appears more likely to represent an additional 

subclade within L. biglobosa. Thus, additional research is required to formalise the 

taxonomic status of L. biglobosa, as the current ‘subclade’ nomenclature commonly used by 

the Leptosphaeria research community appears to be strictly informal. 

Further advances and improvements in L. maculans, L biglobosa (and Pyrenopeziza 

brassicae) propagule detection and quantification methods were made by designing primers 

that are targeted at the relatively more abundant, β-tubulin gene fragments of these 

pathogens, which improves sensitivity. 4,32,35-36  In addition, these improved assays used the 

more efficacious dual-labelled fluorescent probe approach, which will be evaluated along 

with the assay of Jacques et al.22 in a future study of aerially dispersed propagule detection.   

The approach of comparing numbers of spores counted on half of a spore trap tape 

with the DNA quantified from spores of the target species on the corresponding half of the 

spore trap tape is valid since spores are deposited randomly on the tape and so should be in 

approximately equal amounts from one half of the tape to the other. There is, however, 

some potential for variability, particularly when airborne spore concentrations are very 

small, as evidenced by our findings in the current study. Although DNA is extracted from all 

spores deposited on half the tape and then quantified, the area of the spore tape counted 

by microscopy is more prone to experimental error because with two microscope traverses 

of the tape, only 12.5% of the total spore-deposition surface (depending on the field of view 

used) was actually counted. Thus, in addition to error caused when the average number of 

spores in that small area is multiplied by a conversion factor to estimate the total number 
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present, very small numbers of deposited spores, by chance may be missed completely by 

light microscopy.37 This error may account for some of the variation seen in comparisons of 

airborne spores of Leptosphaeria made by microscopy compared to qPCR used in this study. 

This was especially clear for the samples collected in Poland, in which the spore counts were 

much smaller as compared to the samples originating from the UK. The spore counts in 

Poland reached a maximum of 50 spores per cubic metre of air, whereas in the UK the spore 

counts were up to 300 per cubic metre, which corresponded to correlation coefficients 

being a smaller for Polish samples as compared to the UK values. The smaller concentration 

of detected spores released from the crop debris in Poland than the UK may be due to 

differences in the severity of infection on the plant debris that were collected from (a 

consequence of many factors including host resistance), and other environmental 

differences, including the residual nutrients in the stubble, consumption by detritovorous 

invertebrates and the weather. 

However, in addition to a small error caused by counting an area less than the entire 

half of the spore tape, there was an apparent systematic decrease in pathogen DNA per 

spore calculated from the DNA-extracted half of the tape according to the number of 

ascospores counted by microscopy (Table 3). This false impression could be due to the 

presence of aerosolised rain-splashed conidia providing a background of the same target 

DNA, which therefore had a greater influence when the number of ascospores counted 

were small. This is also exacerbated by the fact that rainy conditions, which are likely to 

have caused aerosolization of the conidia, tend to reduce the release of ascospores, which 

are released in dry conditions following rain or dew.28   

The collection and quantification of airborne fungal propagules are now routine and 

feature prominently in arriving at both prophylactic and therapeutic decisions for the 

management and control of plant diseases caused by aerially-dispersed fungal 

inoculum.14,38-39 Since the initial conception of Hirst-type air samplers by Gregory40 and 

Hirst41 (reviewed by West and Kimber42), advances in the coupling of the methods of 

aerobiology and techniques of wind-dispersed fungal propagule collection, detection and 

quantification have enabled earlier, easier and more effective decisions in disease 

management.43-46 Taken together, the integration of spore trapping with quantitative 

diagnostic assays such as qPCR can facilitate and enhance a faster and more accurate 

assessment than by abundance estimation made by spore counting on light microscope 
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slides, particularly if these spores are difficult to identify visually at the species and infra-

species levels, which is very often the case with phytopathogens of important crop plants. 

Successful management of air-dispersed fungal diseases requires precision in the 

evaluation of the onset and concentration of airborne spores that are being monitored. 

