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Introduction 

Red clover (Trifolium pratense) is an important perennial forage crop, grown in mixture with grasses or as a 

pure stand. It is cultivated because of its nitrogen fixation capacities, its interest for organic farming, its high 
quality as a forage crop and its beneficial effects on soil structure. Red clover is a self-incompatible crop with a 

strong inbreeding depression. As a consequence, red clover cultivars are highly diverse and contain a range of 

different phenotypes (Taylor and Quesenberry 1996, Taylor 2008). Unfortunately, lack of persistence is a 

major problem in red clover cultivars. Crops generally perform well during the first two years but start to 

degenerate afterwards so that crop yields drop severely after three to four years. A lack of winter hardiness, 

unadapted mowing regimes and plant diseases are the most commonly reported reasons.  

Clover rot (also ‘clover cancer’ or ‘Sclerotinia crown and root rot’) is an important disease that causes severe 

damage to red clover crops, especially in regions with mild winters or heavy snow covers such as northern and 

temperate Europe. Red clover crops that were installed at the end of the summer can be completely 

destroyed after the first winter, especially if autumn was rainy and winter relatively warm. Spring sown 

cultures are less susceptible to clover rot during the first winter, but they are often attacked in the following 

years (Raynal et al. 1991). Two pathogens can cause clover rot: Sclerotinia trifoliorum Erikks. and Sclerotinia 

sclerotiorum Lib. de Bary. However, S. trifoliorum is most common on red clover. S. trifoliorum has a host 
range limited to Fabaceae crops, while S. sclerotiorum has a broad host range of various vegetable, oilseed 

and ornamental crops. Sclerotinia isolates survive in fields as dark resting bodies, or sclerotia, that are 1 to 20 

mm in size. In autumn, cool and moist conditions induce sclerotia to generate small mushrooms, or apothecia. 

Apothecia are brown coloured and approximately 2 cm in size. Near the end of October, apothecia release 

large quantities of ascospores into the atmosphere. Ascospores are dispersed by wind and can infect red 

clover leaves through direct penetration. Although no exact figures are available, ascospores are assumed to 

spread over large distances (Delclos and Raynal 1995). Leaves infected by ascospores have multiple dark spots 

on their surfaces. Around December, when plants are weakened by winter stress, S. trifoliorum starts 

colonising the entire plant. By early spring, new sclerotia are formed in infected plants. Sclerotia can survive 

up to seven years in the soil and can generate new ascospores in the next autumn (Öhberg 2008). The 
development of clover rot depends heavily on the weather conditions: in unfavourable conditions the disease 

can be almost absent, while favourable conditions can lead to completely destroyed crops. Favourable 

conditions include a humid autumn, necessary for ascospore germination, and a warm, humid winter with 

short periods of frost. Dry autumns and cold, dry winters are unfavourable for clover rot development (Marum 

et al. 1994).  

Clover rot is difficult to control. Fungicides are uneconomical and often not registered for use in red clover. 

Moreover, completely resistant red clover cultivars are not available. Although red clover breeders have tried 

to improve clover rot resistance for decades, progress is made only slowly because of three major reasons.  

The first reason for the slow advance of resistance breeding is the difficulty of identifying resistant plants in 

field trials. When clover rot strikes, it affects predominantly sown plots, and only rarely plots with spaced 

plants. Therefore, selection trials with spaced plants are often not affected by clover rot, leaving no 

opportunity for selection. When clover rot does appear in the field, the disease pressure often varies 

substantially among years. Also within fields, the disease pressure is often not homogeneous. Therefore, it is 
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difficult to identify resistant plants in field trials. Healthy plants are not necessarily resistant: they may simply 

be uninfected. Taking all factors collectively, it is difficult to improve clover rot resistance when relying only on 

natural infection. Instead, breeders should use artificial inoculations or bio-tests to select resistant plants. Yet 

few existing bio-tests are applicable in breeding (Taylor and Quesenberry 1996, Delclos and Duc 1996). 

Therefore, we optimised a method for ascospore production in S. trifoliorum in this study. Subsequently, we 

developed a high-throughput bio-test to infect red clover plants with S. trifoliorum. This bio-test can be used 

to select resistant plants for breeding. In addition, a more precise bio-test on detached leaves was optimised 

to study plant - pathogen interactions in more detail. For the high-throughput bio-test, the effects of 

temperature and humidity during incubation, ascospore concentration, and plant age on the disease 

development were investigated. For the bio-test on detached leaves, we evaluated the effects of the 
inoculation method, incubation conditions, incubation period, ascospore concentration, leaf growth stage and 

mechanical damage.  

