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Preface 

The tri-annual Reinhardsbrunn Symposia, founded in 1966 by Prof. Dr. Horst Lyr have a 
long-standing tradition and are the most important international meeting focusing on 
fungicide science today. More than 45 years ago, the symposia started at the old Rein-
hardsbrunn castle, hence the name of the symposium, and are now held at the Ramada Hotel 
nearby Friedrichroda, which provides sufficient space for the attendees from all over the 
world, and excellent conference facilities. 
In total, 153 scientists from 22 countries of all continents attended the 17th International 
Reinhardsbrunn Symposium in Friedrichroda, Germany, April 21 - 25, 2013. The large 
number of attending scientists from an impressive number of countries clearly indicates the 
international character as well as the attractiveness of the conference. In detail, seven 
attendants were from Australia, five from Belgium, three from Brazil, one from Denmark, 
three from Egypt, eleven from France, fifty-six from Germany, one from Greece, five from 
India, two from Ireland, four from Italy, three from Japan, one from Libya and Poland each, 
five from Russia, two from Serbia, one from South Africa, three from Spain, thirteen from 
Switzerland, two from The Netherlands, eighteen from the UK, and six from the USA. 
Fourty-four oral presentations were given in eight sessions, plus a session of four 
introductory lectures highlighting exciting emerging and/or economically important 
scientific topics. The introductory keynote lectures covered changing priorities in crop 
disease management (Prof. Dr. Shaw, UK), improved control of postharvest decay in fruits 
and vegetables using new 'reduced-risk' fungicides (Prof. Dr. Adaskaveg, USA), ecological 
benefits of fungicides (Prof. Dr. Berry, UK), and gave insight into use of fungicides for 
industrial products (Dr. Sauer, Germany). The sessions of the conference were chaired by 
Prof. Dr. Holger Deising, Germany; Dr. Bart Fraaije, UK, Dr. Dietrich Hermann, 
Switzerland; Prof. Dr. Ulrich Gisi, Switzerland; Dr. Andreas Mehl, Germany; Dr. Gerd 
Stammler, Germany; Dr Erich-Christian Oerke, Germany; Prof. Dr. Phil Russell, UK; and 
Dr. Helge Sierotzki, Switzerland. 
As the past decades have shown that newly introduced fungicides are frequently overcome 
by developing fungicide resistance in various pathogenic fungi, significant interest 
developed in novel technologies leading to better pathogen control. Two keynote lectures 
held by Prof. Dr. Deising and Dr. Schweizer, both from Germany, addressed the question of 
how RNA interfe-rence can be used to confer specific pathogen resistance to crop plants, and 
how target genes can be identified in pathogenic fungi, allowing to employ a novel technique 
known as host-induced gene silencing to establish durable and sustainable resistance. 
The session entitled "New modes of action and fungicides" gained a lot of interest as such 
fungicides can be used to combat pathogens that have acquired fungicide resistance. Such 
compounds are of particular interest in fungicide mixtures, as combinations of compounds 
are indispensable to increase the period antifungal compounds can be applied in the field 
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without resistance development in fungal populations. Interestingly, one of the talks in this 
session showed that the compound isotianil does not have antimicrobial activity but triggers 
plant defense responses and can therefore be regarded as a new resistance inducer in crop 
plants. 
As the occurrence of fungicide resistance probably is the most relevant problem in chemical 
plant protection, it is not surprising that in the session entitled "Fungicide resistance - 
molecular aspects, diagnostics and genetics" as many as eleven talks were presented by 
leading scientists in this field. For example, changes in the target of azole fungicides, i.e. key 
enzymes in ergosterol biosynthesis known as C14-demethylases encoded by the gene 
CYP51, were discussed in six contributions, and two talks were highlighting the occurrence 
and the molecular basis of multi-fungicide resistance in the polyphagous pathogen and 
causal agent of grey mold, Botrytis cinerea. 
The session "Resistance risk assessment" hosted eight speakers in total, with the keynote 
lecture entitled "Improving predictive power of resis¬tance risk assessment" given by Prof. 
Dr. Paverley, UK. 
Subsequently, succinate dehydrogenase (complex II) inhibitors were discussed as effective 
fungicides to be used against economically important pathogens such as B. cinerea and the 
barley pathogen Ramularia collo-cygni, with four speakers presenting their talks. 
Interestingly, in another keynote lecture Dr. Lüth (Prophyta, Germany) provided insights 
into the perspectives of a company manufacturing fungal antagonists that can be efficiently 
used primarily against soilborne fungal pathogens. 
The last morning of the symposium was devoted to regulatory aspects and food chain 
require-ments, with a keynote lecture given by Dr. Hohgardt, Germany, as well as to 
fungicide sensi-tivity monitoring, a topic which is directly linked to the issue of occurrence 
of fungicide resistance. 
While highlighting the exciting scientific topics and the outstanding contribution of all 
speakers of the symposium, the significant contribution of the 43 posters presented in two 
poster sessions should not be overlooked. Here, primarily young scientists had the 
opportunity to intensively discuss the data shown on their posters with experienced and 
internationally acknowledged scientists. 
One of the highlights of the conference was the excursion to The Bach House and the Bach 
Museum in Eisenach, and to the Wartburg Castle, which is part of the world heritage, where 
the conference dinner was provided. 
At the end of this report I would like to address some issues regarding the organization of the 
Reinhardsbrunn Symposium. The last five conferences, starting in 1998, have been 
organized by Prof. Dr. Heinz-Wilhelm Dehne, Bonn, Germany, and it was him and his team, 
especially Ingrid Sikora, Dr. Ulrike Steiner-Stenzel, and Dr. Erich-Christian Oerke, who 
made the Reinhardsbrunn Symyposia so successful. The 2013 symposium has been 
organized by Prof. Dr. Heinz-Wilhelm Dehne and his team, too, but, unfortunately, he was 
unable to attend the conference, due to health problems. Prof. Dehne will retire in 2016 and 
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other members of the organizing committee of the Reinhardsbrunn Symposium and editors 
of the conference book "Modern Fungicides and Antifungal Compounds", i.e. Ulrich Gisi, 
Karl-Heinz Kuck, and Phil Russell, have retired recently or will do so in a little while. In the 
name of all scientists in the field of fungicide research I would like to express my deepest 
gratitude to these colleagues. Their contribution to the field of fungicide science was and still 
is outstanding. 
The retirement of these colleagues made it necessary for others to volunteer helping to conti-
nue organizing the international Reinhardsbrunn fungicide conference. I am very proud to 
say that Dr. Bart Fraaije, Rothamsted Research, UK; Dr. Dietrich Hermann, Syngenta, 
Switzer-land; Dr. Andreas Mehl, Bayer, Germany; Dr. Gerd Stammler, BASF, Germany; 
and Dr. Erich-Christian Oerke, University of Bonn, Germany, happily joined the team and 
represent the new organizing committee of the Reinhardsbrunn Symposium. Prof. Dr. Holger 
B. Deising, Martin Luther-University Halle-Wittenberg, Germany, will chair this team. I am 
happy that also in the future we will have an organizing team of scientists with a strong 
university as well as an industrial background, which will allow continuing to organize 
meetings on fungicides at an up-to-date level of science. This team is also responsible for 
editing the conference book "Modern Fungicides and Antifungal Compounds".  
Similar to the proceedings of the conferences in 2007 and 2010 ‘Modern Fungicides and 
Antifungal Compounds VII’ is published by the German Phytopathological Society (DPG) 
which was involved also in preparing this volume. The DPG may take active part also in the 
organization of the next symposium. The financial support of the German Research 
Foundation (DFG) and of private sponsors for the 2013 symposium is highly appreciated.  

For the organizing committee  Halle (Saale), April 03, 2014 

---------------------------------------- 
   Prof. Dr. Holger B. Deising 
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Changing priorities in disease control 

Shaw MW  
School of Agriculture, Policy and Development, University of Reading, Whiteknights, 
Reading RG6 6AR, UK  
Email: m.w.shaw@reading.ac.uk 

ABSTRACT 

Coming changes in the spectrum of disease affecting crops will be driven by many factors. 
Past examples of change suggest that over decadal time-scales only the most generic predic-
tions are possible: our preparation for the future should include a substantial element of 
insurance, spare capacity and system redundancy. Trends in some drivers of change are 
identifiable: demand, climate change, trade and plant breeding. Time-scales make some 
more challenging than others. Demand for crop products – barring catastrophe – will rise as 
populations increase and poverty declines. For various reasons this implies that production 
will intensify globally, though not necessarily everywhere. Intensification up to now has led 
to reduced biological diversity. Increased area sown and uniformity imply increases in 
disease threat, because hosts are inevitably closer together in space or time. Trade in crop 
products and live plants will continue at high levels. With realistic trade rules both repeated 
introductions of unknown or novel pathogens to new regions seem inevitable. The time-
scales involved in novel threats introduced in this way may be very short and the conse-
quences irreversible. As climate responds to increased greenhouse gas concentrations, global 
average temperatures will rise; some trends in temperature and moisture or rainfall are con-
sistently predicted by global circulation models, but uncertainties on spatial scales needed 
for regional planning remain very large. Climate change will lead to changes in disease 
prevalence, but few specific predictions about disease are possible on time-scales relevant to 
industry. In some cases development pipelines can track changes on a decadal time-scale, 
but the ability to respond to the unexpected is evidently a priority. Breeding for resistance is 
advancing fast. However, the complexity of plant defence systems – and the universality of 
disease in natural systems – suggests that breeding (including the introduction of novel 
genetic elements) will not make other disease management tools redundant. Sustainability 
demands both capacity to adapt continuously to the unexpected and that we use up resources 
(such as fungicide modes of action, or resistance genes) no faster than they are replaced. 

INTRODUCTION 

Priorities in disease control depend in part on the economic environment, and in part on 
pathogen incidence and severity. This paper focusses largely on the identifiable trends in 

3
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biological factors influencing disease control, rather than economic considerations, although 
these will not be completely ignored. The aim is to form a basis for discussion about the 
forces driving change, and the kinds of response to change that may be appropriate. 
Disease pressures are not stable over any time-interval. There are of course annual variations 
in severity, caused by variety shifts, by weather and to an unknown extent by other biotic 
factors such as natural enemies. But there are also long-term trends in disease: a “climate” 
averaged over a moderate number of years which may vary on longer time-scales. In some 
cases the causes of these trends are clear, or in retrospect should have been clear; in other 
cases the causes are quite unexpected except in retrospect. For example, the ratio of the two 
septoria diseases of wheat in the Broadbalk field at Rothamsted has changed greatly over the 
nearly 170 years the experiment has run, from a prevalence of Mycosphaerella graminicola 
to a prevalence of Phaeosphaeria nodorum and back (Bearchell et al., 2005). There are 
several hypotheses to explain these changes but it is certain is that no-one during the latter 
part of the 20th century would have predicted that M. graminicola would have dominated in 
the 1840s. By contrast, the recent increase in Fusarium graminearum in many parts of 
Europe (  et al., 2003) was to be expected with 
the expansion of maize-growing and reduced tillage, and the 20th century decline in stem 
rust in Europe and and the north American great plains was due to deliberate action in 
removing Berberis vulgaris. However, in UK wheat production eyespot of wheat has not 
exploded with elimination of straw burning (DEFRA, 2011), despite dire protestations when 
the ban was introduced around 25 years ago. So patterns of disease prevalence do change 
over time, and it is not easy to know what factors are important, even in the past. 

INTENSIFICATION 

With that qualification, it is still worth asking what drivers of change in plant disease we can 
identify. Human population is the first. This will grow hugely in absolute terms – by around 
3 billion - in the next decades (Fig. 1), unless there a disaster of historically unprecedented 
scale. Therefore, production will intensify over most of the world to feed local populations. 
On current trends, the world population is likely to stabilise by the end of the century, and 
the required increase in food production is less than a doubling. However, the aggregate 
figures are of limited use in understanding the consequences for agricultural production, 
since the growth is geographically very uneven. Europe and Africa form the extremes. In 
Europe, with a stable or falling population, any intensification will be driven by exports. 
At the other extreme (on a broad scale) is Africa, where production will need to more than 
double in the next 40 years in ways which will still allow further enormous increases in 
production up to 2100. Europe doubled production in the latter part of the 20th century, so 
this task has been done with less sophisticated technology than we have now; but it was also 
in a stable climate with privileged access to world resources.  
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Figure1 Projected population growth in major regions of the world (United Nations 
Department of Economic and Social Affairs, 2012). Difference between “high” 
and “low” socio-economic projections of fertility decline are shown by the 
double-headed arrows at 2100; up to 2050 differences are very much smaller. 

It is commonly said that “As China gets richer and eats meat, this will increase demand for 
food, so everybody has to grow more”. It is not appropriate to analyse this in depth here, but 
I do want to challenge it as a justification for increased resource intensive production and 
reduction of environmental standards in Europe and other developed regions. If richer 
Chinese people command more of world production, prices will rise and demand drop 
elsewhere. The inescapable problem is that this is more a political than a technical problem. 
Production will respond as far as is technically possible, responding to local price-signals. If 
we have a very unequal society, in which the rich wish to eat resource-intensive food, they 
will buy that wasteful food. If extra food is produced, but poor people can’t afford it, they 
won’t buy the extra produced, and will be malnourished. The extra food will go to even less 
efficient production for the rich, or perhaps into dysfunctional responses to other problems: 
bio-ethanol is an example. If richer regions produce a surplus and dump it in poorer areas – 
other than in dire emergencies – local production will actually be reduced and resilience 
decreased. To argue for modified agricultural practices in developed countries on the 
grounds of “feeding the hungry” is to misunderstand the issue. Demand will rise; prices will 
follow. That represents a business opportunity which some will seize. Whether the 
production goes to produce larks’ tongues pasties for the ultra-rich or to enriching diets for 
all is an essentially politico-economic issue. 
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Figure 2 The effect of intensification on the prevalence of pathogens. As the land area 
occupied by a crop increases, so the distance between plantings decreases. (a, b) 
Maps of hypothetical landscapes with 1% and 15% of the area allocated to a crop. 
Arrows indicate typical distance from a random reference field to a field of the 
same type in four directions. In (b) the circle helps to see where the reference field 
is. (c) The result is that the rate of increase of prevalence of a pathogen varies with 
field density. When density is low, the pathogen will tend to die out. In the shaded 
area, where density is higher, the pathogen will tend to become more prevalent. 

So intensification of production is inevitable. Many economic forces favour low biological 
diversity over large areas, including economies of scale through specialised production, 
privately owned intellectual property and predictable “quality”. This in itself brings 
problems (Fig 2) through at least two distinct pathways. The rate of increase of disease often 
increases substantially as the proportion of land devoted to a crop rises , and previously 
unknown or very rare diseases may become troublesome. This has at least three causes. (1) 
The average distance between fields falls, so that transfer between fields rises and either the 
average time to infection or the probability of infection decreases. (2) More inoculum from 
infected fields arrives in fields of the same crop, rather than being deposited on or transferred 
to incompatible hosts. (3) Feasible rotations are restricted by the sheer proportion of 
cropping area devoted to individual crops, so that decay of soil-borne inoculum during non-
host cropping is reduced. The exact responses depend on the detailed biology in a given 
case, and the first argument does not apply to pathogens infecting seed or vegetative plant 
pathogens. Nonetheless, it is inevitable that simply by virtue of intensification, some 
previously minor pathogens will become major problems. The timescale may be fairly 
lengthy, but the increasing clubroot problem in oilseed rape/canola (e.g. Strelkov et al., 
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2011) illustrates the issue. The spectrum of pathogens which conventional or GM resistance 
breeding programmes must respond can therefore be expected to widen. 

TRADE 

Trade in plants, planting material and crop products is enormous (Table 1) and involves 
long-distance transport between widely separated climatic and biotic zones, which may or 
may not have vegetation likely to host pathogens which could transfer to related hosts in a 
different region.  

Table 1 EU imports and exports of live whole plants in 2011 by weight (European 
Commission, 2012). 

Country 

Potted plants 

stock (t) 
Hardy 

perennials (t) 
Corms 

(kt) 
EU exports to rest of world All 172000 167000 161000
EU imports from rest of world All 82000 7700 19000

EU imports from Costa Rica 28000 - - 
Brasil - - 5400
Chile 4800
Argentina 350
Japan - 357
China  16000 937 760 

This trade is subject to quarantine rules intended to prevent transfer of organisms to new 
regions. Quarantine is inevitably imperfect for multiple reasons: disease latency; partial 
screening; breaking of the rules; previously unrecorded threats; host jumps; and taxonomic 
confusion are the most prominent. The transfer of soil is particularly dangerous, since we 
know little about its biology and there is almost no way to screen for most pathogens – 
especially unknown ones – and management is challenging. Opinions and evidence differ as 
to whether increased trade in the last few decades has resulted in an increased rate of arrival 
of pathogens. Jones and Baker (2007) found no evidence for an increasing trend in new 
establishments, but Brasier (2008) argued forcibly that this does not indicate increasingly 
effective biosecurity and that the risks involved in trade in live plants and associated soil are 
unacceptable. The economic interests involved in plant trade, however, make its elimination 
politically inconceivable. Trade itself is probably not the only problem. Myrtle rust 
(Puccinia psidii s.l.) probably arrived in Australia as spores on clothing or in or on an 
aircraft; it was not first found in trade or nurseries. It is damaging to a very wide range of 
native plants (Morin et al., 2012) and it seems inevitable that local vegetation will be greatly 
modified as the invasion and accompanying co-evolutionary process develops. Control in the 
natural environment by fungicide is impractical, and it is hard to be certain that there will be 
resistance variation to select in all species.  
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Willy-nilly, therefore, trade and travel represent an unprecedented experiment in 
pathogenicity-testing all pathogens against all hosts. An implication is that there would be 
use for very specific anti-fungal agents capable of being used in a varied or wild setting 
without doing more harm than good. This degree of specificity suggests biological agents – 
viruses or niche competitors – rather as bacteriophage therapy was developed in the Soviet 
Union against human pathogens, as an alternative strategy to antibiotics (Carlton, 1999). In 
turn, thqe use of biological agents implies accepting a certain level of disease as 
unavoidable. 

CLIMATE CHANGE 

There is universal consensus that on average and regardless of mitigation measures, the 
global temperature will continue to rise due to anthropogenic greenhouse gas emissions, both 
those past and those unavoidable in the near future. The climatic effects of this change in 
energy balance are less easy to forecast on a regional scale relevant to agriculture. In many 
regions, the variation between climate models is substantially greater than the mean effect 
forecast. Possible effects are not all bad – more rain in the Horn of Africa is unlikely to be 
harmful in the long run – but all uncertainty makes agricultural planning more difficult and 
greater variability in weather seems likely in large parts of the world. 
Over multi-generational time-scales, climate change may be the cause of the largest changes 
in agriculture, but possibly not of the pathogen spectra affecting particular crops. For the 
major traded crops – wheat, rice, maize, soya, peanut and so on – the existing breeding cycle 
leads to regular replacement, with a pipeline of the order of a decade. This is comparable to 
the timescale for changes in mean values of climatic variables, which will anyway be tracked 
during the field-selection phases of the breeding process, provided it is reasonably local to 
the target planting area. Thus, the energy-balance changes producing climate change may 
mean – we don’t know – that north-west Europe experiences colder, wetter, summers for at 
least some time. Variety and selection trials will immediately shift the varieties released in 
directions required to respond to this; breeding now for the hotter 2050s (if that is what they 
will be in the region under consideration) would not be a sensible policy. On the other hand, 
in some regions there are predictions which agree across models and imply a need for major 
system changes with lead times which are very long. For example, predicted decreases in 
rainfall in the mediterranean region are far larger than the variance in predictions between 
models ( ). 
Increased frequency of very large deviations of weather from the average also emphasises 
the need for an effective and equable system of trade in foodstuffs, and the inclusion of 
resilence to environmental shocks and variation as a trait in breeding programmes. This is 
not necessarily in contradiction to the comments above on trade: efficient exchange of 
foodstuffs or seed does not mean trade in live plants or live plants rooted in soil are routinely 
necessary.  
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Climatic change may cause differences in disease prevalence in two main ways: by altering 
host and pathogen phenology; and by altering the rate of increase of the disease through 
effects on infection, sporulation, or generation time. In principle, all these characteristics are 
measurable and therefore change predictable (Evans et al., 2008). We also need to know 
how pathogens will evolve when exposed to altered conditions; since it is common for 
pathogens to have large population sizes and shorter generation times than their hosts. We 
can reasonably ask how good our understanding of these factors is.  
Curiously, even in the natural range, pathogen phenology doesn’t seem to be perfectly 
adapted to prevailing host phenology. The most obvious need for matching is in pathogens 
with a overwintering cycle involving resistant stages germinating to airborne spores, such as 
powdery or downy mildews or Sclerotinia in oilseed rape, where infection depends on 
ascospore release coinciding with petal fall. For example, Desprez-Loustau et al. (2009) 
examined the release period of ascospores of the oak powdery mildew Erysiphe alphitoides 
in relation to the susceptible period of its oak tree host up an altitudinal gradient in southern 
France. Although the susceptible period varied considerably, peak spore release was poorly 
matched to the local time of susceptibility. One can speculate that a pathogen whose 
phenology can evolve too easily to local conditions will track short-term changes too 
effectively, so that – for example – after a warm winter, selection will leave the population 
reproducing too late for a succeeding cold winter. Longer-term processes will then favour 
phenology which is well-buffered and relatively resistant to selection but matched to long-
term (century-scale) averages. This is not inconsistent with differential adaptation in isolated 
geographic regions, such as the differential temperature optima in culture of Mycosphaerella 
graminicola isolates from temperate and mediterranean climates found by Zhan and 
McDonald (2011), but it does not make prediction any easier. 
Prediction of future changes, given a scenario for both climate change and independent 
changes in the structure of farming depends on a good understanding of all the factors 
controlling pathogen population density. The tests of potato blight spray guidance systems – 
arguably both a well-researched and a reasonably simple pathosystem – by Taylor et al. 
(2003) are salutory. Six systems were compared, some using very detailed weather data, at 5 
sites over six years. All were unable to predict years when disease was so low that spraying 
was not needed, and even the best was between 36 days too early and 21 days too late 
predicting detectable disease. It is useful to note broad ecological changes which may favour 
particular diseases – for example, wetter summers are certainly likely (but not certain) to 
lead to increased blight – but we do not understand how other agents in the ecosystem will 
respond, nor, as the previous paragraph emphasised, do we understand how much a given 
organism is able to evolve in response to a specific evolutionary pressure. Finally, the 
regional uncertainty in predictions of how climate will change in a given socio-economic 
scenario remains large ( ). Ability to detect and respond to changes is 
and will remain critical. 
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INTEGRATED PEST MANAGEMENT 

Both fungicides and conventional or GM approaches to breeding are only likely to work in 
the longer term if they are carefully integrated with other methods, and better integration will 
continue to be a priority in disease management indefinitely. 
All disease management methods, in intensifying farming systems, are vulnerable to 
diminishing utility due to evolutionary or system adaptation. An artificially simple example 
can show how integration of management actions can lead to quite disproportionate 
reductions in selection pressure and environmental damage. The argument is not new, but 
seems not to be always appreciated. The example (Fig. 3) combines the use of fungicide with 
host resistance. Regardless of the use of dose, mixtures or alternation as anti-resistance 
strategies, an extra spray constitutes extra selection pressure – the variability may not be 
present to allow a response, but it usually seems to be. Suppose that fungicide is used to 

Figure 3 An illustration of the effect of integrated pest management on the strength of 
selection on a pathogen to overcome a particular management tool, here by 
developing fungicide resistance. Fungicide sprays shown by arrows halt pathogen 
multiplication for a period. :Base scenario: fungicide use as only 
management tactic;  Partial resistance, not adequate alone, included; 

 63% reduction in initial inoculum included as well as partial resistance. 

prevent disease in a crop exceeding a critical level, which may be set by aesthetic or 
economic considerations. When fungicide is applied, pathogen multiplication is prevented 
for a period of time. The pathogen is assumed to increase with a constant rate parameter – 
for example the parameter of a logistic or gompertz curve. In the numerical example shown 
in Fig. 3 eight sprays are needed to prevent disease reaching the critical level. Reducing the 
rate of increase of the pathogen – by spacing, partial resistance, environmental modification 
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or whatever – is insufficient to prevent damage without fungicide, but reduces the number of 
sprays to three. The selection pressure for resistant strains of the pathogen is instantly greatly 
reduced – by a factor of nearly 3, if each spray exerts similar selection. Adding moderately 
effective sanitation measures to reduce the start of season inoculum (if the disease scale is 
logistic, a 1-unit reduction corresponds to reducing inoculum to e-1, about 40% of the initial 
value) removes the need for fungicide, and therefore reduces selection for resistance in this 
crop to zero. This preserves the fungicide for years when the initial inoculum is greater or 
the weather more favourable to disease. It is worth making the point that the principles 
underlying this example are as applicable to „organic“ systems as any other. Arbitrary 
exclusion of management actions will lead neither to the minimum environmental impact nor 
to sustained high production. 
GM crops are in wide use throughout most of the world and may become acceptable in 
Europe as a helpful tool with intrinsically low environmental impact. But claims that they 
will eliminate the need for other disease management measures seem unlikely to be fulfilled, 
for two reasons. First, disease persists in natural pathosystems despite at least the past billion 
years of co-evolution. Either there are severe and unavoidable costs to perfect defence, or the 
optimum biochemistry has not been accessible via evolutionary pathways explored naturally. 
Second, it is not clear what type of signalling network and defence mechanism would be 
invulnerable to all types of attack. The most obvious example of this is the ease with which a 
more sensitive or effective defence against an obligate biotroph might provide an entry route 
for necrotrophs or weak parasites (Barna et al., 2012). If there is a possibility that apparently 
perfect resistance may be overcome by adaptation of the target pathogens, or exploited by a 
previously non-pathogenic organism, then GM technology, like pesticide chemistry, should 
be deployed in a IPM framework. IPM remains and should remain a priority in disease 
control. 

CONCLUSIONS 

Intensification, trade and climate change are likely to change the relative importance of 
different pathogens on given hosts and cause new pathogens to become important. Much of 
this change is unpredictable, but some can be foreseen, especially where minor crops 
become major ones. Very specific control agents – which are therefore likely to be 
biologicals – will be needed to deal with invasions without unacceptable ecological side-
effects. Climate change and shortage of land and climate change will necessitate use of all 
available management techniques in an integrated fashion; it is very unlikely that a single 
technology (such as GM) will banish disease as a consideration in crop production. 
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ABSTRACT 

One of the most economically important problems in agriculture is postharvest decays. Even 
relatively small losses from decay after production, harvest, storage, distribution, and 
marketing can have a major impact on the economic success of a commodity. The total 
investment culminates in the delivery of wholesome food to the consumer – the human 
population around the world. Preventing crop losses due to postharvest decay fungi is a key 
component in improving the availability of fruits and vegetables worldwide. One strategy to 
prevent decay is the use of fungicides that are applied directly to the harvested commodity. 
Postharvest fungicides used on food crops are among the most rigorously tested and 
regulated chemicals in the world and their risk assessment and residue limits are in parallel 
to preharvest uses. New products have been registered with broad or overlapping spectrum 
of activity against fungal decays and are available on numerous crops, allowing global 
marketing while minimizing the selection of resistant pathogen populations. Optimized 
postharvest fungicide usage strategies include pre-mixtures, tank mixtures, application 
methods, and sanitation treatments that increase performance and help reduce the selection 
of resistant sub-populations of pathogens. In the future, a new view of postharvest fungicides 
as “permitted preservatives” may need to be considered to eliminate trade barriers for treated 
fruit and improve distribution of highly nutritious food to a growing human population. 

INTRODUCTION 

The demographics of the world are changing: Urban populations are rapidly increasing. In 
2008, for the first time, the world’s population was evenly split between urban and rural 
areas. Following this trend, by 2050, 70% of the world population will be urban. Although 
utilization of local food supplies minimizes environmental impacts, increased food demands 
will require global distribution. Additionally, food quality with high nutritional value, in 
addition to quantity, needs to be considered for the growing number of societies with 
increased standards of living. Thus, long-distance distribution of fresh produce has created 
new challenges in decay management. In an integrated approach of decay management, 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Adaskaveg, Förster 

14 

cultural, preharvest, harvest, and postharvest practices are essential components that 
influence the complex interaction between host, pathogen, and environment. Selection of 
crop varieties, orchard practices, and use of fungicide can directly reduce the incidence of 
postharvest decay by preventing infections and reducing inoculum levels. Among 
postharvest practices, the use of postharvest fungicides is the most effective means to reduce 

 et al. 2002). Postharvest fungicides can protect 
fruit from infections that occur before treatment, including quiescent infections, and from 
infections initiated after treatment during postharvest handling, shipment, and marketing. 

POSTHARVEST DECAY ORGANISMS AND DECAY DEVELOPMENT 

Fungi are responsible for most postharvest decays of perishable horticultural crops including 
fruits and vegetables (Snowdon 1990, 1992) and thus, it is important to understand their 
biology, ecology, and the epidemiology of the diseases or decays they cause. Most decay 
fungi belong to the phylum Ascomycota in the Kingdom Fungi and commonly disseminate 
through production of asexual spores (mitospores). Many, such as Penicillium spp. on citrus 
and pome fruit, infect through wounds. Others such as Monilinia and Colletotrichum species 
are well known for their ability to directly infect through intact plant surfaces, causing both 
active and quiescent types of infection. In the latter type of infection, the pathogen invades 
the plant tissue and then remains inactive until the commodity ripens or the environment 
changes. Host-produced pectinases that soften fruit can activate the pathogen to cause decay 
or alternatively, the pathogen can modulate the pH around the infection site until the pH is 
conducive for enzymatic degradation of the host tissue (Prusky et al. 2001; Diéguez-
Uribeondo et al. 2008). A list of the major postharvest decays and their causal organisms of 
selected crops of major economic importance in the United States is shown in Table 1. Some 
pathogens are unique to their host such as the citrus green mold pathogen P. digitatum; 
whereas others have a broad host range such as B. cinerea that occurs on many plant species. 

FUNGICIDES FOR MANAGEMENT OF POSTHARVEST DECAYS  

Postharvest treatments to preserve harvested fruits and vegetables have been used since 
antiquity, with sulfur as the first chemical being applied. A multitude of chemicals were 
developed and introduced starting in the mid-1900s. The older chemicals typically had a 
broad spectrum of activity and multiple sites of action. Because many of them did not meet 
today’s safety and high efficacy standards, most are no longer registered for use. Among 
older postharvest fungicides that were registered between 50 and 70 years ago in the United 
States include the phenol sodium ortho-phenylphenate (SOPP, OPP), as well as the inorganic 
salts borax, sodium carbonate, and sodium bicarbonate that are currently still used on citrus 
fruits (Palou et al. 2001). More specific, single-site mode of action fungicides that were 
registered in the 1970s and ‘80s such as the methyl benzimidazole carbamate thiabendazole 
and the demethylation inhibitor imazalil are also still in use on citrus and pome fruits or only 
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citrus fruit, respectively. In the development of new fungicides since the 1990s, emphasis 
was placed on minimizing human health risks and environmental tox
Förster 2010; Schirra et al. 2011). With mammalian toxicity concentrations of generally 
more than 2000 mg/Kg, these new treatments are the safest fungicides ever developed for 
postharvest use and in the United States are among chemicals most critically tested 

risk fungicides’ by the United States Environmental Protection Agency. In addition, a range 
of ideal properties regarding efficacy and usage patterns is considered in the screening of 
new compounds as potential postharvest treatments. For example, some post-infection 
activity is desirable due to the fact that many infections are initiated during harvest and 
postharvest handling (before postharvest fungicide application) when fruit injuries 
commonly occur. Some postharvest fungicides can also protect the fruit from infections that 
occur before treatment, including quiescent infections (Förster et al. 2007). Consumer 
concerns on the safety of postharvest fungicide use can be countered with argumentation on 
the benefits in preventing food spoilage and potential contamination with highly poisonous 
mycotoxins that are produced by some fungi growing on decaying fruit. Furthermore, 
various food preservatives such as benzoic acid or sorbic acid with similar toxicity 
characteristics as modern postharvest fungicides are generally permitted. Fungicide use in 
the field shortly before harvest is common and accepted by consumers in many countries, 
but postharvest applications are regarded as harmful. Considering that maximum and actual 
fungicide residue levels for both types of application are in a similar range and within 
established maximum residue limits, the rejection of postharvest as opposed to preharvest 
applications is not easily understood especially in the light that a postharvest application is 
more targeted, generally more effective, and the environment is not exposed.  
New-generation postharvest fungicides belong to five chemical classes (FRAC groups) and 
include the demethylation inhibitors tebuconazole, propiconazole, and difenoconazole, the 
phenylpyrrole fludioxonil, the hydroxyanilide fenhexamid, the anilinopyrimidine 
pyrimethanil, and the quinone outside inhibitor azoxystrobin. Their registrations and uses on 

Förster 2002, 2010). In contrast to the older compounds, these fungicides all have a single-
site mode of action and thus, potentially have an increased risk for resistance development 
(see below). Multiple active ingredients are and more will be registered on many fruit crops 
in the United States to increase the spectrum of activity, to meet export market demands with 
specific residue tolerance requirements, and to provide tools for resistance management and 
fungicide stewardship. For each crop, treatments are being made available to manage all 
major decays. Thus, brown rot (Monilinia spp.), gray mold (Botrytis cinerea), and Rhizopus 
major decays. Thus, brown rot (Monilinia spp.), gray mold (Botrytis cinerea), and Rhizopus 
rot (Rhizopus stolonifer) of stone fruit, gray mold and Penicillium decays (Penicillium 
species) of pome fruit, and Penicillium decays (P. digitatum, P. italicum) and sour rot 
(Geotrichum citri-aurantii) of citrus fruit all can be effectively managed using minimal rates 
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Table 1 Major postharvest decays of selected crop groups of major economic 
importance in the United States and postharvest fungicides available for their management 
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that result in very low fungicide residues on the crop (Fig 1). Additionally, several pre-
mixtures of some of the active ingredients mentioned above have been registered and more 
are in development. This again is done to target a wider range of pathogens and to reduce the 
risk for resistance development especially for crops where a high risk for resistance 
development in pathogen populations is present (e.g., citrus and pome fruits). 

Figure 1 Wound-inoculated lemon fruit 
either A, untreated and showing green mold 
decay and sporulation of Penicillium digitatum 
or B, treated with fludioxonil with no decay. 
Wound sites are shown on the upper surface of 
each fruit. Fruit were inoculated with conidia of 
P. digitatum, incubated for 18 h at 20°C, and 
treated with 300 mg/L of fludioxonil. Fruit were 
stored for seven days at 20°C, >90% relative 
humidity.  

Postharvest fungicides can be applied in various ways, ranging for low volume, controlled 
droplet sprays to high-volume drench applications. Low-volume sprays applied to wet, 
washed fruit result in little run-off and disposal problems. High-volume drenches can be very 
economical when fungicide solutions are recirculated and sanitized. High-volume 
applications also provide excellent coverage, result in superior decay control, and therefore 
have been adapted by the citrus and other commodity industries in California (Kanetis et al. 
2008a). Sequential staged-applications are done by combining high-volume drenches (to 
ensure fungicide coverage and delivery to micro-wound sites) with a low-volume treatment 
where the fungicide can be applied in fruit coatings immediately after the drench treatment 
as fruit are conveyed to sorting areas. Fungicides mixed with fruit coatings improve the 
appearance of the fruit, reduce desiccation, inhibit infections, and reduce fungal sporulation 
from decays that may develop during transportation and marketing (Kanetis et al. 2008a).  

RISK ASSESSMENT, MAXIMUM RESIDUE LIMITS, AND POSTHARVEST 
FUNGICIDE REGISTRATION 

Registration of postharvest fungicides, like any other pesticide, includes a risk assessment 
analysis by governmental regulatory agencies to ensure that the product is safe to users, 

assessment analysis involves evaluating the potential hazard characteristics of the product 
including the active ingredient and breakdown products, as well as carrier or inert 
ingredients in the formulation. In the United States, acute and chronic dietary risk, as well as 
short-, intermediate-, and long-term occupational, residential, and recreational exposure is 
assessed. In many countries, comprehensive reviews are done at national and regional levels 
for each country where the product will be sold. Furthermore, pesticides in general are 
subject to a re-review after some period of time. The prospect of world-wide pesticide 
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registration is a daunting task for any manufacturer and only recently has regulatory 
harmonization across regions and among regulatory groups been considered. 
For any pesticide, concentration limits on a given commodity are set to ensure safe usage 
and minimal risk. In the United States, the EPA and the Food and Drug Administration 
(FDA) evaluate human risk associated with pesticide exposure and set standards for pesticide 
tolerances using chemical hazard and exposure assessment procedures. The Codex 
Alimentarius Commission was created in 1963 by the international Food and Agriculture 
Organization (FAO) and the World Health Organization (WHO) to develop food standards 
and guidelines in order to protect consumer health, ensure fair trade practices, and to 
promote coordination of all food standards. The Codex Committee on Pesticide Residues 
(CCPR) develops and maintains acceptable maximum residue limits (MRLs) of pesticides 
for food commodities. Maximum postharvest fungicide residues are generally several times 
lower than the MRL. MRLs and typical use residues for postharvest fungicides are similar as 
for preharvest fungicide use. Any crop that exceeds the MRL must be destroyed following 
strict routine monitoring procedures.  

RISK OF FUNGICIDE RESISTANCE DEVELOPMENT IN THE POSTHARVEST 
ENVIRONMENT 

Resistance has been reported for numerous postharvest fungicides used on a range of crops. 
Resistance against thiabendazole in Penicillium species on pome and citrus fruit and against 
imazalil in Penicillium species on citrus has seriously compromised the effective 
management of postharvest decays on these crops until new active ingredients were 
registered in the early 2000s. Although resistance management has been advocated from the 
time of introduction of the newer compounds, resistance has already occurred to some of 
them. Most notably, extensive resistance has developed against pyrimethanil in populations 
of Penicillium spp. from citrus in California (Adaskaveg, personal communication) and in 
populations of Penicillium and Botrytis spp. from pome fruit in Washington (Xiao et al. 
2011), rendering this treatment ineffective at some locations.  
The fungicide resistance potential is influenced by intrinsic properties and usage strategies of 
the fungicide and the genetics of the pathogen in a given environment. A fundamental 
concept in describing the resistance potential of a fungal species is that resistant populations 
mostly develop from the selection of less sensitive individuals that naturally develop within 
the wild-
Naturally occurring variants allow for survival in ever changing environments. Postharvest 
fungicide applications, like preharvest usage, impose a selection pressure on the pathogen. 
Once the less sensitive sub-population is selected, treatments with the fungicide will be less 
or not effective. The frequency of these less sensitive individuals within the population is the 
resistance frequency, whereas the resistance factor describes the level in fungicide 
insensitivity as compared to the original wild-type population (Beresford 1994).  
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Historically, resistance frequencies have been determined empirically or in laboratory 
mutation studies. Species of Penicillium have a high reproductive potential due to abundant 
spore production and a short generation time, and therefore, the response to a selection 
pressure (the fungicide) can be observed. Using the spiral gradient dilution (SGD) assay, the 
natural resistance frequencies in populations of P. digitatum to the recently registered 
postharvest fungicides fludioxonil and pyrimethanil were determined before their 
commercially use in citrus packinghouses and ranged from 1 x 10-4 to 7 x 10-6 and from 1 x 
10-6 to 1 x 10-9, respectively (Fig. 2) (Kanetis et al. 2010). With P. digitatum, this could be 
directly quantified because a large population could to be sampled and the relatively low 
occurrence of resistant individuals could be detected.  

Figure 2 Air-sampling spiral gradient dilution 
plates (fungicide concentration is highest near the 
center) amended with A, fludioxonil, or B, pyrime-
thanil. Black arrows: location of EC95 concentrations. 
White arrows: naturally occurring resistant isolates of 
Penicillium digitatum. Arrowheads: some fungal or 
bacterial contaminants that develop in air-samplings 
of commercial packinghouses. Total spores and the 
number of resistant isolates per plate were determined 
to estimate the resistance frequency. 

Figure 3 Air-sampling spiral gradient dilution 
plates (fungicide concentration is highest near the 
center) amended with A, thiabendazole (TBZ) or B, 
imazalil. Qualitative and quantitative resistance is 
visualized, respectively. Black arrows: location of 
EC95 concentrations. With TBZ, sensitive and resis-
tant isolates are in the outer zone and only resistant 
isolates are present in the inner zone. With imazalil, 
there is a continuous gradation from sensitive and 
resistant to only resistant isolates near the center. 