Further studies are needed, to improve and even automate spore counting by microscope, 

for example using image analysis aided by artificial intelligence, or alternatively to automate 

their molecular detection, while reducing costs of these activities, which form a key 

component of integrated pest management.  
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Efficient qPCR estimation and discrimination of airborne inoculum of Leptosphaeria maculans and 
L. biglobosa, the causal organisms of phoma leaf spotting and stem canker of oilseed rape 
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Dada , Yong-Ju Huang, Bruce D. L. Fitt, Malgorzata Jedryczka*  

 

Graphical abstract text: 

Proper design of species-specific or pathotype-specific primers for plant pathogens and refining 

methods of their detection from air samples are crucial for successful management of airborne 

diseases of crops. 
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Table 1. The source and sequence of primers tested in this study designed to detect Leptosphaeria 
maculans and L. biglobosa, the causes of phoma leaf spotting and stem canker 
 
Source Forward primer 5’-3’ Reverse primer 5’-3’ 

Leptosphaeria maculans (Plenodomus lingam) 
Mahuku et al. 
199630 

LmF (HV17S): CCCATTTTCAAAGCACTGCC LmR (HV26C): 
GAGTCCCAAGTGGAACAAACA 

Liu et al. 
200631 

LmacF: CTTGCCCACCAATTGGATCCCCTA LR*: GCAAAATGTGCTGCGCTCCAGG 

Leptosphaeria biglobosa (Plenodomus biglobosus) 
Mahuku et al. 
199630 

LbF (WV17S) CCCTTCTATCAGAGGATTGG LbR (5.8C) GCTGCGTTCTTCATCGATGC 

Liu et al. 
200631 

LbigF: ATCAGGGGATTGGTGTCAGCAGTTGA LR*: GCAAAATGTGCTGCGCTCCAGG 

* The common reverse primer originally termed ‘LmacR’ used for Leptosphaeria maculans and L. biglobosa 
in the study by Liu et al. 31 
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Table 2. Isolates and species tested with SYBR Green assays and two primer pairs listed in Table 1 
 

Isolate symbol Species (subclade if known) Country of origin 
IRE/A/05 L. maculans Ireland 
FRA/M/05 L. maculans France 
22PURPLE02 L. maculans Poland 
22HOH01 L. maculans Germany 
22GERSH01 L. maculans Germany 
FRA/B/06 L. biglobosa France 
23NEMKT02 L. biglobosa UK 
21WAS8-4 L. biglobosa ‘brassicae’ UK 
21WAS1-2 L. biglobosa ‘canadensis’ UK 
23DERE03 L. biglobosa UK 
22BLACK01 L. biglobosa UK 
S41 P. dezfulensis Iran 
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Table 3. Quantification of the DNA yields from Leptosphaeria-like ascospores collected in air samples 
in close proximity to oilseed rape debris from Poznan, Poland and Harpenden, UK grouped based on 
spore numbers 
 

Number of Leptosphaeria 
spores per m3 of air  

 
Number of samples 

DNA in one spore (pg/µl) calculated  
based on primers 

Mahuku et al., 1996 Liu et al., 2006 
Poznan Harpenden Poznan Harpenden Poznan Harpenden 

0.1-5 184 14 35.72 97.07 40.83 77.64 
5.1-10 10 3 18.83 15.00 10.96 8.23 

10.1-20 8 6 30.54 16.32 6.01 22.96 
20.1-30 8 4 3.79 5.41 6.80 50.22 
30.1-50 3 5 1.75 4.14 4.96 18.39 

50.1-100 1 15  2.33 9.75   8.47 
100.1-200  7   3.35   2.74 
200.1-300  2   1.09   6.44 

 Sum Mean Mean 
 214 56 15.49 19.02 13.91 24.39 
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Table 4. Correlation between light-microscope counts of Leptosphaeria-like ascospores and 
molecular quantification of the same species by qPCR using DNA extracted from a duplicate 
half-tape of spore traps from sites in Poland and the UK, comparing the efficiency of 
different PCR primer pairs; estimation of the efficiency of primer pairs was judged by the 
ratios of DNA from Leptosphaeria maculans to that of L. biglobosa  
 

Spore collection site 

Pearson correlation coefficients 
between molecular detection and 

spore counts 

Primer efficiency ratio,  
Lm:Lb 

Mahuku et al., 
199630 

Liu et al.,  
200631 

Mahuku et al., 
199630 

Liu et al.,  
200631 

Harpenden (2002) 0.465 0.578 1:0.65 1:2.02 

Poznan (2004-8) 0.409 0.647 1:0.05 1:2.46 
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Table 5. Summary of results of amplifications of DNA of target species using the two different pairs 
of qPCR primers 

 
Assay / primers 

Amplified DNA of 
L. maculans L. biglobosa 

‘brassicae’ 
L. biglobosa 
‘canadensis’ 

Plenodomus 
dezfulensis 

Mahuku et al., 199630 
L. maculans Yes No No No 

Liu et al., 2006 31 
L. maculans Yes No No No 

Mahuku et al., 199630 
L. biglobosa No Yes Yes Yes 

Liu et al., 200631 
L. biglobosa No Yes No No 
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