The second factor that hampers resistance breeding is the lack of knowledge on the pathogen. It is unclear 

which isolates and how many isolates should be used in resistance breeding to obtain a cultivar with broad 
resistance. When a plant is resistant to one isolate, will it be resistant to other European isolate as well? The 

answer to this question requires knowledge on the genetic diversity and pathogenicity of S. trifoliorum isolates 

from red clover. Yet although such information is available for S. sclerotiorum (Li et al. 2008), little information 

is available for S. trifoliorum from red clover. Previous studies have included only a limited number of local 

isolates and molecular studies on the genetic diversity of S. trifoliorum isolates were never done on the 

European scale (Glass and Kaneko 2003, Kohn et al. 1991, Öhberg et al. 2005, Schafer and Kohn 2006, Yli-

Mattila et al. 2009). Therefore, the genetic diversity among European S. trifoliorum isolates may be large and 

subpopulations may exist. Furthermore, isolates may differ substantially in aggressiveness. When the 

aggressiveness of isolates varies according to the plant genotype, this is called pathogen - plant interaction. A 
large pathogen - plant interaction, and a large genetic diversity among European isolates imply that multiple 

isolates are used in resistance breeding. Alternatively, little differences in genetic diversity and pathogenicity 

justify the use of few isolates in resistance breeding. In this study, we collected 192 Sclerotinia isolates from 

red clover fields in 12 European countries and investigated their genetic diversity using AFLP. The population 

structure and molecular variance were analysed. Pathogenicity was studied on a subset of 30 isolates, on 

detached leaves and on young red clover plants.  

Finally, the lack of knowledge on the plant also slows down resistance breeding. Although various previous 

studies have identified red clover populations or genotypes with elevated resistance to clover rot (Dabkeviènë 

and Dabkevièius 2005, Delclos and Duc 1996, Marum et al. 1994, Öhberg et al. 2008, Vaverka et al. 2003), little 

information is available on sources of clover rot resistance. Moreover, it is unclear if which traits may be linked 

with clover rot resistance. Finally, only one previous study has estimated the narrow-sense heritability (h²) of 

clover rot resistance in red clover (Smith 1996). More precise estimates of the heritability would help plant 

breeders to design adequate breeding programs and to apply the most suitable selection pressure. Therefore, 
we evaluated the variation in clover rot susceptibility among a diverse collection of 113 red clover 

populations, with the aim of identifying sources of resistance. Clover rot susceptibility was assessed with a 

high throughput bio-test on young plants. Growth habit, branching, plant yield, flowering date and 

susceptibility to mildew, virus and rust diseases were investigated in a 3-year field trial to investigate possible 

correlations with clover rot susceptibility. Finally, the heritability of clover rot resistance was estimated from 

the response to selection in an experimental diploid population.  

 

Development of bio-tests to analyse pathogen - plant interactions 

Sclerotinia isolates were collected kind help of various European red clover breeders or researchers. After 

collection, Sclerotinia isolates were maintained in Petri dishes on sterile potato dextrose agar (PDA) medium 
at 4°C. First, we optimised a protocol for ascospore production by optimising each step. Sclerotia are produced 

on a sterilised mixture of oatmeal and red clover leaves. Dormancy is broken when rinsed sclerotia are 

incubated in wet vermiculite for 4 weeks around 25°C, followed by 2 weeks around 4°C. Induction of apothecia 
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is stimulated when sclerotia are incubated during 4 weeks in wet vermiculite at 15°C with 12h of 120 µmol m-2 

fluorescent light per day. Ascospores are collected on 5 µm Millipore filters by aspiration with a vacuum 

cleaner. Filter papers can be stored at -20°C or -80°C for more than one year without loss of viability.  

A high-throughput bio-test was optimised to select for resistant plants. Plants were scored a scale from 1 to 5 
(1 = healthy, 5 = dead) and the disease severity index (DSI) was calculated according to Marum et al. (1994). 

The effect of various factors on the disease progress was investigated. Clover rot only developed when the 

humidity was 100% and when leaves were continuously wet during at least four days after inoculation. 