Characteristic frequency distribution shifts for qualitative and qualitative types of resistance 
were shown empirically by Brent (1995). Using the SGD method, these distribution shifts 
could be directly visualized for the postharvest fungicides thiabendazole and imazalil that are 
registered for managing Penicillium decays of citrus (Kanetis et al. 2010). Exposing agar 
plates with a continuous range of fungicide concentrations, qualitative resistance to TBZ and 
quantitative resistance to imazalil were demonstrated (Fig. 3). For qualitative resistance, two 
distinct zones are on the agar plate: a dense outer zone where low concentrations of the 
fungicide allow growth and recovery of sensitive and resistant individuals and a less dense 
inner zone where high concentrations of the fungicide limit growth and recovery to only 
resistant individuals. For quantitative resistance, there is a continuous gradation from 
sensitive and resistant to only resistant isolates near the center. This method can be used in 
future evaluations of newly registered fungicides to actually visualize predicted types of 
resistance. Preliminary assessments indicate that propiconazole and fenhexamid follow a 
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quantitative pattern, whereas for pyrimethanil resistance likely is qualitative in postharvest 
pathogens. Due to the occurrence of fungal strains moderately or highly resistant to 
fludioxonil, a bi-modal qualitative type of resistance is likely for this fungicide. 

STRATEGIES FOR PREVENTING FUNGICIDE RESISTANCE IN THE 
POSTHARVEST ENVIRONMENT 

In an effort to minimize the incidence of decay (survivorship) and to limit the reproduction 
of surviving pathogen individuals (anti-sporulation properties), strategies have been deve-
loped (Adaskaveg et al. 2002). Commodities that are stored for extended periods of time 
before marketing and that commonly develop decay in storage benefit from the use of fun-
gicides that suppress sporulation on decaying fruit. For example, on citrus and pome fruit, 
fludioxonil is more effective in inhibiting sporulation of Penicillium species than is pyrime-
thanil (Adaskaveg et al. 2004; Kanetis et al. 2008b). Fludioxonil, however, has a reduced 
post-infection activity as compared to pyrimethanil and azoxystrobin due to its contact pro-
perties. Because of often large harvest volumes and delay of transportation from orchard to 
packinghouse, postharvest fungicides with post-infection activity are needed. With excellent 
post-infection but reduced anti-sporulation activity, pyrimethanil applications should be 
combined with other fungicides that provide sporulation control.  
Packinghouse practices that increase the likelihood of resistance development include all 
methods that lead to sub-optimal fungicide coverage and residue concentrations at infection 
sites (e.g., mostly fruit injuries). These practices include improper application methods due 
to non-calibrated equipment or due to cost-saving or using improper fungicides-fruit coating 
mixtures. In contrast, practices that integrate improved handling of the commodity to 
minimize injuries and the potential total amount of decay, as well as, temperature 
management and sanitation also help to reduce the selection of fungicide resistant 
populations of decay organisms. Washing fruit with oxidizing aqueous solutions (e.g., 
sodium hypochlorite) disinfests the commodity and reduces the total amount of inoculum. 
Lowering the fruit temperature will slow ripening of the commodity, as well as growth of the 
pathogen and allow increased time for distribution and marketing before decay occurs. 
The simultaneous registration of multiple new fungicides allows stipulation of the philoso-
phy that any fruit lot should only be treated once with a fungicide of the same class or mode 
of action. Ideally, rotations of mixtures should be used for fruit crops that are being treated 
more than once, such as some citrus and pome fruits. Postharvest fungicide pre-mixture regi-
strations accommodate this strategy. Thus, for citrus pre-mixtures of imazalil and pyrimetha-
nil, fludioxonil and azoxystrobin, or fludioxonil and TBZ are currently available in the Uni-
ted States. Other combinations are in preparation such as fludioxonil and difenoconazole or 
three-way mixes with fludioxonil, azoxystrobin, and propiconazole for other crop groups. In 
these pre-mixtures, ideally all components should be effective against the target pathogen. In 
mixture applications, the resistance potential is much reduced as compared to applications 
with single active ingredients because of a lower resistance frequency. For example, assu-
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ming resistance frequencies for two fungicides of 10-6 and 10-9, respectively, the resistance 
frequency of the mixture will be 10-15. Although these numbers are extremely low, the risk 
for resistance development will never be zero, and the full spectrum of integrated manage-
ment strategies should be employed. 

CONCLUSIONS  

The development of highly effective postharvest fungicides with extremely low potential 
toxicity to non-target organisms including humans is a sound approach in the prevention of 
postharvest crop losses by fungal decays. The safety factors are high enough to consider 
several postharvest fungicides as “permitted preservatives” of food. The identification of 
highly effective active ingredients and the registration of compounds with different modes of 
action have allowed extremely low usage rates. An increased arsenal of fungicides provides 
an increased spectrum of activity, allows for registration on additional commodities with less 
dependency on any single active compound, and facilitates global marketing. The use of 
fungicide pre-mixtures is a built-in resistance management strategy. Integration of tempera-
ture management, sanitation, and improved usage strategies such as application methods that 
optimize coverage reduces the risk of selecting resistance. Integration with improved hand-
ling to reduce injuries and the philosophy that any fruit lot should only be treated once with a 
fungicide of the same class minimizes any risk of losing products due to the development of 
resistance. Knowing pre- and post-infection characteristics of a fungicide and the potential 
type of resistance that could develop in targeted pathogens, as well as routine monitoring for 
shifts in sensitivity in the pathogen population compared to baseline values at an early stage 
will allow for optimum usage and appropriate corrective actions to alleviate any potential 
dissemination of resistant individuals. Identification and registration of new compounds with 
high safety properties and performance for postharvest usage is difficult and time consuming 
due to a wide range of decay organisms, the limited amount of materials that qualify, and 
numerous regulatory reviews around the world. Thus, every effort should be made to extend 
the usage time of any registered postharvest fungicide. Use of fungicides as postharvest 
treatments is and will be a critical strategy to secure a sustainable and nutritious worldwide 
food supply for the growing human population.  
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ABSTRACT 

The main challenge for agriculture is to increase productivity to meet rising world demand, 
whilst minimising greenhouse gas (GHG) emissions, nitrate leaching, water use, and the 
need to convert land which currently supports natural ecosystems into farmland. Fungicides 
will play a key role in meeting this challenge. The main focus of attention on the ecological 
effects of plant protection products is usually on their ecotoxicology. Here, we review some 
of the counter-balancing evidence on the ecological benefits of crop protection. Direct GHG 
emissions associated with the production of arable crops are strongly determined by the rate 
of inorganic nitrogen (N) fertiliser applied and the yield. Indirect GHG emissions may be 
caused by abiotic and biotic stresses which constrain crop yield, requiring a greater cropped 
area to produce a given level of commodity production to meet market demand. If, as a 
consequence of such constraints, previously uncultivated land is brought into production, 
carbon will be released from vegetation and soil organic matter, leading to a large impact on 
GHG emissions. There is good evidence from winter wheat to quantify how disease control 
affects direct and indirect GHG emission, and the N balance (ratio of applied N to N off-take 
in grain). Data from field experiments from NW Europe, showed that the economic optimum 
N input to winter wheat was increased if diseases were controlled by fungicides, compared 
to untreated wheat. The GHGs associated with this additional N largely negated the benefit 
to direct GHG emissions per tonne of grain resulting from disease control. GHGs associated 
with the manufacture and application of fungicides were small relative to other crop inputs. 
The mean grain yield obtained without fungicide treatment was approximately 2 t/ha less 
than with fungicide treatment, if N input was optimal for each situation. In the absence of 
effective disease control by fungicides, substantial additional wheat area would be required 
to maintain production at current levels. If the additional land area came from converting 
grassland or semi-natural vegetation to arable production (rather than from displacing other 
arable crops), the resulting GHG emissions would cause the combined direct and indirect 
GHG emissions per tonne of grain grown without fungicides to be substantially greater than 
for crops grown with fungicides. The effect of fungicides on N balance was neutral, 
assuming the optimum N rate was used. However, at the time of N applications, it is difficult 
for growers to predict the level of disease and disease control which will occur, in order to 
adjust N rates accordingly. So a more realistic scenario may be that N inputs would remain 
constant. Under this scenario, calculations for the effects of fungicides on GHG emissions 
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and N balance showed that fungicide use reduced both direct and indirect GHG emissions 
per tonne of grain, and increased the amount of N taken off in the grain thereby improving 
the N balance. Similar benefits could, in principle, be achieved by the use of disease 
resistance in crop cultivars. However, yield penalties associated with plant breeding for host 
resistance constrain these benefits. Similar conclusions on GHG efficiency to those 
described above have been demonstrated for disease control on barley and oilseed rape. 
Climate change is projected to increase evapo-transpiration demand and decrease rainfall 
during the summer – increasing the frequency of sites and seasons when available soil water 
will become limiting. Therefore the importance of crop water-use efficiency (WUE) is 
projected to increase. Considerable evidence has been published from glasshouse and 
controlled environment studies to show that foliar diseases can substantially affect plant 
water relations and WUE across a wide range of crops. And the importance of disease 
control to WUE has been demonstrated by field trials data on winter wheat. The evidence 
above reinforces the importance of maintaining effective disease control, by keeping ahead 
in the “arms race” against pathogen evolution towards fungicide insensitivity and virulence. 
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ABSTRACT 

In a world of green revolution, only little is left untouched. Biocide producers along with 
other parts of the chemical industry all over the world are currently focusing on projects to 
make their products more environmental-friendly and to promote their benefits and greener 
practices.  
Fungicides are used in a variety of applications including textiles, leather, paints and 
coatings, stucco/plasters, polymer emulsions, adhesives and sealants, inks, plastics, wood 
treatment and many more. The biocide producers have to cope with highly variable demand 
of the biocidal product consuming industry, the heightened awareness of the danger of germ 
growth, increasing regulatory measures and fluctuating raw materiel costs. Regulations with 
regard to the production and application of biocides are affecting the biocide market in a 
number of ways, as they are often restricting the use of biocidal products and increasing the 
costs of the time-consuming support of biocides under new regulations. As a result, some 
fungicides are being withdrawn from some applications and traditional chemistries are being 
replaced by new products. While the regulations in Europe, America, Asia and other parts of 
the world are becoming more stringent officials agree that these changes will support the 
global biocide industry. Meeting the additional regulatory requirements will protect 
consumers, and in the long term will support all stakeholders, customers and product 
manufacturers. The balancing act between ecology on the one hand and economy on the 
other hand is currently one of the biggest challenges in the biocides consuming industry. 
Prolonging the service life of a substrate at a reasonable price is thereby one of the key 
targets. Highly sophisticated formulation technology is needed to improve for example the 
leaching behaviour or the stability of a fungicidal product in a given matrix. Latest results 
show that for example high level encapsulation technology of biocides can significantly 
reduce the amount of active compounds needed to get satisfying protection in standard 
testing. In other words, the active ingredients can be kept in the place where they are in fact 
needed. Apart from avoiding risks to health, appropriate preservation therefore makes a 
substantial contribution to prolonging the service life of a substrate, thereby saving natural 
resources. This shows that sustainability and economic interests are not necessarily 
incompatible, but can also complement each other. 
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INTRODUCTION 

All water based materials, such as exterior aqueous emulsion paints or pasty plasters, contain 
organic components which are vulnerable to microbial degradation. Without appropriate 
preservation in the wet state, those products become unusable, leading to customer 
complaints. In addition, cured coatings are subject to microbiological attack from fungi, 
algae and lichens, particularly if the degree of atmospheric humidity is high (see Figures 1 
and 2). Algae and fungi interfere by colonizing, modifying and degrading these polymeric 

 

Figure 1 Fungal and algal growth on a wall 

Figure 2 Discolouration due to algal growth on a facade paint with inadequate protection 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Industrial Use of Fungicides 

 27 

In recent decades the microbial infestation of exterior surfaces has increased remarkably. 
There are many reasons for this, including the following Warscheid (2000): 

 The environmental growth conditions for microorganisms have been considerably 
improved by the continuing eutrophication of the atmosphere by organic pollutants as 
well as by dramatic changes in the global climate. 

 Wider application of external insulation systems on buildings due to energy saving 
measures. As a consequence of the thermal decoupling from the interior, more 
condensation moisture can be detected on exterior façade surfaces, attracting more 
microorganisms to settle and grow. 

 Improper maintenance and care for economic reasons. 
 Constructional defects (e.g. inappropriate rainwater protection, vegetation). 

The economic damage of microbially induced aesthetic defacement and biocorrosive 
deterioration is currently estimated at EUR 8-16 billion per year for Germany alone (Oswald 
et al 2003, Warscheid 1996). 

INDUSTRIAL APPLICATION OF FUNGICIDES (EXAMPLES) 

Wood Protection 
Biological Factors 
 Wood destroying fungi 
 Wood discoloring fungi 
 Insects / Termites  

Usual methods for industrial wood protection apply e.g. dipping, diffusion, vacuum-
pressure, oscillating pressure methods and the like. 

Concrete Additives 
Being partly natural, sustainable raw materials (such as lignosulphonates) concrete 
admixtures can biologically deteriorate, especially in favourable conditions for microbial 
growth (i.e. dilute solutions with < 40% dry substance, temperatures between 20 – 40°C, 
favourable pH range from 5-9 or poor hygienic conditions at the construction site). 

Glues and Adhesives 
These products often require dry-film fungicides with a high and broad activity. To meet the 
demands of industry corresponding preservatives should provide low water solubility, low 
toxicity/ecotoxicity, stability in the wet state and in the dried glue film as well as cost 
efficiency. On the other hand, they must not have negative impact on the substrates to be 
protected such as discoloration, incompatibilities (odour, viscosity) or influence on drying 
properties. 
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Plasterbord/Wallboard 
Though being produced mainly of inorganic material, the organic minor components (e.g. 
starch, thickeners etc.) in the core as well as in the paper layers make the wallboards easily 
open to attack mainly by mould fungi. The damages may occur during construction of 
buildings or during service time in damp areas. Apart from the optical interference growth of 
mould may cause, there is significant risk to health from respiratory illness, such as for 
instance asthma or hypersensitivity pneumonitis. 

Paints and Coatings 
In many European countries, architects and building companies are legally obliged to 
provide and to establish for their customers a building free of defects, which includes in 
particular coatings free of microbial infestation at the interior as well as the exterior. In order 
to improve the protection of facades against growth of algae and fungi and therefore to 
prolong the service life of coating materials, the paints and coatings industry has developed 
water-repellent impregnation systems. However, the success to be expected from these 
systems has remained quite limited, since many are thermoplastic, resulting in nutritive 
atmospheric particles being attracted to the uppermost layers of the surface. There, local 
concentrations of moisture lead ultimately to growth of algae and fungi Warscheid (2000). 
As a result, the use of biocides in building materials is still essential in order to extend the 
service life of building paints and coatings and to meet the growing demands of the 
construction industry. This is all the more important to reconsider, since long-term proof of 
the efficacy of modern coating developments, such as “lotus effect”, “low-energy”, self-
cleaning or photocatalytic systems based on nanoparticles are still in progress, and here some 
environmental concerns also have to be reviewed (Hofbauer 2006, Burkhard 2007, 
Warscheid 2002). 
As long as biocides retain their efficacy against the microorganisms concerned, they help to 
control algal and fungal infestations of facades. Their efficacy will decrease over time due to 
natural decomposition or even washing out by rain (Fig. 3). 

Figure 3 Two examples of microbial infestation caused by inappropriate leaching behaviour of 
the coating 
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Many factors affect the time response for microbial infestation of facades (Warscheid 2002): 

 Exposure conditions 
 Architectural construction 
 Proper preparation and the quality of the applied coating system 

Therefore, the growth of microorganisms on facades with long-term exposure cannot be 
attributed solely to the leaching properties of the biocidal products used. 

ENERGY SAVING MEASURES CAN SUPPORT MICROBIAL GROWTH 

Inadequate isolation measures as well as construction faults might result in remarkable 
temperature differences on interior wall sections (Fig. 4). Hence, the temperature can 
partially fall below the dew-point level in that areas, leading to more condensate on the 
corresponding surfaces, and, as a consequence, to more risk of fungal infestation. 
On the other hand, the intensified use of so-called External Thermal Insulation Composite 
Systems (ETICS), also known as Exterior Insulation and Finishing Systems (EIFS), has as 
well a substantial impact on the growth conditions of fungi and algae. Thermal decoupling of 
the exterior surface from interior is responsible for decreasing temperatures on exterior 
facades which might lead to increasing condensate on those regions. As a result, fungi and 
algae can profit from better growing conditions. Organic components in facade coatings 
support in addition the growth of fungi. 

Figure 4 Risk of fungal infestation due to inadequate isolation measures 

ENVIRONMENTAL RISK ASSESSMENT (ERA) 

An important part of the environmental risk assessment is the determination of the risk 
during service life. Exterior substances are exposed to the weather conditions and during rain 
events various chemical components can in principle be washed from the surface and reach 
the soil or ground water (Fig. 5) 
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Figure 5 Basic principle of leaching due to runoff caused by driving rain 

In order to carry out an environmental risk assessment (ERA) the following terms are 
decisive: 

PEC (Predicted Environmental Concentration): 
PEC is the concentration expected to be found in the environment. The PEC is e.g. based on 
parameters of the emission scenario and experimental or calculated leaching data. 

PNEC (Predicted No Effect Concentration): 
PNEC is the concentration which does not cause adverse effects to the environment. The 
PNEC is based on ecotoxicological data of the active substance. 
No risk is seen for the environment if the quotient: PEC / PNEC  1 
The assessment has to be done for each relevant environmental compartment, such as rivers 
and soils, wastewater treatment plants and the like. Depending on the ecotoxicological 
situation of the active substance different approaches are possible to generate leaching data 

 Tier 1: Calculation of the emission over e. g. 5 years 
 Tier 2: Laboratory leaching over 9 emission days 
 Tier 3: Semi-field study for up to 3 years 
 Tier 4: Field leaching on real objects 

STATE-OF-THE-ART TECHNOLGY FOR BIOCIDAL PRODUCTS 

Slow release techniques could be an interesting approach to minimize the environmental 
risk. As an example, encapsulated actives were created by a polymerisation process in water. 

   Wall        Coating Driving Rain 

Runoff from a facade 
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The monomers, which finally build the polymer matrix and which are almost insoluble in 
water, were dispersed together with the biocidal active. The initiator is soluble in the 
monomeric material, i.e. the polymerisation takes place in the monomer droplet. The 
droplets are usually stabilised by the means of a protective colloid. At the beginning of the 
polymerisation it is an emulsion which passes more and more into a suspension. Due to the 
increasing incompatibility between the growing polymer and the core material a phase 
separation takes place and the hydrophobic active to be encapsulated is embedded in the 
polymer (Fig. 6). 
Standard agar diffusion tests show that far less amounts of biocide are needed to obtain 
comparable results for film protection. In some cases, only a third to a half of the original 
dosage is needed to get satisfactory results. In turn, this means that primal dosage can 
substantially extend service life of a coating.  

Figure 6 Scheme of the encapsulation process of a biocidal active 

SUMMARY 

Biocides in general should be used according to the principle: As much as necessary, as little 
as possible. Almost all biocides are regarded as dangerous substances, which is not 
surprising as their purpose is to control microbial growth. But handled with care and being 
aware that dry-film biocides remain essential to protect billions of square meters of surfaces, 
these substances make an important contribution not only to the preservation of coatings but 
also to the preservation of the national wealth in general: 

 Biocidal protection of substrates is essential 
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 Depending on application requirements on biocides differ substantially 
 Legislation gives only limited choice of biocides 
 Environmental Risk Assessment (ERA) is inevitable 
 Slow release techniques could be interesting approaches to minimize risk to environment 
 Biocides help to optimize industrial products thus resulting in savings of resources and, 

consequently, in positive contribution to the protection of environment and health.  
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ABSTRACT 

In spite of the availability of modern fungicides and resistant cultivars, significant yield 
losses occur in modern agriculture, due to breaking of race-specific plant resistance and 
establishment of fungicide resistance in the pathogen. Therefore, novel strategies are ur-
gently needed to reduce these losses. One of the most exciting approaches to introduce 
specific and sustainable resistance into plants is called host-induced gene silencing (HIGS). 
This technique targets transcripts of essential fungal genes, and the success of HIGS 
conceivably depends on the identification of such genes. In this chapter we briefly explain 
the mechanism of HIGS and describe how HIGS target genes can be identified in fungal 
plant pathogens by forward and reverse genetics. 

INTRODUCTION 

Development of mankind has been closely linked to improved agricultural practice, es-
pecially to cultivation of cereals. Diseases of these crops have been a concern to mankind 
since they were cultivated more than 10,000 years ago (Deising et al. 2002). Biblical 
accounts, from about 1870 BC, indicate that severe epidemics caused drastic yield losses. 
Indeed, samples taken from an excavation in Israel contained urediniospores of the stem rust 
fungus Puccinia graminis, indicating that cereal rusts have been a problem from about 1300 
BC on (Kislev 1982). It was not before the end of the 19th and the beginning of the 20th 
century until chemical plant protection was introduced, with copper and sulfur as antifungal 
agents to control downy and powdery mildews. Today, modern fungicides are grouped into 
more than 40 categories, depending on their mode of action (http://ipm.ifas.ufl.edu/resources 

-FRAC.pdf). The global fungicide 
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market showed robust growth during the last five years and estimates suggest a world-wide 
market corresponding to US $21.42 billion in 2017 (http://www.researchandmarkets.com/ 
research/vrk8rt/global_fungicides). In spite of this significant effort in chemical plant 
protection, losses caused by plant pathogenic fungi correspond to 10-15% of the yield, 
depending on the crop, with little change over the last decades (Oerke 2006). Likewise, 
introduction of resistance (R) genes into new crop varieties has rarely yielded sustainable 
resistance to pathogens, due to mutation-based loss of avirulence (AVR) genes and 
overcoming of resistance (Dodds et al. 2006; Ridout et al. 2006). 
Thus, establishment of knowledge-based sustainable crop protection is indispensable for 
safeguarding food production, and during the last decades it became clear that production of 
genetically modified (GM) crops may bear the potential of increasing yield in developing or 

-wide scale, 
Europe does not take a lead in employment of genetically modified (GM) crops to produce 
food in a sustainable fashion. In 2012, twenty-eight countries planted GM crops on 170 
million hectares, with 152 million hectares belonging to just five countries, i.e. the United 
States, Brazil, Argentina, Canada and India (International Service for the Acquisition of 
Agri-Biotech Applications 2013). In contrast to classical breeding, generation of genetically 
modified crops allows fast introduction of resistance traits, and some of the most recently 
developed technologies may allow designing highly specific and sustainable resistance 
against specific pathogens. 
One of the most promising novel strategies to introduce pathogen resistance into crops has 
recently been discovered by Schweizer and co-workers (Nowara et al. 2010). This technique, 
called host-induced gene silencing (HIGS), bears the potential to specifically and durably 
control fungal diseases in plants. The authors showed that in planta expression of RNA 
interference (RNAi) constructs corresponding to essential transcripts of a pathogen 
significantly reduced disease severity. In these experiments, double-stranded RNA con-
structs targeted mRNAs of two different -1,3-glucanosyltransferases of the biotrophic 
powdery mildew fungus Blumeria graminis, and caused drastic reduction of fungal 
development. Restriction of fungal development in HIGS plants is likely due to generation 
of target gene-specific short interfering RNAs (siRNAs) in the plant that are taken up by the 
fungus to trigger degradation of the corresponding fungal transcripts by the RNA-induced 
silencing complex (RISC). 
However, in order to utilize HIGS in disease control, several prerequisites must be met. First, 
target genes of the pathogen must be essential for pathogenic development in planta, as 
transfer of siRNAs is unlikely to occur across the intact cuticle. Second, even incomplete 
reduction of transcript abundance of these gene(s) must affect fungal pathogenicity. Third, to 
avoid off-target effects the gene(s) targeted by siRNAs must be uniquely present in fungal 
genomes or show sufficient sequence differences to potential homologs in plants or in ani-
mals and humans that consume the transgenic HIGS plants. These requirements are perfectly 
met by fungal cell wall biogenesis genes (Abad et al. 2010; Latgé 2007), as these genes do 
either not exist in plants or mammals, or differ significantly at their nucleotide level. 
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In this chapter we describe the mechanism of RNAi-based inhibition of fungal development, 
and explain how candidate HIGS targets can be validated for their suitability by functional 
genetic analyses in the pathogen. 

POST-TRANSCRIPTIONAL GENE SILENCING, RNA INTERFERENCE AND 
HOST-INDUCED GENE SILENCING 

The seminal discovery that opened the window on post-transcriptional gene silencing 
(PTGS) was the finding that presence of anti-sense RNA, from transcription of the non-
coding strand of an actively transcribed gene, leads to a decrease in mRNA and protein 
abundance. This approach to "knock down" gene expression through the formation of 
double-stranded RNA (dsRNA) was termed RNAi. Except for bacteria and a few eukaryotes 
such as baker's yeast or the corn smut fungus Ustilago maydis, in which classical knock-
down through RNAi does not function, regulatory mechanisms involving small RNAs are 
ubiquitous. 

Table 1 Small RNA (sRNA) classes 

sRNA species acronym length (nt) target fit source Pol effect 
small interfering si-RNA 20-40 perfect various II/IV mRNA 

degradation 
trans-acting ta-siRNA 20-25 perfect TAS genes II mRNA 

degradation 
natural antisense 

transcript 
(NAT)-derived 

nat-
siRNA 

20-25 perfect antisense 
transcription 

II mRNA 
degradation 

Long lsiRNA 30-40 perfect TAS genes, 
antisense 

transcription 

IV? mRNA 
degradation 

Micro miRNA 21-24 imperfect miRNA genes II regulation of 
translation, 

mRNA 
degradation 

PIWI-interacting piRNA 24-31 perfect? piRNA genes ? transposon 
silencing, DNA 

methylation 
Heterochromatic / 
repeat-associated 

hc-
siRNA/ 

ra-siRNA 

24-29 perfect transposons? IV transposon 
silencing, DNA 

methylation 

Analysis of the mechanism of RNAi showed that long double-stranded RNAs, resulting from 
pairing of the sense and anti-sense RNAs, are processed to short dsRNAs (sRNA) of a length 
of 21-24 nt. Processing is performed by double-stranded RNA-specific RNAses belonging to 
the Dicer family. The sRNAs are incorporated into Argonaute family proteins to form RNA-
induced silencing complexes (RISCs) that use the anti-sense sRNA as guide strand to bind 
target mRNAs and initiate their degradation by slicing the sense sequence within the paired 
region. It also became clear that multiple classes of sRNAs exist, that function by different 
mechanisms or in different tissues (Axtell 2013; Table 1). Small interfering RNAs (siRNAs) 
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exert the classical RNAi knock-down effect by a "search and destroy" mechanism for 
perfectly complementary mRNA. Micro RNAs (miRNAs) show imperfect complementarity 
to their target mRNA, typically in the 3'-untranslated region (UTR), and can induce mRNA 
decay, which is in this case caused by sequential deadenylation, decapping and 5'-
exonucleolytic digestion. miRNAs, however, can also regulate translation by interfering with 
translational initiation or elongation. Finally, PIWI-interacting RNAs (piRNAs) exert their 
activity in silencing of transposons and repeat regions through not yet clarified mechanisms. 
An overview of the different classes of sRNAs is given in Table 1. 

Figure 1 Mechanism of host-induced gene silencing. Transgenic plants harboring RNAi 
constructs targeting an essential fungal gene generate siRNAs, which are taken up 
by the pathogen, as it invades the host. Here, siRNAs contribute to formation of a 
RISC, which recognizes the essential mRNA of the pathogen, which is 
subsequently degraded. 

From a practical point of view, the classical RNAi mechanism employing siRNA is most 
interesting, as knock-down allows studying genes that cannot be deleted, as they are 
essential at some point of fungal development, including pathogenesis. siRNAs can be 
produced from transiently or stably transformed, episomally maintained or chromosomally 
integrated cassettes. These can express hairpin constructs targeting gene(s) of interest (GOI) 
or both strands of a cloned GOI fragment from convergent promoters. 
A fundamental hallmark of classical RNAi is that, once initiated, it is a self-maintaining 
cycle, and the knock-down effect is sustainable as long as the target gene is transcribed, even 
after decay or removal of the initial inducer. Quite recently, in vivo transfer of a specific 
RNAi inducer from transgenic host plants, expressing hairpin dsRNA constructs targeted at 
pathogen target genes, was shown to lead to target gene knock-down in the target pathogen 
in several cases (Nowara et al.  et al. 2013). The 
phenomenon was designated host-induced gene silencing (HIGS) and has proven functional 
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in principle against plant-pathogenic fungi, nematodes, aphids and parasitic plants. dsRNAs, 
likely siRNAs, with homology to the target mRNA of the pathogen are generated in the 
transgenic plant and are taken up by the invading parasitic hyphae (Fig. 1). In the fungal 
cytoplasm the siRNAs contribute to formation of a RISC, which, as described above, targets 
and degrades the complementary essential mRNA of the fungus. As soon as the 
concentration of the essential mRNA is reduced below a critical threshold, the development 
of the pathogen and disease progression stop (Fig. 1). Importantly, from a crop protection 
perspective, the significant advantages of HIGS are that this technique i) is effective on the 
mRNA level without proteins (that might have undesired side-effects) being produced, ii) 
exhibits extreme pathogen specificity, and iii) dramatically minimizes the likeliness of 
development of resistance. 

DISCOVERY OF CANDIDATE GENES FOR HIGS 

As indicated above, candidate genes for HIGS must be essential for in planta growth and 
pathogenicity, and the best candidates to be implemented in molecular breeding programs 
should lead to growth arrest and inactivation of the pathogen even at moderate down-
regulation of transcript abundances. Different options for identifying HIGS candidate genes 
exist. First, based on detailed knowledge of the fungal infection process, candidate genes can 
be predicted and tested by targeted mutation. To confirm the function of the candidate gene 
infection assays are performed with the mutants lacking the respective gene. The second 
approach to identify HIGS candidate genes is random mutagenesis. This approach allows 
identifying genes without a priori knowledge of their role in the infection process. Finally, 
genes that are not identifiable by random mutagenesis and not deletable by targeted 
approaches, and that are thus likely essential, can be studied by RNAi-based knock-down 
approaches in the fungus itself. 

Identification of HIGS candidate genes, based on fungal infection strategies 
Evidently, infection structure differentiation is required in all pathogenic fungi for invasion 
of the host plant, however, significant differences exist in the complexity of these structures. 
Already in 1883, Frank reported on a disease of bean, caused by Gloeosporium (= Colleto-
trichum) lindemuthianum, and observed formation of a cell or, as he called it, ‘organ‘, which 
he called appressorium (= adhesion organ). He also noticed that the penetration pore at the 
base of the appressorium was the point of fungal invasion into the host tissue, and concluded 
that appressoria are specific ‘organs‘ formed to prepare invasion of the plant (Frank 1883). 
In 1895, Miyoshi demonstrated that fungal hyphae can forcefully breach inert gold 
membranes and raised the question whether enzymes or force were required for penetration 
of plant cells (Miyoshi 1895). Almost 100 years later, (Howard et al. 1991) showed that 
appressoria of the rice blast fungus Magnaporthe oryzae build up an enormous turgor 
pressure of 8 MPa (80 bar), and this turgor pressure is translated into force (Bastmeyer et al. 
2002; Bechinger et al. 1999), which supports the penetration process. Given that this 
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enormous pressure needs to be controlled by structural cell wall polymers, one may assume 
that the enzymes synthesizing these polymers might be excellent HIGS targets. The cell wall 
of the intensively studied fungus Aspergillus fumigatus, an opportunistic pathogen of 
mammals, primarily (> 90%) consists of polysaccharides, i.e. -1,3-glucans containing -
1,6-links; linear -1,3/1,4-mixed linked-glucans; -1,3-glucans; chitin ( -1,4-linked N-acetyl 
glucosamines); and galactomannans (Abad et al. 2010; Latgé 2007). The largest fractions of 
structural cell wall polymers are -1,3-glucans and chitin, and chitin synthesis has been 
studied intensively in plant pathogenic fungi. Thorough functional analyses of all seven and 
eight chitin synthase genes of M. oryzae and the maize smut fungus U. maydis revealed the 
complexity of developmental and plant infection processes requiring chitin synthesis (Kong 
et al. 2012; Weber et al. 2006). In U. maydis, and also in the tomato wilt and maize 
pathogens Fusarium oxysporum and Colletotrichum graminicola, respectively, targeted 
mutagenesis experiments demonstrated that a class V chitin synthase with a myosin-like 
motor domain is indispensable for the penetration process and for in planta development 
(Madrid et al. 2003; Weber et al. 2006; Werner et al. 2007). After invading the host tissue, 
hyphae of the C. graminicola WT strain CgM2 form thin, fast-growing secondary hyphae, 
which are highly destructive (Fig. 2, WT, arrows). In contrast, in planta-developing hyphae 
of the class V chitin synthase-deficient mutant chsV develop severe swellings, which 
contain thin intrahyphal hyphae (Fig. 2, chsV, white and black arrowheads). Intrahyphal 
hyphae have also been observed in mutants of the model fungus Aspergillus nidulans 
containing a disrupted csmA gene, which, like CHSV of C. graminicola, encodes a class V 
chitin synthase with a myosin motor-like domain (Horiuchi et al. 1999). 
In most fungi, -1,3-linked glucan is the dominating polymer, comprising between 65 and 

fungal genomes like that 
of the rice pathogen Rhizopus oryzae may harbor more than 20 chitin synthase genes, most 
filamentous fungi harbor only a single-copy -1,3-glucan synthase gene in their genome 
(Latgé 2007; Oliveira- . As this polymer is indispensable for cell wall 
function, the deletion of fungal -1,3-glucan synthase genes is lethal, and functional analyses 
can only be performed by generating RNAi strains (Mouyna et al. 2004; Oliveira-
Deising 2013). Importantly, RNAi strains of C. graminicola are not viable if the transcript 
concentration of the -1,3-glucan synthase gene GLS1 is reduced by 80% or more, but even 
strains with a reduction of transcript abundance by ca. 40% exhibit severe cell wall defects 
(Oliveira- In planta, hyphae of RNAi strains show protrusions (Fig. 
2, RNAi GLS1, white and black arrows) produce dark-brownish pigments, possibly melanin 
(Fig. 2, RNAi GLS1, white arrow), as a compensatory response to cell wall defects. 
The available data clearly indicate that chitin synthase or -1,3-glucan synthase genes such 
as CHSV and GLS1 of C. graminicola, and of other fungi, may represent excellent HIGS 
target candidates. 
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Figure 2 Infection hyphae of the WT strain of C. graminicola, of the class V chitin 
synthase mutant chsV, and of a RNAi strain containing a reduced abundance of 
GLS1 transcripts. Arrows (left) indicate smooth intracellular hyphae of the WT 
strain CgM2; white arrowheads (central) show hyphal swellings containing 
intrahyphal hyphae (black arrowheads). Arrows in the right figure show swollen 
hyphae, the white arrow marks a swelling in a darkly pigmented area of the 
infection site of the RNAi strain. Bars are 25 μm. 

In addition to structural polymers, fungal cell walls may contain up to 40% -1,3-glucan 
(Abad et al. 2010). In spite of the fact that this polymer is no structural compound, it may be 
important in protecting hyphae against adverse factors such as cell wall-degrading enzymes 
synthesized in response to fungal attack in plants. Indeed, rice plants secreting bacterial -
1,3-glucanase exhibited strong resistance against M. oryzae and distantly related pathogens 
such as Cochliobolus miyabeanus and Rhizoctonia solani (Fujikawa et al. 2012). These data 
suggest that -1,3-glucan protects fungal cell walls from degrading enzymes secreted by 
plants and also reduces the release of PAMPs to interfere with defense responses. Thus, -
1,3-glucan synthases, although the polymer they synthesize does not have structural 
functions, may be excellent target genes for HIGS, too. However, development of HIGS 
plants targeting -1,3-glucan synthase transcripts may not be directly applicable for all 
pathogens, as some of these harbor multiple -1,3-glucan synthase genes (Iris Gase, Jorrit-
Jan-Krijger and Holger B. Deising, unpublished data). 

Random mutagenesis to identify HIGS targets 
Knowledge-based identification of HIGS targets, as described for cell wall biogenesis genes 
in the previous paragraph, does not allow detecting novel targets, e.g. genes with hitherto 
unknown function, irrespective of a possible indispensable character of these genes. In order 
to circumvent this problem, random mutagenesis can be performed, and combined with mu-
tant screens for compromised pathogenicity or virulence. Early approaches employed inser-
tional or restriction enzyme- er 
1999; Sweigard et al. 1998). Although this method allowed identifying novel and interesting 
pathogenicity genes, e.g. the gene encoding a membrane protein involved in host recognition 
and appressorium differentiation in M. oryzae, PTH11 (DeZwaan et al. 1999), REMI led to 
generation of non- -
fore, in recent years Agrobacterium tumefaciens-mediated transformation (ATMT) has been 
used, and several new virulence determinants have been identified in a large number of 
pathogens (Münch et al. 2011, and references therein). 
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Importantly, genome-wide analysis of T-DNA integration in M. oryzae has revealed that 
integration does not occur in a perfectly randomized manner and that hot spots of integration 
exist (Choi et al. 2007). Thus, although novel pathogenicity or virulence genes can be identi-
fied by random mutagenesis, future experiments need to answer the question whether or not 
some of these represent efficient HIGS targets. 

CONCLUSIONS 

Since the beginning of agriculture, the yield reflected the status of resistance of crops against 
different pathogens, which is constantly compromised by mutations in pathogens, leading to 
breaking resistance. Resistance genes of plants are supported by chemical plant protection, 
but due to several mechanisms of fungicide resistance occurring in pathogens, significant 
yield losses still occur, indicating that the flexibility of fungal genomes allows these orga-
nisms to cope with adverse mechanisms such as resistance genes of plants as well as 
antifungal chemicals used on a large scale. Thus, novel strategies to control fungal pathogens 
are urgently needed, and one of the most exciting methods that may significantly broaden the 
arsenal of pathogen control options is HIGS. The success of HIGS is closely linked to the 
identification of target genes of the pathogen, and in this chapter we have described how 
target genes can be identified and functionally confirmed. Implementation of this strategy 
into agricultural practice will be required to answer the question whether or not HIGS bears 
the potential to specifically and durably control fungal diseases of plants. 

REFERENCES 

Abad A; Fernández-Molina J V; Bikandi J; Ramírez A; Margareto J; Sendino J; Luis 
Hernando F; Pontón J; Garaizar J; Rementeria A (2010). What makes Aspergillus 
fumigatus a successful pathogen? Genes and molecules involved in invasive 
aspergillosis. Rev. Iberoam. Micol. 27, 155-182. 

Applications (2013). GM crops - a story in numbers. Nature 497, 22-23. 
Axtell M J (2013). Classification and Comparison of Small RNAs from Plants. Annu. Rev. 

Plant Biol. 64, 137-159. 
Bastmeyer M; Deising H B; Bechinger C (2002). Force exertion in fungal infection. Annu. 

Rev. Biophys. Biomol. Struct. 31, 321–341. 
Bechinger C; Giebel K-F; Schnell M; Leiderer P; Deising H B; Bastmeyer M (1999). Optical 

measurements of invasive forces exerted by appressoria of a plant pathogenic fungus. 
Science 285, 1896-1899. 

Bernard M; Latgé J-P (2001). Aspergillus fumigatus cell wall: composition and biosynthesis. 
Med. Mycol. 39, Suppl. 1, 9-17. 

Choi J; Park J; Jeon J; Chi M H; Goh J; Yoo S Y; Park J; Jung K; Kim H; Park S Y; Rho H 
S; Kim S; Kim B R; Han S S; Kang S; Lee Y H (2007). Genome-wide analysis of T-
DNA integration into the chromosomes of Magnaporthe oryzae. Mol. Microbiol. 66, 
371-382. 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Discovery of candidate genes for defeating fungal pathogens ... 

 43 

Deising H B; Reimann S; Peil A; Weber W E (2002). Disease management of rusts and 
powdery mildews. In: The Mycota XI. Application in Agriculture, ed F Kempen, pp. 
243-269. Springer: Berlin. 

DeZwaan T M; Carroll A M; Valent B; Sweigard J A (1999). Magnaporthe grisea Pth11p is 
a novel plasma membrane protein that mediates appressorium differentiation in 
response to inductive substrate cues. Plant Cell 11, 2013-2030. 

Dodds P N; Lawrence G J; Catanzariti A M; Teh T; Wang C-I A; Ayliffe M A; Kobe B; 
Ellis J G (2006). Direct protein interaction underlies gene-for-gene specificity and 
coevolution of the flax resistance genes and flax rust avirulence genes. Proc. Natl. 
Acad. Sci. U.S.A. 103, 8888-8893. 

Frank B (1883). Ueber einige neue und weniger bekannte Pflanzenkrankheiten. Berichte der 
Deutschen Botanischen Gesellschaft 1, 29-34. 

Fujikawa T; Sakaguchi A; Nishizawa Y; Kouzai Y; Minami E; Yano S; Koga H; Meshi T; 
-1,3-glucan facilitates fungal stealth infection by 

interfering with innate immunity in plants. PLoS Pathog. 8, e1002882. 
Horiuchi H; Fujiwara M; Yamashita S; Ohta A; Takagi M (1999). Proliferation of 

intrahyphal hyphae caused by disruption of csmA, which encodes a class V chitin 
synthase with a myosin motor-like domain in Aspergillus nidulans. Journal of 
Bacteriology 181, 3721-3729. 

Howard R J; Ferrari M A; Roach D H; Money N P (1991). Penetration of hard substances by 
a fungus employing enormous turgor pressures. Proc. Natl. Acad. Sci. U.S.A. 88, 
11281-11284. 

International Services for the Acquisition of Agri-Biotech Applications (2013). GM crops - a 
story in numbers. Nature 497, 22-23. 

Kislev M E (1982). Stem rust of wheat 3300 years old found in Israel. Science 216, 993-994. 
Kong L-A; Yang J; Li G-T; Qi L-L; Zhang Y-J; Wang C-F; Zhao W-S; Xu J-R; Peng Y-L 

(2012). Different chitin synthase genes are required for various developmental and 
plant infection processes in the rice blast fungus Magnaporthe oryzae. PLoS Pathog. 
8, e1002526. 

Latgé J P (2007). The cell wall: a carbohydrate armour for the fungal cell. Mol. Microbiol. 
66, 279-290. 

Madrid M P; Di Pietro A; Roncero M I (2003). Class V chitin synthase determines 
pathogenesis in the vascular wilt fungus Fusarium oxysporum and mediates 
resistance to plant defence compounds. Mol. Microbiol. 47, 257-266. 

Maier F J; Schäfer W (1999). Mutagenesis via insertional - or restriction enzyme-mediated - 
integration (REMI) as a tool to tag pathogenicity related genes in plant pathogenic 
fungi. Biological Chemistry 380, 855-864. 

Miyoshi M (1895). Die Durchbohrung von Membranen durch Pilzfäden. Jahrb. wiss. Bot. 
28, 269-289. 

Mouyna I; Henry C; Doering T L; Latgé J P (2004). Gene silencing with RNA interference 
in the human pathogenic fungus Aspergillus fumigatus. FEMS Microbiol. Letters 
237, 317-324. 

Münch S; Ludwig N; Floß D S; Sugui J A; Koszucka A M; Voll L M; Sonnewald U; 
Deising H B (2011). Identification of virulence genes in the corn pathogen 
Colletotrichum graminicola by Agrobacterium tumefaciens-mediated transformation. 
Mol. Plant Pathol. 12, 43-55. 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Krijger et al. 

 44 

Nowara D; Gay A; Lacomme C; Shaw J; Ridout C; Douchkov D; Hensel G; Kumlehn J; 
Schweizer P (2010). HIGS: Host-induced gene silencing in the obligate biotrophic 
fungal pathogen Blumeria graminis. Plant Cell 22, 3130-3141. 

Nunes C C; Dean R A (2012). Host-induced gene silencing: a tool for understanding fungal 
host interaction and for developing novel disease control strategies. Mol. Plant 
Pathol. 13, 519-529. 

Oerke E C (2006). Crop losses to pests. J. Agric. Sci. 144, 31-43. 
Oliveira-Garcia E; Deising H B (2013). Infection structure- -1,3-

glucan synthase is essential for pathogenicity of Colletotrichum graminicola and 
-glucan-triggered immunity in maize. Plant Cell 25, 2356-2378. 

Panwar V; McCallum B; Bakkeren G (2013). Host-induced gene silencing of wheat leaf rust 
fungus Puccinia triticina pathogenicity genes mediated by the Barley stripe mosaic 
virus. Plant Mol. Biol. 81, 595-608. 

countries. Science 299, 900-902. 
Ridout C J; Skamnioti P; Porritt O; Sacristan S; Jones J D G; Brown J K M (2006). Multiple 

avirulence paralogues in cereal powdery mildew fungi may contribute to parasite 
fitness and defeat of plant resistance. Plant Cell 18, 2402-2414. 

Sweigard J A; Carroll A M; Farrall L; Chumley F G; Valent B (1998). Magnaporthe grisea 
pathogenicity genes obtained through insertional mutagenesis. Mol. Plant-Microbe 
Interact. 11, 404-412. 

Weber I; Assmann D; Thines E; Steinberg G (2006). Polar localizing class V myosin chitin 
synthases are essential during early plant infection in the plant pathogenic fungus 
Ustilago maydis. Plant Cell 18, 225-242. 

Werner S; Sugui J A; Steinberg G; Deising H B (2007). A chitin synthase with a myosin-like 
motor domain is essential for hyphal growth, appressorium differentiation and 
pathogenicity of the maize anthracnose fungus Colletotrichum graminicola. Mol. 
Plant-Microbe Interact. 20, 1555-1567. 

 
 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Ryabchenko AS, Babosha AV, Application of heat-conducting paste for investigation of refrigerated biological samples with scanning 
electron microscopy. In: Dehne HW; Deising HB; Fraaije B; Gisi U; Hermann D; Mehl A; Oerke EC; Russell PE; Stammler G; Kuck KH; 
Lyr H (Eds), "Modern Fungicides and Antifungal Compounds", Vol. VII, pp. 45-46. © 2014 Deutsche Phytomedizinische Gesellschaft, 
Braunschweig, ISBN: 978-3-941261-13-6 

Application of heat-conducting paste for 
investigation of refrigerated biological samples 
with scanning electron microscopy 

Ryabchenko AS, Babosha AV 
N. V. Tsitsin Main Botanical Garden, Russian Academy of Sciences, Botanicheskaya st. 4, 
Moscow, 127276, Russia 
Email: marchellos@yandex.ru 

INTRODUCTION 

The composition of glue used for fixation of samples to the refrigerating stage is very 
important for investigation of wet biological materials at low temperature with scanning 
electron microscopy (cryoSEM). This method allows to avoid long and complex procedures 
of standard fixation (fixati<on in glutaraldehyde and osmium tetroxide, dehydration in 
graded alcohols, use of drying at the critical point with CO2 and coating with gold).  
Testing of appropriate compositions for gluing of samples was the main objective of this 
work. 

MATERIALS AND METHODS 

Fresh nonfixed leaves were glued on specimen stage of Deben Coolstage system with 
colloidal graphite or organic-silicon heat-conducting paste (Fig. 1). Plant samples were 
examined with scanning electron microscope LEO-1430VP equipped with two electron 
detectors SE 1 (detector of the secondary electrons) and 4QBSD (detector of backscattered 
electrons) and with refrigerating unit Deben Coolstage (Figs 1-2). Accelerating strain of 20 
kV and working distance of 9 mm at high vacuum were used. Cooling specimens to -30°C 
with Peltier device slowed water evaporation from wet samples in high vacuum conditions. 

RESULTS AND DISCUSSION 

We proposed to use as gluing material a high thermal conductivity heat-conducting paste, 
regular applied in the computer technique and not mentioned earlier in the scientific 
literature devoted electronic microscopy. Several commercial specimens of heat-conducting 
pastes showed better quality of the plotting at high magnification and at slow speed of 
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scanning in comparison with graphite paste. The images of better qualities at these 
conditions were received with detector 4QBSD. The size of the regularly used refrigerating 
stage is about 1 square sm. To increase the working surface we used additional copper plates 
2x2 sm that allow investigation of large or multiple objects at one time. We also used heat-
conducting paste for fixation of an additional plate on the Deben Coolstage stage (Fig. 1). 
The great heat-conductivity of this composition provided high quality of refrigeration for all 
samples on the additional plate. The proposed method provided also good results at scanning 
electron microscopy of several species of powdery mildew (Figs 2) and rust phytopathogenic 
fungi. 

Figure 1 Left photo - cooling stage of refrigerating unit Deben Coolstage coated with a 
heat-conducting paste; right photo - additional copper plate with biological objects 
fixed with heat-conducting paste. 

Figure 2 Left photo - cleistothecia of the powdery mildew fungi Microsphaera syringae on 
leaf of lilac; right photo - young cleistothecium of powdery mildew Podosphaera 
tridactyla on bird cherry (4QBSD, -30 ° C, heat-conducting paste, non fixed). 
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INTRODUCTION 

On cucumber in Japan, QoI fungicide resistance has become a problem in powdery mildew, 
downy mildew, and Corynespora leaf spot caused by Podosphaera xanthii, Pseudo-
peronospora cubensis, and Corynespora cassiicola, respectively. Resistance to SDHI 
fungicides has also occurred recently in Corynespora leaf spot and powdery mildew. To 
countermeasure fungicide resistance, the use of non-fungitoxic disease-resistance inducers is 
expected to be a promising but still a challenging approach in horticultural crops. Therefore, 
in this study, experiments were conducted to examine its potential in practice using 
cucumber plants and a disease-resistance inducer acibenzolar-S-methyl (ASM).  

MATERIALS AND METHODS 

1. Cucumber seeds were soaked with 50 mg L-1 ASM (supplied by Syngenta) for 24 hr and
plants transplanted into planters were sprayed with 100 mg L-1 ASM 3 times in total every 2 
wk. TPN (Chlorothalonil) was used as a reference fungicide and sprayed 6 times every week. 
In the second trial, seeds were soaked with 100 mg L-1 ASM followed by 2 spray applicati-
ons of 100 mg L-1 ASM every 2 to 3 wk. The reference TPN was applied 6 times every wk.  
2. In a plastic greenhouse experiment, the following plots were tested: (1) ASM was sprayed
at 100 mg L-1 3 times every 2 wk, (2) Seeds were soaked with 50 mg L-1 ASM and plants 
received 2 sprays of 100 mg L-1 ASM subsequently 2 times every 2 wk, (3) TPN used as a 
reference was sprayed 6 times every week, and (4) unsprayed control. Seven days after the 
last TPN spray applications, effi  

RESULTS 

1. In the planter experiment, high control efficacy of ASM was recorded against powdery
and downy mildews (Table 1). Very high efficacy was confirmed against powdery mildew in 
the second experiment but no efficacy shown against Corynespora leaf spot (Table 2).  
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Table 1 Control efficacy of ASM Table 2 Control efficacy of ASM 

Treatment 

(mg L-1) 
Control (%) Treatment 

(mg L-1) 
Control (%) 

Powdery mildew Downy mildew Powdery mildew Corynespora 
ASM 100 99.0 81.2 ASM 100 100 -18.5
TPN 400 95.7 82.5 TPN 400 77.3 40.7

2. Under plastic greenhouse conditions, the effectiveness of ASM was maintained well
against powdery and downy mildews due to its longevity even when spray applications were 
saved as compared with a conventional fungicide (Table 3). Cucumber seed soaking and 
subsequent spray applications with ASM also exhibited control efficacy against mildews.  

Table 3 Control efficacy of ASM 

Treatment 

(mg L-1) 
Control (%) 

Powdery mildew Downy mildew 
ASM:Spray 100 100 44.2
Seed soaking 50 + Spray 100 100 40.0
TPN Spray 400 50.3 51.3

DISCUSSION 

The efficacy of ASM is long-lasting and so it will possibly contribute to diminishing 
fungicide applications in early stages of cucumber cultivation. It is now obvious that 
multiple and complex mechanisms are implicated in the expression of ASM-induced 

 et al. 
suggesting that it will be unlikely for pathogens to breakdown these mechanisms producing 
resistant strains in their field populations. 
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PROJECT AIMS 

Up to date in organic and low-input farming systems copper is still indispensable for control 
of important diseases caused by oomycetes (e.g. late blight of potato/tomato or downy 
mildew of grapevine) and diseases caused by ascomycete fungi (e.g. apple scab). Since 
copper has negative side effects on earthworms, soil microbial activity and aquatic 
organisms, its replacement is strongly desired. In the EU-funded project CO-FREE 
alternative compounds (Trichoderma atroviride SC1 and protein extract SCNB, yeast-based 
derivatives, Cladosporium cladosporioides H39, oligosaccharidic complex COS-OGA, 
Aneurinibacillus migulanus and Xenorhabdus bovienii, sage extract, liquorice extract, PLEX 
and seaweed extract) are tested to finally develop strategies to substitute copper use in 
European fruit, grapevine, potato, and tomato production systems. Strategies will include 
decision support systems, varieties and diverse cropping systems, such as traditional high 
yield, advanced high productivity and highly diversified low input agro-forestry systems. 

FIELD TRIAL RESULTS 2012 

The year 2012 was a year with extremely diverse weather conditions in Europe. Field 
evaluation was conducted under a wide range of pedo-climatic conditions, from very humid 
conditions with extreme disease pressure to dry conditions with moderate disease pressure. 

1. Potato
In potato in Germany, treatments were applied after the prognosis model Öko-SIMPHYT. 
Treatment with copper in the cultivar Ditta resulted in 35% yield increase due to retardation 
of disease development. This was not observed in the cultivar Jelly as late ripening variety. 
Alternative compounds from CO-FREE also retarded disease development and resulted in a 
yield increase of appr. 10% compared to the control. This increase was not statistically 
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significant but showed the potential of the tested alternatives. Storability/firmness of tubers 
was enhanced by all compounds and by copper. Overall, in earlier ripening potato, CO-
FREE alternative products showed retardation of disease development intermediate between 
copper and control. 

2. Apple
In apple, some effects of CO-FREE products on primary infection of leaves with apple scab 
were observed when applied as stop treatment in Northern Italy. Also with respect to 
secondary infection, one compound showed to be highly effective when applied as stop 
treatment. 

3. Grapevine
In Italy, despite of the high disease severity, CO-FREE compounds showed on grape leaves 
up to ca. 40% disease reduction compared to the untreated control calculated from the area 
under disease progress curve (AUDPC). In Greece, due to low disease incidence, the 
influence of the alternative compounds on yield and quality was evaluated. No difference 
was observed which e.g. in the case of resistance-inducing compounds could have been 
expected due to energy costs often found in plants with induced defense responses.  

4.  Summary
Despite of the variable conditions in the first year, field trials showed the potential of CO-
FREE alternative compounds to interfere with the development of important plant diseases. 
The information gained in this first year are fed back to the manufacturers, and optimized 
formulations for trials in 2013 are in progress. 
More information on the project and the possibility to register for the CO-FREE newsletter 
is available at http://www.co-free.eu. 
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INTRODUCTION  

Botrytis cinerea Pers.: Fr. (teleomorph Botryotinia fuckeliana (de Bary) Whetzel) causes the 
gray mold disease of a wide variety of fruits, vegetables and ornamentals. B. cinerea is an 
economically devastating pathogen in grapevine and it has a high tendency to become 
resistant to repeatedly applied systemic fungicides. Only a few years after introduction of 
benzimidazoles like carbendazim (MBC) and the related active compound thiophanate-
methyl, B. cinerea strains resistant to benzimidazoles appeared frequently in northern 

fungicides registered to control B. cinerea, an implementation of anti-resistance strategies 
with frequent change of fungicides with different modes of action is necessary. 

MATERIALS AND METHODS 

The influence of different resistance management strategies on population dynamics of B. 
cinerea isolates resistant to benzimidazole (BenR1 phenotype) was investigated. A three 
year field trial at three vineyards near Bordeaux was initiated in 2009. The tested strategies 
were mixture and alternation of thiophanate-methyl (TM), an anti-microtuble fungicide, and 
mepanipyrim (MP), an inhibitor of the methionine biosynthesis. Also, annual alternation of 
these fungicides in solo applications (TM: 2009 and 2011, MP: 2010) was tested. Strategies 
were compared to solo application of TM and conventional fungicide treatments, where no 
TM was applied. About 80 berries of grapevine bunches infected by B. cinerea were 
collected per treatment and location in annual monitoring procedures conducted 
subsequently to fungicide applications. BenR1 isolate frequencies were determined by 
mycelial growth assays using a discriminatory concentration of 1.5 ppm thiophanate-methyl. 
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RESULTS AND DISCUSSION 

In all years, application of spray programs including TM resulted in a significant increase of 
the frequency of BenR1 isolates compared to the conventional fungicide treatment, where no 
TM was applied. Solo application of MP as part of the annual alternation resulted in a 
significantly lower percentage of BenR1 isolates compared to spray programs including TM 
in 2010 (figure 1). At the end of the study, all tested resistance management strategies 
resulted in similar frequencies of BenR1 isolates compared to the solo application of TM (45 
to 49%). Hence, the tested resistance management strategies were not able to slow down the 
build-up of resistance to benzimidazoles in B. cinerea populations. Correspondingly, mixture 
of maneb with benomyl at a reduced dose could not slow down the build-up of resistance to 
benzimidazoles in Cercospora beticola populations (Karaoglanidis et al. 2003). 

Figure 1 Effect of resistance management strategies on frequency of Botrytis cinerea iso-
lates resistant to thiophanate-methyl (TM). 20 samples were collected per treat-
ment (n = 3). MP: mepanipyrim. Statistical analysis: identical letters show no sig-
nificant difference between treatments according to Tukey’s HSD test at p = 0.05. 
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ABSTRACT 

Crown and root rot caused by soilborne species of Phytophthora are common diseases of 
container-grown ornamental plants in nursery. Crown rot of rose caused by P. citrophthora 
has recently been reported in Sicily, southern Italy. Valifenalate (IR 5885), under 
development by ISAGRO, is a systemic dipeptide fungicide of the valinamide class of 
compounds within the group of Carboxylic Acid Amide (CAA’s) and is active against 
Oomycetes. In this study, the efficacy of valifenalate and other experimental active 
ingredients was tested for the first time against crown rot of rose. Plants were wound 
inoculated on the stem with P. citrophthora. Symptoms were evaluated at various time 
intervals after inoculation. Valifenalate, alone or mixed with biostimulants, such as the leaf 
organic fertilizer Siapton®, was applied as foliar spray at the dose of 0.75 g/l a.i., 7 days 
before the inoculation. In all experiments, valifenalate proved to be as effective as phosethyl-
Al in reducing the length of the canker symptoms on the stems of inoculated plants. Five 
months after the inoculation, plants treated with valifenalate or phosetyl-Al did not show 
symptoms of stem dieback whereas all nontreated control plants wilted. The addition of 
Siapton® increased the efficacy of valifenalate but results were not consistent between the 
experiments. No symptoms of phytotoxicity were observed on treated plants. 

INTRODUCTION 

Crown and root rot caused by soilborne species of Phytophthora are common diseases of 
container-grown ornamental plants in nurseries in Europe and in the USA. At present, 
chemical fungicides represent the most reliable means to control this type of pathogens. A 
thorough understanding of their biological and physiological properties is required in order 
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to exploit their strengths and characteristics while ensuring a low environmental impact and 
also reducing the risk of selection of resistant pathogen species. Valifenalate (code IR5885, 
formerly valiphenal) is a new systemic dipeptide fungicide developed by the Italian 
agrochemical company ISAGRO to control downy mildews of grapevine, potatoes and 
vegetables. It is a member of the Carboxilic Acid Amides (CAA’s) a chemical class known 
as very active fungicides against foliar diseases caused by Oomycetes, like Phytophthora 
and Plasmopara species. Other members of the CAA’s are the valinamides iprovalicarb and 
benthiavalicarb, two amides of cinnamic acid (dimetomorph and flumorph) and 
mandipropamid, an amide of mandelic acid (Gisi et al., 2007). CAA’s inhibit cellulose 
synthase, causing inhibition of cystospore germination (contact action), the alteration of 
hyphal morphology, partial destruction of the cytoskeletron (endotherapy) and inhibition of 
mycelial growth (Kuhn et al., 1991; Zhu et al., 2007; Blum et al., 2011). Valifenalate has 
high affinity to epicuticular waxes, thus is resistant to wash-off by rain. Part of the 
compound is taken up into the leaf cellular tissue and shows translaminar and some 
apoplasmatic movement. The fungicide is fixed on the cuticular cells, resisting wash-off and 
spreading within the cellular tissue. It posseses a rapid cytotropic-translaminar diffusion and 
is slightly systemic. In combination with oomycete active molecules of different mode of 
action, the risk to select resistant strains of downy mildews is seen as low to medium (Isagro 
Focus, June 2005). In this study, the efficacy of different formulations of valifenalate and 
other experimental active ingredients was tested in vitro and in vivo for the first time against 
crown rot of rose caused by Phytophthora citrophthora; a disease recently reported in Sicily 
(southern Italy) (Salamone et al., 2010). 

MATERIALS AND METHODS 

Valifenalate was provided by ISAGRO in three formulations: liquid (IR 8465), pasty 
(IR5885) and powder (IRF30) containing 50, 25 and 20 % of active ingredient, respectively. 

In vitro assay 
The efficacy of valifenalate was tested against the following Phytophthora species: P. 
nicotianae isolated from roots of citrus, two strains of P. citrophthora isolated from roots of 
citrus and from crown of roses, and P. cryptogea isolated from roots of Lantana camara L. 
The method described by Grover and Moore (1961) was adopted to produce pesticide-
containing substrates from stock solutions in methanol (CH3OH).  
The following fungicide concentrations were tested in 20 ml substrate per 90 mm Petri dish: 
0,1; 1; 10; 100 and 1000 μg·ml-1. In order to evenly distribute the active ingredient to be 
tested, plates were placed in a horizontal shaker for 30 seconds. Control plates were prepared 
in the same way, adding to the medium methanol (90%) or sterile distilled water. After 24 
hours, fragments (4 mm diam.) of 6-day-old fungal cultures were transferred onto the plates; 
these were sealed by by Parafilm® and incubated at 23±1°C in the dark. After 3, 6 and 9 
days, the inhibition zone diameter of each fungal colony was measured. Percent growth 
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inhibition compared to control colonies was calculated according to Zygadlo et al. (1994). 
The experiments were performed with 4 replicates and each assay was repeated twice. In 
order to verify if the treatments were fungistatic or fungitoxic, a small portion of the treated 
mycelium was transferred onto fresh medium (V8 juice + agar) and checked for re-growth. 
Data were subjected to analysis of variance by SPSS Win 9.0 Program. 

Table 1 Products used to control P. citrophthora isolated on rose plants. The table shows 
the doses used for each formulation in the in vivo essay. 

ISAGRO code Doses (g/L) 
Control 
Phosetyl-Al (Aliette) 
IR 8465 
IR 8854 
IR 8868 
IR 8512 + Aliette 
IR 5885 (40%) + Break-Thru 
IR 5885 (40%) + Siapton 
IR 5885 (40%) 

Water 
2.0 
1.6 
1.6 
1.6 
2.0+1.6 
0.75+1.2 
0.75+0.4 
0.75 

In vivo assay 
Mini-grafted rose plants (c.v. “Red France”) on Rosa indica-major as rootstock, were 
transplanted in PE pots (16 cm diameter) filled with a perlite and coconut coir dust mixture 
(1:1 v/v). Water as well as macro- and micronutrients were supplied to the plants by a drip 
irrigation system (1 dripper/plant, 2 L/h) controlled by a timer. Nine treatments were carried 
out with three replicates of each 10 plants. The Isagro products were compared with 
phosethyl-Al (“Aliette”, Bayer), as reference product (Table 1). Valifenalate, alone or mixed 
with biostimulants, such as the leaf organic fertilizer Siapton® (ISAGRO), was applied as 
foliar spray at different doses (Table 1). Seven days after application, the plants were wound 
inoculated at the stem, about 10 cm from the collar of the roses using agar plugs obtained 
from P. citrophthora colonies (5 mm diameter) growing on potato-dextrose-agar. Wounds 
were sealed with Parafilm  in order to avoid dehydration of the inoculum. Symptoms were 
evaluated by measuring the length of the lesions after 30, 60 and 150 days post artificial 
inoculation. Data were analysed by Anova and the means were compared by Duncan’s test. 

RESULTS  

In vitro assay 
The inhibitory activity expressed in percentage obtained by different valifenalate 
formulations are reported in figures 1a, b and c. 
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Figures 1: Inhibitory effect of valifenalate products on growth of tested Phytophthora 
species.The inhibition percentage was calculated in comparison to the growth 
diameter in the respective control. 

Results obtained with IR8465 (liquid formulation) show a good mycelial inhibition of the P. 
citrophthora (from citrus) colonies at 1000 μg·ml-1 and 100 μg·ml-1 (100 and 95.9%, 
respectively). At lower concentrations, colony growth was only slightly affected. Significant 
inhibition of the radial growth of colonies of other Phytophthora species was only observed 
at the two highest concentrations; at 1000 ug/ml the growth of P. nicotianae was inhibited 
by 87.5%, of P. cryptogea by 92.7% and of P. citrophthora (from roses) by 80.8% in 
comparison to the control (Figure 1a). 
The product with the code IR5885 (viscous formulation) showed better antifungal activity 
than the liquid formulation IR 8465 (Figure 1b). A total inhibition was observed on all 
Phytophthora species tested at the higher doses (1000; 100 and 10 μg·ml-1) and for P. 
citrophthora (from citrus) even at 1 μg·ml-1. At this low concentration, the mycelial growth 
of the colonies of P. citrophthora (from roses), P. cryptogea and P. nicotianae was reduced 
by 92.4 %, 90.2 % and 66.1%, respectively. P. citrophthora isolated from citrus or roses was 
slightly inhibited even at a low rate of 0.1 ug/ml (23.6% and 15.2%, respectively). 
IRF030 (powder formulation) showed a total inhibition only at the highest concentration 
while providing lession growth inhibition of 85.1% at 100 μg·ml-1 (Figure 1c). No inhibition 
of mycelial growth was revealed at the lowest concentration on all Phytophthora species 
tested. In summary, activity of the valifenalate products can be ranked as follows: The pasty 
formulation is clearly the most active, followed by the powder formulation and the liquid 
formulation (least active).
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Table 2 Control of crown rot on roses caused by artificial incoluation with P. citrophthora 
by fungicide treatments. Data show the average lesion length (in mm) observed on 
the stem. 

Days after inoculation of P. citrophthora 
Products 30 d 50 d 150 d 
IR8892 + Aliette 0.74  a* 4.79 a* 5.63 a* 
IR5885 + Siapton 1.74  A 3.32 a 7.58 Ab 
IR 5885 3.00 A 7.05 abc 9.58 Ab 
IR 5885 + Break-
Thru 

3.18 A 5.70 ab 8.58 Ab 

Phosetyl-Al (Aliette) 3.88 A 5.88 ab 7.94 Ab 
IR 8854 5.59 ab 8.23 abc 10.59 Abc 
IR 8465 9.44 bc 14.12 cd 17.81 C 
IR 8868 10.16 cd 11.95 bc 14.26 Bc 
Control  12.14 D 18.62 d 26.09 D 

The values followed by the same letter are not significantly different at P=0.05 (Duncan’s Test). 

In vivo assay 
The results of foliar treatments to control crown rot of rose plants are reported in table 2. 
Treatment carried out by IR8892+Aliette showed the best efficacy. 30 days after the 
inoculation, the length of the canker symptoms was only 0.74 mm. Slightly larger lesions 
(however not statistically different from IR8892+Aliette) were found with phosetyl-Al (3.88 
mm), IR5885+Siapton (1.74 mm), IR5885+Break-Thru (3.18 mm) and IR8854 (5.59 mm). 
IR8465 (9.44 mm) was clearly weaker. The treatment with IR8868 (10.16 mm) showed no 
statistically significant inhibition of lesion size compared to the untreated check (12.14 mm).  
50 days after inoculation, the length of the lesions had further increased for all treatments. 
The products IR8892+Aliette and IR5885+Siapton showed the best efficacy according to 
lesion length (4.79 and 3.32 mm, respectively), however the differences were not statistically 
significant. In the last evaluation (150 days after the inoculation), the length of the lesion 
measured on the untreated plants was 26.09 mm while the plants treated by the products 
containing valifenalate showed values between 17.81 mm (IR8465) and 5.63 mm 
(IR8892+Aliette). 

DISCUSSION 

In the in vitro assay the product IR5885 in pasty formulation containing 25% of valifenalate 
showed the best growth inhibition of all tested Phytophthora species. The product IRF030 
(powder formulation, 20% valifenalate), was able to control growth of all Phytophthora 
species only at the higher test concentrations, while IR8465 (liquid formulation, 50% of 
valifenalate) showed overall the weakest growth inhibition, with full inhibition at the highest 
concentration only seen against P. citrophthora (from citrus). 
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In the in vivo assay using rose plants inoculated with P. citrophthora, the products 
IR8892+Aliette, IR5885+Siapton and IR5885+Break-Thru were able to slow down the 
progress of the disease; comparable to the effectiveness obtained by the Phosetyl-Al 
treatment. The products IR8465 and IR8868 showed lower efficacy. The results of this study 
indicate useful activity of valifenalate containing products against ornamental plant diseases 
caused by soil-borne Phytophthora, thus highlighting a new area of action for  valifenalate. 
Moreover, the addition of biostimulants as Siapton® may increase its efficacy. With high 
activity against various Phytophthora species, valifenalate containing products seem to be 
suitable, low rate components in strategies for the control of important plant diseases in 
floriculture. 
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Kerz-Möhlendick F, Kemper K; Gallow R; Muenks K-W  
Bayer CropScience AG, Alfred-Nobel Strasse 50, D-40789 Monheim am Rhein, Germany 
Email: Friedrich.Kerz-Moehlendick@bayer.com 

ABSTRACT 

The pyrazole carboxamide penflufen is a new generation succinate-dehydrogenase inhibitor 
(SDHI) fungicide from Bayer CropScience. It efficiently prevents the fungal growth by 
blocking the electron transport at complex II in the mitochondrial respiration chain.  
Penflufen is being specifically developed as a seed treatment, potato tuber treatment and as a 
soil applied fungicide providing high level of protection to seeds and seedlings against a 
wide range of seedling, soil-borne and seed borne pathogens causing diseases of economic 
importance in many field crops. 
Additional studies on plant morphology under disease-free controlled conditions show that 
penflufen has beneficial effects on plant vigor.  
Results on biological profile and beneficial properties of penflufen regarding plant 
physiology are summarized below. 

INTRODUCTION 

Bayer CropScience has always been very active in the development of innovative crop 
protection products with specific strength for the use as seed treatment. The new active 
substance penflufen a representative of the pyrazole-carboxamide family, was discovered in 
2001 and is the result of intensive research in this chemcical class. It has been specifically 
developed for the control of seed- and soil-borne diseases in a broad range of crops and will 
be globally available starting in 2011. Penflufen will be introduced under the brand 
EmestoTM in different mixtures in the potato market worldwide. In addition, Penflufen will 
be commercialized under the brand EverGolTM in a large number of crops including 
soybeans, corn, oilseed rape, wheat and rice in different mixtures.  
The purpose of this paper is to present a synopsis of the available information regarding the 
characteristics of the active substance, its mode of action as well as the use conditions.  

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Kerz-Möhlendick et al. 

62 

BIOCHEMICAL AND BIOLOGICAL MODE OF ACTION 

Penflufen is a novel systemic fungicide of the chemical class of the pyrazole-carboxamides 
within FRAC resistance Group 7 (FRAC code list 2013). The biochemical mode of action of 
penflufen has been shown to rely on the inhibition of the enzyme succinate dehydrogenase, 
also known as complex II within the fungal mitochondrial respiration chain. This causes an 
interruption of the respiratory chain, affecting both the generation of energy as well as the 
formation of precursors needed for the synthesis of essential cellular compounds such as 
amino acids within the target fungus. 
The mode of action of penflufen was studied also at the biological level with different 
microscopical techniques. Results obtained with a number of key pathogens showed that 
penflufen inhibits spore germination, substantially reduces germ tube elongation and causes 
morphological alteration of mycelium with hyphal swelling and consequently growth 
inhibition (figure 1). 

Figure 1 Morphological alteration of mycelium with hyphal swelling and consequently 
growth inhibition after Penflufen treatment of the growing mycelium 

SPECTRUM OF EFFICACY AND FIELD PERFORMANCE 

Penflufen is a fungicide with a broad spectrum of activity. Based on a high number of field 
trials, efficay against a number of soil and seed born diseases in numerous important arable 
crops such as Rhizoctonia solani (all anastomosis groups), Ustilago spp., Tilletia caries and 
Helminthosporium spp could be demonstrated (figure 2). In order to create a family of seed 
treatment solutions which offers a broad spectrum of activity and a robust protection of the 
early development phases of crops, penflufen has also been developed in combination with 
other fungicides used in seed treatment since several years. 

SYSTEMIC BEHAVIOUR 

The systemic behaviour of penflufen in seedlings has been studied using seed treatment 
formulations including radio-labelled material of penflufen. The mobility of the active ingre- 
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5 trials 
35 % disease *) 

12 trials 
3 % disease *) 

10 trials 
29 % disease *) 

Figure 2 Control of Rhizoctonia solani by potato tuber application in European field trials 
carried out in 2008-2011 (*disease level in untreated) 

dient in planta was characterized using high resolution imaging techniques designed to 
rapidly visualize the localization of radio-labelled active ingredient within seedlings. 

Figure 3  Localization of radiolabelled penflufen after seed treatment in corn (A – 14 days 
after sowing), wheat (B – 10 das) and potato (C – 26 das) 

When applied as a seed treatment the major part of the active substance remains in the roots 
and/or underground organs or is distributed in the root zone around the treated seed/tuber. 
This is the basis for the excellent protection of crops in their early stages of development. 
Traces of active substance detected in aboveground parts of seedlings do not provide activity 
on foliar pathogens. 
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PHYSIOLOGICAL EFFECTS AND PLANT GROWTH PROMOTION 

During field trial testing it was oberserved that, besides excellent control of soil- and seed- 
borne fungal pathogens, seeds treated with penflufen faster established healthy more robust 
seedlings. In potato trials, it was observed that plants from penflufen treated tubers emerged 
better than untreated plants and those treated with a reference product (figure 4). This effect 
can be seen from initial emergence when 20-30% of plants have emerged until full 
emergence. 

Early Emergence(9 trials) Final Stand(7 trials) 

Emergence 

(Relative to 
untreated 

(=100) 

Figure 4 Crop establishment of potato plants after fungicide tuber application, Europe 

In wheat plants grown under disease free conditions after seed-treatment with 2,5, 5 and 10 
g.a.i of penflufen per100 kg seed a significant increase of the root weight occured in nine 
independent trials (figure 5). This was also the case when the above ground organs showed 
no visible and measurable increase in size and weight.  
In addition to previous studies a second series of barley experiments was carried out in 
climate chambers to have a deeper insight in these findings. Plants were inoculated with 
Rhizoctonia solani (AG 8 - origin Australia) and grown for four weeks. Roots where 
measured at the end of the trial and parameters relevant to describe the architecture of the 
root system, as root length, number of root tips, root branching and total root weight where 
measured. Plants treated with penflufen were efficiently protected against Rhizoctonia solani 
if compared to inoculated/untreated control plants. In addition treated plants showed a 
promotion of the root growth and the rooting of the soil as compared to 
untreated/uninoculated plants (figure 6). 
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Figure 5 Plant growth promotion (root mass of wheat plants after seed treatment with 
penflufen (mean of nine independant greenhouse trials) 

not 
inoculated, 
untreated 
control 
(UTC)=100) 

Figure 6 Control of Rhizoctonia solani and promotion of root growth of barley plants after seed 
treatment with Penflufen compared to untreated inoculated control plants (UTC 
inoculated) and untreated not inoculated plants (UTC non inoc.) 

Growth promotion triggered by seed treatment with penflufen could also be demonstrated in 
soybeans when plants were grown under abiotic stress conditions such as drought. Soybean 
seeds treated with penflufen showed a positive effect on the vegetative development of the 
plants when grown for four weeks at 24°C. (figure 7, left picture). 
When the soybean plants where grown at 24°C with a water supply reduced to about 50% of 
normal irrigation, this way reducing the water capacity of the soil from about 65% under 
normal watering to about 40% for drought stress conditions, the difference between treated 
and untreated plants was even more distinct.  
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Under drought stress, all plants showed strongly retarded vegetative growth, (figure 7 right 
picture), however plants grown from penflufen treated seeds were more vigouros indicating 
an improved abiotic stress tolerance.  

Figure 7 Growth promotion and modulation of abiotic stress in 4 week old soy bean plants 
after seed treatment with penflufen:  
left picture: untreated and treated under normal watering condition (watered to 
about 65% water capacity )  
right picture: untreated and treated, plants grown under drought stress (watering 
reduced by 50% to about 40% of water capacity) 

CONCLUSION  

The new pyrazole carboxamide penflufen has been optimized and developed as soil- and 
seed treatment being applicable in a broad range of arable and horticultural crops. Seed 
treatment solutions based on the active ingredient penflufen are innovative tools for farmers 
ensuring the protection of their high-yielding crops in early growth stages. This is based on 
an outstanding control of seedling, seed- and soil borne diseases combined with excellent 
plant compatibility, growth enhancing effects with positive influence on root development 
and in addition beneficial effects against abiotic stress. This will enable the grower to 
produce more marketable yield, better quality at reduced input.  
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Email: eric.guicherit@syngenta.com 

ABSTRACT 

Solatenol (common name benzovindiflupyr) is a new broad spectrum foliar fungicide 
discovered and developed by Syngenta. It is the third Syngenta succinate dehydrogenase 
inhibitor (SDHI), and the second in the benzonorbornene amide subclass. The focus of the 
Solatenol project was on finding compounds with high intrinsic activity against soybean and 
cereal diseases, in particular Asian Soybean Rust (Phakopsora pachyrhizi) and Septoria leaf 
blotch (Zymoseptoria tritici). Solatenol is highly active on other major pathogens, e.g. 
Rhizoctonia spp and Botrytis cinerea. The very high affinity to succinate dehydrogenase 
results in its high intrinsic activity. This, together with strong binding to the plant’s wax 
layer, provides long lasting disease control. Solatenol is safe to the crop, also when applied 
in mixture with DMI and QoI compounds. 

INTRODUCTION 

Researchers within Syngenta started working in the SDHI area in 1999. The first break-
through in this area was the discovery of the benzonorbornene amide class, which revealed a 
large number of good chemical leads with the potential to cover the foliar cereals segment. 
Isopyrazam was the result of a first optimization of this class and was introduced to the mar-
ket in 2010, mainly tailored for foliar use in the cereals segment (Harp et al. 2011) (Fig. 1).  

Figure 1 Structures of isopyrazam and Solatenol 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Guicherit et al. 

68 

Solatenol is the result of an optimization program mainly looking at the efficacy against 
Asian Soybean Rust (ASR), caused by Phakopsora pachyrhizi. Solatenol’s structure is 
closely related to isopyrazam. In addition to the outstanding efficacy against ASR, Solatenol 
delivers broad spectrum fungal control including control of major diseases in the cereals 
segment.  

MATERIAL AND METHODS 

SDH enzyme inhibition tests 
SDH enzyme inhibition was tested in vitro on Zymoseptoria tritici, Botrytis cinerea and 
Rhizoctonia solani using purified mitochondrial suspensions. Mitochondrial purifications 
and test conditions were performed following already described procedures (Scalliet et al. 
2012). These assays enable comparison of the intrinsic potency displayed by carboxamides 
of different structures at the level of the SDH enzyme. The inhibition of ubiquinone 
reduction was monitored in the presence of succinate and of a terminal electron acceptor 
(DCPIP) whose reduction was monitored spectrophotometrically at 595 nm. The slopes of 
DCPIP reduction were used for calculation of the half inhibitory concentrations (IC50) as 
described in Zeun et al. (2013). 

Biological Activity on Asian Soybean Rust. 
SDH enzyme inhibition was determined in situ using a whole plant-leaf disk assay. The 
shoot of 24-days old soybean plants was removed just above the first trifoliate leaf one day 
before application. The plants were sprayed with the test compounds at an equivalent of 50 
l/ha spray volume. The compounds were sprayed at 12 rates, adapted to the known potency 
of the compounds on ASR (Table 1). One day after application, 6 leaf discs per treatment 
were taken from the first trifoliate leaf and placed into 24-multiwell plates. The leaf discs 
were inoculated with rust spores one day after application. After dark incubation for 48 h, 
the plates were further incubated under light at 22°C for another 10 days. As a reference, 6 
leaf discs of untreated plants were placed on each of the plates. Disease severity was 
determined visually and activity calculated in comparison to the infestation on leaf discs of 
the untreated check. 

Table 1 Compound rates applied on whole soybean plants to determine the in situ activity 
of 3 different SDHI against soybean rust 

g/ha in 50 l/ha spray volume 
Solatenol 30.0 19.8 13.1 9.8 7.4 5.5 4.1 3.1 2.3 1.5 1.0 0.7 
fluxapyroxad 50.0 33.0 21.8 16.3 12.3 9.2 6.9 5.2 3.9 2.6 1.7 1.1 
penthiopyrad 100.0 66.0 43.6 32.7 24.5 18.4 13.8 10.3 7.8 5.1 3.4 2.2 

Data was analyzed statistically and did not benefit from transformation. Dose-response 
relationships (Figure 4) were calculated using the Log-logistic model with lower (0) and 
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upper (100) asymptotes constrained, by calculating the data in MS Excel using the 
Bioassay97 MS-Excel macro (Onofri 2005). 