Temperatures between 10 and 20°C were most favourable for disease development, but temperatures higher 

than 25°C slowed down clover rot development substantially. The effect of ascospore concentration was low: 

increasing ascospore concentrations between 20 000 and 200 000 spores/ml resulted in only slightly higher 

DSI scores (p = 0.05). The effect of plant age between 4 and 12 weeks on the DSI was also small: at 20 000 

spores/ml the DSI increased with 0.012% per day of plant age, and no effect was found at 40 000 spores/ml (p 

= 0.264). Surprisingly, a two week cold treatment at 2°C prior to inoculation lowered the DSI by 13.9% (p < 

0.001). Our results are consistent with previous studies (Arseniuk 1989, Öhberg 2008). A final protocol was 
assembled. Plants are two to three months old and are cut twice; the second cut being two weeks prior to 

inoculation so that young, undamaged leaves are present at the start of infection. Plants are spray-inoculated 

until run-off (1.0 to 1.5 ml per plant) with an ascospore suspension containing 20 000 to 80 000 viable 

spores/ml. Inoculated plants are incubated in a greenhouse under an opaque plastic cap for 10 to 14 days. 

Temperature should be between 15°C and 25°C and tables should be flooded daily to maintain 100% relative 

humidity. After 14 days incubation, plants are scored a scale from 1 to 5 and the disease severity index (DSI) 

(Marum et al. 1994) is calculated.  

A bio-test on detached leaves was optimised to precisely analyse pathogen – plant interactions. This bio-test 

can be executed on multiple leaves from the same plants, as would be needed for further studies in this 

research project. Four inoculation methods were compared: inoculation with a mycelium plug or applying an 

ascospore suspension with a brush, in a small drop or by spraying. The most suitable methods were applying a 

mycelium plug and spraying an ascospore suspension. When leaves were spray-inoculated with ascospores, 

higher ascospore concentrations between 5000 and 80 000 spores/ml resulted in significantly more infection 
(p < 0.001). The leaves’ growth stage had an important effect on the disease development: while new, 

unopened leaves were not susceptible to infection, the youngest, completely opened leaves were most 

suitable for infection. Puncturing of leaves prior to inoculation led to significantly more disease (p < 0.001). A 

final protocol for was assembled. Undamaged leaves are cut, rinsed shortly and transferred to Petri dishes 

containing 20 ml 0.5% water agar. The youngest, completely opened leaves are inoculated with an ascospore 

suspension or with a plug of mycelium. For ascospore inoculation, a suspension of 80 000 spores/ml is sprayed 

over the leaves until runoff. Petri dishes are sealed with Parafilm or in plastic and incubated for 10 days in a 

growth chamber at 15°C with 12h light per day. For inoculation with a mycelium plug, a 3 mm mycelium plug 

is cut from the edge of a Sclerotinia culture on PDA medium and stuck to the leaf with 80 ml of 10 gl-1 liquid 
low melting point agar at 37°C. Petri dishes are sealed with Parafilm or in plastic and incubated for 4 days at 

15°C with 12h light per day. Pictures are taken and the percentage of leaf damage is determined with Assess 

software (Lamari, 2002).  

 

Analysis of genetic diversity and pathogenicity in European Sclerotinia populations 

We collected 192 Sclerotinia isolates from 25 locations in 12 European countries. Most isolates were obtained 

from infected red clover fields in spring, while some isolates were found in red clover seed lots. In addition, 

five reference isolates were included: S. trifoliorum 1 (MUCL 832), S. sclerotiorum 1 (MUCL 11553) and S. 

minor 1 (MUCL 38484) were purchased from the BCCM-MUCL gene bank for fungi. S. sclerotiorum 2 (S006-3) 

and S. minor 2 (S086-3) were obtained from the Phytopathology Lab at Ghent University (Van Beneden et al. 

2005). 
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The genetic diversity of all 192 samples was studied with AFLP (amplified fragment length polymorphisms). 