Biokinetics in corn leaves 
Corn plants cv. Avenir were grown under glasshouse conditions to the 6-7 leaf stage and 
sprayed with Solatenol 100g/l EC or 100g/l EC + 0.3% v/v Nonionic surfactant in a track 
sprayer at a rate of 30g ai/ha in a spray volume of 150l/ha. Immediately after spraying, the 
youngest fully expanded leaves from ten replicate plants were removed and the Solatenol 
retained on the foliar surface removed to allow quantification of foliar spray retention. Six 
hours and 1, 3 and 7 days after spraying, unabsorbed Solatenol was recovered and quantified 
from leaf surfaces, epicuticular waxes and plant tissue. 

RESULTS AND DISCUSSION 

SDH enzyme inhibition tests 
The results show that Solatenol is a highly potent SDH inhibitor on a range of pathogens 
(Figure 2). In many cases the intrinsic activity of Solatenol was superior to other SDHI’s. 
Bioavailability, a major factor influencing biological efficacy, may explain some 
discrepancies when in vitro results for SDH inhibition are compared to in vivo activity within 
pathogens. The outstanding performance of Solatenol on rusts, and in particular on soybean 
rust (Figure 7), is most likely the result of a combination of its superior potency on the 
targeted SDH rust enzyme, and a good fit of physico-chemical properties and bioavailability 
required for optimal activity. 

Figure 2 In vitro inhibition of the succinate ubiquinone oxidoreductase activity by carboxa-
mide inhibitors. IC50 values are the concentrations required for each inhibitor to 
half-inhibit DCPIP reduction on Z.tritici, B.cinerea and R.solani mitochondrial 
suspensions. Presented values are based on triplicate determinations ±SD. 

Biological activity on soybean rust, Phakopsora pachyrhizi 
10 days after inoculation the disease severity on untreated, infected checks was up to 85 %; 
on average 80 %. Infestation on treated leaves ranged, depending on rate from 0 to 80 %. 
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Rate for rate, Solatenol showed best activity on soybean rust, it was clearly more active 
when compared to fluxapyroxad and penthiopyrad. (Figure 3) 

Solatenol, 5.5g /ha                  fluxapyroxad, 5.2g /ha           penthiopyrad, 5.1g /ha 

Figure 3 Leaf discs in multiwell plates of comparable treatments, 5.5g/ha for Solatenol, 5.2 
g/ha for fluxapyroxad and 5.1 g/ha for penthiopyrad, showing infestation levels of the 
leaf discs with Phakopsora pachyrhizi. 

Figure 4 Dose response relationships of 3 different SDHI on Phakopsora pachyrhizi on 
soybean leaves, based on 12 different rates adapted to each of the compounds. 

The dose response curves differed, showing different dose dependent activity of each of the 
compounds on soybean rust. Solatenol was more active compared to fluxapyroxad and 
penthiopyrad. Based on the dose-response relationships effective concentrations at distinct 
control levels could be derived (Table 2). Since the fitted dose-response curves were not 
parallel, relative potencies of the compounds varied, dependent on the different control 
levels. The dose estimates in table 2 however show that a.i. rates to get comparable control 
of soybean rust for either for either fluxapyroxad or penthiopyrad are at least 3 times higher 
compared to Solatenol.  

Table 2  Dose estimates (g/ha) of SDHI compounds against soybean rust for response at 
distinct percent control scale 

Solatenol fluxapyroxad penthiopyrad 
50 % control 4.0 13.4 16.6 
70 % control 6.2 19.4 21.3 
90 % control 12.1 35.1 31.4 
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Biokinetics in corn leaves 
The distribution over time of Solatenol between the foliar surface, epicuticular wax and 
within the leaf tissue was significantly influenced by the presence of adjuvant, with adjuvant 
significantly decreasing recoveries from within the wax layer and increasing them in the 
foliar tissue as shown in Figure 5. When Solatenol EC was applied alone, the wax layer 
acted as a major reservoir for the absorbed compound with approximately 63% (4.03 
ug/gFW) of recovered Solatenol being quantified in the wax when sampled 3 days after 
application. In contrast, the addition of adjuvant decreased the wax residence time such that 
only 31% (2.02 ug/gFW) remained in the wax layer with a consequent increase in Solatenol 
in the leaf tissue to 53% (3.44 ug/gFW) from the 7% (0.43 ug/gFW) recovered without 
adjuvant (Figure 5). 

Figure 5 Distribution over time of Solatenol between the foliar surface, epicuticular wax and 
within the leaf tissue of corn  

Performance under field conditions 
In numerous field trials Solatenol applied at 30 to 75g/ha and in mixture with a triazole for 
resistance management has shown excellent efficacy on Zymoseptoria tritici and Phakopsora 
pachyrhizi which positively reflects on yield (Figures 6 and 7). The trials also showed 
Solatenol’s excellent crop tolerance, being safe to both crops. 

Figure 6 Control of Zymoseptoria tritici in wheat 
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Figure 7 Control of Phakopsora pachyrhizi in soybean. 

CONCLUSIONS 

Solatenol is Syngenta’s second generation benzonorbornene amide fungicide belonging to 
the group of succinate dehydrogenase inhibitors (SDHI) with high intrinsic activity on a 
broad range of plant fungal diseases. Solatenol binds strongly to the plant’s wax layer where 
it forms a reservoir from which it slowly translocates into the tissue. Adding an NIS 
adjuvant, either built-in or in tank mix, greatly enhances uptake which can positively reflect 
on efficacy, spectrum and duration of control. Solatenol is highly active on key pathogens at 
rates between 30 to 75g/ha when applied preventative or early curative. The performance on 
Asian Soybean Rust sets new standards. In wheat, Solatenol mixed with a triazole provides 
Zymoseptoria tritici control similar to the best commercial standard. 
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ABSTRACT 

Growth and metabolism of fungi can be curtailed by chaotropic solutes and hydrophobic 
substances, both of which can weaken or inhibit non-covalent interactions within and 
between macromolecular systems. Here we explore the potential to utilize the fungistatic and 
fungicidal activities of such stressors as the basis for commercial formulations. A method 
was developed for the quantification of chaotropicity, which can be used for chemically 
diverse substances, in order elucidate roles of chaotropicity and hydrophobicity in microbial 
ecology (both of which are sufficiently potent to limit the Earth’s microbial biosphere). A 
large number of naturally occurring substances act as chaotropic or hydrophobic stressors 
including aliphatic alcohols, salts such as MgCl2, aromatics such as phenol, and 
hydrocarbons such as hexane and octene. We suggest that these stress parameters provide the 
(hitherto unidentified) modes-of-action for some extant antifungal products. The findings are 
discussed in relation to the development of a new generation of antifungals. 

INTRODUCTION  

Fungal growth and metabolism can be inhibited by toxic substances (either natural or 
anthropogenic in origin) that have a target-specific mode-of-action such as azole fungicides 
which inhibit a specific enzyme in the ergosterol biosynthesis pathway and succinate 
dehydrogenase inhibitors which act on Complex II in the respiration chain (Trinci Ryley 
1984). Conversely, some antimicrobial substances operate in a manner which is not target-
specific; e.g., osmotic stressors which can draw water from the cytoplasm, or chaotropic and 
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hydrophobic stressors which impact the structural and metabolic interactions of 
macromolecular systems by reducing water:macromolecule interactions. The stress 
mechanisms for, and cellular responses to, osmotic stress have been well-characterised over 
the past 200 years (see Dutrochet 1826; Pitt 1975; Brown 1990; Hohmann 2002); by contrast 
those associated with chaotropic and hydrophobic substances have only been studied 
relatively recently (Hallsworth 1998; Hallsworth et al. 2003a; 2003b 2007; Park et al. 2007; 
Bhaganna et al. 2010; McCammick et al., 2010; Bell et al. 2013; Cray et al. 2013a; 2013b). 
Whereas a multitude of chaotropic and hydrophobic substances – including solvents – can be 
lethal to microbial cells (Sikkema et al., 1995; Duda et al. 2004; Hallsworth et al. 2007; 
Bhaganna et al., 2010; Cray et al. 2013a) their activities as potent antimicrobials in natural 
ecosystems (Cray et al. 2013b) and potential as anthropogenic biocides and fungicides has 
received little consideration to date. We carried out a series of studies to elucidate the 
biological consequences of chaotropic and hydrophobic stressors for microbial systems; to 
develop an assay, units and a scale for the quantification of chaotropicity (and structure-
making or stabilizing kosmotropicity); and to provide proof-of-principle that these 
substances (including naturally occurring chaotropic/hydrophobic metabolites such as those 
produced by plant and microbial cells) have the potential to eliminate fungal pathogens. 

RESULTS AND DISCUSSION 

Mode-of-Action of Chaotropic and Hydrophobic Substances as Antifungals 
Chaotrope-mediated cellular stress was first described in vivo during studies of ethanol-
induced inhibition of Saccharomyces cerevisiae (Hallsworth 1998). Ethanol is a small 
molecule (Mr 46.1) which is less polar than water and so hydrogen bonds with water 
molecules more weakly than water does with itself, and can thereby destabilize the 
macromolecular systems of microbial cells (Hallsworth 1998; Konopasek et al. 2000; 
Hallsworth et al. 2003a; Cray et al. 2013a). Biomacromolecules are dependent on water for 
their structure, functionality, hydrophobic interactions, folding, flexibility, cohesion, 
hydration, and interactions with other molecules (Daniel et al. 2004; Ball 2012). 
Phospholipid membranes, for example, depend absolutely on the interactions between lipids 
and water for their formation, structural integrity, fluidity, permeability, and other functions 
(Daniel et al. 2004; Ball 2012). Chaotropic solutes are primarily located in the cytosol (and 
are also present in the aqueous phase of macromolecular systems) whereas hydrophobic 
substances partition into the hydrophobic domains of the plasma membrane and other 
macromolecular systems. Nevertheless both types of stressors can disorder lipid bilayers and 
other macromolecules (Sikkema et al. 1995; Bhaganna et al. 2010; McCammick et al. 2010; 
Cray et al., 2013a). In other words, hydrophobic stressors, which are less polar than 
chaotropes, (log Poctanol–water of > 1.9) exert their chaotropic activity by proxy (Bhaganna et al. 
2010; McCammick et al. 2010; Cray et al., 2013a). The cellular responses of fungi (and 
other microbes) to both these classes of stressors are remarkably similar: production of 
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protein-stabilization proteins, accumulation of compatible solutes, modification of lipid-
bilayer composition, up-regulation of efflux pumps, etc. (Hallsworth 1998; Hallsworth et al. 
2003a; Bhaganna et al. 2010; Udaondo et al. 2012). Even the most resilient of microbes, 
however, are only able to tolerate finite levels of such stressors after which they become 
inactive, are mummified, or lyse (Hallsworth 1998; Hallsworth et al. 2003a; 2007; Duda et 
al. 2004; Bhaganna et al. 2010; Cray et al., 2013b).  
Whereas some S. cerevisiae strains are adapted to tolerate ethanol up to concentrations of 

), the vast majority of fungi are inhibited at < 1 % w/v. 
Ethanol is a mildly chaotropic solute (see Hallsworth, 1998; Hallsworth et al. 2003a; Cray et 
al. 2013a; 2013b); by contrast some, more potent chaotropes are able to prevent microbial 
metabolism and cell division in the range 10 to 100 mM (Hallsworth et al. 2003a; Bhaganna 
et al. 2010). Hydrophobic stressors can eradicate fungal activity in the μM or very low mM 
range (Cascorbi et al. 1993; Bhaganna et al. 2010; Randazzo et al. 2010; Cruz et al. 2012; 
Weise et al. 2012; Cray et al. 2013b). There are strong correlations between the 
chaotropicity and hydrophobicity of stressors and their antimicrobial activities (Cascorbi et 
al. 1993; Hallsworth et al. 2003a; 2007; Kabelitz et al. 2003; Bhaganna et al. 2010); one 
study, of 45 xenobiotics (including both types of stressor), established a close correlation 
between inhibitory activity against yeast cells and log P (Cascorbi et al. 1993). Similar 
correlations have been observed in studies of enzymes and other macromolecular systems 
(Bhaganna et al. 2010; Bell et al. 2013; Cray et al. 2013a).  
Chaotropic and hydrophobic stressors of biotic origin have potent activity against plant-
pathogenic fungi (including Rhizoctonia solani and Fusarium spp.) at μM to mM 
concentrations, depending on the substance (Elewski et al. 2004; Fialho et al. 2011; Walker 
2011; Cruz et al. 2012; Weise et al. 2012; Cray et al. 2013b). These include urea, butanol, 
ethanol, ethyl acetate, ethyl octanoate, cis-3-hexen-1-ol, hexanol, isoamyl acetate, 1-penten-
3-ol, 2-phenylethanol, and other volatile organic compounds. No fungal species has evolved 
absolute resistance to the inhibitory/lethal effects of chaotropic and hydrophobic stressors 
(see Hallsworth 1998; Hallsworth et al. 2007; Williams  Hallsworth 2009; Duda et al. 
2004; Bhaganna et al. 2010; Cray et al. 2013b) so it is unsurprising that chaotropicity can 
define the limits of the functional biosphere in specific locations on Earth (Hallsworth et al. 
2007; Williams  Hallsworth 2009). It is therefore remarkable that, whereas hydrophobicity 
can be quantified by determination of partition coefficients in octanol:water mixtures 
(Berthelot  Jungfleisch 1872), there has been no accepted method to quantify chaotropicity. 
We developed a direct, simple method to quantify the destabilizing activities of 
antimicrobial stressors and other biologically relevant solutes (Cray et al. 2013a) that can be 
employed to investigate the modes-of-action of antifungal compounds.  

A Universal Scale to Quantify Chaotropicity and Kosmotropicity 
Spectrophotometric determination of agar gel-point was used to quantify the chaotropic or 
kosmotropic activities of 97 chemically diverse substances (Cray et al. 2013a). The chao-
/kosmotropic activities were calculated according to differences in heat capacity of agar 
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solutions, and expressed in kJ kg-1 mol-1. The resulting scale is numerically continuous and 
chaotropic compounds ranged from fructose (+4.56) to Tween® 80 (+361); other notable, 
biologically relevant substances included ethanol (+5.93), ammonium chloride (+9.93), 
acetone (+37.0), MgCl2 (+54.0), ethyl acetate (+61.4), sodium benzoate (+86.5), benzyl 
alcohol (+90.2), and vanillin (+174 kJ kg-1 mol-1) (Cray et al. 2013a). Other antifungals 
could be assayed in this way to determine whether, at physiological concentrations, their 
antifungal activity is a consequence of chaotropicity.  

Implications for Development of Novel Antifungals 
Microbial species that exhibit a high competitive ability (and can therefore be utilized as 
biocontrol agents, e.g. Pichia anomala, Pantoea ananatis, Pseudomonas spp.) typically 
produce a cocktail of antimicrobials – many of them chaotropic and/or hydrophobic stressors 
– that is capable of preventing fungal growth and metabolism (Walker 2011; Weise et al.
2012; Cray et al. 2013b). Pseudomonas putida has an extraordinary tolerance towards 
chaotropic and hydrophobic substances (Hallsworth et al. 2003a; Bhaganna et al. 2010; Cray 
et al. 2013b), many of which it can also metabolize (Timmis 2002), and is consistently able 
to displace fungi and other microbes in specific types of habitat (including some of those 
associated with plants; see Mazzola 1999; Greene et al. 2000; Hunter et al. 2000; Zhou et al. 
2010; Cray et al. 2013b). Both water activity and chaotropicity are (arguably the most) 
potent stress-parameters known to limit life (Brown 1990; Hallsworth et al. 1998; 2003a; 
2007; ; Chin et al. 2010; Cray et al., 2013a; 2013b). However, 
as fungi are typically able to tolerate water-activity values lower than those tolerated by 
phyllosphere yeasts and bacteria (see Brown 1990), it is chaotropic solutes and 
(chaotropicity-mediated) hydrophobic stressors that may be the most valuable means by 
which to utilize the principles of stress biology for the control of fungal plant-pathogens. 
Hitherto there has been no systematic research effort to develop these substances as chemical 
pesticides nor any attempt to produce synthetic versions of these antifungal cocktails to our 
knowledge. It may be that such approaches would minimize, or even eliminate, the 
development of resistant plant-pathogenic strains. 
We suspect that a considerable proportion of antimicrobials which are of biotic origin and 
can eliminate fungal activity are able to do so via chaotropicity-mediated stress mechanisms. 
Chaotropic and hydrophobic stressors can potentially be utilized as agricultural fungicides, 
or as pharmaceutical fungicides for topical application; ethanol for example is already used 
as the biocide of choice for clinical (and other) applications (World Health Organisation 
2009), and urea has also been utilized in fungicidal preparations (Elewski et al. 2004). One 
commercially available antifungal product, Phytex (Pharmasol Ltd, Hampshire, UK) which 
is applied topically to nail and skin infections, is based on a formulation of organic-acids 
which are known to have antimicrobial activity. This product also contains substances which 
are not usually considered active ingredients but are added to confer other properties on the 
formulation; these include methyl salicylate, ethyl acetate and methylated spirits. However 
both ethyl acetate and the components of methylated spirits are known to act as chaotropic 
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stressors (Hallsworth 1998; Hallsworth et al. 2003a; Bell et al. 2013; Cray et al. 2013a; 
2013b). Furthermore, whereas methyl salicylate is generally used to enhance penetration of 
antimicrobials (as well as other drugs; Björklund et al. 2010), it has the same structural 
characteristics and biological activity as hydrophobic stressors of biotic origin (Hallsworth et 
al. 2003a; Bhaganna et al. 2010; Randazzo et al. 2010; Cray et al. 2013a; 2013b; Borase et 
al. in preparation). We believe that these chaotropic and hydrophobic constituents contribute 
to the potency of Phytex. There is increasing evidence that plant metabolites such as 
excavarin- -lactone coumarin; Kumar et al. 2012); vanillin, syringaldehyde, and other 
phenolics; terpenes; and diterpenoids (Borase et al. in preparation) exert their 
antimicrobial/antifungal activities via chaotropicity-mediated modes-of-action (Cray et al. 
2013a; 2013b; Borase et al. in preparation). Addressing the seemingly insurmountable 
problems of maintaining environmental health and achieving global food security has now 
become critical. Against this backdrop, we believe that chaotropic and hydrophobic 
substances ought to receive greater attention in the ongoing search for novel antifungals. 
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INTRODUCTION 

In the natural environment, defence reactions of plants are induced by various factors, for 
example microorganisms, ectoparasites, and abiotic stresses like wind or heat. There are 
numerous species of bacteria, fungi, pathogen-derived molecules, cell-wall components of 
fungi, peptides or plant extracts that are commercialised as biological or natural control 
agents for crop diseases. Some of them have been proven to induce systemic acquired 
resistance (SAR) in plants, similar to synthetic chemicals defined as host defence inducers 
by the FRAC code P1, e.g. acibenzolar-S-methyl (ASM), P2, e.g. probenazole (PBZ), and P3 
such as tiadinil and isotianil (FRAC code list 2013). These compounds are well established 
as major countermeasures for specific diseases in commercial practice, particularly against 
rice blast in Northeast Asia.  

MECHANISM OF INDUCED RESISTANCE  

It is assumed that all plants possess an intrinsic capacity to defend themselves against attacks 
by pathogens. Such enhanced defences can be triggered by various stimuli such as biotic and 
abiotic stress, beneficial micro-organisms or chemicals. "Induced resistance" is typically a 
systemic response with longlasting effects that confers a broad spectrum of resistance. This 
is regulated by a network of signalling pathways which involve endogenous phytohormones 
such as the signal molecule salicylic acid (SA), jasmonic acid (JA) and ethylene.  
According to the inducing agent involved and the subsequent molecular mechanism, two 
major types of induced resistance have been identified: SAR and induced systemic resistance 
(ISR). Typically, SAR is induced by a limited primary infection by a necrotizing pathogen, 
whereas ISR is induced by nonpathogenic organisms that colonize the roots. SAR depends 
on SA, while ISR requires JA and ethylene, but not SA. Both SAR and ISR confer an 
enhanced defence capacity of the plants. Upon pathogen attack, the defence response occurs 
earlier and is stronger, leading to a broader resistance spectrum. It is well known that SAR is 
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most efficient against (hemi-)biotrophic pathogens and leads to the expression of pathoge-
nesis-related (PR) genes, whereas necrotrophic pathogens are usually controlled by ISR.  
The analysis of an Arabidopsis mutant that was nonresponsive to SA led to the discovery of 
a key regulator of SAR, so-called NPR1 genes (non-expressor of PR genes). NPR1 is 
essential for transducing the SA signal and to activate PR gene expression. Upon cellular 
redox changes induced by SA, NPR1 migrates from the cytoplasm to the nucleus. There it 
interacts with a bZIP transcription factor and activates defence genes. In addition, SA as well 
as pathogen infection, lead to the enhanced expression of the NPR1 gene. Recently, a global 
transcriptional approach was used to identify genes involved in the very early responses to 
SA (Blanco et al. 2009). It was found that most of the induced genes were NPR1-dependent. 
Among them, some coded for proteins involved in signalling pathways such as kinases, 
disease-resistance proteins such as AtMLO2 (Arabidopsis thaliana mildew resistance locus 
o2) and RPS2 (resistance to Pseudomonas syringae 2) and the superfamily of WRKY 
transcription factors. Together, these are important for the onset of plant immune responses 
and SAR-mediated regulation of PR genes. 
Rice was used as monocotyledonous plant model to investigate the molecular mechanisms of 
induced resistance. In rice, the transcription factor Oryza sativa WRKY45 (OsWRKY45) 
plays an essential role in induced resistance (Takatsuji et al. 2010). This pathway is 
independent of NPR1 but participates actively to blast resistance as demonstrated in 
knockdown experiments. To date, no counterpart of OsWRKY45 genes has been identified in 
Arabidopsis, although its overexpression in Arabidopsis increases the resistance to bacterial 
pathogens. Thus, both NPR1 and WRKY are key node proteins in SAR. 

SYSTEMIC ACQUIRED RESISTANCE INDUCTION BY ISOTIANIL 

Isotianil, a newly developed plant defence inducer that controls leaf blast and bacterial leaf 
blight in rice, was discovered by Bayer in 1997, developed jointly with Sumitomo and 
launched in 2010 in Japan and Korea. It is currently being distributed under the brand name 
ROUTINE by Bayer CropScience (BCS).  
Isotianil, by itself, does not exhibit any activity against pathogens but rather protects plants 
against infection when applied at an early developmental stage. Hence, isotianil is readily 
accepted in Japan and Korea where prophylactic rice blast control methods e.g. nursery box 
application, water surface application and seed treatment are well established by the use of 
melanin biosynthesis inhibitors and PBZ. Although the practical use of isotianil has been 
limited to rice so far, it demonstrates a broader control spectrum as a host defence inducer in 
various plants. The induction of plant defence mechanisms is basically similar to that of 
PBZ, ASM and tiadinil, which leads to resistance against biotrophic pathogens such as 
Pyricularia, powdery mildews, Xanthomonas and some leaf spot diseases but not against 
necrotrophic pathogens. 
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Gene Expression Profiling Experiments 
In attempting to identify the mode of action of isotianil, gene expression profiling 
experiments were conducted using an Affymetrix array of the whole genome sequence of 
rice under two conditions, with and without pathogen challenge. Without pathogen pressure, 
three-week-old rice seedlings were drenched in an isotianil solution (20 mg/ml, at a dose 
range corresponding to agronomical relevance) and the gene expression profile was then 
studied at two time points (Fig. 1). Plants treated with a blank formulation (mock treated) 
were used as controls. A Student’s t-test analysis using twofold threshold increase or 
decrease in gene expression (P<0.001), identified five isotianil-responsive genes at one day 
post-treatment (dpt) and 15 more genes after four dpt. A first analysis indicated that only 
very few genes were directly responsive to isotianil itself. All of these genes were 
upregulated and most were involved in defence responses. The first group of interesting 
genes was shown to code for transcription factors involved in the SA pathway. Thus, an 
upregulation of a NPR1 homolog gene, called NPR3 (or NH3) was observed that was 
induced sixfold. OsWRKY45, another key regulator of induced resistance, was induced 2.9 
fold (P<0.0017). Other transcription factors implicated in the SA pathway were also up-
regulated, namely OsWRKY62 and OsWRKY76 with fold changes of 18 and 6.5, 
respectively. The second group of interesting genes was involved in SA catabolism such as 
OsSGT1 coding for a SA glucosyltransferase (sevenfold induction) and OsBMST1 coding for 
a salicylate methyltransferase (13.5 fold induction).  

Figure 1 Experimental procedure of gene expression analysis. Three week old seedlings 
were treated with isotianil by drenching (1) (20 mg/L in 1% acetone, 0.1% 
Tween20 solution). Samples (a, b) were harvested for microarray analysis at 1 and 
4 dpt. Plants treated with blank formulation were used as controls. After 4 days of 
treatment, rice seedlings were inoculated with Pyricularia oryzae. Samples (c) 
were harvested at 1 and 2 days dpi and subjected to microarray analysis. At the 
same time points, samples from simple infection (e) as well as controls (d) and (f) 
were also investigated. All the experiments were performed in triplicates. In 
parallel, disease resistance against rice blast was evaluated 7 dpi, by measuring 
disease severity (chlorotic regions) in comparison with mock treated plants. 
Isotianil showed efficiency of up to 85% in these experimental conditions.  
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To investigate whether isotianil would affect gene expression upon infection, both isotianil- 
and mock-treated three-week-old rice seedlings were challenged by fungal infection with P. 
oryzae four days post-treatment. The gene expression was then analyzed at two time points 
(Fig. 1): 1 and 2 days post-inoculation (dpi). Using the same statistical test as described 
above, the number of differentially expressed genes in infected mock-treated plants, that 
were susceptible, was found to be very low at these time points (Fig. 2).  
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Figure 2  Number of differentially expressed genes during time course of fungal infection in 
isotianil-primed and mock-treated three-week-old rice seedlings. 

In contrast, in infected isotianil-primed plants, that were resistant to fungal blast disease, 
variation in gene expression was observed as early as 1 dpi and then strongly increased at 2 
dpi. As the greatest difference in gene expression between susceptible and resistant rice was 
observed at 2 dpi, the analysis was first focused on this time point. At 2 dpi, in isotianil-
primed plants, with a cut-off set above 2, a total of 481 genes was differentially expressed in 
response to infection, with most being upregulated. Some 13% of these genes were also 
induced in noninfected isotianil-primed plants at the same time point (data not shown). 
Hence, 87% of the differentially expressed genes were due specifically to isotianil treatment 
upon infection. These differentially expressed genes were implicated in diverse cellular 
functions and most of them were related to responses to stress and defence. Indeed, typical 
markers of SAR have been identified. In total, a set of 17 PR genes was upregulated, 
including PR1a, PBZ and PR genes involved in antifungal activities such as chitinase and -
glucanase (Tab. 1).  
The expression of these PR genes was increased in comparison to nontreated plants, with 
some genes displaying a stronger induction and others being induced only upon priming. 
Defence-associated cellular processes were also studied, such as the expression level of 
PAL-encoding genes, a key enzyme in the phenylpropanoid pathway leading to defence-
related secondary metabolites and of chalcone synthase and isomerase, two genes involved 
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Table 1 Differential expression of genes in isotianil-primed and mock-treated plants.a 

Locus ID Annotation 

Fold change in 
isotianil-
primed plants 

Fold change in 
mock-treated 
plants 

Defence Response : Pathogenesis Related Proteins 
LOC_Os07g03730.1 PR1a like 5,4 2,6 
LOC_Os01g51570.1 -glucanase 3,1 1,4
LOC_Os01g47070.1 PR3 / acidic chitinase  16,9 6,4 
LOC_Os03g04060.1 PR3 / basic chitinase 4,2 1,5 
LOC_Os12g36880.1 PBZ / PR10a 19,9 4,0 
Secondary Metabolism: Phenylpropanoids, Flavonoids 
LOC_Os02g41670.1 Phenylalanine ammonia-lyase (PAL1) 5,44 1,55 
LOC_Os11g32650.1 Chalcone synthase (CHS) 3,68 1,41 
LOC_Os11g02440.2 Chalcone isomerase 5,78 1,53 
Transcription Factors 
LOC_Os03g46440.1 NPR1 homologue (NPR3) 6,64 1,04 
LOC_Os05g25770.1 OsWRKY45 (class III) 9,4 1,5 
LOC_Os09g25070.1 OsWRKY62 (class II) 18,5 1,06 
LOC_Os05g39720.1 OsWRKY70 (class I) 3,7 1,77 
SA Catabolism 
LOC_Os09g34230.1 UDP-glucosyl transferase family protein (OsSGT1) 65,66 1,4
LOC_Os09g34250.1 UDP-glucosyl transferase family protein (OsSGT1) 12,4 0,84

a The list includes part of genes upregulated by at least a factor 2 (P < 0.001). 

in the phytoalexins biosynthetic pathway. These three genes were shown to be activated in 
isotianil-primed plants, but no activation was observed in nontreated plants (Tab. 1).  
In summary, these results indicated that isotianil-treated plants were potentiated for defence 
responses. As transcription factors such as those belonging to WRKY classes and NRP1 are 
critical for the expression of defence-related genes, their expression was also studied at 2 
dpi. Similarly to treatment with isotianil in the absence of infection, the NPR1 homolog gene 
(NPR3) and OsWRK45 were up-regulated as well as OsWRK62 (Tab. 1). Additional WRKY 
genes were up-regulated, including OsWRK70. These genes, encoding transcription factors, 
were not activated in nontreated plants. Finally OsSGT1 (Os09g34230), which is induced in 
the absence of a pathogen, and its closest homolog Os09g34250, which has been shown to 
play an important role in PBZ-induced resistance, were induced by a factor of 65 and 12, 
respectively.  
These initial results show that isotianil, applied at the dose range used under agronomical 
conditions and without pathogen pressure, induces very few changes in gene expression. 
Nevertheless, upon pathogen challenge, isotianil will prime the rice plants for an increased 
activation of defence genes compared to infection of non-isotianil treated plants. Thus, 
isotianil represents a novel type of defence inducer that functions by priming the plants 
intrinsic disease-resistance mechanisms. Based on these results, the mode of action of 
isotianil would involve the SA pathway. Indeed, OsWRKY45, OsWRKY62, OsWRKY70 and 
OsWRKY76, all of which are activated by SA and by incompatible interaction between P. 
oryzae and rice, are also strongly induced in isotianil-primed plants. Another putative key 
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component of the SA pathway in rice, the NPR1 homolog gene (NPR3) is also induced by 
isotianil. The results of a recent study highlighted a possible direct involvement of NPR3 in 
defence. In addition, isotianil-induced resistance would directly involve SA catabolism by 
strongly activating OsSGT1. Such activation would, most likely, lead to an increased SAG 
production that is believed to be more than a reservoir for free SA in rice. The observed 
activation of OsBMST1 would lead to MeSA, which in tobacco has been reported to be the 
systemic signal of SAR, and would be also important for induced resistance. Isotianil-primed 
plants also display a potentiated SAR response upon infection, including an enhanced 
activation of PR genes and of genes involved in secondary metabolism, such as the 
phenylpropanoid and flavonoid pathways. Finally, isotianil induces an upregulation of key 
genes involved in signal transduction that have been suggested to form part of the priming 
phenomenon that also occurs in induced resistance. 

SUMMARY  

Isotianil is a new plant defence enhancer that provides control against leaf blast and bacterial 
leaf blight in rice. Isotianil has no direct antimicrobial effects but protects plants against 
infection when applied at an early developmental stage. To elucidate the molecular 
mechanisms of isotianil-induced resistance, gene expression profiling experiments were 
performed using an Affymetrix array of the rice whole genome. Two conditions were tested, 
with and without pathogen challenge. Isotianil, applied at a dose range used in agronomical 
conditions and without pathogen pressure, induces only few changes in gene expression. 
These genes directly responsive to isotianil are involved in salicylic acid catabolism and 
pathway. Upon pathogen challenge, isotianil primes rice plants for increased defense genes 
activation compared to infection of non-isotianil treated plants. The onset of plant resistance 
is accompanied by a potentiated SAR response including enhanced activation of PR genes 
and of genes involved in secondary metabolisms such as phenylpropanoid and flavonoid 
pathways. Thus isotianil mode of action would probably involve the salicylic signaling 
pathway in plants.  
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Conidia of the cereals powdery mildew fungi are known to germinate on the leaf surface and 
to produce primary germ tubes and appressoria within 24–48 h after inoculation (Sherwood 

 Surface of a wheat leaf is anisotropic and epidermal cells are strongly 
elongated along the long axis. Thus, the direction of infectious structures has adaptive value 
and in the case of favorable contact of primary germ tube occurs in the direction along the 
long axis to form haustorium in the same plant cell (Babosha 2009). In the case of 
unfavorable primary contact, the probability of finding susceptible cells should be increased 
in perpendicular direction. We investigated effects of exogenous hydrogen peroxide on the 
direction of growth of the infectious structures of the wheat powdery mildew fungi. 
Detached wheat leaves (Triticum aestivum L., cv. Zarya) were inoculated with Blumeria 
graminis f. sp. tritici and their cut ends immersed in the hydrogen peroxide solution. Fresh 
leaves were examined in a LEO-1430 VP scanning electron microscope (Carl Zeiss, 
Germany) at -30° C using freezing consoles by Deben UK (United Kingdom). Total amount 
of normal and abnormal (elongated) appressoria of the pathogen were counted in samples 
taken at 24, 48 and 72h after infection. If the angle between the long axis of the epidermal 
cells (anticlinal cell walls) and the direction of growth of an appressorium ranged from 0 to 
30°, appressoria were classified as growing along the epidermal cells, otherwise, the 
appressorium was attributed in the category of growth across the epidermal cells (fig. 1).  
In our experiments, the growth of normal appressoria 24 h after infection was directed 
mainly along the long axis of epidermal cells in all variants (table 1). However treatments of 
susceptible wheat leaves with different concentrations of hydrogen peroxide (0,5–10 mM) 
resulted in significant increase in appressoria growing across the long axis when comparing 
control (according to the criterion 2, p <0,001). Similar results were observed at 48 and 72 
h after infection and also for appressoria, which continued to develop and were still observed 
in the young colonies. 
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Figure 1 Normal appressoria, growing along (A) and across (B) the epidermal cells (48 h 
after infection, SEM, intact leaves at -30° C): Ap – appressorium, C – conidia, 
PGT – primary germ tube.  

Among abnormal appressoria at all stages of the experiment cross-growth trend was domi-
nant. Thus, cross-growing may correlate with unfavorable conditions in the pathogens first 
contact with the host plant cell; the increase in frequency of growth across epidermal cells 
indicates a reduction in the number of susceptible cells. In our experiments this was 
observed after application of hydrogen peroxide. We suggest that cross-growing of the 
infectious structures of wheat powdery mildew may be associated with appearance of active 
oxygen species during plant stress responses in partially resistant cells of susceptible plants. 

Table 1 Effect of hydrogen peroxide on the direction of normal appressoria growth 24 h 
after infection 

Hydrogen 
peroxide, mM 

Number of appressoria Growth across the 
axis, %  

along the axis across the axis 

Control 295 64 17,8  < 0,001 

   0,5 108 72 40,0  < 0,001 

1 71 41 36,6  < 0,001 

5 111 80 41,9  < 0,001 

10 36 20 35,7  < 0,001 
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INTRODUCTION 

Early resistance risk assessment is an essential part of our new active ingredient research 
process. We conduct random mutagenesis and/or directed evolution experiments, which 
enable us to explore some of the possible genetic adaptations of a pathogen to a fungicide. 
Although the data generated is informative and useful to obtain fundamental knowledge on 
the chemical/pathogen interaction and potentially impacts the design process of novel 
molecules, further improvements are necessary to understand the relevance of adaptations 
observed in vitro to field conditions. Besides any fitness penalty having a major influence on 
resistance mechanisms in the field, pathogen populations are complex and genetically 
variable. We will exemplify how these different parameters can affect resistance mechanism 
predictions through examples related to SDHI resistance in the fungus Botrytis cinerea. 

MATERIAL AND METHODS 

1.1. Random mutagenesis and selection of resistant isolates 
Boscalid and fluopyram (Sigma), which belong to different chemical subclasses of the 
SDHIs, were dissolved to 10’000 mg l-1 in DMSO and diluted in clarified GEA (16 % frozen 
peas, homogeneously mixed, and 0.5 % sucrose, pH 6.0, 2 % agar) to a final concentration of 
40 mg l-1. To facilitate the isolation of single sporulating isolates following mutagenesis, the 
fungicide-amended GEA was filled into 96 well plates. Conidia of Botrytis cinerea (strain 
B05.10) were collected from 10 day old cultures grown on GEA. The spore suspensions 
were adjusted to 5 x 107 spores ml-1, and 10 μl of spore suspensions were pipetted into each 
well (500’000 spores per well). The plates were shaken for5 seconds at 1000 rpm to distri-
bute the spores uniformly. The 96 well plates were then treated with UV light (65 mJ cm-2 
using a UV Stratalinker 2400, Stratagene) and afterwards incubated for at least 10 days in 
the dark at 20 °C. The spore concentration used permitted to observe growth in less than 
10 % of the wells and prevented cross contamination. Colonies were transferred to 9 cm 
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diam. Petri dishes for secondary selection on the same medium and left for sporulation under 
daylight. 

1.2. Molecular techniques 
DNA was extracted from sporulating cultures using the DNeasy® 96 Plant Kit (Qiagen). 
Samples were analyzed by pyrosequencing on a PyroMarkID (Biotage); different programs 
(sequencing or allele quantification) were used to monitor multiple positions in the SDH 
genes. Sequencing analysis runs were performed to monitor codons for the positions 
B_P225, B_H272, C_S84-I89, C_H146, C_H153, and D_D143 in the SDH mutants.  
Molecular monitoring of the field isolates was performed using allele quantification to detect 
the mutations B_P225L/T, B_H272Y/R and C_G85A. Subsequent Sanger sequencings of 
the SDHB, SDHC and SDHD genes were performed with phenotypically resistant isolates in 
which no mutation could be detected by pyrosequencing. 

RESULTS 

2.1. Mutagenesis studies 
Random mutagenesis of Botrytis cinerea conidia, followed by selection with the two SDH 
inhibitors boscalid and fluopyram at 40 mg l-1 enabled the selection of resistant isolates at 
frequencies of 0.9 x 10-7 and 1.7 x 10-8, respectively. After 2 rounds of selection, a range of 
pyrosequencing tests were conducted to characterize positions within the SDHB, SDHC and 
SDHD genes known to confer SDHI resistance when mutated. 

Table 1 Pyrosequencing analysis of B. cinerea UV-mutants selected on boscalid or 
fluopyram. Indicated are numbers of isolates carrying one of the resistance-related 
mutations. 

Mutations Boscalid Fluopyram 
B_P225L 40 47
B_P225T 16 34
B_P225Y 1 -
B_H272Y 5 -
C_N87K - 2
C_R88C - 1
No mutation detected 34 12 
Total mutants analyzed 96 96 

Depending on the compound used for selection, different substitutions were found 
suggesting differences in binding and cross resistance profiles (Table 1). SDHB_P225L and 
SDHB_P225T mutations conferring full cross resistance to both molecules were the most 
frequently observed, whereas SDHB_H272Y mutants were found on boscalid- selection 
plates only supporting negative cross resistance found between the two molecules in some 
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field isolates (Leroux et al. 2010, 
uniquely found on boscalid-, SDHC_N87K and SDHC_R88C only on fluopyram-selection 
plates. 

2.2. Molecular monitoring of field isolates 
Molecular monitoring of B. cinerea isolates from grapes and strawberries was performed in 
commercial farms and trial sites in European countries. Cumulative results for the 2008-
2011 period are shown in Figure 1. In total, 1365 isolates were monitored among which 148 
displayed a mutation in one of the SDH subunits. The amino acid substitutions 
SDHB_H272Y and SDHB_H272R were clearly dominating, most likely because they were 
selected by boscalid, which was the only SDHI for Botrytis control on the market during this 
period. Interestingly, SDHB_P225L mutants were found in only 2 % of isolates from grapes, 
whereas the SDHB_N230I mutation was detected in 4 % of isolates from grapes and in 1 % 
from strawberry fields. 

Figure 1 Overview of B. cinerea SDH mutations found in two different crops in European 
fields for the period 2008-2011. The total number of analyzed samples was 794 
for grapes and 571 for strawberries, with total SDH mutant frequencies of 5.8 % 
and 18.5 %, respectively. 

2.3. A new allele of SDHC observed in isolates from strawberry fields 
Sanger sequencing of SDH encoding subunits in isolates from strawberries enabled the 
detection of a divergent allele in the SDHC gene, which we called SDHC allele 2 (A2). The 
new allele carries up to 16 single nucleotide polymorphisms (SNPs), among which nine are 
always present in A2 isolates. Four of them carry the characteristic amino acid substitutions 
C_G85A, C_I93V, C_M158V and C_V168I (Figure 2). The C_G85A mutation is located in 
a region of the protein known to influence binding of carboxamides (Figure 2) (Scalliet et al. 
2012). Mutations at the corresponding position conferred specific fluopyram resistance in 
C_A84V and C_A84I laboratory mutants of Mycosphaerella graminicola (Scalliet et al. 
2012). 
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Figure 2 Alignment of the two SDHC protein sequences encoded by SDHC alleles 1 and 2 
found in B. cinerea isolates from strawberry fields. Substituted amino acids are 
shaded in black, boxes define regions in the SDHC protein known to interfere 
with carboxamide binding upon mutation in M. graminicola. 