The Puregene® kit was used to extract DNA from all isolates. AFLP was done with four primer combinations: 

Eco+AC and Mse+CA, Eco+TG and Mse+CA, Eco+TG and Mse+CT and finally Eco+TG and Mse+CC. A total of 582 

AFLP loci could be unambiguously scored and 277 loci were polymorphic. When a dendrogram of genetic 

distance between all isolates was constructed, two Sclerotinia species were identified. Isolates from two 

locations in France were S. sclerotiorum, all other isolates were S. trifoliorum. It is unclear why S. sclerotiorum 

was found only in France. In S. trifoliorum, no subpopulations were identified and genetic distance between 

isolates was not correlated with geographic distance. This indicates that S. trifoliorum isolates are 

interbreeding continuously over large distances, most likely through spread of ascospores over large distances 

or through human assisted dispersal of sclerotia in infected seed lots. In other words, S. trifoliorum isolates 
from European red clover crops should be regarded as one population close to panmixis. Among the S. 

trifoliorum isolates, within-location variance accounted for 79.2% of the genetic variation and among-location 

variance for 20.8% of the variation. Our results in S. trifoliorum are consistent with previous diversity studies in 

S. trifoliorum from soybean (Njambere 2009). More details are published in Vleugels et al. (2012).  

To investigate pathogenicity, the set of 192 Sclerotinia isolates was reduced to a subset of 26 S. trifoliorum and 

4 S. sclerotiorum isolates, so that each location was represented and genetic diversity was maximised. The 

pathogenicity of these 30 isolates was assessed with our two bio-tests. First, the isolates’ aggressiveness was 

studied on detached leaves from three red clover genotypes. Aggressiveness differed significantly between 

isolates (p < 0.001) and there was small but significant interaction between isolates and genotypes (p = 0.019). 

Previous studies on detached leaves also revealed differences in aggressiveness among S. sclerotiorum isolates 

from sunflower (Durman et al. 2005) and S. trifoliorum isolates from red clover (Yli-Mattila et al. 2010). 

Second, we compared the isolates’ aggressiveness on young plants from five red clover cultivars with different 

resistance. Isolates differed in aggressiveness (p < 0.001), but there was only small interaction between 
isolates and cultivars (p = 0.006). Previous studies on young plants also reported different aggressiveness 

among S. trifoliorum isolates from red clover (Marum et al. 1994). S. sclerotiorum isolates were on average 

more aggressive than S. trifoliorum isolates; Pratt and Rowe (1995) found the same result in alfalfa. More 

details are published in Vleugels et al. (2013a). 

 

Study of clover rot resistance in red clover germplasm 

A total of 121 red clover populations, including 83 red clover accessions from the NPGS-USDA core collection,  

were evaluated in a field trial. Susceptibility to clover rot was determined on detached leaves with a mixture 

of ascospores from five local isolates. Other important traits such as branching, growth habit, plant yield, and 

resistance to rust (Uromyces trifolii), mildew (Erysiphe polygoni) and viral diseases were scored on the field.  

A similar collection was screened in the high-throughput bio-test with a mixture of five aggressive European 

isolates: 4 S. trifoliorum isolates and 1 S. sclerotiorum isolate. populations differed significantly in clover rot 

susceptibility (p < 0.001), but none of the populations remained completely healthy. Only 3.3% of the variation 
was due to populations, while plants within populations explained 96.7% of the total variation. The large 

genetic diversity within red clover populations and the high numbers of tested plants per accession may 

explain these figures. This large variation in susceptibility among genotypes creates possibilities for resistance 

breeding. The tetraploid cultivars “Tedi” and “Maro” and the diploid landrace “No 292” were significantly less 

susceptible than the other accessions. Differences is resistance between cultivars (67.0%), landraces (69.5%) 

and wild accessions (70.0%) were not significant (p = 0.335). Tetraploid cultivars were significantly more 

resistant than diploid cultivars by 11.7% (p < 0.001). This observation is consistent with previous studies 

(Boller et al. 2010, Öhberg et al. 2005, Taylor and Quesenberry 1996). Clover rot susceptibility was not 

correlated with growth habit (p = 0.189) or branching (p = 0.544). High yielding plants were less susceptible to 

clover rot (r = -0.21, p < 0.001). There was no correlation between susceptibility to clover rot, mildew (p = 
0.509) and viral disease (p = 0.106), yet susceptibility to clover rot and rust disease were negatively correlated 

(r = -0.26, p < 0.001). Cultivars resistant to mildew were equally susceptible to clover rot. Three prostrate 
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cultivars (Rumball 2003) with capacity to form auxiliary roots at internodes were equally or even more (p < 

0.001) susceptible to clover rot. Details are published in Vleugels et al. (2013b).  

To estimate the narrow-sense heritability (h²) of clover rot resistance, we used the high-throughput bio-test to 

apply divergent selection on an experimental population (Vleugels and van Bockstaele 2013). One generation 
of selection was performed for susceptibility and two successive generations for resistance (Figure 1). In the 

first generation of selection, our high-throughput bio-test significantly altered the resistance level by 8.7% and 

8.2% respectively. A second generation of selection only increased the resistance level marginally by 2.3%. 

This is consistent with previous research (Smith 1996). The heritability h2 in the first cycle of selection was on 

average 0.34, while h² in the second generation of selection was only 0.07. Our estimations for h2 are lower 

than previously suggested (Delclos and Duc 1996). The fact that h2 had changed in the second generation of 

selection may indicate that clover rot resistance is more a qualitative trait rather than a highly quantitative 

trait (Falconer and Mackay 1996). In other words, our findings indicate that clover rot resistance may be 

conferred by a relatively small number of genes.  

 

 

Figure 1: Average DSI (± SE) of the susceptible population (S), the original population (O)  and the first (R) and second (R
2
) 

generation after selection for resistance. The frequency of plants with score 1 (healthy) to 5 (dead) in each population is indicated 

(Vleugels and van Bockstaele 2013).  

 

Conclusions 

The knowledge obtained in this study is useful for resistance breeding. Because there were no subpopulations 

among European Sclerotinia isolates and because the interaction between genotypes and isolates was small, 

one can expect a low influence of Sclerotinia isolates on the development of clover rot. When resistance 
breeding is performed, artificial inoculations with different isolates are likely to yield similar results. The plant 

genotype, on the other hand, probably has a more important influence on the disease development. Indeed, 

tetraploid cultivars were on average more resistant than diploid cultivars. Finally, environmental conditions 

probably play an even more important role. For example, the temperature during incubation of infected 

plants played a major role in the disease development. Also, plants that were cold treated prior to inoculation 

were able to slow infection down in response to environmental conditions. Selection of resistant plants 

increased the resistance level of the progeny to a certain extent. Therefore, our high-throughput bio-test is a 

valuable selection tool in resistance breeding. We suggest to apply our high-throughput bio-test in each 

selection cycle. However, if infrastructure is limiting, the bio-test would be most useful in the first cycle of 

selection when the genetic diversity is largest. Successive applications in the second and third cycle will 
increase homozygocity for resistance genes. However, selection for clover rot resistance must leave sufficient 
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genetic variation to allow the necessary progress in other important traits such as resistance to rust disease, 

plant vigour and seed yield. 

The evaluated red clover populations differed in clover rot resistance, but no completely resistant populations 

were found. Therefore, it is difficult to allocate sources of resistance for breeding purposes. Probably, the best 
way to improve clover rot resistance is to select recurrently for resistant plants among diverse diploid or 

tetraploid cultivars and landraces from different genetic backgrounds. Although there is room for progress, 

complete resistance may never be achieved. Because tetraploid cultivars were on average more resistant than 

diploids, chromosome doubling (tetraploidisation) of diploid populations can provide an additional level of 

protection against clover rot. However, breeders should keep in mind that tetraploidisation can deteriorate 

other important traits such as seed yield. Because the narrow-sense heritability of clover rot resistance was 

relatively low, mass selection is not a good method to improve clover rot. Instead, family selection or 

polycross selection against a strong selection pressure would be more suitable breeding methods.  

Finally, this research project focussed on disease resistance as a means to limit damage by clover rot. Yet we 

observed a decreasing heritability of clover rot resistance after successive generations of selection, together 

with a major influence of environmental conditions on the disease development. These observations may 

indicate that complete resistance to clover rot can never be achieved. Instead, integrated control strategies 

may control clover more effectively than the use of resistant cultivars alone. As in many crops, crop rotation 
and spring sowing remain the most effective prevention measures. Infected fields should be ploughed 

instantly in order to bury sclerotia beyond their germination depth and avoid the formation and spread of new 

inoculum. Coniothyrium minitans, commercially available as Contans®, can degrade sclerotia in the soil when 

applied preventively for multiple years (Öhberg 2008). Previous studies reported suppressed growth of S. 

sclerotiorum in the presence of organic residues of cabbage (Brassica oleracea) (Li et al. 2006) and Indian 

mustard (Brassica juncea) (Larkin and Griffin 2007). Future research should investigate the feasibility to use 

such biocontrol agents in an integrated control strategy for clover rot.  
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