2.4. Design of molecular assays and analysis of B. cinerea isolates from strawberries 
Based on Sanger sequencing of the SDH encoding genes in a range of isolates from 
strawberries, we defined two different methods that are suitable for high throughput 
detection of SDHC_A2 isolates. The first method was an AvaI CAPS marker assay (Figure 
3) based on a synonymous T>C substitution at position 424 of the SDHC gene that creates a
new restriction site in all known allele 2 sequences.  

Figure 3 AvaI CAPS marker assay discriminating the two SDHC alleles in B. cinerea 
isolates from strawberries. The appearance of three bands (lanes 11 and 16) are a 
consequence of several isolates in the samples. 

The second method was an allele quantification pyrosequencing assay for the nucleotide at 
position 396 carrying the SDHC_G85A amino acid change in SDHC_A2 isolates. The 
results obtained with the two different assays perfectly correlated for all tested isolates (data 
not shown). Interestingly, allele 2 was detected at a frequency of only 1 % of isolates from 
grapes, but in 33 % of isolates from strawberries (in a total of 333 isolates from grapes and 
222 from strawberries) suggesting the presence of different Botrytis populations in the two 
crops, as also reported previously by Leroch et al. (2013). 

Figure 4 Frequency of the two SDHC alleles within the two clades of B. cinerea found in 
strawberry fields in the period 2010-2011. 
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Based on sequence polymorphisms in the transcription factor gene MRR1, the frequency of 
the two SDHC alleles were analyzed within populations of B. cinerea group II and group S 
clades, as previously defined by Leroch et al. (2013). Different PCR methodologies were 
used to discriminate the two clades (M. Hahn, pers. comm.). Interestingly, the SDHC allele 2 
was detected in both clades but at a much higher frequency within group S (Figure 4). 

2.5. Influence of SDHC allele 2 in field isolates on sensitivity to fluopyram and 
boscalid 
Sensitivity testing to fluopyram and boscalid of a range of isolates carrying the wild type 
(WT) or mutated alleles of SDHB in combination with either the allele 1 or 2 of SDHC was 
performed. The results suggest that different combinations of the two types of enzymes 
confer slightly different fluopyram sensitivity profiles in vitro (Figure 5). Interestingly, the 
SDHB_H272Y mutation confers highersensitivity to fluopyram in SDHC_A1, but similar 
sensitivity in the SDH_A2 background compared to the SDHB_WT. The SDHB_H272R 
mutation has a no influence in the SDHC_A1 background but caused a ~10x decrease in 
sensitivity to fluopyram in the SDHC_A2 background. However, in isolates carrying the 
SDHB_P225L mutation, sensitivity was much lower to both fluopyram and boscalid. 

Figure 5 Sensitivity to fluopyram and boscalid displayed by the WT and different SDHB 
mutants carrying either the allele 1 or allele 2 of SDHC. *EC50 > 60 ppm. 

DISCUSSION 

In this study we describe the generation and characterization of SDH mutations conferring 
boscalid and fluopyram resistance. Since boscalid has been introduced into the market in 
2003 it is possible to validate predictions made in the laboratory for the actual field situation. 
The SDHB_P225L/T mutations, which were by far the most frequent mutations obtained in 
the lab (56 %), confer resistance to both boscalid and fluopyram but are still rarely observed 
in the field (2 %). However, the most common mutation in the field, SDHB_H272R (> 
55 %), was not detected in UV lab-mutants showing the limitation of the screening 
techniqueused for prediction of particular genotypes selected in nature. Improvements may 
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be achieved by a higher number of mutants combined with multiple selection conditions 
resulting in a higher chance to also find rare alleles and different genotypes (Scalliet et al. 
2012). In vitro, resistance factors displayed by SDHB mutants ranked in the following order: 
H272R < H272Y < P225L/T. However, a reverse ranking can be made based on the mutant 
frequency in the field. Since binding site mutations may affect the efficiency of the SDH 
enzyme they may also have an impact on processes such as respiration, primary metabolism 
and resistance to oxidative stress. Thus, fitness penalty induced by target site mutations may 
play an important role in the selection of particular genotypes. This needs to be explored in 
more detail to understand the respective frequencies of different SDH mutant types. 
Furthermore, plant pathogen populations are usually complex and genetically variable 
allowing different resistance mechanisms being selected by a given active ingredient 
including differential binding or detoxification mechanisms across isolates within the same 
genus (Billard et al. 2011, Debieu et al. 2013, Leroch et al. 2013). Deeper understanding of 
population genetics will enable a better awareness of potential differences and risks. 
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ABSTRACT 

CYP51 encodes sterol 14 -demethylase, the target site of azole fungicides. Many well-
known cases of reduced azole sensitivity are related to mutations within a single CYP51 
gene, in species such as Candida albicans, Blumeria graminis and Mycosphaerella 
graminicola. However, as more fungal genomes have been sequenced, some filamentous 
ascomycetes have been found to possess multiple CYP51 paralogues. Presence of a second 
CYP51 has been implicated in lower intrinsic sensitivity to some azoles, and in some cases, 
mutations in this second CYP51 result in acquired resistance. We discuss the main clades of 
fungal CYP51, and their roles in azole sensitivity. 

FUNGAL CYP51 CLADES 

Multiple CYP51 paralogues have predominantly been found within the filamentous 
ascomycetes. Hemiascomycete yeast lineages possess a single CYP51 orthologue, as do 
basidiomycetes and basal fungal taxa although independent duplications have taken place in 
some lineages. Within the filamentous ascomycetes, three main CYP51 paralogue clades are 
found. CYP51B has been found in all filamentous ascomycetes sequenced so far, CYP51A in 
only some species, and CYP51C has only been reported in Fusarium species (Figure 1). 
Phylogenetic reconstruction points to an initial duplication event producing CYP51C and the 
common ancestor of CYP51A and CYP51B, followed by a further duplication giving rise to 
CYP51A and CYP51B, followed by muliple losses of CYP51A and of CYP51C but retention 
of CYP51B across filamentous ascomycete lineages. These gene duplication events took 
place close to the origin of the filamentous ascomycetes, at least 320 million years ago 
(Lucking et al. 2009).   
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Figure 1 Phylogeny of fungal CYP51 genes 
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ROLE IN AZOLE RESISTANCE 

1. Ancestral orthologues
A single CYP51 orthologue is found in hemiascomycete yeasts, including clinical pathogenic 
Candida species, and basidiomycetes including phytopathogenic rusts. This single CYP51 
orthologue may still provide adaptive potential for the evolution of reduced azole sensitivity. 
Multiple CYP51 mutations have been found in Candida albicans (Morio et al. 2010), CYP51 
over-expression was reported in Puccinia triticina (Stammler et al. 2009), and gene 
amplification through chromosomal duplication or isochromosome formation was reported 
in Candida glabrata (Marichal et al. 1997) and C. albicans (Selmecki et al. 2006). 

2. CYP51B: the “workhorse” CYP51
CYP51B has been found in all filamentous ascomycetes sequenced so far, and expression 
analyses have shown that it is constitutively expressed, with little or no transcriptional 
regulation in response to azole fungicides or deletion of CYP51A (Yan et al. 2011; Fan et al. 
2013). It is intrinsically sensitive to azoles (Martel et al. 2010), but in species where 
CYP51B is the sole CYP51 present, point mutations or over-expression of CYP51B can result 
in reduced sensitivity. 
In Venturia inaequalis Blumeriella jaapii (Ma et al. 2006) and 
Monilinia fructicola , promoter inserts cause constitutive over-
expression of CYP51B, and in Blumeria graminis (Wyand Brown 2005) and 
Mycosphaerella fijiensis (Canas-Gutierrez et al. 2009), point mutations in CYP51B confer 
reduced azole sensitivity. 
In Mycosphaerella graminicola, over 30 point mutations have been reported, in over 60 
combinations , and some also in combination with a promoter insert 
resulting in over-expression (Cools et al. 2012), all in the CYP51B paralogue. 

3. CYP51A: an “extra” CYP51
CYP51A is found only in some filamentous ascomycetes including Aspergillus species, 
Fusarium species, Pyrenophora tritici-repentis and Magnaporthe oryzae. Presence of 
CYP51A reduces intrinsic azole sensitivity, due to inducible over-expression (Yan et al. 
2011; Fan et al. 2013) and in some cases reduced azole binding (Martel et al. 2010; Fan et 
al. 2013). CYP51A expression is also increased when CYP51B is disrupted (Yan et al. 2011; 
Fan et al. 2013), suggesting a possible role at times of sterol stress. 
Mutations or over-expression of CYP51A further reduce azole sensitivity. In Penicillium 
digitatum, tandem repeats in the CYP51A promoter cause over-expression (Hamamoto et al. 
2000). In Aspergillus fumigatus, point mutations and over-expression have been reported in 
clinical azole-resistant isolates (Mellado et al. 2007).  
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In Rhynchosporium commune, azole-sensitive isolates possess only CYP51B and a CYP51A 
pseudogene, whereas less-sensitive isolates additionally have a functional CYP51A (Hawkins 
et al. 2011).Thus, in this species, presence of CYP51A is associated with acquired reductions 
in sensitivity in the population. 

4. CYP51C: a neofunctionalised P450
CYP51C has been reported only in Fusarium species. While CYP51A and CYP51B 
complement yeast CYP51, and their function has diverged through altered transcriptional 
regulation, Fusarium graminearum CYP51C does not complement yeast CYP51 and its 
function has diverged through altered substrate preference (Fan et al. 2013). CYP51C gene 
disruption does not affect azole sensitivity, but does reduce pathogenicity, although the 
precise role of CYP51C in pathogenicity has yet to be elucidated. 

FUTURE QUESTIONS 

While CYP51A confers reduced intrinsic sensitivity to azoles, its origin predates 
anthropogenic fungicide use by hundreds of millions of years, and even predates the origins 
of mammals and angiosperms. Therefore, the original purpose of CYP51A is not known, and 
neither is it clear why it has been lost from many fungal lineages, and yet retained over 
hundreds of millions of years in others. It is also not clear why CYP51C has been lost from 
even more lineages, whilst in Fusarium it has been retained, and its precise function in 
Fusarium pathogenicity remains to be further characterized. 
As more fungal genomes are sequenced, a fuller picture of the occurrence of CYP51 
paralogues will emerge, and as more isolates are re-sequenced, more variation within species 
may come to light. Furthermore, additional CYP51 variants are likely to appear as CYP51 
evolution under selection by azoles continues. 
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INTRODUCTION  

Resistance in Mycosphaerella graminicola (Zymoseptoria tritici, anamorph: Septoria tritici) 
causing Septoria leaf blotch (STB), to the MBC (methyl benzimidazole carbamate) 
fungicides occurred in 1980 (Griffin et al., 1985) and to QoI (quinone outside inhibitor) 
fungicides in 2002 (Gisi et al., 2005; Fraaije et al., 2005). Therefore, the control of STB has 
relied to a large extent on scheduled applications of DMI (demethylation inhibitor) 
fungicides to support fungicide programmes during the last three decades. Since 1994, a 
slow but constant trend in decreased sensitivity towards DMIs has been observed (Gisi et al., 
2005). The DMIs inhibit the cytochrome P450 regulated 14C- CYP51), a key 
enzyme involved in the biosynthesis of ergosterol in fungi. The strong reliance on DMIs 
leads to an accumulation of new combinations of mutations in CYP51 that display higher 
EC50 values towards DMIs year by year. However, these combinations cannot fully explain 
the reduced sensitivity to DMIs. Therefore, additional resistant mechanisms such as 
alterations in the promoter of the CYP51 and transmembrane transporters were examined to 
further explain the observed sensitivity shift. The transmembrane transporters used in this 
study are the ATP-binding cassette (ABC) transporter (ATR1 and ATR4) and the major 
facilitator superfamily MFS1. In this paper, the relationship between pathogen sensitivity 
and different combinations of mutations in CYP51, promoter insertions in CYP51 and 
promoter insertions in the transmembrane transporter genes is described.  

MATERIALS AND METHODS 

1.1. Fungal isolates and bioassays 
Single isolates of M. graminicola were generated from infected leaves collected between 
2009 and 2011 from different European countries and some from New Zealand. The 
determination of sensitivity (measured as EC50) to the azoles cyproconazole (CCZ), 
tebuconazole (TBZ), prothioconazole (PTZ) and prochloraz (PLZ) was performed as 
described in the methodology published by FRAC (www.frac.info). Additionally, in-vitro 
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tests using isolates with insertions in MFS1 were performed with the above mentioned 
azoles, as well as the succinate dehydrogenase inhibitor (SDHI) isopyrazam (IZM) and the 
squalene epoxidase inhibitor tolnaphtate in order to identify the multi-drug resistant (MDR) 
phenotype. EC50 values were calculated using the software AGSTAT and statistical 
analyses and graphs were performed with the SigmaPlot program (Systat Software, 
Inc.2008) 

1.2. Molecular assays 
M. graminicola DNA was extracted using the method published by Chassot et al. (2008). 
The CYP51 gene was amplified by PCR using the primers: cyp5’ (5’-
ggtaccatgggtctcctccaggaag-3’) and St_CYP51_13r (5’- ggacaggatgtcgtctggat-3’). The 
sequencing reaction (BigDye Terminator v3.1, Applied Biosystems) was performed with the 
previously mentioned primers and the primer St_CYP51_17F (5’-aggtgcaaatacaaggacgg-3’). 
The sequencing was carried out using the DNA sequencer ABI Prism 3130 Genetic Analyzer 
(Applied Biosystems) according to the instructions provided with the machine. For the 
amplification of the promoter insertions in the 5’-upstream sequence of the CYP51 gene, the 
following primers were used for each insertion separately: the insertion of 1000 bp was 
amplified with primer st_1000 bp_ins_fw1 (5’-gcaggattatgcaggagagc-3’), the insertion of 
120 bp was amplified with primer st120_bp_ins_fw1 (5’-aggcagaactaagcccgttt-3’) and for 
both reactions the same reverse primer CYP51_Rv3_insert (5’-agaggctggtctggccgaatt-3’) 
was used. In order to check alterations in the 5’-upstream regions of some membrane 
transporters of M. graminicola with putative correlation to decreased sensitivity to DMIs, the 
upstream regions of the MFS1 gene and the ABC transporter genes ATR1 and ATR4 were 
investigated. For these three transporter genes, primers were designed using the sequence 
from M. graminicola reference strain IPO323. For the MFS 1, the primers MgMFS1_fw4 
(5’-cagccacagccgcaaggattcgg-3’) and Mg_inse_MFS_rv4 (5’-gtggatgttagtaagtcatagc-3’), for 
the ATR1, the primers Mgatr1_fw8 (5’-ggagatgatgtcttcaagccaa-3’) and Mgatr1_rv2 (5’-
gtcttcgcgttggagctttcg-3’) and for the ATR4, the primers MgATR4_fw1 (5’-
gagaccaactcgagcagacc-3’) and Mgatr4_rv2 (5’-cctgggaatgtcgaataattg-3’) were used. 

RESULTS AND DISCUSSION 

267 single field isolates of M. graminicola were analyzed for their sensitivity towards DMI 
fungicides and for genetic factors, such as mutations in the CYP51 gene, promoter insertions 
in the CYP51 and in membrane transporter genes (MFS1, ATR1 and ATR4) (Table 1).  
38 genotypes were identified based on the combination of amino acid changes at 13 different 
positions in the CYP51 gene (L50S, D107V, D134G, V136A/C, Y137F, S188N, A379G, 

occurrence of the promoter insertions (with either 1000bp or 120bp in CYP51 gene). The 
influence of different CYP51 mutations on DMI sensitivity has already been described 
(Chassot et al., 2008; Leroux et al. , 2013), but this is the first report 
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Table 1 Genotype grouping based on CYP51 mutations and promoter insertions (1000bp and 
120bp) in CYP51 that occurred in isolates collected between 2009 and 2011. The 
promoter insertions at ATR4, ATR1 and MFS1 genes were not taken into account for this 
classification. Total number of isolates was 267. 
Frequency and sizes of the promoter inserts: a for ATR4 gene: ~150bp (2.8%), ~360bp 
(9.8%), ~550bp (27.6%), ~660bp (3.3%), ~960bp (10.2%), no insert (46.3%); b for the 
ATR1 gene: ~100bp (8.4% of the isolates), ~300bp (91.6%); c for MFS1 gene ~250bp 
(0.4%), ~514bp (0.7%), ~4000bp (0.4%), no insert (98.5%). 
deletions, yes: presence of inserts; no: absence of inserts. *Reference isolate 
89StUKRL2. 
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classifying genotypes based on mutations in the CYP51 gene together with insertions in the 
promoter of CYP51 (Table 1). No CYP51 wild type (WT) was detected in the isolates tested. 
Except for genotype 21 (with mutations Y137F and S524T), all genotypes have changes 
(mutations or deletions) at positions 459-461, a pre-requisite for reduced sensitivity induced 
by other mutations. 

Figure 1 Box plots representing the sensitivity values (median EC50 values) of the 38 
genotypes in M. graminicola field isolates (N=267) collected between 2009 and 
2011 against CCZ, TBZ, PTZ and PLZ. Statistical analysis (Kruskal-Wallis at P 
<0.05) was performed for the genotype groups with a number of isolates higher 
than 9 (see text). Baseline sensitivity range for the sensitive reference isolates is 
indicated by dashed lines. 

The genotypic background characterized by mutations I381V or A379G combined with 
I381V covering genotype groups 22 to 34 (excluding 30) is suspected of being responsible 
for the reduced sensitivity to DMIs observed over the last decade. Isolates with genotypes 14 
(with the mutations V136A, A379G, I381V and S524T) and 38 (with the mutations D134G, 
V136A and I381V) are least sensitive to CCZ and PTZ. By contrast, isolates with genotypes 
31 and 32 (both characterized by mutations A379G and I381V) are least sensitive to TBZ, 
and isolates with genotype 9 (characterized by mutations V136A and S524T) are least 
sensitive to PLZ (Figure 1). Interestingly, the genotype groups 14 and 38 showed a 
significant decrease in sensitivity to both CCZ and PTZ, whereas for TBZ, a significant 
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decrease in sensitivity was observed in genotypes 31 and 32. In addition, for all azoles tested 
except TBZ, there was no significant difference in sensitivity between genotype groups 14 
and 38. Based on the high contribution in sensitivity reduction for both genotypes and the 
evidence of intragenic recombination in M. graminicola (Brunner et al., 2008), it may be 
speculated that the performance of azoles may be further compromised if isolates of 
genotype group 38 and 14 recombine.  

Figure 2 Frequencies of the 38 genotypes in M. graminicola field populations between 
2009 and 2011 in Europe. 

The genotypes 14 and 38 were observed at low frequency for the first time in 2010 leading 
to a significant decrease in sensitivity of the populations mainly to CCZ and PTZ, but in the 
following year their frequency increased dramatically (Figure 2). The genotype 38 is present 
in many European countries, by contrast genotype 14 was found till now only in Ireland. 
Over the years, V136A and I381V never occurred together, suggesting that strains with both 
substitutions have an impaired competitiveness in field populations. However, since 2010 
the combination of the two mutations occurred in few isolates and was present together with 
other mutations such as S524T and Y461H/S (genotypes 11 and 12), A379G, S524T and 

occurrence of compensatory mutations may overcome the fitness penalty induced by 
mutations V136A and I381V. The genotypes 29, 31 and 32 are most abundant and 
widespread in Europe. The genotype 29 (characterized by mutation I381V) decreased slowly 
over the years, but it is still one of the most abundant genotypes in Europe, while other 
genotypes (14 and 38) mainly containing the mutations S524T or D134G seem to increase in 
the population (Figure 2). 
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Figure 3 Cross resistance pattern between CCZ / TBZ, CCZ / PTZ and CCZ / PLZ for M. 
graminicola isolates collected between 2009 and 2011 in European countries. Circles 
(marked with dashed lines) indicate the sub-clusters based on different sensitivity of 
genotypes. 

The different sensitivity profiles of genotype groups, e. g. 9, 14, 31, 32 and 38 for the azoles 
tested indicate that specific combinations of amino acid changes seem to be selected 
preferentially depending on the fungicide used. A possible strategy to slow down the 
sensitivity shift towards a specific DMI in field populations might be to alternate or mix 
azoles (within the season and between years) expressing different selection profiles 
concerning CYP51 genotypes.  
For CCZ and PTZ a good cross resistance pattern (R2 = 0.484) was observed for the majority 
of isolates (Figure 3) supporting similar sensitivities of the genotypes, e.g. 14, 22 and 38 
(being the least sensitive) and genotypes 5, 18 and 21 (being the most sensitive). However, 
for CCZ and TBZ a lower overall cross resistance correlation (R2 = 0.274) was found, which 
is explained by differential sensitivities of genotypes giving rise to an upper sub-cluster (R2 
=0.689) and a lower sub-cluster (R2 =0.424) (Figure 3) each sub-cluster expressing strong 
cross resistance pattern. Isolates in the upper sub-cluster (mostly genotypes 29, 31 and 32) 
are less sensitive to TBZ than isolates of the lower sub-cluster. However, for CCZ isolates of 
both sub-clusters showed similar sensitivities. In the lower sub-cluster some isolates (mainly 
genotypes 14 and 38) showed the lowest sensitivity to CCZ. This may be explained by the 
simultaneous presence of V136A and I381V combined with other mutations such as A379G, 
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very strong impact on sensitivity reduction for CCZ but less so for TBZ. Cross resistance 
between CCZ and PLZ was rather weak (R2 = 0.272) mainly because genotypes 29, 31 and 
32 are distributed over a broad sensitivity range (Figure 3). Thus, reduced sensitivity of 
specific isolates may have been selected preferentially by certain DMIs for a limited time 
period. 
For all tested azoles, genotype 32 is significantly less sensitive than 31, indicating that the 
1000 bp insertion plays an important role in sensitivity reduction at least in this genotypic 
background (Figure 1). The 120 bp insertion in the promoter of CYP51 gene (Cools et al., 
2012) was only found in two isolates from different regions of Great Britain in the years 
2010 and 2011. These two isolates belong to the genotype 22 showing a strongly decreased 
sensitivity to all azoles tested; they were very rare (1%) in field populations indicating that 
overexpression of the CYP51 may cause a fitness penalty under field conditions. Analyses of 
the amplicon obtained from the upstream region of the two ABC transporters ATR1 and 
ATR4 showed different inserts in the promoter region (Table 1). Because they were detected 
non-specifically in several genotype groups, they may not affect the sensitivity to DMIs. 
Isolates with an insertion at MFS1 occurred only rarely (genotypes 9, 29 and 31), whereas 
isolates without an insertion were dominant in field populations. The four isolates containing 
the insertions were rather sensitive to azoles, tolnaphtate and SDHI fungicides, comparable 
to isolates with the same genotypic background suggesting that insertions in the promoter of 
the transmembrane transporter genes studied do not contribute much to reduced sensitivity 
for some of the CYP51 genotypes. 

CONCLUSIONS  

The recent increase in the number of genotypes and the strongly reduced sensitivity of some 
genotypes to DMI fungicides suggest that the adaptation of M. graminicola populations has 
persisted and may continue as long as selection pressure is high. This development will 
create “new” genotypes, such as recombinants within the CYP51 gene and also with 
promoter inserts. It seems that the intragenic recombination of mutations at positions 134 
and 136 with mutations at positions 379/381 and 524 could have a significant impact on 
sensitivity. Isolates with a 120bp insertion were still very rare in field populations between 
2010 and 2011; therefore, it is too early to be conclusive about the impact on DMI 
performance in the field. Consequently, it will be important to check if this genotype can 
persist especially under high selection pressure. Numerous and complex combinations of 
amino acid changes in CYP51 evolved rapidly over the years, together with several 
insertions in the promoter region of CYP51 as well as of ABC transporters (ATR1 and ATR4) 
and MFS1. This all together shows how dynamic and diverse the M. graminicola field 
populations are. 
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INTRODUCTION 

Septoria leaf blotch is the most devastating foliar disease of winter wheat in Europe (Orton 
et al. 2011). Its agent, the fungus Mycospaerella graminicola can be controlled by the 
application of fungicides, most of which are demethylation inhibitors (DMIs). A shift in 
sensitivity to this category of fungicides in M. graminicola populations was observed over 
the past 20 years due to target site modifications in the Cyp51 gene or its overexpression. 

 are more 
resistant to DMIs than comparable CYP51 genotypes and also resistant to fungicides with 
different modes of action, including succinate dehydrogenase inhibitors (SDHIs) and the 
medical antifungal compound tolnaftate, a putative inhibitor of squalene epoxidase. The 
main goal of this study was the identification of the molecular mechanisms explaining the 
MDR phenotype in two isolated strains.  

FUNGICIDE EFFLUX IN MDR6 AND MDR7 STRAINS 

In our study, we used two MDR strains, 09-ASA3a.pz displaying an MDR phenotype, a 
CYP51TriR6 genotype, renamed MDR6 (for reasons of simplicity); and 09-CB1, a MDR 
phenotype in CYP51TriR7 background, renamed, MDR7. In order to verify our hypothesis of 
increased fungicide efflux in the MDR6 and MDR7 strains, we performed fungicide efflux 
studies using radio-labeled prochloraz (DMI) in both MDR strains and the sensitive 
reference strain IPO323. Both MDR strains accumulated lower levels of prochloraz than the 
sensitive IPO323 strain (Figure 1A). Adding the modulator amitriptyline, a potent inhibitor 
of membrane transporters, lead to an immediate shift in prochloraz accumulation in the 
MDR strains (Figure 1A), but not in IPO323. This result indicates that prochloraz is actively 
expulsed from the MDR6 and MDR7 cells involving membrane transporter(s) sensitive to 
amitriptyline. Similar results were observed with the modulator chlorpromazine (data not 
shown). However, the modulator verapamil, supposed to block calcium-channel proteins 
( ) revealed differences between MDR6 and MDR7 strains (Figure 
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1B): it affected prochloraz efflux in the MDR7, but not in the MDR6 strain. One may 
conclude that the transporter(s) involved in prochloraz efflux in MDR6 and MDR7 strains 
show different sensitivities to verapamil. 

Figure 1 Intracellular accumulation of prochloraz in MDR6, MDR7 and the sensitive 
IPO323 strain. A: after the addition of the modulator amitryptiline (ATN); B: after 
the addition of verapamil (VERA). 50 μM [14C]- prochloraz was added to the 
indicated exponentially growing M. graminicola cultures incubated in 25 mM 
potassium phosphate-buffer (pH 6) at 20 °C with shaking during 90 minutes. After 
30 minutes300 μM amitryptiline was added to one half and 300 μM verapamil to 
the other half of the cultures (bold black arrows) in order to block efflux 
transporters. Aliquots were harvested at the indicated time points and rinsed twice 
with phosphate buffer. Intracellular accumulation of radiolabeled prochloraz was 
counted and plotted relative to the fungal biomass indicated as dry weight.  
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IDENTIFICATION OF OVEREXPRESSED TRANSPORTER GENES 

Since in most cases, MDR is due to the overexpression of one or several transporter genes 
(Moye-Rowley, 2003), we wanted to identify the overexpressed transporter genes in the M. 
graminicola MDR6 and MDR7 strains applying an RNA sequencing approach. Both MDR 
strains and two sensitive strains (IPO323, S6) were grown in liquid culture until exponential 
growth phase started (3 days in YPD medium in the dark at 17 °C) in three independent 
cultures. After harvest, RNA was extracted from mycelia and then Illumina sequenced as 50 
base paired end reads.  

Figure 2 Expression levels of selected transporter genes measured by RNA sequencing of 
MDR6, MDR7 and the sensitive strains IPO323 and S6. The expression levels are 
expressed as RPKM-values (total gene reads per Mio mapped reads, relative to the 
gene length). The gene numbers (IDs) are those from the M. graminicola genome 
annotation (http://genome.jgi-psf.org/Mycgr3/Mycgr3.download.html). The verti-
cal black lines delimit the three expression profiles: overexpressed transporter 
genes in both MDR strains relative to both sensitive strains (A), those overexpres-
sed only in MDR6 (B), or in MDR7 (C). The threshold for considering overex-
pression was set at RPKMMDR/RPKMS > 4. 

All sequence reads were compared to the IPO323 reference genome sequence (Goodwin et 
al. 2011), but only sequence reads matching annotated gene calls were conserved. A total of 
approximately 20.000.000 unique mapped reads per strain were obtained with this 
procedure. The mapped sequence reads of each strain were normalized into RPKM values 
(reads per kilobase of exon model per million mapped reads) prior to pairwise comparisons 
in order to identify differentially expressed genes. Only overexpressed genes functionally 
annotated as transporter genes were considered in our study. Applying a threshold of 4 for 
the RPKM ratio between MDR and sensitive strains and a false discovery rate of 5%, 11 
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overexpressed transporter genes were found in the MDR strains (Figure 2), two of which 
were overexpressed in both strains (panel A), six in MDR6 only (panel B) and three in 
MDR7 (panel C). The gene 110044 showed the highest expression and highest 
overexpression level (50 fold) in all strains, it encodes a transporter belonging to the major 
facilitator superfamily (MFS). 
The overexpression profiles were validated by qRT-PCR on eight representatives (data not 
shown). Gene 110044, also known as MgMFS1, was found to be more than 80 times 
overexpressed in both MDR strains compared to the sensitive controls. These results indicate 
several candidate transporters that could explain increased drug efflux in M. graminicola 
MDR6 and MDR7 strains. In particular, MgMFS1 might be the principal transporter 
involved in drug efflux in both strains as also suggested by Roohparvar et al. (2007, 2008) 
for Mgmfs1 laboratory mutants. Additional transporters differentially overexpressed in 
MDR6 and MDR7 strains might explain the different cross-resistance profiles observed by 
L r (2011), but also the differences that we observed in fungicide efflux after 
exposure to verapamil (Figure 1B). 

MAPPING THE MDR MUTATIONS 

In order to map the mdr6 and mdr7 mutations in the M. graminicola genome, we performed 
three crosses. From the first cross (MDR6 x MDR7) we analyzed 140 progeny strains for 
tolnaftate sensitivity. Assuming both mutations were located at different genomic loci, 25% 
recombinant sensitive strains should be found within the progeny. However, we did not 
identify one single sensitive progeny strain suggesting that the mdr6 and mdr7 mutations are 
allelic or at least closely linked on the same chromosomic region.  
For mapping the genomic region harboring the mdr mutation(s), we performed a bulk-
progeny sequence analysis described previously for other fungi (Nowrousian et al., 2012). 
We crossed both MDR isolates with sensitive reference strains, isolated 300-400 progeny 
strains and grouped them as either sensitive or MDR strains based on their susceptibility to 
tolnaftate. From each category, we took 50-60 strains for DNA extraction. The DNA 
samples were pooled together according to their phenotype (MDR6 vs. sensitive, MDR7 vs. 
sensitive) and Illumina sequenced (paired end reads of 100 bases each, with 2 Gb per DNA 
pool). 
All sequences were compared to the reference sequences of the sensitive parental strains and 
all differences (SNPs and short indels +/- 40 bp) were scored relative to these sequences and 
their respective frequencies found in the pool. We sorted out the polymorphisms in the sense 
that the highest frequencies of the concerned region were expected in the resistant pool and 
the lowest frequencies in the sensitive pool. In this way, we identified for both crosses an 
identical region with the strongest distortion between sensitive and resistant pools. This 
result corroborates our previous finding that both mutations mdr6 and mdr7 are supposed to 
be closely linked or allelic. The region that was identified by our bulk sequencing analysis 
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covers 38.5 kb on the left arm of chromosome 7. As visible in Figure 3, it encompasses also 
the gene MgMFS1 on its right extremity. A multitude of synonymous and non-synonymous 
SNPs distinguished both MDR strains over the whole region, but the most striking feature 
was an insertion of 514 bp in the MgMFS1 promoter found in both MDR strains. The 
insertion sequence shares similarities with retro-transposon sequences (data not shown). One 
may suspect that it is involved in MgMFS1 overexpression either acting as an enhancer or by 
inactivating binding sites of a putative transcription repressor. 

Figure 3 Genomic region co-segregating with the MDR6 and MDR7 phenotype. The 
coordinates of chromosome 7 covering the mdr6 and mdr7 mutations are indicated 
in the top of the figure (http://genome.jgi-psf.org/cgi-bin/browserLoad/?db= 

-47000). The grey arrow bars indicate open reading 
frames, the black lines predicted introns. The numbers under the arrows designate 
the protein IDs. If known, the gene annotations and the putative functions are 
indicated. The stars indicate non-synonymous SNPs between the MDR and the 
IPO323 sequences, the triangle a 514 bp insertion in the strains MDR6 and 
MDR7. NF-X1, transcription factor; CRP, cyclophiline like; Mn-SOD, manganese 
superoxide dismutase; CYP52, cytochrome P450 mono-oxygenase; S_TKc, serine 
threonine protein kinase; PYC, pyruvate carboxylase. 

CONCLUSION 

Using biochemical, genetic and next generation sequencing, we provide evidence that the 
phenomenon of multi-drug-resistance in the plant pathogen M. graminicola involves active 
drug efflux and is probably due to the overexpression of the membrane transporter gene 
MgMFS1. The mutations, mdr6 and mdr7 fall into the same genomic region comprising the 
MgMFS1 gene. Whether the 514 bp insert sequence found in the MgMFS1 promoter in both 
strains is responsible for MgMFS1 overexpression and the MDR phenotype remains to be 
analyzed by reverse genetics.  
This is the second case of functional MDR characterized in field strains of an important plant 
pathogen after Botrytis cinerea (Kretschmer et al. 2009). Despite the moderate resistance 
levels conferred by the mdr mutations, increasing evidence of MDR phenotypes was found 
in these and additional pathogen species (e.g., Oculimacula yallundae) highlighting the 
importance of this type of resistance mechanism and the need for the development of anti-
resistance strategies for the sustainability of agronomic fungicides.  
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ABSTRACT 

Fusarium graminearum causes Fusarium head blight (FHB) in wheat and other cereals under 
appropriate weather conditions. Infection results in reduced yield and contamination of 
grains with several mycotoxins. For the farmer, application of triazoles is currently the most 
effective option for chemical control of FHB. However, quantitative resistance has emerged 
in field populations. Thus, it is important to investigate mechanisms leading to azole 
resistance in this fungus. Previously, we had produced azole-resistant mutants in vitro by 
applying a sublethal concentration of tebuconazole to a F. graminearum wild type strain. 
The obtained mutants exhibited two distinct colony morphologies, P1 and P2, which 
exhibited pleiotropic alterations. To uncover the mechanisms leading to azole resistance, we 
designed and evaluated a microarray platform for F. graminearum and used it to study the 
transcriptome response occurring after tebuconazole treatment. Transcript abundance 
changed significantly for some genes of the ergosterol biosynthesis pathway and genes 
encoding certain transcription factors and ABC transporters. Sequencing of FgCyp51A to 
FgCyp51C, which encode the molecular target of azole action, did not show any difference 
between isolates P1, P2 and the wild type reference. In a next step, four ABC transporter 
genes were analyzed although deletion mutants exhibited vegetative growth features that did 
not significantly deviate from the wild type. However, deletion of the genes FgABC3 and 
FgABC4 resulted in increased sensitivity to tebuconazole and some other triazoles 
suggesting that the encoded transporters may contribute to sensitivity. Furthermore, 
virulence assays showed a strongly reduced spreading of the FgABC1 and FgABC3 deletion 
mutants in the infected wheat head. The same mutants were also significantly impeded when 
inoculated on maize stems.  

INTRODUCTION 

Fusarium head blight (FHB; synonyms: ear blight, scab) is a monocyclic flower disease of 
small grain cereals that is caused by a complex of different Fusarium species (Becher et al. 
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2013). In addition, some of these species infect seedlings, the basal parts of the stem and 
roots. Several FHB fungi infect maize, rice and some wild grasses. Among the more than 15 
FHB species described, F. graminearum is prominent in many wheat growing regions of the 
world. It is also the species within the FHB complex that received most scientific attention 
including genome sequencing (Trail 2009).  
F. graminearum is able to grow saprophytically on plant debris remaining in the field after 
harvest (Becher et al. 2013). Eventually the fungus develops perithecia that release at 
maturity airborne ascospores that initiate the primary infection of wheat heads. Infection 
rates are highest when cereal has reached anthesis stage and when humid weather prevails 
for at least one day after a heavy rainfall. Germ tubes from ascospores initially grow on the 
outer surface of the floret especially attacking anthers. Having reached the inner parts of the 
floret, hyphae penetrate epidermal cells and then grow biotrophically for a short time. In 
wheat, the infected spikelet will become necrotic and F. graminearum continues to spread to 
neighboring spikelets. Later, the pathogen may advance systemically downwards into the 
stem providing after the harvest the inoculum for the next disease cycle.  
Infection of wheat heads does not only reduce the yield and quality of grains but has 
additional consequences (Becher et al. 2013). On the one hand, infected seeds may serve as 
vehicles for the vertical transmission of the pathogen thus allowing for an alternative way of 
disease establishment. On the other hand, FHB fungi are notorious producers of several 
types of mycotoxins accumulating in infected grains. In F. graminearum most important 
compounds are the B-trichothecenes and zearalenone (ZEA). In field populations of F. 
graminearum, three B-trichothecenes chemotypes (NIV, 3ADON and 15ADON) have been 
found which may vary in proportiondepending on region and other factors. Consumption of 
food and feed contaminated with trichothecenes may cause nausea, diarrhea, anorexia, 
aleukia and anaemia in humans and farm animals. ZEA binds to oestrogen receptors thus 
affecting reproduction of females. Because of these harmful effects, governmental bodies 
have defined maximum threshold values for trichothecenes and ZEA in wheat.  
As a consequence of recent severe outbreaks of FHB in several wheat producing regions, 
effective disease management has become even more important. Several approaches are 
available to the farmers that work best when combined. Breeding for resistance in wheat 
against F. graminearum has progressed resulting in cultivars with reduced levels of 
susceptibility but improved levels of resistance are requested in the future. Moreover, 
farmers use crop rotation and deep ploughing aiming to reduce the amount of plant debris on 
the soil surface available to F. graminearum for saprophytic growth and the production of 
spores. Howewver, maize as the previous crop should be avoided. In addition, chemical 
control may complement these measures. Benzimidazole fungicides have been applied 
widely in the past but qualitative resistance has emerged rather quickly. Demethylation 
inhibitor (DMI) fungicides, mostly azoles are intensively used nowadays; however, 
quantitative resistance has been observed (Klix et al. 2007). Basic research is needed to 
elucidate the mechanisms leading to resistance. We initiated investigations inducing azole 
resistance in a F. graminearum NRRL 13383 wild type strain, which belongs to the NIV 
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chemotype. The fungus was grown for a month in liquid culture amended with 10 ppm of 
tebuconazole. Single spore isolates were obtained that were distinguished according to 
mycelial morphology, level of acquired resistance to tebuconazole, cross-resistance to amine 
fungicides, vegetative fitness, virulence and NIV production (Becher et al. 2010).  

RESULTS 

To gain insight in the processes leading to azole resistance, we developed and evaluated a 
custom microarray that was based on the 8 × 15 k Agilent multiplex format. This array was 
employed to determine transcriptional responses occurring in liquid culture after a 12 h-
treatment with 5 ppm tebuconazole (Becher et al. 2011). As a result of this treatment and 
compared to other transcriptomic data sets 457 genes were significantly upregulated and 230 
genes downregulated. Significant changes of transcript abundances were observed for some 
genes of the ergosterol biosynthesis pathway, especially FgCyp51A to FgCyp51C that 
encode cytochrome P450 sterol 14 -demethylase, the molecular target of azole fungicides. 
In addition, certain genes encoding transcription factors and ABC transporters were 
significantly upregulated. For the vast majority of 31 genes tested, qRT-PCR confirmed the 
results of microarray hybridization (Becher et al. 2011). Sequence analysis of the Cyp51 
genes in resistant isolates did not detect any differences to the wild type strain suggesting 
that no mutations in the target gene evolved during adaptation to tebuconazole. Extensive 
research, especially in human pathogens revealed that overexpression of ABC transporters 
may contribute to the emergence of azole resistance. For functional analyses we selected 
four genes which were overexpressed in the microarray experiment representing three 
subfamilies within the ABC transporter family. The genes FgABC1 and FgABC4 belong to 
the MRP, FgABC3 to the PDR subfamily, whereas FgABC2 was a member of an unnamed 
lineage.  
We created deletion constructs carrying the left and right flanks of the target gene and a 
dominant resistance marker in between, according to the DJ-PCR procedure (Yu et al. 2004). 
Protoplasts of F. graminearum NRRL 13383 were transformed with the four constructs. 
Transformants were purified to obtain single spore isolates that were analyzed by PCR and 
Southern hybridization. For each gene, two deletion mutants typifying the anticipated 
genotypes were subject to further experiments. The transformants did not exhibit different 
mycelial growth, conidiation and germination rates compared to the wild type strain. 
Therefore, the deletion of a particular ABC transporter gene did not impose a general fitness 
reduction during vegetative propagation. However, some of the deletion mutants were 
clearly affected when forced to grow in the presence of fungicides. We tested mycelial 
growth on PDA amended with different concentrations of 11 fungicides (tebuconazole, 
prothioconazole, epoxiconazole, metconazole, fenarimol, prochloraz, fenpropimorph, 
spiroxamine, azoxystrobin, boscalid, dithianon) or tolnaftat as a control compound. 
Generally, we observed significantly enhanced sensitivity to certain DMI fungicides 

FgABC3 and FgABC4 
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mutants. When grown on fungicide amended agar, the strains exhibited altered mycelial 
morphology including thicker hyphae and “bubbles” at hyphal tips that sometimes burst. To 
investigate a putative involvement of the four ABC transporter genes in pathogenicity, the 
deletion mutants were tested for virulence on wheat and maize. For wheat, a single spikelet 
was point-inoculated with spores and symptom development monitored for two weeks 
(Figure 1). Deletion mutants FgABC1 and FgABC3 showed considerably reduced symptom 
spreading in comparison to the wild type strain, although they were still able to cause disease 
in the inoculated and in up to two additional spikelets. We then interested whether the same 
genes are also needed to attain virulence on maize. As F. graminearum NRRL 13383 was 
unable to penetrate intact stems of adult maize plants, we injected spores into stems that 
were wounded by toothpicks before. As for wheat, the deletion mutants FgABC1 and 
FgABC3 were also significantly reduced in virulence on maize (Figure 2) suggesting 
thatsimilar compounds responsible for virulence are transported by the tested ABC 
transporters in the interaction with both hosts.  

Figure 1. Virulence of deletion mutants on wheat heads. Columns show the percentage of 
bleached spikelets in point-inoculated wheat heads. 
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Figure 2 Virulence of deletion mutants on wounded maize stems. Columns give lesion area 
on maize stems harvested and split longitudinally.Asterisks indicate significant 
differences between mutants and wild type (T-test, p < 0.05).  

DISCUSSION 

Our microarray and phylogenetic studies led to the identification of four ABC transporter 
genes in F. graminearum that may contribute to quantitative azole resistance. Deletion 
mutants of FgABC3 and FgABC4 exhibited an increased sensitivity to several DMI 
fungicides when compared to the wild type reference. Furthermore, deletion mutants of 
FgABC1 and FgABC3 were much less virulent on wheat and maize.  
The significantly reduced sensitivity of FgABC3 and FgABC4 mutants against DMI 
fungicides is remarkable for two reasons. First, the mutants were as vital as the wild type 
strain in three assays for vegetative propagation in vitro. In addition, the mutants were not 
affected by any other class of fungicides. Second, the genome of F. graminearum harbored 
54 genes putatively encoding ABC transporters with genes in each ABC subfamily 
responding similarly in the microarray experiment as FgABC3 and FgABC4 (Becher et al. 
2011). Obviously, related paralogs are not able to adequately complement the defects 
resulting from deletions. Distinct substrate specificities may have prevented the functional 
complementation by related paralogs. In this context, FgABC1 and FgABC4 are the most 
similar proteins in the phylogeny of ABC transporters in F. graminearum (Becher et al. 
2011). Despite this high relatedness, the deletion mutants of FgABC1 but not those of 
FgABC4 were clearly impeded in virulence on wheat and maize. With respect to resistance 
against DMI fungicides the opposite ranking is true. Examination of published microarray 
data (Lysoe et al. 2011) shows that the kinetics of expression and the maximal transcript 
levels of both genes are similar during the infection of wheat and barley and thus unlikely to 
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explain the lack of functional complementation in planta. FgABC1 belongs to a NRPS gene 
cluster that is probably responsible for the production of a novel fungal secondary 
metabolite. Our virulence assays indicate that this metabolite is needed to maintain virulence 
on both wheat and maize. In contrast, FgABC3 belongs to a clade of ABC transporters that 
were previously suggested to protect plant pathogenic fungi against host defence 
compounds. In conclusion, our results show that the studied ABC transporters play 
important and diverse roles in F. graminearum.  
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ABSTRACT 

Control of Phakopsora pachyrhizi is mainly based on fungicide applications; demethylation 
inhibitors (DMIs) and Quinone outside-inhibitors (QoIs) being the most important fungicide 
classes used. Sensitivity analyses of a considerable number of P. pachyrhizi isolates from 
Brazil by detached leaf tests showed an excellent performance of QoI fungicides. Resistance 
towards QoI in other pathogens is mainly caused by point mutations (F129L, G137R or 
G143A) in the cytochrome b gene, which is the target gene of QoIs. None of these mutations 
were found in tested P. pachyrhizi isolates or infected leaf samples. It has been shown for 
other rust species that the specific genetic architecture of the cytochrome b gene is 
responsible for the maintenance of sensitivity towards QoIs. Since this also applies for P. 
pachyrhizi, the resistance risk towards QoIs is rather limited. In contrast, the sensitivity to 
DMIs has been reduced due to several independent resistance mechanisms. These involve 
six point mutations (F120L, Y131H, Y131F, K142R, I145F, I475T) within the cyp51 gene, 
which corresponds to the target protein for DMI fungicides, and a constitutive 
overexpression of the cyp51 gene. 

INTRODUCTION 

Wordwide soybean production has been increased within the last 50 years, especially since 
soybeans became more and more important in South America. Today, Brazil is the second 
biggest soybean producer worldwide following the USA. At the beginning of the 21st 
century the causal agent of Asian soybean rust, P. pachyrhizi, migrated to South America 
representing a major soybean disease causing high yield reductions and considerably 
increasing costs for disease management, which is mainly based on fungicide treatments. 
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The sensitivity of single P. pachyrhizi isolates towards different DMIs and QoIs and the 
resistance mechanisms of less sensitive isolates were analyzed. 

MATERIALS AND METHODS 

Sensitivity analyses 
P. pachyrhizi was isolated from soybean leaf samples from different regions of Brazil in the 
growing season 2009/2010. Sensitivity towards QoIs (azoxystrobin and pyraclostrobin) and 
DMIs (epoxiconazole, cyproconazole, metconazole and tebuconazole) was analyzed in a 
detached leaf test. Soybean plants were treated with different concentrations of fungicides. 
After harvesting leaves were placed on water agar in petri dishes amended with compounds 
slowing down senescence, then inoculated with P. pachyrhizi spores and incubated for 20 to 
24 h in a humid chamber in the dark followed by 12 h light per day at 20 °C for three weeks. 
Infected leaf area was assesed by visual scoring and the effective dose providing 50 % 
disease control (ED50-value) was calculated. A highly sensitive reference isolate collected in 
2004 was used for comparison. 

Molecular analyses 
The cytochrome b gene was examed for point mutations F129L, G137R and G143A using 
the following molecular approach. A number of P. pachyrhizi isolates were analyzed for 
their cyp51 gene sequence by PCR amplification, cloning of the PCR product into 
Escherichia coli and subsequent Sanger sequencing of the clones. The identified amino acid 
substitutions were analyzed in all isolates via pyrosequencing. In addition to sequence 
analyses, cyp51 gene expression was examined by real-time PCR. Threshold for cyp51 
overexpression was determined as three-fold higher expression compared to the reference 
isolate. Southern Blot analysis was performed to discover the cyp51 copy number. Molecular 
procedures are described in more detail in Schmitz et al. (2013). 

RESULTS AND DISCUSSION 

Sensitivity to QoIs 
All tested isolates were fully sensitive (Figure 1). The diversity factor (ED50Max / ED50Min) 
was 44 for azoxystrobin and 9 for pyraclostrobin. The reference strain showed ED50-values 
of 0.24 ppm for azoxystrobin and 1.11 ppm for pyraclostrobin, both being near the median of 
0.4 ppm and 1.0 ppm, respectively. The range of ED50-values can be explained by natural 
biological variation. 
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Figure 1  Sensitivity (ED50) of different P. pachyrhizi isolates [n = 40] towards QoIs. 

Molecular characterization of the cytochrome b gene 
Frequent point mutations in the cytochrome b gene of plant pathogens are F129L, G137R 
and G143A (Heaney et al. 2000, Kim et al. 2003, Sierotzki et al. 2007). Using 
pyrosequencing technique, none of these mutations were found in P. pachyrhizi isolates or 
infected leaf samples. While isolates with F129L or G137R mutation can usually be 
controlled with normal field rates, the G143A mutation leads to high resistance factors (Kim 
et al. 2003, Semar et al. 2007, Sierotzki et al. 2007). Grasso et al. (2006) proposed, that a 
nucleotide substitution in codon 143 would not allow proper DNA splicing and intron 
removal, therefore producing a deficient cytochrome b, which in turn would be lethal. 
Sequence analyses of the whole cytochrome b gene of P. pachyrhizi confirmed the presence 
of an intron adjacent to codon 143, thus resistance towards QoIs based on a mutation at this 
position is unlikely, while development of F129L or G137R mutations cannot be excluded. 

Sensitivity to DMIs 
Following epoxiconazole treatment, most P. pachyrhizi isolates showed ED50-values 
between 1 and 10 ppm (Figure 2). The same applied also for isolates treated with 
cyproconazole and metconazole; however, after tebuconazole treatment about half of the 
tested isolates resulted in ED50-values higher than 1 ppm with many in the highest class. The 
median was 2.2 ppm for both cyproconazole and metconazole, 2.3 ppm for epoxiconazole 
and 2.5 ppm for tebuconazole. The reference strain was highly sensitive showing ED50-
values of 0.01 ppm for all tested DMIs. For all DMIs the diversity factor was higher than 
1000. These findings cannot be explained only by natural biological variation but have to 
involve a reduction in sensitivity caused by DMI treatments. A reduced DMI field 
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performance has been observed by several groups (Miles et al. 2007, Mueller et al. 2009, 
Scherm et al. 2009). 

Figure 2.  Frequency distribution of ED50-values of Brazilian P.pachyrhizi [n = 38] isolates 
towards different DMIs. 

Resistance mechanisms towards DMIs 
Common resistance mechanisms against DMI-fungicides are point mutations within the 
cyp51 gene or overexpression of the cyp51  et al. 2012, 
Stammler et al. 2008). Analyses of P. pachyrhizi cyp51 gene expression revealed a 
constitutive overexpression of 3- to up to 10-fold the wild type expression in some of the 
isolates with increased ED50-values, while isolates with ED50-values lower than 0.1 ppm did 
not show any overexpression. A 3 ppm treatment with epoxiconazole could not further 
induce cyp51 expression, neither in sensitive nor in DMI adapted isolates. In addition, the 
level of cyp51 overexpression was not correlated with increased ED50-values. 
Sequence analyses comparing sensitive and adapted P. pachyrhizi isolates revealed point 
mutations at codons 120, 131, 142, 145 and 474, which could be linked with increased ED50-
values. Since all mutations except I145F occured in combinations, 4 haplotypes were 
distinguished: I145F, F120L+Y131H, K142R+Y131F, I475T+Y131F. ED50-values of 
isolates with same haplotypes and their frequency in populations were similar for both tested 
DMIs (epoxiconazole, tebuconazole). Modeling studies with P. pachyrhizi CYP51 adapted 
from a human CYP51 model confirmed the impact of the discovered mutations on DMI 
binding (Schmitz et al. 2013). 
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Interestingly, clones of cyp51 wild type and a mutated cyp51 were found within the same 
transformation reaction indicating that there is more than one cyp51 copy present in the P. 
pachyrhizi genome. Indeed, analyzing cyp51 gene copy number by Southern Blot revealed 
two copies for the P. pachyrhizi wild type. 
Up-regulation of the cyp51 gene did not occur in combination with I475T+Y131F but was 
always found with F120L+Y131H mutations. It was not possible to elucidate whether this 
happened coincidentially or if the overexpression was connected with this special haplotype. 
However, we found evidence for an additional alteration in cyp51 with selective 
overexpression of the mutated allele which was found especially in the F120L+Y131H 
haplotype and in part also in the K142R+Y131F haplotype. 
In conclusion, the change in sensitivity to DMIs is due to several independent resistance 
mechanisms, involving point mutations within the cyp51 gene and alteration of the cyp51 
expression resulting in additive or synergistic effects. However, additional resistance 
mechanisms cannot be excluded. 

ACKNOWLEDGEMENTS 

The authors thank Margit Holzmann for excellent technical assistance. 

REFERENCES 

Cools HJ; Bayon C; Atkins S; Lucas JA; Fraaije BA (2012). Overexpression of the sterol 
-demethylase gene (MgCYP51) in Mycosphaerella graminicola isolates confers a 

novel azole fungicide sensitivity phenotype. Pest Management Science 68, 1034-
1040. 

Cools HJ; Fraaije BA (2008). Are azole fungicides losing ground against Septoria wheat 
disease? Resistance mechanisms in Mycosphaerella graminicola. Pest Management 
Science 64, 681-684. 

Grasso V; Palermo S; Sierotzki H; Garibaldi A; Gisi U (2006). Cytochrome b gene structure 
and consequences for resistance to Qo inhibitor fungicides in plant pathogens. Pest 
Management Science 62, 465–472. 

Heaney SP; Hall AA; Davies SA; Olaya G (2000). Resistance to fungicides in the QoI-
STAR cross-resistance group: current perspectives. In: The BCPC Conference - Pests 
& Diseases 2000 Volume 2, 755-762. 

Kim Y; Edward WD; Vincelli P; Farman ML (2003). Field resistance to strobilurin (QoI) 
fungicides in Pyricularia grisea caused by mutations in the mitochondrial 
cytochrome b gene. Phytopathology 92, 891-900. 

Miles MR; Levy C; Morel W; Mueller T; Steinlage T; van Rij N (2007). International 
fungicide efficacy trials for the management of soybean rust. Plant Disease 91, 
1450–1458. 

Mueller TA; Miles MR; Morel W (2009). Effect of fungicide and timing of application on 
soybean rust severity and yield. Plant Disease 93, 243–248. 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Schmitz et al. 

 128 

Scherm H; Christiano RS; Esker PD; Del Ponte EM; Godoy CV (2009). Quantitative review 
of fungicide efficacy trials for managing soybean rust in Brazil. Crop Protection 28, 
774–782. 

Schmitz HK; Medeiros CA; Craig IR; Stammler G (2013). Sensitivity of Phakopsora 
pachyrhizi towards quinone-outside-inhibitors and demethylation-inhibitors, and 
corresponding resistance mechanisms. Pest Management Science Early view DOI 
10.1002/ps.3562. 

Semar M, Strobel D; Koch A; Klappach K; Stammler G (2007). Field efficacy of 
pyraclostrobin against populations of Pyrenophora teres containing the F129L 
mutation in the cytochrome b gene. Journal of Plant Diseases and Protection 114, 
117-119. 

Sierotzki H; Frey R; Wullschlege J; Palermo S; Karlin S; Godwin J; Gisi U (2007). 
Cytochrome b gene sequence and structure of Pyrenophora teres and P. tritici-
repentis and implications for QoI resistance. Pest Management Science 63, 225-233. 

Stammler G; Carstensen M; Koch A; Semar M; Strobel D; Schlehuber S (2008). Frequency 
of different CYP51-haplotypes of Mycosphaerella graminicola and their impact on 
epoxiconazole-sensitivity and -field efficacy. Crop Protection 27, 1448-1456. 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Hahn M et al., Multiple fungicide resistance and genetic diversity of Botrytis spp. in German strawberry fields. In: Dehne HW; Deising 
HB; Fraaije B; Gisi U; Hermann D; Mehl A; Oerke EC; Russell PE; Stammler G; Kuck KH; Lyr H (Eds), "Modern Fungicides and 
Antifungal Compounds", Vol. VII, pp. 129-134. © 2014 Deutsche Phytomedizinische Gesellschaft, Braunschweig, 
ISBN: 978-3-941261-13-6 

Multiple fungicide resistance and genetic 
diversity of Botrytis spp. in German strawberry 
fields 

1Hahn M, 1Plesken C, 1Leroch M, 1Düker A, 1Rupp S, 2Weber R 
1Department of Biology, University of Kaiserslautern, 67663 Kaiserslautern, Germany; 
2Esteburg Fruit Research and Advisory Centre, 21635 Jork, Germany 

ABSTRACT 

To protect strawberries against grey mould disease, several fungicide treatments are 
performed each year. Sensitivity monitorings in German strawberry growing regions 
revealed high frequencies of fungicide resistance. Specific resistance against all registered 
site-specific fungicides (except fludioxonil), and efflux-mediated multidrug resistance 
(MDR) phenotypes were observed. We identified a MDR1 variant, MDR1h, which caused 
higher levels of resistance to fludioxonil and anilinopyrimidines than the previously 
described MDR1 phenotype. Strains with MDR1h phenotype were found to belong to a 
novel genetic group, called Botrytis group S, which is closely related to but distinct from B. 
cinerea sensu strictu. A set of PCR-based markers was developed to rapidly identify the 
main genotypes and species of Botrytis that occur in strawberry fields. Botrytis group S 
strains were found mostly on strawberry plants, whereas B. pseudocinerea was frequently 
observed between growing seasons and sometimes also on strawberry fruits. Thus, grey 
mould populations are genetically highly structured depending on the host plant and 
fungicide treatment histories. 

INTRODUCTION 

The grey mould fungus Botrytis cinerea is a major pathogen of several fruit and vegetable 
crops worldwide. In Germany, grapes and strawberries are the main crops that are threatened 
by grey mould. In addition to cultural practices, fungicide treatments are commonly used to 
reduce grey mold infections. Site specific fungicides registered against Botrytis in Germany 
are the hydroxyanilide fenhexamid, the anilinopyrimidines cyprodinil and pyrimethanil, the 
quinone outside inhibitors (QoIs or strobilurins), the phenylpyrrole fludioxonil, the SDH 
inhibitor boscalid and the dicarboximide iprodione. Resistance against all these fungicide 
classes, except for fludioxonil, have been observed in Botrytis soon after their introduction 
(Leroux et al., 2002). Resistance-related point mutations in the respective fungicide target 
genes have been identified in field isolates for the mentioned fungicide classes (Leroux et al. 
2010; Fillinger et al. 2008; Cui et al. 2002; Sierotzki et al. 2002).  
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In addition to target site mutations that usually confer high resistance levels, multidrug 
resistance (MDR) has been found in B. cinerea. MDR strains have been observed since the 
mid-1990s in rising frequencies in French vineyards expressing reduced sensitivities to 
several botryticides. Three MDR phenotypes were distinguished. MDR1 strains show partial 
resistance to fludioxonil and cyprodinil, MDR2 strains partial resistance to fenhexamid, 
cyprodinil and iprodione, and MDR3 strains are a combination of MDR1 and MDR2 
(Chapeland et al. 1999; Kretschmer et al. 2009). In recent years, large proportions of the 
Botrytis populations in the Champagne and the German Wine Road region showed one of 
the three MDR phenotypes, with MDR1 dominating in Germany (Kretschmer et al. 2009, 
Leroch et al. 2011; Leroux et al. 2010). MDR strains showed increased fungicide efflux 
activities and overexpression of genes encoding drug efflux transporters (Kretschmer et al. 
2009). MDR1-related mutations were found in the coding region of the mrr1 gene, leading to 
permanent activation of the encoded transcription factor Mrr1 and overexpression of atrB 
encoding an ABC transporter. In MDR2 strains, two similar rearrangements in the mfsM2 
promoter were found in strains in which overexpression of mfsM2 encoding an MFS efflux 
transporter occurred. MDR3 strains contained both MDR1- and MDR2-related mutations 
(Kretschmer et al. 2009). The MDR2-related rearrangements may have occurred only once, 
and were subsequently spreading in all known MDR2 and MDR3 strains in French and 
German wine-growing regions (Mernke et al. 2011). Because of their rather low levels of 
resistance, MDR1-3 phenotypes can be controlled by standard fungicide treatments, but may 
cause problems when combined with other types of resistance (Walker et al. 2013). 
In French and German vineyards, one or two treatments against Botrytis are common. In 
contrast, strawberry fields usually receive weekly sprays, including repeated treatments with 
the same compounds in one season. This imposes a strong selection pressure on the fungal 
population and an increased risk for fungicide resistance development. In this study, 
phenotypic and genetic analyses of grey mould isolates from German strawberry fields were 
performed in order to estimate the frequencies of resistance and the genetic variability in the 
grey mould populations. 

MATERIALS AND METHODS 

Sampling of grey mould isolates from strawberry fields, their cultivation and the sensitivity 
tests, in most cases using nutrient agar plates with discriminatory fungicide concentrations, 
have been described in Leroch et al. (2013). Extraction of genomic DNA and PCR was done 
as described by Leroch et al. (2013). 

RESULTS AND DISCUSSION 

Botrytis isolates sampled in 2010 in various soft fruit fields in Northern Germany revealed 
high frequencies of fungicide resistance (Weber 2011). Similar results were obtained by an 
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extended search in German strawberry fields between 2009 and 2012 (Leroch et al. 2013). 
Resistance frequencies were high for all fungicides except boscalid (Table 1), which was 
registered as Signum® (mixture with pyraclostrobin) in strawberries in 2007. No isolates 
with specific resistance to fludioxonil were detected. In addition, a rather high proportion of 
isolates showed MDR1-like phenotypes (Table 1). 

Table 1 Frequencies of resistant B. cinerea isolates (in %) in three different German 
strawberry growing regions (Leroch et al. 2013). Fenhexamide; Iprodione; 
Carbendazim; Boscalid; Azoxystrobin; Cyprodinil. 

Fen Ipr Car Bos Azo Cyp MDR1 MDR1h 
Northern (n=60) 45.0 40.0 43.3 13.3 83.3 25.0 41.7 18.0 
Middle     (n=37) 78.4 75.7 43.2 0 75.7 70.3 18.9 64.9 
Southern (n=75) 42.7 44.0 46.7 21.3 84.0 54.7 26.7 44.0 

Many MDR1 strawberry isolates revealed two- to three-fold higher resistance factors against 
cyprodinil and fludioxonil than the previously described MDR1 vineyard isolates, and were 
therefore refered to as MDR1h. This is of practical relevance because such isolates might 
show a better survival after Switch® treatments (a mixture of fludioxonil and cyprodinil). 
The MDR1h phenotype was associated with a 3-bp deletion ( L497) in the coding region of 
mrr1 resulting in further increased constitutive overexpression of the gene encoding AtrB 
compared to MDR1. Remarkably, MDR1h strains accumulated a larger number of mutations 
against several fungicides than non-MDR1h strains (Leroch et al. 2013). We are currently 
investigating whether all MDR1h isolates in German strawberry fields might have derived 
from a single MDR1h founder site and then spread clonally to German soft fruit fields, 
similarly to the case of MDR2 strains mentioned above (Mernke et al. 2011). The 
distribution of MDR phenotypes in Germany strongly depends on the plant species: In 
vineyards, MDR1, MDR2 and MDR3, but not MDR1h have been observed. In strawberry 
fields, MDR1h and MDR1 are common, but MDR2 and MDR3 have never been observed. 

Figure 1 PCR-based differentiation of B. cinerea, Botrytis group S and B. pseudocinerea. 
Primers flanking the 21bp indel (insertion/deletion) are described by Leroch et al. 
(2013), primers flanking the 18bp indel are: GCGACCTCATCGTTCTTTCAC / 
GGCTCTCGATGAGCTGTTTC.  
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Figure 2 Distribution of B. cinerea sensu stricto, Botrytis group S and B. pseudocinerea in 
strawberry fields and vineyards (fruit symbols) in Germany. The relative 
proportions are indicated by colors in the pie charts. 

Sequencing of mrr1 revealed a surprisingly high genetic diversity of Botrytis strawberry 
isolates. While mrr1 sequences from grapevine isolates were >99.8% identical, many 
strawberry isolates, including all MDR1h isolates, showed >4% divergence from mrr1 
sequences of common B. cinerea strains. Multiple gene sequencing indicated that these 
isolates, designated as Botrytis group S, are closely related to but genetically distinct from B. 
cinerea sensu stricto (Leroch et al. 2013). PCR markers were developed to rapidly 
distinguish B. cinerea, group S, and B. pseudocinerea (Figure 1). Botrytis group S strains 
were found to be dominating in German strawberry fields, but largely absent in vineyards. 
Botrytis cinerea is common on both hosts and clearly dominating on grapevine (Figure 2). B. 
pseudocinerea was confirmed as a rarely occuring species on strawberries. Sometimes, it 
was found also on other host plants such as broad beans and paeonies (unpublished data). 
Thus, grey mould populations are genetically highly structured depending on the host plant 
species, fungicide treatment history and seasonal conditions. These results have practical 
implications for appropriate disease control measures and better understanding of fungicide 
resistance, allowing the design of suitable resistance management strategies. 
Analysis of Botrytis isolates in two strawberry fields close to Koblenz collected in 2012 
revealed considerable regional and seasonal variations in resistance frequencies and 
distribution of different Botrytis groups / species. In field A, low fungicide resistance 
frequencies were observed in grey mould isolates recovered from overwintered plant parts 
before the first anti-Botrytis treatment in the season. A single treatment with Switch®

(cyprodinil and fludioxonil) resulted in increased resistance frequencies. In field B, fungicide 
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resistance frequencies were already high before treatments, showing that resistant isolates 
can survive between the seasons. After five treatments, the Botrytis populations on infected 
strawberries in field B showed very high resistance frequencies against all fungicides. 
Remarkably, resistance frequencies increased not only against fungicides included in the 
spray program, but also against fenhexamid, carbendazim and iprodione which have not 
been used in 2012. Some isolates accumulated mutations against five different fungicide 
groups as well as MDR1 or MDR1h phenotypes. Since such isolates are selected by most of 
the registered fungicides, they could compromise effective resistance management strategies. 
Multiple fungicide resistance was observed more frequently in Botrytis group S than in B. 
cinerea isolates (Figure 3). In B. pseudocinerea, fungicide resistance frequencies were 
generally low. 
Analysis of the distribution of B. cinerea, B. pseudocinerea and Botrytis group S revealed 
major population shifts during the season (Figure 3). In both fields, B. pseudocinerea was 
isolated frequently from vegetative tissue in spring, but disappeared from infected fruits after 
fungicide treatments. This is similar to the situation in French vineyards, in which B. 
pseudocinerea was found more frequently early in the season on grape flowers than in 
autumn on ripening berries, indicating a higher saprophytic and lower pathogenic 
competitiveness of B. pseudocinerea compared to B. cinerea (Fournier et al. 2005). 

Figure 3 Fungicide resistance frequencies and species distribution of Botrytis isolates in 
two strawberry fields before and after treatments. Field A was sprayed once with 
Switch®, field B with Signum® (1x), Flint®(1x), and Switch®(2x). For each 
sampling, 17-19 isolates were analyzed. Black: highly resistant; grey: moderately 
resistant; white: sensitive isolates. Pie charts show the proportion of B. cinerea 
(green), B. pseudocinerea (blue), and Botrytis group S (red). The average numbers 
of accumulated resistances per isolate of the respective Botrytis species or group 
are indicated in the colored pie chart segments. 
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ABSTRACT  

Grey mould, caused by the ascomycete Botrytis cinerea (teleomorph Botryotinia fuckeliana) 
and/or Botrytis fabae, is the second most important foliar disease after ascochyta blight 
(Ascochyta spp.) affecting pulses and is widespread in South Asia, North and Northeast 
Africa, Australia and America. This disease is responsible for considerable yield losses, 
especially after periods of high humidity (Gaunt 1983). The chemical control of B. cinerea in 
different crops has been adversely affected by the development of fungicide resistance 
worldwide. Yet, B. fabae continues to be controlled by currently registered antifungals, 
although its close proximity to B. cinerea emphasizes the need of improving the existing 
anti-resistance strategies. In Australia, B. cinerea isolates were reported to show resistance to 
methyl benzimidazole carbamates (MBC) on grapevines (Sergeeva et al. 2002). Here we 
evaluate the level of resistance of an Australian historic collection of B. cinerea and B. fabae 
isolates to three of the most important groups of fungicides worldwide, triazoles, strobilurins 
and MBCs, and unravel the molecular mechanisms involved in the resistance found. The 
implications of these findings for grey mould fungicide resistance management in Australia 
are discussed. 

INTRODUCTION 

Grey mould is responsible for important losses in pulse crops each year worldwide, 
reduction of fruit quality and crop yield being the two key aspects of this (Johansen et al. 
2008; Sahile et al. 2012). The disease can be caused by Botrytis cinerea or Botrytis fabae, 
necrotrophic pathogens that induce similar symptoms but can be easily distinguished by 
internal transcribed spacer (ITS) DNA sequencing (Fournier et al. 2005).  
Up to now, fungicides have remained as one of the only tools in the management of this 
disease, but their continuous use has caused the selection of resistant strains, which show 
some decreased sensitivity to specific fungicides (Leroux and Walker 2013). Unfortunately, 
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this situation can lead to the failure of disease control as a consequence of the loss of 
effectiveness of such compounds. 
Several mechanisms have been described leading to fungicide resistance; these mechanisms 
include target site modifications, alternative pathways, increased active efflux of fungicides 
by membrane transporters, target site overexpression, changes in cell wall composition, 
sequestration of the antifungal agents in cell membranes and reduced positive influx (Ma and 
Michailides 2005; Zhan et al. 2006). 
In order to limit the risk of development of fungicide resistance in Botrytis populations on 
pulse crops, it is necessary to develop strategies that allow appropriate disease management. 
The aim of the present study was to measure sensitivity of a historical collection of Botrytis 
spp. isolates and establish baseline sensitivities to major fungicides that will allow the 
detection of shifts in fungicide sensitivity in subsequent years. 

MATERIALS AND METHODS 

A total of 40 isolates (20 from B. cinerea and 20 from B. fabae) were collected in South 
Australia and New South Wales from diseased pulses between 1992 and 2011 (Table 1). 
Fungicide stock solutions were added aseptically to nutrient medium (KH2PO4 2, K2HPO4 
1.5, MgSO4 0.5, (NH4)2SO4 1, glucose 10, yeast extract 2, agar 12.5 g L-1 in distilled water) 
and cooled down to 50°C after autoclaving. Due to the AOX activity in B. cinerea it was 
necessary to add 0.4 mM of salicylhydroxamic acid (SHAM) (Sigma-Aldrich) to plates 
containing azoxystrobin to enhance the activity of this fungicide. The medium was poured 
into 9-cm plates and a 5-mm mycelial plug was taken from the edge of a 3-day-old colony 
and placed in the center of the plates amended with the corresponding fungicide 
concentration. Plates were incubated for 4-5 days at 19 °C in the dark. Fungicide testing was 
replicated 3 times with a range of concentrations adapted to the response of each isolate to 
the compound tested in order to obtain a dose–response curve. The mycelial growth rate was 
evaluated from the diameter of fungal colonies, measured daily for 5 days. The sensitivity of 
each isolate was determined as mean 50% effective concentration (EC50) on the basis of a 
dose response relationship. EC50 values were obtained by plotting the percentages of growth 
inhibition against fungicide concentration on a logarithmic scale. 

RESULTS AND DISCUSSION 

Effect of SHAM and azoxystrobin on mycelial growth in B. fabae 
Prior to the sensitivity test with fungicides, we needed to determine the effect of increasing 
concentrations of the AOX inhibitor SHAM on B. fabae hyphal growth. The differences 
found in the mean colony diameter of  the  isolates  on  media  amended  with  SHAM  at  a 
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Table 1 Sensitivity of 40 randomly chosen isolates of B. cinerea and B. fabae to three 
fungicides in terms of concentration inhibiting 50% of growth (EC50) 

Isolate Year  Location Crop EC50 -1) 
CAR1 TEB2 AZO3 

B. fabae 
254/92 1992 South Australia Faba 0.038 0.017 0.003 
365/92 1992 Charlick Faba 0.038 0.151 0.073 
10/99 1999 Waite Campus Faba 0.036 0.099 0.024 
236/99 1999 Lucindale Faba 0.033 <0.001 0.004 
6/03 2003 Turretfield Faba 0.002 0.030 0.030 
43/05 2005 Leeton NSW Faba 0.023 0.103 0.013 
111/05 2005 Cummins Faba 0.047 0.081 0.012 
150/05 2005 Turretfield Faba 0.033 0.119 <0.001 
166/05 2005 Bool Lagoon Faba 0.029 0.051 0.046 
167/05 2005 Penola Faba 0.028 0.090 0.022 
169/05 2005 Bool Lagoon Faba 0.032 0.051 0.023 
AP10 2007 Saddleworth Faba 0.024 0.007 0.013 
EP4 2007 Cummins Faba 0.027 0.007 0.031 
MF1 2007 Clare Faba 0.038 0.135 0.008 
69/09 2009 Riverton Faba 0.034 0.055 0.006 
111/09 2009 Tarlee Faba 0.004 0.164 0.003 
132/09 2009 Jamestown Faba 0.018 0.020 0.008 
83/10 2010 Laura Faba 0.032 0.074 0.021 
86/10 2010 Rudall Faba 0.021 0.065 0.017 
50/11 2011 Bool Lagoon Faba 0.053 0.027 0.017 
B. cinerea 
104/99 1999 South Australia Faba 0.053 0.199 0.206 
200/99 1999 Roseworthy Lentil 0.036 0.492 0.562 
214/99 1999 South Australia Lentila 0.065 0.198 1.534 
138/00b 2000 Lower Eyre Peninsula Lentil 0.041 0.001 0.015 
150/00b 2000 Cummins Vetch 0.068 0.022 0.009 
153/00b 2000 Clare Lentil 0.045 0.004 0.038 
137/02 2002 Horsham  Chickpea 0.039 0.174 0.211 
138/02b 2002 Horsham Lentil 0.029 0.002 0.007 
149/02 2002 Waite Campus Faba 0.013 0.573 0.160 
174/02 2002 Bute Lentila 0.043 0.289 0.183 
FO3015b 2003 Warooka Lentil 0.067 <0.001 0.016 
FTO3017b 2003 Curramulka Lentil <0.001 0.072 0.003 
TO3001 2003 Kingsford Chickpea >100 0.536 0.678 
TO4013 2004 Saddleworth Faba 0.040 0.396 0.118 
TO4020 2004 Mintaro Lentil 0.041 1.410 0.263 
TO4038 2004 Saddleworth Faba 0.049 0.203 0.275 
102/05 2005 Kingsford Lentil 0.082 0.488 0.234 
121/05 2005 Riverton Lentil 0.029 0.662 0.280 
P3012A 2010 South Australia Lentila 0.062 0.689 0.452 
47/11 2011 Saddleworth Faba 0.058 0.653 0.227 

1Carbendazim; 2Tebuconazole; 3Azoxystrobin; aSample isolated from lentil seeds 

Table 2 Comparison of azoxystrobin EC50 values (mg L-1) of five B. fabae isolates in 
media amended with and without SHAM.  

Isolate  + SHAM - SHAM 
10/99 0.024 27.3 
43/05 0.013 15.2 
169/05 0.023 24.7 
EP4 0.031 34.8 
236/99 0.004 14.5 
Mean 0.019 23.3
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concentration of up to 0.4 μM were not significant (P > 0.005). It was therefore decided to 
use 0.4 μM SHAM to determine the effect of azoxystrobin on B. fabae hyphal growth. 
Analysis of EC50 values of the five isolates tested on plates amended with increasing 
concentrations of azoxystrobin with and without SHAM at 0.4 μM showed much higher 
EC50 values when SHAM was not included in the azoxystrobin-amended media which is 
indicative of AOX activity of SHAM(Table 2).  

Sensitivity assay in Botrytis isolates 
Responses of B. cinerea and B. fabae isolates to azoxystrobin, carbendazim and 
tebuconazole are represented by a stacked graph of frequency distribution of isolates against 
EC50 values (Figures 1A, B and C). In general, B. cinerea isolates had a lower level of 
sensitivity to the three fungicides tested than B. fabae. 

Carbendazim 
In the case of B. cinerea, the sensitive population was composed of 19 isolates with EC50 
values ranging between <0.001 and 0.082 g ml-1 and a mean EC50 value estimate of 0.045 

g ml-1. A resistant isolate was found with an EC50 value of 178 g ml-1 (Figure 1A). 
A slightly similar pattern was noted for B. fabae with the only difference that no resistance 
was found among the isolates tested. EC50 values ranged from 0.002 to 0.053 g ml-1, with a 
mean EC50 value of 0.03 g ml-1 (Figure 1A). 

Tebuconazole  
The sensitivity to tebuconazole varied between B. cinerea isolates significantly although no 
resistance was detected to this fungicide. The EC50 values for tebuconazole ranged between 
<0.001 and 0.961 g ml-1, with a mean EC50 value of 0.33 g ml-1 (Figure 1B). 
B. fabae showed a narrower range and the EC50 values for tebuconazole varied between 
<0.001 and 0.164 g ml-1, with a mean EC50 value estimate of 0.067 g ml-1 (Figure 1B).  

Azoxystrobin 
A slightly similar pattern was noted for azoxystrobin. In the case of B. cinerea, the EC50 
values for azoxystrobin ranged between 0.003 and 1.534 g ml-1, with a mean EC50 value of 
0.273 g ml-1 (Figure 1C). 
For B. fabae, the EC50 values for azoxystrobin ranged between <0.001 and 0.073 g ml-1, 
with a mean EC50 value of 0.018 g ml-1 (Figure 1C). 

Resistance to MBC fungicides and new alternatives 
MBC resistance, quite common in European vineyards, is the consequence of modifications 
in the -tubulin gene which is the target of the methyl benzimidazole carbamate (MBC) 
fungicides, a very important group of antifungals worldwide. MBC fungicides are potent 
inhibitors of -tubulin polymerization in a remarkably broad spectrum of plant  pathogenic 
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Figure 1. Frequencies of sensitivity (EC50 values) to carbendazim (A), tebuconazole (B) and 
azoxystrobin (C) in 40 randomly chosen isolates of B. cinerea (white bars) and B. 
fabae (striped bars).  

fungi and have been used for plant disease control since the late 1960’s. The use of MBC 
fungicides against Botrytis spp. infecting pulses in South Australia is a common practice. In 
fact, all seed for chickpea and lentil crops are treated with P-Pickel T, a commercial mixture 
of the MBC fungicide thiabendazole and the multisite thiram, to protect against seedborne 
ascochyta blight and Botrytis spp. Carbendazim resistance of B. cinerea in South Australian 
vineyards is a very common phenomenon and has been seen for many years (McMahon et al. 
2001). However, this fungicide has not been used in vineyards for a long time and is no lon-
ger registered for managing B. cinerea infections in Australia due to the high level of resis-
tance detected. For this reason, it is not completely clear if the resistant isolate TO3001 
(Table 1) is the result of a selection process due to the constant presence of thiabendazole in 
pulse crops or a preexistent mutant that changed its grape host by chickpea. The later idea is 
supported i) by the proximity of Kingsford, the area of collection of this isolate, to the Baros-
sa Valley, a grape growing area that has been heavily sprayed with carbendazim in the past 
and ii) the presence of two transposable elements, named boty and flipper, that have been 
associated in B. cinerea with adaptation to grape hosts (data not shown) (Giraud et al. 1997).  
However, MBC resistant isolates can be managed by the use of phenylcarbamate fungicides 
as there is negative cross-resistance between both fungicide groups (FRAC 2012). Other 
alternatives would be the use of tebuconazole and azoxystrobin, two relatively cheap 
compounds that have shown a good performance against Botrytis spp. in this study and with 
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a low toxicity. However, the use if these compounds in any disease management program in 
pulses is subordinated to the use of appropriate anti-resistance strategies to avoid the risk of 
fungicide resistance development such as rotation and limitation of applications of 
fungicides from the same mechanisms of action during the growing season. 
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ABSTRACT 

Triazoles (DMIs) are important fungicides used to manage Cercospora leaf spot disease of 
sugar beet. In 2012, about 12% of the tested isolates were characterized as triazole resistant 
strains. The partial sequence of the CYP51 gene of C. beticola triazole resistant and sensitive 
isolates was analyzed. We found mutations in the examined part of the CYP51 gene, yet 
none of them could be attributed to triazole resistance. However, the analysis of the CYP51 
gene sequence clearly indicated two main protein variants among the tested isolates. 

INTRODUCTION 

Leaf spot caused by Cercospora beticola Sacc. is the most destructive foliar disease of sugar 
beet in Poland. Triazoles (Demethylation Inhibitors – DMI) are commonly used for the 
control of the disease. So far reduced sensitivity of C. beticola isolates to triazoles has been 
reported in many European countries, and also in Poland (Karaoglanidis et al. 2000, 

 et al. 2012). The aim of the study was to analyze the 
sequence of the CYP51 gene of C. beticola triazole resistant and sensitive isolates collected 
in western Poland.  

MATERIALS AND METHODS 

Isolates of C. beticola collected in 2012 in the west of Poland were laboratory tested for the 
degree of triazole resistance (cyproconazole, epoxiconazole, flusilazole, tebuconazole and 
tetraconazole – Sigma-Aldrich). The range of sensitivity was assessed by exposing the 
isolates to 1, 3 and 10 ppm fungicide concentrations. Thirty isolates of different triazole 
resistance profiles (resistant, as well as completely sensitive to triazoles) were selected for 
the sequence analysis of the CYP51 gene. Primers CYP51FS and CYP51RS were used to 
amplify a 1353 bp fragment of the CYP51 gene encoding sterol C14-demethylase (Nikou et 
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al. 2009). The PCR products were purified and sequenced (commercial service) and the gene 
sequencing results (1083 bp) were analyzed by using MEGA 5.10 software. 

RESULTS 

Analysis of the examined part of coding region of the CYP51 gene (1083 bp) of the C. 
beticola isolates revealed presence of 120 nucleotide substitutions (89% identities between 
two main isolate variants). On the base of amino acid alignment of partial protein sequence 
two main variants were identified – A and B (95% of identities between two main protein 
variants, 97% positives, with no gaps). The protein variant A was predominant among tested 
isolates (22 strains were found) and followed by variant B (8 isolates). These variants are not 
correlated with DMI resistance and also none of the identified amino acid substitutions was 
attributed to DMI resistance. However, the CYP51 gene can be successfully used to establish 
evolutionary relationships between C. beticola isolates.  

DISCUSSION 

About 12% of isolates, collected in western Poland in 2012 were identified as triazole 
resistant strains. In recent years, about 10 - 30% of isolates have been identified as triazole 

The analysis of the CYP51 gene sequence 
grouped tested isolates into two main protein variants, however these variants are not 
correlated with DMI resistance. Three protein variants of the CYP51 gene of C. beticola 
were previously described by Bolton, but also there was no correlation between the protein 
variants and triazole resistance (Bolton et al. 2012).  
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ABSTRACT 

Since 2004 the efficacy of the azole fungicides to control STB under Irish conditions has 
been eroded. This erosion has been associated with decreases in the sensitivity of the Irish 
M. graminicola population to specific azole fungicides, resulting from alterations within it’s 
CYP51. Using both sequencing and KASP genotyping the frequency of CYP51 variants 
within the Irish M. graminicola populations, 2006-11 has been determined. The most notable 
finding during this period has been the emergence and spread of the S524T in combination 
with other CYP51 alterations. 

INTRODUCTION 

Septoria tritici blotch (STB) caused by the fungal pathogen Mycosphaerella graminicola 
continues to be the most economically destructive pathogen of Irish winter wheat crops. 
Causing leaf necrosis STB can if allowed to develop on the upper leaves, which contribute to 
grain fill reduce potential yields by anything up to 50%. As the majority of commercially 
cultivated varieties are at most only moderately able to resist infection control of STB has 
become reliant on the timely application of fungicides. For almost 10 years the azole fungi-
cides have been essential to this control strategy. The emergence of changes in the azole 
target site of M. graminicola, 14 -demethylase resulting from alterations in MgCYP51 and 
their impact upon the sensitivity of the pathogen to this fungicide group is having an impact 
upon the field control. In this study the frequency of the MgCYP51 alterations V136A, 
I381V and S524T alone or in combination was determined in the years 2006-2011. 

MATERIALS & METHODS 

Mycosphaerella graminicola isolates from 2006-2011 collected as part of a national sensiti-
vity survey (Kildea et al. 2011) and stored at -80°C were cultured on potato dextrose agar for 
four days. Once in the yeast like growth phase DNA was extracted from each isolate 
following a rapid extraction method as described by Tendulkar et al. (2003). The presence of 
the MgCYP51 mutations V136A, I381V and S524T was determined in each isolate using 
Kompetitive Allele Specific PCR (KASP) genotyping (KBioscience, U.K.), with primers 
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designed and validated using the KASP on Demand service. PCRs were performed and allele 
detection determined using a Roche Lightcycler 380 and in accordance to the KBioscience 
protocol. 

RESULTS 

Prior to 2008 the Irish M. graminicola population was dominated by strains with the 
MgCYP51 alterations V136A. Since then strains with the alterations I381V and S524T have 
become more prevlant and are now present in combination with each other at frequencies 
>10% (Fig. 1). 

Figure 1 Frequency of MgCYP51 alterations in Irish M. graminicola isolates 2006-2011. 

CONCLUSION 

The Irish M. graminicola population has undergone a change in the frequency of MgCYP51 
during the period 2006-2011. This change has affected the sensitivity of the population to the 
most commonly used azole fungicides. To ensure continued efficacy is achieved under field 
conditions a continued diversity in azole fungicides is required. 
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Pathogens with low QoI resistance risk 

Stammler G, Simone Miessner, Andreas Koch 
BASF SE, Agricultural Research Station, 67114 Limburgerhof, Germany 
Email: gerd.stammler@basf.com 

QOI RESISTANCE RISK OF FUNGAL PLANT PATHOGENS  

Most important resistance mechanisms to QoIs are target site mutations, in particular the 
G143A in the cytochrome b (cyt b). G143A leads to strong resistance and drastically reduced 
field efficacy. Two other mutations, F129L and G137R have been described, which lead to 
lower resistance factors. Until now some fungal species were not able to develop QoI 
resistance. These include different rust species, Pyrenophora teres and others. Puccinia 
triticina experienced a comparable selection pressure as Blumeria graminis, a species which 
developed QoI resistance 1-2 years after market launch, but no sensitivity changes have been 
detected so far. Also, no adaptation has been found for the soybean rust pathogen 
Phakopsora pachyrhizi, despite intensive use of QoIs in large areas. The reason for this was 
elucidated by Grasso et al. (2006), who showed that the structure of the target gene is 
responsible: If an intron sequence follows directly after codon 143, the G143A does not 
occur because the glycine codon 143 is part of the signal sequence which is essential for the 
intron recognition and plays an essential role in splicing during mRNA maturation. If this 
codon is altered no functional complex III can be formed. Therefore it can be concluded, that 
for a species with an intron sequence directly after codon 143, the G143A is unlikely to 
occur. However, mutations F129L or G137R are possible. F129L occurs frequently in some 
European populations of P. teres, but due to low resistance factors caused by F129L, field 
efficacy of pyraclostrobin remains good (Semar et al. 2007). In other species like P. triticina 
or P. pachyrhizi, no mutations in the cyt b gene have been reported so far. The gene structure 
around codon 143 seems to be highly conserved within a species, even for isolates with a 
diverse geographic, host plant or historic (year of isolation) background. Cyt b of thousands 
of P. teres isolates was analyzed in our laboratory in the last decade and all of them were 
identical. No G143A mutated isolates showed up in P. triticina or P. pachyrhizi after many 
years of QoI selection pressure which confirms the high intraspecific conservation of this 
gene sequence. Therefore, it is likely that the whole population of a species contains the 
intron at the same position when it has been detected for some isolates. However, Botrytis 
cinerea seems to be an exception. Two types of cyt b gene, (with and without intron, Jiang et 
al. 2009) exist in B. cinerea and the genotype without intron developed G143A in various 
crops and regions. The published “intron pathogens” are listed in Table 1. 
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Table 1. Plant pathogenic fungi with intron after codon 143 in the cytochrome b gene 

Pathogen Disease Host Reference 
Alternaria dauci Leaf blight Carrots Stammler 2012 
Alternaria grandis Early blight Tomatoes, potatoes Stammler 2012 
Alternaria solani Early blight Tomatoes, potatoes Grasso et al. 2006 
Alternaria tomatophila Early blight Tomatoes, potatoes Stammler 2012 
Bipolaris maydis Southern leaf blight Corn Stammler 2012 
Cercospora zea-maydis Gray leaf spot Corn Stammler 2012 
Cochliobolus carbonum Northern leaf spot Corn Stammler 2012 
Guignardia bidwellii Black rot Grapes Miessner et al. 2011 
Hemileia vastatrix Rust Coffee Grasso et al. 2006 
Monilinia fructicola Blossom blight, brown rot Stonefruits Mi  
Monilinia laxa Blossom blight, brown rot Stonefruits Mi  
Phakopsora pachyrhizi Rust Soy beans Grasso et al. 2006 
Phyllosticta citricarpa Citrus black spot Citrus species Stammler et al. 2012 
Puccinia spp. Rust Cereals, corn, others Grasso et al. 2006 
Pyrenophora teres Net blotch Barley Grasso et al. 2006 
Setosphaeria turcica Northern leaf blight Corn Stammler 2012 
Uromyces appendiculatus Rust Beans Grasso et al. 2006 
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INTRODUCTION  

Management of the grapevine powdery mildew pathogen Erysiphe necator requires nume-
rous treatments with fungicides such as sterol demethylation inhibitors (DMI) and mitochon-
drial inhibitors (QoI). Recently, reduction in the efficacy of DMI or QoI was reported in 
Europe and USA (Baudoin et al. 2008, Dufour et al. 2011). A combined approach based on 
quantitative PCR (qPCR) of different specific alleles has been developed to detect and 
quantify the grapevine obligate fungus Erysiphe necator, genetically differentiated in two 
groups (A and B) and to quantify the DMI and QoI resistance (Dufour et al. 2011). Here, we 
present real-time PCR assays using SYBR Green technology developed to detect and 
quantify sensitivity vs. resistance to C14- sterol demethylase inhibitor fungicides (DMI) 
(Y136F) and quinone outside inhibitors (QoI) (G143A) in vineyards from 2008 to 2012. 

EVOLUTION OF ALLELE Y136F, A MARKER INVOLVED IN DMI RESISTANCE 
FROM 2008 TO 2012 

Materials and methods are described in detail in Dufour et al. (2011). The relationship 
between specific allele frequencies and quantification cycle (Cq) for the different assays 
were linear (R2 > 0.97). The efficacies of qPCR were better than CAPS method with Cq limit 
of 2 pg for E. necator DNA, 0.06 ng for genetic group A and 1.4 ng for DMI-resistance 
allele. The detection limits of qPCR protocols (LOD) ranged from 0.72 to 0.85% and the 
quantification limits (LOQ) from 2.4 to 2.85% for the two specific alleles G47A and Y136F, 
respectively (Dufour et al. 2011). The quantitative PCR was then successfully applied to 
quantify fungal DNA from pooled samples (leaves or bunches) from different French 
vineyard regions from 2008 to 2012 (Fig. 1 and Fig. 2).  
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Figure 1 Evolution of allele Y136F (Cyp 51 gene) in E. necator populations in French 
vineyards 2008 - 2012. Sampling size varied from 35 to 72. 

Figure 2 Evolution of allele G143A (cytochrome b gene) in E. necator populations in 
French vineyards 2008 - 2012. Sampling size varied from 29 to 75. 

EVOLUTION OF ALLELE G143A, A QOI RESISTANT ALLELE FROM 2008 TO 
2012 

In addition, the resistance allele (G143A) of QoI was also detected and quantified by q-PCR. 
The real-time pooled PCR assay differentiated the populations in vineyard without requiring 
the fastidious isolation of E. necator (Baudoin et al. 2008, Dufour et al. 2011).  

CONCLUSION 

This work was carried out in the national framework of DMIs and QoIs resistance 
monitoring. The analyses achieved between 2008 and 2012 showed various situations 
depending on the administrative areas and on the year for DMI and QoI resistant alleles 
(Fontaine et al. 2012, Fig. 1-3). However, the overall level of allelic frequencies tends to 
increase over the last two years (Fig. 3).  
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Figure 3 Average of regional frequencies of alleles conferring resistance to QoIs and DMIs 
between 2008 and 2012. 

The real-time PCR assay developed in this study provides a potentially useful tool to 
efficiently quantify different alleles of interest for fungicide monitoring and for population 
structure of E. necator. 
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ABSTRACT 

Resistance risk assessment is used to guide the extent of risk ‘modifiers’ (anti-resistance 
strategies) that might be required to achieve an acceptable level of risk. As modifiers often 
take the form of restrictions on product use, the predictive accuracy of the assessment is 
important to avoid either unnecessary restrictions or excessive risk.  
For the analyses described here, we quantified risk as the number of years between the 
introduction of a new fungicide mode of action (MOA) to control a particular pathogen and 
the first detection of resistance (termed ‘FDR time’). Risk is usually assessed by combining 
risk values for each type of fungicide, pathogen and agronomic system under consideration, 
in a ‘risk matrix’. An objective test of the predictive value of such a scheme was carried out, 
using FDR times for cases of fungicide resistance which have occurred across all European 
crops as the variable to be predicted (in retrospect). The data showed a large difference in 
FDR times between multi-site and single-site acting fungicides, which agreed with the risk 
assessment categorising the former as ‘low risk’ and the latter as ‘high risk’. Focussing 
further analysis on the subset of 61 resistance cases involving fungicides with single-site 
modes of action indicated significant, but limited, predictive value. There were many 
resistance cases for which risk values could not be assigned, due to lack of prior knowledge. 
Two phases of pathogen evolution jointly determine FDR time. During the ‘emergence 
phase’ the resistant strain has to arise through mutation and invasion. During the subsequent 
‘selection phase’ the fraction of the pathogen population carrying the resistance increases 
due to the selection pressure caused by the fungicide - until the frequency reaches a 
sufficiently high level to adversely affect control.  
The time taken for these phases to be completed will depend on particular traits of the 
pathogen, fungicide and agronomic system which determine the rate of evolution. We used 
statistical approaches to test for associations between characteristics of fungicides, pathogens 
and agronomic systems, and FDR time. The characteristics tested in the analysis were those 
which could reasonably be known or measured for existing and new fungicide/pathogen 
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combinations, and for which there is a mechanistic rationale that they could affect the rate of 
resistance evolution. Combining selected risk variables and factors in a ‘trait-based’ risk 
assessment approach has been shown to have greater predictive power than current methods. 

MEASURING THE SUCCESS OF RESISTANCE RISK PREDICTION 

Resistance risk assessment for plant protection products is used to guide the extent of risk 
‘modifiers’ (anti-resistance strategies) that might be required to reduce risk to an acceptable 
level. If the risk is over-estimated, unnecessary restrictions may be imposed on use (for 
example, excessively constraining the number of treatments per crop season). Conversely, 
under-estimation of risk could lead to an insufficiently robust set of modifiers, resulting in a 
short effective life of a mode of action. 
Fungicide resistance is such a variable phenomenon, that the idea of successful prediction 
can seem implausible. This might explain why we talk of ‘risk asessment’ rather than ‘risk 
prediction’. But if the aim is to inform resistance management decisions we make now, in 
order to affect future resistance outcomes, then prediction is what is required. 
Physics and engineering adopted mathematical principles centuries ago, in order to improve 
prediction. As a result it is possible to predict, with considerable precision, the dimensions of 
materials required to ensure that structures withstand the forces acting on them after 
construction. Biology has been slow to adopt the use of mathematics and progress with 
improving prediction is further constrained by the complexity of biological systems. This 
complexity makes the use of statistical techniques necessary, to help identify relationships 
between a given response variable and the most statistically important explanatory variables, 
based on the assumption of there being sufficient explanation over and above an inherent, 
underlying biological variation. It is then possible to use the model predictively to output 
estimates of the response (along with estimates of variability associated with such 
predictions) given imposed values for the explanatory variables. 
A critical requirement is the ability to quantify the success of any current approach, which 
encapsulates current understanding of how a biological system works, to allow us to test 
whether changes to the approach, based on improved knowledge, result in improved 
prediction. Firstly however, a response variable, which is to be predicted, must be defined. 
For the analysis described in this article, we quantified risk as the number of years between 
the introduction of a new fungicide mode of action to control a particular pathogen and the 
first detection of resistance in that pathogen (termed ‘time to First Detection of Resistance’ 
or ‘FDR time’). A successful resistance risk prediction method will discriminate between 
those pathogen-fungicide combinations where loss of efficacy is likely to occur within a few 
years and those where resistance is unlikely to occur for many years.  
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CURRENT RISK ASSESSMENT METHODS 

Risk is usually assessed, by combining risk values for the fungicide, pathogen and 

approach is exemplified by the Kuck and Russell (2006) scheme. The method was developed 
from earlier work which assigned pathogens and fungicide modes of action to high, 
moderate or low risk categories, based on experience of previous resistance cases (Brent 
1995). The pathogen and fungicide risk values were then combined in a ‘risk matrix’. Kuck 
and Russell (2006) added agronomic risk as a third factor in the matrix.  
A full description of our analysis of the performance of the Kuck and Russell scheme, as an 
exemplar of the risk matrix approach, is given by Grimmer et al. (2013). In summary, the 
assessment was conducted as follows: The published literature on fungicide resistance in 
Europe was investigated in order to identify all the cases of resistance occurring for a 
specific pathogen to a specific fungicide MOA (as defined by the Fungicide Resistance 
Action Committee, FRAC). Where multiple cases of resistance of a pathogen against a group 
of fungicides were reported in different countries, only the first report of resistance was 
included. Sixtyseven such unique cases of fungicide resistance were identified, which 
comprised a wide range of different fungicide groups, crops and pathogens, with resistance 
being detected in a number of different European countries.  
To allow a retrospective analysis of predictive value, these cases of fungicide resistance were 
assigned to low, medium or high categories of fungicide risk, pathogen risk and agronomic 
risk according to the Kuck and Russell (2006) resistance risk assessment scheme. Since not 
all of the fungicide groups or pathogens identified within the cases of fungicide resistance 
were included within the risk assessment scheme, it was possible to assign 40 out of the 67 
cases to a fungicide risk or pathogen risk category. The numerical values assigned to the 
categories for fungicide risk, pathogen risk and agronomic risk were multiplied together in 
order to determine the combined risk values.  
Time to first detection of resistance (FDR time) was then estimated by review of the 
literature for each of the 67 cases. A frequency distribution of FDR times showed that there 
were relatively few cases where resistance occurred within one or two years of introduction 
of a new MOA. Thereafter there was a peak of cases between 3 to 12 years following 
fungicide introduction. The frequency distribution then gradually decreased with time, with 
the longest case (resistance of Pyrenophora graminea against organomercury seed 
treatment) taking 50 years to occur. As most pathogens become resistant to most fungicides 
eventually, it follows that the frequency distribution of FDR time tails off after the peak, 
with increasing years from introduction.  
The analysis showed that the risk matrix scheme had good predictive value when all 
fungicide groups were considered. Regression of FDR time on combined risk showed that 
FDR time decreased non-linearly with increasing combined risk, so the predictive power of 
combined risk was tested by fitting an exponential curve. The fitted model explained 72.8% 
of the variation in FDR time. However, much of this predictive value was due to the risk 
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scheme correctly allocating the small number of resistance cases against multi-site 
fungicides to a low risk category. This group of fungicides all had long FDR times. For the 
remaining majority of cases representing resistance in single-site acting fungicides, the 
combined risk values explained only 25.8% of the variation in FDR time in terms of a linear 
relationship. The ability to make good predictions for single-site fungicides is a priority, 
since they form the majority of new fungicides. 
A limitation of existing risk assessment schemes is that new fungicide modes of action 
cannot be assigned to risk categories until there is considerable experience of their resistance 
behaviour. Assigning fungicide groups to risk categories requires knowledge of their 
longevity when used against a range of pathogens, in order to be confident that the behaviour 
was due to the fungicide group, rather than due to the resistance behaviour of a particular 
pathogen against which it was used. This limitation can be overcome, to some extent, by 
laboratory mutation studies. Such studies are, at best, a guide to likely outcomes in practice. 

TRAITS GOVERNING THE RATE OF RESISTANCE EVOLUTION 

The rates at which resistance evolves during two phases of resistance evolution, jointly 
determine the FDR time. During the ‘emergence phase’ the resistant strain has to arise 
through mutation and invade the wild type population. It may take many mutation events 
before the number of resistant individuals becomes sufficiently large that it is unlikely to die 
out by random chance. At this point resistance has ‘emerged’ (van den Bosch et al. 2011), 
but the new strain will still represent a tiny fraction of the pathogen population, clustered 
around the location at which it originated. During the subsequent ‘selection phase’ the 
fraction of the pathogen population carrying the resistance increases due to the selection 
pressure caused by the fungicide, and disperses more widely - until the frequency becomes 
sufficient to adversely affect control.  
The rate of evolution in the emergence and selection phases (and hence FDR time) will be 
governed by particular traits of the pathogen, fungicide and agronomic system. These 
‘governing traits’ can be hypothesized from knowledge of the evolutionary processes. 
Considering first the traits of the pathogen, the time to emergence will be determined 
predominantly by: (i) the mutation rate (the probability of a mutation per generation) and the 
proportion of those mutations which affect sensitivity, (ii) the basic reproductive number 
(the number of spores per spore per generation), and (iii) fitness costs associated with 
mutations (reducing the basic reproductive number). Subsequently, the rate of selection will 
be determined predominantly by a combination of two variables which jointly govern the 
relative growth rate of the resistant pathogen population, namely: the basic reproductive 
number and the latent period (or, strictly, the generation time). The difference in the relative 
growth rate between the resistant and sensitive populations (as determined by their relative 
fitnesses in the presence and absence of the fungicide) drives the rate of selection and hence 
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the number of years until selection results in loss of efficacy. The dispersal gradient will 
affect how quickly resistance becomes widely distributed. 
As well as being traits which differ between pathogens, the variables listed above, and the 
degree of exposure to the selective pressure, will also depend on the agronomic system 
which the pathogens exploit. There may also be traits of the fungicide (related to traits of the 
binding site) which make it more or less likely that a mutation will occur which affects 
binding, and more or less likely that such mutations will cause a fitness penalty. 
The aim should be to characterize pathogens, fungicides and agronomic systems for as many 
of these candidate traits as possible and quantify how the traits relate to FDR time. Where a 
trait cannot be readily measured, closely related surrogates for the trait should be found. 
Taxonomic categories may be poor surrogates for pathogen traits. It is well known that 
certain taxonomic categories of pathogens are more or less prone to resistance development; 
for example, basidiomycetes are generally slow to evolve resistance. Whilst pathogens 
which are closer taxonomically are likely to share common traits to a greater degree than 
more distant relatives, the traits used to assign pathogens to taxonomic categories are not the 
traits which are determining the rate of resistance evolution. So if particular pathogens, or 
groups of pathogens, are more or less prone to resistance, we should seek to identify those 
specific traits which govern that evolutionary behavior. Similarly, if particular fungicides or 
fungicide groups tend to be overcome by resistance more or less quickly, we should identify 
which traits of the fungicide, or its corresponding binding site, determine the speed of the 
evolutionary response. This approach would allow prediction of risk for fungicides in new 
MOA, about which there is no prior knowledge of resistance behaviour in the field. 

TRAIT-BASED RISK ASSESSMENT 

If the mechanistic argument described above is true, then traits hypothesized to be 
determinants of evolutionary rate should explain more of the variation in FDR time than 
traits (such as taxonomic categories) which might be only weakly associated with governing 
traits. To test this, a set of candidate traits of fungicides, pathogens and agronomic systems, 
with potential to explain the observed variation in FDR time, was defined. In total there were 
24 candidate explanatory variates (consisting of numeric values with a continuous 
distribution) and 32 factors (consisting of discrete categories of numerical or descriptive 
information) tested. The trait data, methodology and results are described in detail by 
Grimmer et al. (in press) and are summarised here. The data set contained traits 
hypothesized to govern resistance (where these could be quantified or categorized for 
sufficient resistance cases) and surrogate traits. Trait data for each of the 61 resistance cases 
were obtained from literature, or else in certain cases where data could not be found in 
published sources, expert judgement was used. The analysis focussed on predicting risk for 
single-site inhibitors, for which existing risk assessment methods appear to be inadequate. 
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Many of the candidate traits were significantly associated with FDR time when tested 
individually. For example, the pathogen variable ‘latent periods per year’ had the strongest 
correlation with FDR time (pathogen species with many latent periods, and hence 
generations, per year generally had shorter FDR times). The combination of traits which best 
explained the variation in FDR time was identified by regression analysis. Stepwise forward 
selection incorporated the most significant variates in the model first, followed by significant 
factors (no two-way interactions between model terms were significant). This method 
identified a combination of traits of the pathogen, the fungicide and the agronomic system 
which was highly significantly associated with FDR time (P = <0.001, F-test), accounting 
for 60.7% of the variation in FDR time (R2). Two trait variables were included in the model: 
latent periods per year and fungicide complexity (Hendrickson et al., 1987). In addition, two 
categorical traits were included: an ‘agronomic system’ factor (which had two categories 
‘outdoor’ and ‘protected’ crop), and a ‘number of crop host species’ factor (split into two 
categories ‘specialist pathogens’ such as powdery and downy mildews and ‘generalist 
pathogens’ such as some Sclerotinia and Fusarium spp.). FDR times were shorter for 
protected than for outdoor crops, and shorter for specialist than for generalist pathogens. As 
each of the trait variables and factors individually accounted for only a proportion of the 
variation in FDR time, exceptions can be found to these general associations. Taxonomic 
categories of pathogens and FRAC groups of fungicides were significantly associated with 
FDR time when tested individually, but adding these categories to the model did not add 
significantly to variation accounted for.  
Validation of the new risk prediction method demonstrated that it is highly unlikely that an 
equivalent model would be generated by random chance. The model subsequently proved 
effective at predicting 11 cases which were not included in the data set used to construct the 
model, accounting for 67% of the variation in FDR time. 

DISCUSSION 

The trait-based model described above demonstrates that understanding evolution of 
resistance can guide an objective approach to risk assessment. The traits in the model are not 
an exhaustive or difinitive list of those traits which influence resistance, but are those which 
are proposed to be most statistically important to the explanation of risk, given current data. 
The model provides a benchmark against which future approaches can be compared.  
The traits selected by the statistical approach have a logical mechanistic basis. The speed of 
evolution will be dependent on the number of generations per unit time. The difference in 
FDR time between specialist and generalist pathogens may be explained by a greater 
potential for generalist pathogens to reside in a range of crops (and non-crop hosts), thus 
allowing the pathogen to undergo generations in the absence of a selection pressure (i.e. 
refugia, where the host is not treated). This characteristic, along with mixing of pathogen 
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sub-populations, would result in a reduction in the mean competitive advantage of the 
resistant strain. The effect of agronomic system (protected or outdoor cropping) on FDR 
time could operate through protected cropping reducing the potential for the pathogen to 
undergo generations on crops outside the treated area. In addition, protected cropping could 
allow a larger number of generations per year compared with field cropping due to higher 
temperatures shortening the pathogen latent period. The relationship between fungicide 
complexity and FDR time suggests that the form of interactions between the fungicide and 
the pathogen target protein may be a determinant of resistance risk. The probability that a 
molecule binds to another molecule decreases as molecular complexity increases; low 
complexity molecules tend to be ‘promiscuous’ whereas high complexity molecules are 

or high complexity fungicide molecules, any given 
amino acid variant in the target protein (arising through DNA mutation) would thus be more 
likely to result in reduced fungicide binding, compared with low complexity molecules, 
explaining the relationship with FDR time.  
Despite the improved predictive power obtained from a trait-based approach, substantial 
uncertainty still surrounds risk predictions. For the current modelling approach, this is due to 
uncertainty in the estimates of FDR time and trait values. Such uncertainty can be reduced as 
further cases of resistance add to the statistical power of the analysis and as trait data 
improve. To enable this, the data set of cases and traits will be placed in the public domain 
and managed to ensure that it remains updated.  
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ABSTRACT 

Mycosphaerella graminicola, causal agent of septoria tritici blotch (STB), is the most 
destructive pathogen of winter wheat in Ireland and its control is reliant upon the routine use 
of fungicides. These fungicides provide selection pressure for resistant M. graminicola 
strains to increase in a population. Azoles are an important group of fungicides for STB 
control but a gradual decline in their efficacy has been observed in recent years. This has 
been due to selection of mutated strains with reduced sensitivity. The aim of this study was 
to establish if fungicide application tactics could be manipulated in order to reduce the rate 
of selection of resistant M. graminicola strains.  

INTRODUCTION 

Septoria tritici blotch (STB), caused by the fungal pathogen Mycosphaerella graminicola 
(Fuckel) J Schroeter in Cohn (anamorph: Zymoseptoria tritici 
is the most destructive disease of winter wheat in Ireland (O’Sullivan Kildea 2010). 
Control of STB is dependent on the routine use of fungicides and in Ireland three or four 
fungicide applications are normal. The azole group of fungicides are the backbone of control 
programmes. However, a gradual shift towards reduced azole sensitivity has been observed 
in the Irish M. graminicola populations from 2005 to the present d
2010). This decline has been mainly attributed to the selection of strains carrying mutations 
in the CYP51 gene (Cools Fraaije 2012). Strategies for slowing or managing these shifts 
have been proposed and debated for some time (van den Bosch et al. 2011). One of those 
strategies is to use fungicides with different modes of action together in mixtures or in 
alternation where each fungicide in the partnership is protecting the other. The use of 
fungicides in mixtures as an anti-resistance strategy is a practice that has been well supported 
in theory e.g. Skylakakis (1981) and Hobbelen et al. (2011) and by experiment e.g. 
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less so by experiment. Additionally the Fungicide Resistance 

Hollomon 2007) to minimise the rate at which fungicide sensitivity declines. But this advice 
has been hotly conte  et al. 
2011) on the grounds that when there is no fungicide there is no selection so over some 
ranges of doses less fungicide must mean less selection (Shaw 2006). The aim of this work is 
to assess the impact that alternating and mixing different azoles and using reduced rates has 
upon the selection of M. graminicola resistant strains and STB control. This paper presents 
preliminary results from the first year of a two year experiment.  

MATERIALS AND METHODS 

Field experiment 
Field trials were conducted at three locations in 2011; Duleek, Co. Meath; Stamullen, Co. 
Meath; and Knockbeg, Co. Carlow. At each site, the first treatment (T1) was applied to the 
wheat crop when leaf three was fully emerged and the second treatment (T2) applied when 
the flag leaf was fully emerged. At each location the efficacy of epoxiconazole and 
metconazole, applied as solo products, in alternation with each other and in a pre-formulated 
mixture was determined at the full recommended rate and half the recommended rate 
(Table 1). Treatments were laid out in a complete randomised block design. From GS59 
onwards, visual disease assessments were performed every two weeks. At each assessment 
ten main tillers from each plot were randomly selected and the top three leaf levels were 
scored based on the percentage leaf area covered with STB lesions. To determine the 
distribution of fungicide sensitivity before spraying, the three sites were sampled before 
plots were treated. Six weeks after T2, individual plots at each site were sampled; 25-40 
diseased flag leaves were picked at random from within the crop canopy. Leaves were air 
dried and stored at -20°C until further use. 

Isolation of Mycosphaerella graminicola strains 
A single strain of M. graminicola was isolated from each leaf that produced sporulating 
pycnidia. Isolations were carried out according to Kildea (2009). Briefly, leaves were re-
hydrated, surface sterilised, plated on water agar with pycnidia facing up, and incubated at 
18°C in the dark for 24-48 hours. A single cirrus from each leaf was picked and transferred 
to a PDA plate amended with the antibiotics streptomycin and chloramphenicol (50mg/l). 
Plates were incubated (as above) for three days. Clean colonies were transferred to fresh 
PDA, incubated (as above) for 4-5 days after which the yeasty spores were stored in 30% 
glycerol in -80°C until further use. 
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In vitro fungicide sensitivity tests 
In order to determine a level of sensitivity of treated populations to epoxiconazole and 
metconazole, strains were tested as described by Kildea (2009). Briefly, 150μl Potato 
Dextrose Broth (PDB) (Sigma-Aldrich. Co.), amended with lab grade fungicides, disolved in 
100% methanol, to give final concentrations of 30, 10, 3.3, 1.1, 0.37, 0.123, 0.04, and 0 mg 

Co., Germany). Spore suspensions of 1x10  spores/ml of each isolate were prepared in PDB 
and 50μl was added to the wells of the plate. Each column of each plate was filled with a 
different isolate. In each plate a negative control, one reference isolate and ten strains were 
tested. All strains were tested in duplicate, sealed and incubated at 18°c for 7 days. Growth 
of the fungus was assessed as a measure of light absorbance (405nm) using Synergy-HT 
plate reader (Biotek instruments). In 2011, 2196 isolates were included in the sensitivity 
tests. 

Table 1. Treatment details 

Treatment 
name 

Type of 
application 

Fungicide at T1¹  Fungicide at T2 ¹  Litres/ha applied 
2 

Untreated N/A N/A N/A N/A 
EE full Solo Epoxiconazole  Epoxiconazole  1.5 

MM full Solo Metconazole  Metconazole  1.5 

ee half Solo Epoxiconazole  Epoxiconazole  0.75 
mm half Solo Metconazole  Metconazole  0.75 

EM full Alternation Epoxiconazole Metconazole  1.5 

ME full Alternation Metconazole Epoxiconazole  1.5 

em half Alternation Epoxiconazole  Metconazole  0.75 
me half Alternation Metconazole  Epoxiconazole  0.75 

EMEM full Mixture  
metconazole  metconazole  

3.0 

emem half Mixture 
metconazole  metconazole  

1.5 

¹Formulations used; solo epoxiconazole=Opus Max; solo metconazole=Caramba and the mixture 
=Gleam. All are products of BASF. 
2a.i. per litre of product; Opus max: 83 g/l; Caramba: 60 g/l; Gleam: 37.5 g/l epoxiconazole + 27.5 g/l 
metconazole. 

Statistical analysis 
Optical density measurements were used to determine the EC50 values of all strains against 
both fungicides using XLfit (IDBS Inc., UK). Data were log transformed and analysed using 
ANOVA with contrasts (Fisher 1934). Statistical analysis was done using GenStat V13. 
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RESULTS AND DISCUSSION 

Positive correlation between good disease control and reduced sensitivity 
The 2011 collection, including isolates from the pre treatment and untreated control, was 
more sensitive to metconazole than epoxiconazole, which may be due to the different 
intrinsic properties of the two fungicides. 
Disease control was best with the full rate mixture. Increased disease control was positively 

(2006) and van den Bosch et al. (2011) who suggest that increasing control increases 
selection.  
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Figure 1 Scatter graphs show the correlation between disease pressure and levels ofepoxiconazole 
(top) and metconazole (bottom) sensitivity. 

Reduced dose rates reduce selection except with the mixture  
Half rate treatments reduced selection to epoxiconazole (P <0.001) and metconazole (P 
=0.002), except for the mixture (Figure 2). In this case the dose relationship was reversed for 
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reduced doses usually reduce selection, the effect of reducing doses of mixtures can vary 
depending on the exact components of the mixture. 

Order matters in the alternation 
When compared to the solo products and the mixture, alternation of azoles had little effect 
on selection. However, the order of fungicides in an alternation affected epoxiconazole 
sensitivity (P = 0.008). The alternation with epoxiconazole applied at T2 selected for 
epoxiconazole resistance more than when epoxiconazole was applied at T1 (Figure 2).  

Sensitivity of treated collections
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Figure 2 EC50 values of treated (see Table 1) and untreated collections when tested against 
metconazole and epoxiconazole. LSD epoxiconazole=0.061; LSD metconazole = 
0.059. Solid arrows show comparisons of rates; dotted arrows show comparison of 
order of use in an alternation. 

CONCLUSIONS 

In this study reduced rates of fungicides, when applied either as solo products or in 
alternation, reduced selection towards lower DMI sensitivity. The order in which two 
fungicides were used in an alternation had an effect on selection. Better disease control was 
positively correlated with selection. 
The second year of experiments, with the inclusion of a treatment based on an azole/SDHI 
mixture should help to confirm or refute these preliminary results. 
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INTRODUCTION 

B. cinerea (an. Botryotinia fuckeliana) is responsible for grey mould on more than 220 hosts 
worldwide. Its populations are unanimously described as highly diverse (phenotype and 
genotype) and poorly structured, with the exception of a few factors described to discrimi-
nate subpopulations, such as the host plant, the geography at a continental scale or the sto-
rage conditions. These factors were rarely combined in a same study whereas, in agricultural 
environments, populations may undergo varied and intense selective pressures. The temporal 
dynamics of population structure was neither explored. Moreover, obsolete markers, such as 
the transposable elements boty and flipper are still actively used, whereas more powerful 
markers such as microsatellites (or SSRs) are available (Fournier et al, 2002). At last, grey 
mould was recently found to be caused by a cryptic complex composed of Botrytis cinerea 
and B. pseudocinerea, a newly delimited species naturally resistant to fenhexamid (Walker et 
al, 2011). B. cinerea is dominant in populations and acquired resistance can be selected by 
fungicide treatments. Altogether, these observations suggest that populations diversity and 
structure may have been underestimated. This work aims to understand how diversity is 
generated in agricultural landscapes and how evolutionary forces and reproduction mode 
shape B. cinerea populations. It also aims to understand how fungicides contributed to the 
global diversity and population structure with the further objective to improve anti-resistance 
strategies. 

A COMPREHENSIVE MULTI-SCALE SAMPLING 

Populations of a minimum of 20-30 individuals were collected in France by four INRA labo-
ratories, at four collection dates between 2005 and 2007, at vintage on diseased berries or in 
spring on senescent flower caps. According to B. cinerea’s life cycle, these dates are sup-
posed to frame the sexual reproduction occurring in winter. We studied the effect of (1) geo-
graphy, with populations collected in North-East (Champagne), South-West (Bordelais) and 
South-East (Provence, Alpes-Côtes d’Azur) regions, with 5-6 plots per region, (2) the crop-
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ping system, with outdoor and indoor populations, (3) the host-plant, with strains collected 
either on greenhouse tomato, grapevine, wild blackberry or litter and (4) fungicides, with 
strains collected in similar fungicide treated/untreated pairs of plots. Altogether, 3546 single 
spore isolates of B. cinerea were produced and genotyped with SSRs. Champagne strains 
were phenotyped for fungicide resistance in order to study this selection pressure locally. 

B. CINEREA POPULATIONS ARE HIGHLY STRUCTURED IN AGRICULTURAL 
LANDSCAPES 

We investigated population subdivision using the Structure program, which assign strains 
into a variable number of clusters according to their multilocus genotype. Analyses were 
performed independently for each sampling date, without predefining populations. The mode 
of the K statistic, indicating the optimal number of clusters was found to be K=5 for 3 out 
of the 4 collection dates. These clustering analyses indicated that whatever the sampling 
date, genetic variation in B. cinerea populations was structured principally according to the 
cropping system (indoor/outdoor) combined with the host plant, with geographic location 
having a much weaker effect (Figure 1). Surprisingly, three clusters were differentiated on 
grapevine. The clusters, mainly constituted of strains collected on greenhouse tomato, wild 
blackberry and grapevine were denominated INDOOR, RUBUS, VITIS1, VITIS2 and VITIS3, 
respectively. Individuals collected on litter were not assigned to a specific cluster. Some 
spillover individuals were collected on a host but assigned to a cluster dominated by another 
host. Admixed individuals could not be assigned into a specific cluster. 

B. CINEREA SUBPOPULATIONS EXHIBIT CONTRASTED CARACTERISTICS 
BUT PROVIDE INTENSE GENE FLOW BETWEEN EACH OTHER 

Figure 2 Evolution over time of the clonal fraction and the proportion of linked pairs of 
loci, indicating the reproduction mode of the five B. cinerea clusters. 

We inferred the existence of recombination within clusters from two different estimates of 
linkage disequilibrium (Figure 2). We found the highest clonal fraction in the INDOOR clus- 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Habitat- and host-specific differentiation in the multihost pathogen Botrytis cinerea ... 

 169 

Figure 1 
B. cinerea population subdivision into five genetic clusters, repeated throughout France at four distinct collection dates.SSR

 
genotyped strains w

ere assigned w
ithout a priori on their origin into five genetic clusters using the Structure program

 and a 
B

ayesian inference. Each bar represents an individual and the vertical axis represents its posterior probability to belong to a 
cluster, each of the five clusters being represented by a different colour. 
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ter, whereas clones were rare in the outdoor clusters, suggesting regular recombination. The 
measurement of proportion of linked pairs of loci over time is an indicator on when recombi-
nation occurs. For most clusters, pairs are broken during winter, which is in agreement with 
winter sexual reproduction. Only the cluster VITIS3 undergoes temporal isolation and would 
have recombination during summer. 
Spillover individuals were systematically observed, suggesting significant genotype flow 
between clusters. The intensity of gene flow between two distinct clusters was contrasted 
over time, as the effect of selective filters induced by the host (data not shown). More 
precisely, grapevine was a better source of migrants towards blackberry in spring, whereas 
blackberry emitted migrants towards grapevine mostly in autumn. Admixture flows, 
estimated after the proportion of individuals having shared membership between two 
clusters, preventing definitive assignment, were more limited than flows of first generation 
migrants (data not shown). Between-host exchanges were restricted but indicated that host-
plant adaptation was only partial. Within-host (grapevine) flows were more intense, with 
again contrasted redistribution over time of the individuals between the three VITIS clusters. 

FUNGICIDES IMPACT POPULATION NEUTRAL DIVERSITY 

To detect fungicide selection and its impact on population neutral structure, we followed 
three pairs (fungicide treated vs untreated) of plots for their genetic diversity in the 
Champagne vineyard. Clustering analyses on this dataset did not reveal any effect on 
fungicide on neutral subdivision. Diversity (measured as gene diversity), as well as the 
reproduction mode (measured as clonal richness), were similar in treated and untreated plots 
(Figure 3). Nevertheless, we observed significant differences in allelic richness and private 
allelic richness between the untreated and treated parts for two out of three locations. This is 
consistent with greater genetic drift, leading to the loss of alleles and especially the rarest 
ones, occurring in populations whose size is regularly reduced by fungicide applications. 

CONTEMPORARY FUNGICIDES SELECT FOR RESISTANCE IN 
POPULATIONS 

We performed the systematic identification of resistance profile for the 1016 strains collec-
ted at four different dates, in order to obtain an accurate overview of resistance status in our 
study sites. We observed significant numbers of resistant strains for phenotypes (Ben, Imi) 
selected by ancient fungicides (benzimidazoles, dicarboximides) and for multidrug resistant 
phenotypes (MDR1, MDR2), under contemporary selective pressure. As expected, resistance 
frequency was significantly higher in treated plots but only for loci under contemporary 
selection (Figure 4). Interestingly, resistance frequency decreases in all locations for the four 
loci, probably as the combined effect of winter migration and of negative selective pressure.  

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Habitat- and host-specific differentiation in the multihost pathogen Botrytis cinerea ... 

 171 

Figure 3 Evolution over time of diversity and recombination indexes in Botrytis cinerea 
populations from three Champagne locations with untreated (white circles) and 
treated (black squares) plots. 

Figure 4 Evolution of resistance over time in untreated (white circles) or treated (black 
squares) field populations of Botrytis cinerea. 
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Fungicide selection was also demonstrated by the detection of clines (patterns of resistance 
organized spatially as a gradient between the treated and the untreated plots; data not 
shown), especially at vintage for loci under contemporary selection. The resistance 
frequencies can also be used to model the evolution of these traits over years and then 
provide estimations of the magnitude of the evolutionary forces at work in vineyards (e.g. 
migration, positive selection, negative selection of resistance cost; data not shown). 

CONCLUSION 

Population genetics tools provide new insights into B. cinerea population dynamics. B. cine-
rea populations are highly diverse but also deeply structured by the combined action of the 
host plant and the cropping system. Fine subdivision was also observed on grapevine as the 
expression of very fine local adaptation. Reproduction mode is contrasted in indoor vs out-
door populations, some of which may undergo temporal isolation. Fungicides may shape 
populations while inducing regular bottlenecks favouring the effect of genetic drift. Resis-
tance frequency evolution over time reveals intense selection during the growing season 
which is counterbalanced by migration and resistance cost during winter. The comprehensive 
understanding of population dynamics and population genetics is of great interest to improve 
disease management (for example, the manipulation of gene flow via prophylaxis measures) 
and to produce tailor-made anti-resistance strategies (for example, optimization of fungicides 
alternation or mixture). 
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ABSTRACT 

Since the year 2000 in Southern Brazil, isolates of Monilinia fructicola, the causal agent of 
brown rot disease in peaches, have been tested for resistance to demethylation inhibitior 
fungicides (DMIs) such as tebuconazole. In the last few years, the lack of baseline sensitivity 
data for this fungicide in Brazil has made our studies reliant on information generated in the 
United States. The aim of this study was to describe propable shifts in the sensitivity of 
isolates towards tebuconazole recovered from Southern Brazilian peach orchards and to 
update the knowledge on the frequency of less sensitive strains based on local baseline 
sensitivity information. For isolates collected from 2009 to 2011, a reduction in the 
frequency of isolates with reduced DMI sensitivity was observed since the last survey. In 
Southern Brazilian States, the actual frequency of strains with EC50 values above the 
baseline of 0.04 μg/ml was 44.2%, with São Paulo being the State with isolates showing the 
highest EC50 values in comparison to Paraná and Rio Grande do Sul. 
Key-words: baseline sensitivity, brown rot, discriminatory dose, EC50, sensitivity 
segregation 

INTRODUCTION 

In Brazil, brown rot disease is caused by M. fructicola (Bleicher 1997). The control of this 
disease is heavily dependent on fungicide applications (May De Mio et al. 2008) and, in 
most cases, associated with cultural practices that start in winter to target the primary 
infections ( ). According to May De Mio et al. (2011) the number of 
applications per season may vary, depending on location and environmental conditions. The 
number of sprays can reach 8 applications in Rio Grande do Sul (Tibola et al. 2005), 10 in 
Paraná (May De Mio et al. 2008) and up to 15 in São Paulo (May De Mio et al. 2011). With 
such a number of sprays, it is difficult to determine how many are performed with 
tebuconazole. Silva et al. (2011) reported that 12 out of 20 peach growers confirmed the use 
of tebuconazole to control M. fructicola in Rio Grande do Sul State. Resistance of M. 
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fructicola for tebuconazole in Southern Brazil was reported by May De Mio et al. (2011), 
and since then resistance management and field monitoring became critical for maintaining 
less sensitive populations at low rates. At this occasion, growers commonly mentioned 
failure in M. fructicola control by tebuconazole (May De Mio, personal communication). 
The objectives of this study were (a) to assess the frequency of M. fructicola isolates with 
EC50 values above the tebuconazole baseline of 0.04 μg/ml, and (b) to determine the 
distribution of tebuconazole EC50 values of M. fructicola populations. 

MATERIALS AND METHODS 

A total of 295 isolates of M. fructicola were obtained from symptomatic and mummified 
peach fruits collected in the States of São Paulo (SP), Paraná (PR) and Rio Grande do Sul 
(RS), Brazil, during 2009 to 2011. Single-spores isolates were cultured in full strength 
acidified potato dextrose agar (APDA: PDA plus 2.5 ml of lactic acid at 25% [w/v], Hi-
Media Laboratories, Mumbai) and incubated for 4 days at 22oC with 12 hours light regime. 
A 4-mm mycelial plug was used as a start inoculum by transferring from the colony edge to 
fresh fungicide amended media. Tebuconazole stock solution was prepared by dissolving the 
commercial product Folicur 200 EC (Bayer S.A., 200 g a.i./l) in 100% ethanol to obtain 
concentrations of 10 and 100 mg a.i./ml. 
The frequency of M. fructicola resistance to tebuconazole was determined by two different 
approaches. First, the 295 isolates were tested for relative growth under the discriminatory 
dose (Russell 2004), a method previously used for M. fructicola resistance studies with the 
DMI propiconazole (Amiri et al. 2009, Cox et al. 2007). The second approach utilized EC50 
values, determined for 120 selected isolates. Data was taken by averaging two perpendicular 
diameters of colony growth after 5 days incubation at 22oC with a 12 hours light regime and 
subtracting the 5 mm of the inoculum plug. 
For studying relative growth, tebuconazole stock solution was added to APDA at 45oC after 
sterilization to a final concentration of 0.3 μg/ml (discriminatory dose determined for 
propiconazole by Cox et al. 2007). Inoculum was placed into the tebuconazole amended and 
unamended APDA media, performing three repetitions for each sample. The percentage of 
culture growth in amended media was recorded and expressed as a percentage of its growth 
in unamended media. Less sensitive isolates for tebuconazole were defined as those with at 
least 50% of the growth recorded in unamended media. The EC50 value was determined for 
tebuconazole amended media at concentrations of 0, 0.01, 0.04, 0.16, 0.64, 2.56 and 10.24 
μg/ml. The EC50 results allowed us to segregate sensitivity in two different ways; one as 
performed by the approach of May De Mio et al. (2011), where an isolate of M. fructicola 
was considered resistant when its EC50 value was greater than 0.3 μg/ml, and the other one 
was based on a baseline value of 0.04 μg/ml as reported by May De Mio et al. (2011) for 
isolates from Southern Brazil without tebuconazole sprays. Two repetitions for each isolate 
were prepared per concentration. Tebuconazole EC50 values were calculated from the 
corresponding regression equation for each isolate where the regression coefficient was 
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significant at p-value < 0.05. Arithmetric means of EC50 values were calculated separately 
by origin, and statistical differences were verified using the student’s t-test at 5% probability. 
The statistical software R (version 2.15.1) was used for data analysis. 

RESULTS 

In Southern Brazil, the overall frequency of M. fructicola isolates not controlled with a 
discriminatory dose of 0.3 μg/ml, calculated via relative growth, was 18.3%; less sensitive 
isolates from SP, PR and RS had frequencies of 37.3%, 5.3%, and 2.7%, respectively (Figure 
1A). When frequencies were calculated by the EC50 according to May De Mio et al. (2011), 
in Southern Brazil less sensitive isolates were determined to be 8.3%, with 20% in SP and 
3.1% in PR. No isolates were found in RS with EC50 values above the established criteria for 
sensitivity segregation used by May De Mio et al. (2011) (Figure 1B). When the mean base-
line value of 0.04 μg/ml was used to segregate sensitivity among the M. fructicola popu-
lation, an overall frequency of 44.2% was found for less sensitive isolates, and SP, PR, and 
RS represented 73.3%, 28.1%, and 25.6% of the tested isolates, respectively (Figure 1C). 

Figure 1 Frequency distribution of M. fructicola sensitivity to tebuconazole (for isolates 
collected from 2009 to 2011) based on Relative Growth at 0.3 μg/ml (A), EC50 
using 0.3 μg/ml as discriminatory dose (B), and EC50 using the baseline value of 
0.04 μg/ml. SP = São Paulo, PR = Paraná, and RS = Rio Grande do Sul, R = 
Resistant (less sensitive), S = Sensitive, entire values means the sample size and 
values in between parentheses means percentage [n (%)]. 

The regression analysis was significant at a 5% probability (data not shown). The results for 
120 isolates revealed EC50 values ranging from 2.78 10-5 to 1.16 μg/ml (Figure 2A). The 
EC50 value distribution observed for SP, PR, and RS isolates ranged from 0.0044 to 1.164 
μg/ml for SP, 2.78 10-5 to 0.481 μg/ml for PR, and 6.02 10-4 to 0.116 μg/ml for RS (Figure 
2B and Table 1). The mean EC50 value obtained in SP (0.182 μg/ml) was higher (p<0.0001) 
as determined for isolates collected in PR (0.054 μg/ml) and RS (0.027 μg/ml). No 
significant differences (p=0.332) were found among mean EC50 values of isolates from PR 
and RS (Table 1). 
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Figure 2 Distribution of tebuconazole EC50 values of M. fructicola isolates from Southern 
Brazil, comparing actual survey (2009–2011) to previous surveys (2000-2004 and 
2005-2008) (A), and São Paulo, Paraná and Rio Grande do Sul States for samples 
collected from 2009 to 2011 (B). SP = São Paulo, PR = Paraná, RS = Rio Grande 
do Sul. 

Table 1. EC50 values (means and range) to tebuconazole in M. fructicola populations (2009 until 
2011) from São Paulo (SP), Paraná (PR) and Rio Grande do Sul (RS). 

SP PR RS
SP 45 0.1820 μg/mL < 0.0001 < 0.0001 0.0044 - 1.1643
PR 32 - 0.0535 μg/mL 0.3324 2.78 10-5 - 0.4804
RS 43 - - 0.0267 μg/mL 6.02 10-4 - 0.1160

Origin n
Mean EC50 values (μg/mL) and p -value between states Range EC50

(μg/mL)

DISCUSSION 

The three approaches for assessing sensitivity as shown in this study cannot be compared to 
each other, because they were based on different criteria found in the literature to calculate 
sensitivity segregation. The frequency of less sensitive M. fructicola isolates in the Southern 
States of Brazil has decreased since the last survey, performed with isolates recovered from 
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2005 until 2008 by May De Mio et al. (2011). According to May De Mio et al. (2011), a 
total resistance frequency of 15.8% was reported for the Southern Brazilian States, including 
Santa Catarina state (SC), which was not surveyed in the present study. A reasonable 
explanation for this decrease is that there were changes to the brown rot fungicide 
management programs followed by peach growers in these areas. In SP, sprays of 
azoxystrobin have increased in order to prevent peach rust (caused by Tranzschelia discolor) 
while brown rot has been given secondary importance. In PR and RS, the usage of 

May De Mio 2009). Similarly, in the study of May De Mio et al. (2011), SP showed the 
highest mean EC50 value when compared with those of isolates from PR and RS. High 

2008) and the warmer average temperatures in this region in comparison to PR and RS are 
the most probable causes for the observed differences. In future studies, it is desired to test 
the stability for M. fructicola sensitivity in the absence of tebuconazole in order to 
understand the sensitivity shifts observed since the last survey. 
Different methods in calculating the relative growth of isolates have been reported in order 
to segregate M. fructicola sensitivity based on a discriminatory dose (Russell 2004, Amiri et 
al. 2008, Villani et al. 2011). The discriminatory dose for tebuconazole in M. fructicola is 
still unknown and difficult to determine due to the constant shift of sensibility for this 
fungicide and the absence of an isolate collection from fields with disease control failures. 
Despite the fact, that EC50 values are more suitable for sensitivity surveys, the determination 
of a specific discriminatory dose for tebuconazole and isolates from fields originating from 
Southern Brazil where control of brown rot has failed should be considered to allow a fast 
screening of less sensitive isolates. 
In the last few years, due to the absence of baseline data for tebuconazole and Brazilian 
isolates, propiconazole sensivity information has been used to elucidate aspects of 
tebuconazole resistance, since both compounds belong to the group of DMI fungicides. 
However, differences in propiconazole baseline studies for M. fructicola were found within 
the United States by different authors (  et al. 1999, Yoshimura et 
al. 2004). They demonstrated that the environment has greater influence on the population 
sensitivity of M. fructicola than other factors. The mean EC50 value of 0.04 μg/ml was found 
for M. fructicola baseline population, sampled from 2000 to 2004 in PR, RS, and SC states 
(May De Mio et al. 2011). Considering that tebuconazole was first registered in 2005 for 
peach disease control in the Southern States of Brazil, it is recommended to use the mean 
value of 0.04 μg/ml in future M. fructicola sensitivity surveys in Brazil. 
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ABSTRACT 

Wheat powdery mildew developed two phenotypes with a lower sensitivity to metrafenone 
compared to the baseline sensitivity: moderately adapted isolates which are still controlled 
by practical field rates and slightly increased in the last years and resistant isolates which are 
not fully controlled by field rates and are rarely found. Studies on competitiveness showed 
higher fitness of the sensitive phenotype and it can be assumed that resistance is 
accompanied with fitness penalties. For barley and grape powdery mildew only single cases 
of metrafenone resistance had been found which even disappeared in monitorings the year 
after. For cucurbit powdery mildew no metrafenone resistance has been identified so far. 

INTRODUCTION 

Metrafenone is a fungicide registered for control of powdery mildews in different crops and 
eyespot in cereals. It has a unique mode of action but the biochemical mode of action is not 
fully elucidated. Morphological studies showed that metrafenone reduced germination of 
spores, blocked appressoria formation, strongly reduced sporulation and caused 
abnormalities in hyphal growth and malformation of conidiophores (Opalski et al. 2006). 
Cereal and cucurbit powdery mildews are classified by the Fungicide Resistance Action 
Committee (FRAC) as pathogens with a high risk of developing resistance to fungicides. 
Indeed, these pathogens have characteristics which support rapid adaptation such as their 
relatively short generation time, the production of large amounts of conidia over the whole 
season and their airborne spread. Wheat powdery mildew and cucurbit powdery mildew 
developed resistance towards different fungicidal modes of action in the past, such as QoI 
fungicides. The resistance risk of barley powdery mildew and grape powdery mildew is seen 
to be lower, which is confirmed by the development and current status of resistance to 
different modes of action in the field. 
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MATERIALS AND METHODS 

Sensitivity studies with wheat powdery mildew 
Sensitivity tests were carried out by the firm Epilogic, as previously described (Felsenstein 
1991; Felsenstein 1994; Felsenstein et al. 2010; www.frac.info). Spores of Blumeria 
graminis f.sp. tritici were randomly trapped in the most important European cereal growing 
regions and isolates from each region were analysed regarding their sensitivity to 
metrafenone with discriminatory doses of metrafenone (0.02 and 0.08 mgl-1). The formulated 
product Flexity (300 g metrafenone l-1) was used. Isolates, which were not fully inhibited by 
these concentrations, were retested with a range of concentrations (0.00, 0.01, 0.02, 0.04, 
0.08, 0.16, 0.32, 0.64, 1.28, 2.56, 5.12, 10.24 mgl-1) to determine their EC50 values. Two 
strains isolated in the 1970s, possessing wild-type sensitivity towards all modern active 
compounds, served as sensitive reference strains. Three phenotypes regarding metrafenone 
sensitivity could be determined: sensitive (EC50 < 0.02 mgl-1), moderately adapted (EC50: 
0.1- 0.5 mgl-1) and resistant (EC50 >10 mgl-1) to metrafenone. 
Glasshouse trials were performed with 10-day-old wheat plants (variety “Riband”, 18 seeds 
per pot with 8 cm diameter). They were sprayed in a spray chamber with 1/9, 1/3 and full 
registered field rate (17, 50 and 150 g a.i.ha-1) of Flexity (300 g metrafenone l-1). The spray 
volume in this spray chamber corresponded to 400 l water ha-1, which was equivalent to 
concentrations of 42, 125, 375 mg a.i.l-1. The plants were treated in a preventive and curative 
fashion, respectively, for several days. Plants were inoculated with sensitive reference 
isolates, moderately adapted and resistant isolates. After inoculation, plants were incubated 7 
days at 18 °C and disease was rated in % diseased leaf area on the first two leaves. Three 
replications (pots) per concentration and isolate were carried out. 
Spores from lesions on plants untreated and treated with lower (1/9 and 1/3) rates were used 
as inoculum on untreated leaves in order to analyse the vitality of spores from sensitive, 
moderately adapted and resistant isolates with and without exposure to metrafenone. Leaves 
were incubated and evaluated as described above. 
Competitive fitness of sensitive, moderately adapted and resistant isolates tests were tested 
by competitive cultivation of two isolates classified as sensitive and moderately adapted or 
of two isolates classified as sensitive and resistant on untreated wheat leaves. Spores were 
harvested after 1 week and used again as inoculum. From an aliquot of the spores DNA was 
extracted and analysed for frequency of metrafenone moderately adapted or resistant 
isolates. As genetic marker the G143A mutation in the cytochrome b gene served, which was 
present in the metrafenone adapted isolates but not in the metrafenone sensitive isolate.  

Sensitivity monitoring of other powdery mildews 
Sensitivity of barley powdery mildew (Blumeria graminis f.sp. hordei) to metrafenone was 
evaluated with the same method as used for wheat powdery mildew just using barley leaves 
instead. 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Resistance management of metrafenone in powdery mildews 

 181 

Sensitivity of grape powdery mildew (Erysiphe necator) was determined by detached leaf 
tests using a discriminatory dose of 10 mgl-1. This concentration was evaluated in previous 
baseline studies to be appropriate for detection of isolates with an “outside the baseline 
sensitivity”. Monitoring tests were done by Epilogic according to the method described in 
the “FRAC Monitoring Methods” available on the FRAC web page (www.frac.info). 
Cucurbit powdery mildew samples (containing Podosphaera xanthii or Golovinomyces 
cichoracearum) were analysed for metrafenone sensitivity by an in vivo test method using 
leaf discs treated with various concentrations of metrafenone (0.03, 0.1, 0.3, 1, 3, 10, 30, 100 
mgl-1). Discs were placed onto the surface of 1% water agar + 40 mgl-1 benzimidazole + 30 
mgl-1 streptomycin in petri dishes and were inoculated with spores of the samples 1 day after 
treatment, incubated at 23°C 12 h dark/12 h light and evaluated 7 to 10 days after inoculation 
for diseased leaf area. EC50 values ranged between 0.1 to 3 mgl-1 and complete inhibition 
was achieved with 10 mgl-1, which is therefore an appropriate discriminatory dose. 

RESULTS AND DISCUSSION 

Wheat powdery mildew 
Three different sensitivity phenotypes were identified for wheat powdery mildew (Figure 1), 
those with wild type sensitivity (EC50 <0.02 mgl-1), moderately adapted isolates (EC50=0.1-
0.5 mgl-1) and resistant isolates (>10 mgl-1). Sensitive reference isolates were completely 
inhibited at 1/3 of the registered dose rate at any application time point (2 days preventive as 
well as 2 days curative treatment scheme) and also moderately adapted strains were 
controlled well at full rate in any trial lay-out. A strain classified as resistant showed a 
decreased response to increasing fungicide concentrations and was not completely controlled 
even at high dose rates (Figure 2). 
Spores from the 3-day curative trial derived from lesions of untreated leaves and from leaves 
treated with 1/9 rate (for sensitive isolates) or 1/3 rate (for moderately adapted isolates and 
resistant isolate) were used as inoculum to investigate the viability of spores from treated 
leaves. The results indicate that the spores from treated leaves infected with the sensitive and 
moderately adapted isolates cannot infect untreated leaves, while spores from treated leaves 
infected with the resistant isolate are able to infect untreated leaves (Table 1). 
Frequency of moderately adapted isolates slightly increased from 2009 to 2012 (up to 25%) 
but resistant isolates remained at low frequency (~1%), despite their high resistance levels 
(Figure 3). Competition trials, where sensitive, moderately adapted and resistant isolates 
were mixed in various constellations and grown for several cycles on untreated wheat leaves, 
showed that the sensitive isolates dominated after several transfers in mixtures with 
moderately adapted or resistant isolates (Figure 4). The findings on the frequency 
development of less sensitive strains over Europe and the competition experiments indicate 
fitness penalties for the moderately adapted and resistant phenotypes. 
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Figure 1 Inhibition curves of a sensitive, moderately adapted and resistant isolate of wheat 
powdery mildew in detached leaf assay. 

Figure 2 Preventive and curative activity of metrafenone on isolates of wheat powdery 
mildew with different sensitivities to metrafenone. Three sensitive isolates 
(labeled with squares), 1 moderately adapted isolate (triangle) and 1 resistant 
isolate (rhombus) were included. All three sensitive isolates were nearly 
completely inhibited at lowest concentration and share therefore the same lines. 
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Table 1 Capability of infection of spores from different isolates taken from metrafenone-
treated leaves. Spores of sensitive and moderately adapted isolates from treated 
leaves were not able to infect untreated leaves. Spores of a resistant isolate from 
treated leaves infected untreated leaves. Spores of all isolates from untreated 
leaves infected untreated leaves (+ = spores infected untreated leaves, - = spores 
did not infect untreated leaves). 

Origin of spores Sensitive isolate Moderately adapted isolate Resistant isolate 

Spores from untreated leaves + + +

Spores from treated leaves* - - +
* Spores taken from 1/9 reg. rate for sensitive and 1/3 reg. rate for moderately adapted and resistant isolate.

Figure 3 Frequency of metrafenone moderately adapted and resistant isolates of wheat 
powdery mildew in Europe from 2008 to 2012. 

Figure 4 Competitive growth of sensitive (2480), moderately adapted (2539 or 2543) and 
resistant (2538 or 2555) isolates on untreated leaves for 4 cycles. Moderately 
adapted and resistant isolates contained G143A in cytochrome b, which was used 
as marker and detected by qPCR. “Start”= initial suspension value. Curves show 
high values for single isolates 2539, 2543, 2538 and 2555. Four curves of the 
mixtures 2480+2538, 2480+2555, 2480+2539 and 2480+2538 showed decreasing 
tendency (MFN = metrafenone). Curve at the bottom represents the sensitive 
isolate without G143A mutation. 
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Other powdery mildews 
European sensitivity monitoring studies for barley powdery mildew showed no adaptation to 
metrafenone up to now (last monitoring data from 2012) besides 1 isolate (out of 75) with 
metrafenone resistance which was found in 2010. In the years afterwards (2011, 2012) no 
isolates with a moderately adapted or resistant phenotype has been found again. 
The situation for grape powdery mildew is similar: only 1 strain (out of 160) with a resistant 
phenotype had been detected in 2010 but not in the year after. Resistance of this strain 
decreased rapidly after several transfers indicating that adaptation was not stable or that the 
strain was a mix of sensitive and adapted isolates, and that the sensitive isolates dominated 
the population more and more during propagation steps. The hypothesis is that without 
selection pressure the sensitive isolates show a higher fitness than the resistant one as it has 
been also found for wheat powdery mildew. In 2012, a single isolate (out of 170) with a 
resistant phenotype was detected again, which is currently under further investigation. 
All strains included in the cucurbit powdery mildew sensitivity monitoring studies from the 
last years (last monitoring done in 2012) were sensitive to metrafenone.  
After several years of market introduction and use of metrafenone for control of powdery 
mildews in barley, grapes and cucurbits the sensitivity situation is still favourable. Only 
single isolates with metrafenone resistance could be found, which indicates that a 
mechanism for resistance is possible. However, the fact that such isolates were not detected 
in the subsequent years after and that the very low frequency did not increase so far could 
indicate that fitness penalties are accompanied with the metrafenone resistance mechanism 
and that the resistance management strategies implemented in these crops are successful.  
Sensitivity monitoring on the above mentioned pathogens will continue and management 
strategies will be adapted in case resistance isolates occur in higher frequencies. 
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INTRODUCTION 

In order to explore resistance development potential and to decipher possible resistance 
mechanisms in support of new active ingredients research, our lab has developed a wide 
panel of forward and reverse genetics methodologies in the plant pathogen Mycosphaerella 
graminicola.  
To identify the genetic factors involved in decreased sensitivity to a new active ingredient, 
different genetic approaches like sequencing of presumed target genes or the generation of a 
mapping population can be undertaken. In this contribution we show that full genome 
sequencing of artificial mutants can be used for the fast identification of putative resistance 
factors without the need of generating a mapping population. 

METHODS 

Genetic diversity is imposed on Mycosphaerella graminicola wild-type strain (IPO 323) by 
chemical or UV mutagenic treatment. In this example, plates with 1x108 spores were treated 
with UV light (75 mJ cm-2) using a UV Stratalinker 2400. Under these conditions UV 
treatment led to a spore lethality of 80% in the absence of AI and to a frequency of resistance 
of 6.5x10-8 in the presence of the AI. After 14 days incubation at 20°C in the dark, growing 
colonies were purified twice on selection media before phenotypic and genotypic 
characterization. Four resistant mutants presenting similar phenotypes and the original WT 
strain were selected for DNA extraction using a spermidine buffer/phenol/chloroform 
purification method. Full genome sequencing of the 5 strains was done on an Illumina GAIIx 
platform (54 cycles paired end (300 bp inserts)), leading to an overall 70x genome coverage 
per strain. SNP analysis was performed after alignment of the reads onto the reference 
genome sequence (http://genome.jgi-psf.org/Mycgr3/Mycgr3.home.html). 
Resistance mechanism validation was done by homologous recombination using an 
Agrobacterium tumefaciens mediated transformation procedure. In order to facilitate the 
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clonings of the 3 fragments (2 flanking regions and 1 selection cassette) necessary for 
targeted mutation introduction into the genomes of the WT and R strains, a generic MultiSite 
Gateway® (Invitrogen) cassette was introduced into our binary transformation vector.  

RESULTS AND DISCUSSION 

The four mutagenized strains were displaying ~100 high confident SNPs per strain whereas 
only 7 SNPs could be identified in the original non-mutagenized reference strain. This shows 
the very high quality of the reference genome sequence and enabled identification of UV-
induced mutations in genetic loci of the resistant strains. Strikingly, a same gene was 
affected in all 4 resistant strains. The mutations resulted in frameshifts and / or premature 
stop codons within the coding sequence. This strongly suggested that resistance was 
conferred by loss of function mutations in this gene in the four mutants. Overall, similar 
genetic positioning of SNPs across multiple isolates is highly suspicious since the mutagenic 
treatment introduced only one mutation every 400 kb on average (Figure 1). 

Figure 1 
Based on comparison to the WT genome, 
it is possible to identify the genetic loci 
commonly affected in the resistant strains. 
In this example, loss of function mutations 
could be detected in the same gene in 
all mutants (see emphasized rectangle).

Reciprocal transformations were performed to validate the resistance mechanisms. The R 
allele was replaced by a WT copy in a UV strain and the WT copy was replaced by a 
mutated allele in the WT strain (Figure 2). Besides resistance, these loss of function 
mutations also conferred a visible phenotype (shorter and thicker spores). 

Figure 2 Expression vectors and picture of spore phenotypes after transformation 
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ABSTRACT 

The Mode of Action of SDHI fungicides is the inhibition of succinate dehydrogenase. 
Different target site mutations have been found in laboratory mutants and field isolates of 
various fungal species. A diverse picture is seen regarding the effects of these mutations on 
the sensitivity towards various SDHIs in various pathogens and regarding cross resistance. 
Some mutations cause a loss of sensitivity to all currently commercialized SDHIs, but there 
are also mutations where no complete cross resistance can be found. Therefore it can be 
stated that cross resistance between SDHIs exists in general, but phenotypical exceptions are 
observed. 

MODE OF ACTION OF SDHIS 

Succinate dehydrogenase inhibitors (SDHIs) are potent inhibitors of succinate 
dehydrogenase (SDH), a crucial enzyme in the mitochondrial respiratory chain and Krebs 
cycle. SDH consists of four subunits (A, B, C, D), i.e. a hydrophilic flavoprotein (A), an iron 
sulfur protein (B) and two lipophilic transmembrane subunits (C and D) which are necessary 
to anchor the protein to the mitochondrial membrane. Inhibitors of SDH act via the 
ubiquinone binding site formed by the subunits B, C and D. Inhibition of this enzyme causes 
a rapid decrease of cellular ATP levels, thus enabling antifungal compounds to exert highly 
effective and selective control of fungi. 

RESISTANCE MECHANISMS TO SDHI 

With investigations of SDHI resistance moving forward, a complex picture is forming. 
Several mutations in the target protein at different positions in three SDH subunits B, C and 
D were detected in field isolates of some plant pathogens such as Botrytis cinerea (Stammler 
et al. 2007, Veloukas et al. 2011), Corynespora cassiicola (Miyamoto et al. 2010a), 
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Alternaria alternata  Alternaria solani (Miles et al. 2013), 
Didymella bryoniae (Avenot et al. 2012, Fernandez-Ortuno et al. 2012), Podosphaera 
xanthii (Miyamoto et al. 2010b), Sclerotinia sclerotiorum (Glaettli et al. 2009) and in 
laboratory mutants of Mycosphaerella graminicola (Skinner et al. 1998, Stammler et al. 
2010, Fraaije et al. 2012, Scalliet et al. 2012). Different mutations were found at one 
location (e.g. B-P225L/F/T or B-H272Y/R/L/V in B. cinerea), and at different locations in 
different subunits (e.g. B-H277Y, C-H134R, D-H133R in A. alternata).  

Table 1 List of cases of SDHI resistant fungal plant pathogens (after FRAC web page, 
updated, status July 2013) 

Species name Reported from 
host 

Origin Resistance mechanism 
(Subunit-mutation) 

Ustilago maydis (Laboratory) Lab B-H257L 
Aspergillus oryzae (Laboratory) Lab  B-H249Y/L/N, C-T90I, D-D124E 
Mycosphaerella 
graminicola 

(Laboratory) Lab  B-H267Y/R/L, B-I269V, C-H152R, C-T79I, C-
N86K, C-G90R, D-H129E, and several others 

Mycosphaerella 
graminicola 

Wheat Field C-T79N 

Pyrenophora teres Barley Field B-H277Y 
Botrytis cinerea Different hosts Lab, 

Field 
B-P225L/T/F, B-H272Y/R/L/V, B-N230I, D-
H132R, C-A85V 

Botrytis elliptica Lillies Field B-H272Y/R 
Alternaria alternata Pistachio Field B-H277Y/R, C-H134R, D-D123E, D-H133R 
Alternaria solani Potatoes Field B-H277Y/R, D-H133R 
Corynespora cassiicola Cucurbits Field B-H287Y/R, C-S73P, D-S89P 
Didymella bryoniae Cucurbits Field B-H277R/Y 
Podosphaera xanthii Cucurbits Field B-H->Y (homologous to H272 in Bc, H267 in Mg 

etc.) 
Sclerotinia sclerotiorum Oilseed rape Field D-H132R 
Stemphylium botryosum Asparagus Field B-P225L, H272Y/R 

Some amino acid exchanges are part of the binding site with explainable effects on SDHI 
binding, e.g. B-H272-exchanges in B. cinerea with the effect of the loss of an H-bond, but 
some exchanges are so far away from the binding site that a direct influence on SDHI 
binding can be excluded (Figure 1). The impact of the mutation on the resistance level is not 
correlated with its proximity to the binding site and exchanges even at one position can 
cause different resistance factors to various SDHIs (e.g. B-H272Y/R/L/V in B. cinerea).  
This diversity of mutations complicates the development of genetic assays and interpretation 
of sensitivity findings in an unprecedented manner. There are mutations with amino acid 
exchanges leading to more or less complete resistance to all SDHIs but some exchanges have 
also been detected which affect sensitivity to different SDHIs differently. Mutations at 
homologous sites may even have different effects in different fungal species (e.g. mutations 
at P220 in M. graminicola and at the homologous site P225 in B. cinerea as described by 
Scalliet et al. 2012). 
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Figure 1 Localisation of various mutation sites where in laboratory mutants of M. 
graminicola. Modelling was made with the x-ray structure of Gallus gallus and 
the gene sequence of M. graminicola. Homologous sites where mutations have 
been found are given for some other species in brackets. 

Nevertheless an approach is made to estimate the effect of specific mutations towards 
various fungicides (Table 2). Table 2 provides a generalization of effects of some mutations 
shown on different SDHIs and represents a common overview of the outcome of many 
sensitivity tests, ex vivo using petri dish assays, microtiter tests, spore germination tests and 
in vivo with fruit infections (Figure 2), detached leaf tests and greenhouse tests with various 
pathogens. is These data show that for some mutations a general cross resistance can be 
postulated (even if the effects may be somewhat different), but that there are exceptions 
where no cross resistance seems to be present. The usage of specific SDHIs for disease 
control might also influence which mutation will occur in various fungal species. Variability 
in the frequency of mutations is therefore not only a result of the fungal species but also of 
the use of various SDHIs (Figure 3). 
The high number of mutations which cause SDHI resistance complicates the development of 
genetic assays for sensitivity monitoring. Different SNPs can occur in a specific codon, but 
also different codons in different genes (SDH-B, SDH-C, SDH-D) can cause SDHI 
resistance. It can also be expected that combinations of mutations might occur under high 
selection pressure. A further complicating and uncertain factor is the occurrence of 
mutations in field isolates. The key question is: Which mutation(s) will occur in the field 
under selection pressure of different SDHIs? A number of different mutations have been 
described for laboratory mutants of M. graminicola (Skinner et al. 1998, Stammler et al. 
2010, Fraaije et al. 2012, Scalliet et al. 2012) but the first mutation reported for field isolates 
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Table 2 Effects of different mutations found in different species (1B. cinerea; 2M. 
graminicola, lab mutants; 3other species) on various SDHIs (A-J). Estimations 
were done by microtiter and in vivo assays. Data show that some mutations have 
strong effects on all SDHIs, while others have more selective effects. High: 
significant sensitivity reduction; Mod: moderate sensitivity reduction; Low: minor 
effects, but outside baseline sensitivity; No: no sensitivity reduction; nt: not tested. 

SDHI 

Mutation A B C D E F G H I J 

B-P225F/L1  High High High High High High High High High High 

B-H272R1 
Mod-
high Low Low Low Low No Mod Low Mod Low 

B-H272Y1,2,3 High Mod Mod Mod Mod No High Mod Mod Mod 

B-H272L/V1 High High High High High High High High High High 

C-H134R3 High High High High High High High High nt nt 

D-H132R3 Mod Mod Mod-
high Mod Mod-

high Mod Low Mod nt nt 

C-H152R2 High High High High High Mod-
High High High low High 

C-N86K2  
C-N87K1 

High High High High High High High High low High 

B-I269V2  
B-I274V1  

Low Low Low Low Low Mod-
high Low Low Mod Low 

C-A85V1 No No No No nt High nt No Mod No 

Figure 2 Infection of tomato fruits with four different strains of B. cinerea (with B-H27Y, 
B-H27V, B-P225F and C-A85V) on untreated cherry tomatoes, and treated with 
two different SDHIs. Cross resistance for these 2 SDHIs is found for B-H272V 
and B-P225F but not for B-H272Y and C-A85V. 
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Figure 3 Selection of B. cinerea strains with B-H272Y and B-P225L by two SDHIs in a 
strawberry trial with 4 applications and sampling after last application. Analysis 
was done by pyrosequencing.  

of M. graminicola was not described in lab mutants: C-T79N (own data, www.frac.info). 
Therefore it is advisable to monitor SDHI sensitivity with in vivo or in vitro assays and in 
case of reduced sensitivity to identify the responsible mutations in the target gene in a 
number of isolates. If nearly all resistant field isolates carry a limited number of mutations, 
genetic assays can be developed, as it has been done for B. cinerea in various crops or 
Stemphylium spp. in asparagus, where mainly the codons for amino acids 225 and 272 are of 
interest for SDHI sensitivity (own, unpublished data). Main SDHI selection pressure in the 
last years has been caused by a limited number of SDHIs. Nowadays, however with the 
launch of new SDHIs, frequency of mutations might change or even other, so far not 
detected and unknown mutations or combinations of mutations might occur. Therefore 
concomitant “classical” sensitivity tests should be run in monitoring programs at least for a 
number of isolates and from time to time in order to ensure that established genetic assays 
are still valid, i.e. that the “right” codons are analyzed and new SNPs are added to the 
spectrum of monitored mutations. 
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INTRODUCTION 

Respiration inhibitor fungicides are widely used to control fungal diseases on multiple crops. 
The succinate dehydrogenase inhibitors (SDHIs), or carboxamides, are among the latest 
introduced molecules against the grey mold agent Botrytis cinerea on grapevine and are 
represented mostly by boscalid (pyridine carboxamides) and soon by fluopyram 
(benzamides). We have recently isolated from grapevine and characterized B. cinerea field 
strains resistant to the SDHIs. These resistant strains (phenotypes CarR1 to CarR6) exhibit 
moderate to high resistance towards boscalid. Cross-resistance between sub-chemistries of 
SDHIs is not systematic in the various phenotypes. Especially, the CarR1 and CarR2 
phenotypes, which are also the most frequent in field populations, are hypersusceptible or 
susceptible to benzamide carboxamides, including fluopyram, whereas the other phenotypes 
exhibit cross-resistance. Most of the strains harbor one single mutation in the succinate 
dehydrogenase subunit B gene, sdhB (Leroux et al, 2010) affecting the ubiquinone-binding 
pocket. These mutations (7 in total) affect the second and third iron-sulphur clusters of the 
SDHB protein, at loci 225, 230 and 272, respectively. The aim of this study was to 
demonstrate that target alteration is the main resistance mechanism in B. cinerea and to 
evaluate the impact of each mutation on SDH- and respiratory activity and inhibition by 
SDHIs from different chemistries. We also analyzed several parameters of B. cinerea’s life 
cycle to assess the fitness cost associated with the resistance mutation. 
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ALL IDENTIFIED MUTATIONS ON SDHB CONFER RESISTANCE TO AT 
LEAST ONE CATEGORY OF SDHIS 

The mutations sdhBH272Y/R/L, sdhBN230I and sdhBP225T/L/F were introduced into a B. cinerea 
wild-type strain (B05.10) by site-directed mutagenesis using a gene replacement strategy. 
The susceptibility of the generated sdhB mutants to SDHIs was assessed on germ tube 
elongation as previously described (Leroux et al. 2010) and for boscalid and fluopyram. All 
tested sdhB mutants were resistant to boscalid (resistance factor RF>3) but with contrasted 
RFs. More generally, RFs were in the same order of magnitude as for field mutants for the 
three molecules (Figure 1). Isogenic mutants also exhibited spectra of resistance between 
carboxamides sub-families similar to those of field mutants. As a conclusion, the sdhB 
mutations identified in natural resistant strains are all responsible for the resistant phenotypes 
observed in the field and target alteration is the main SDHI resistance mechanism in B. 
cinerea. 

Figure 1 Inhibition of germ-tube elongation (EC50) in sdhB field and isogenic mutants of 
Botrytis cinerea by boscalid and fluopyram. 

SDH INHIBITION PROFILES IN SDHB MUTANTS 

In order to determine whether SdhB modifications affect the susceptibility of the SDH 
complex for SDHI fungicides, we monitored the succinate:ubiquinone reductase activity 
using DCPIP as a terminal electron acceptor in presence of various boscalid and fluopyram 
concentrations, expressed as I50 (inhibitor concentration necessary to inhibit by 50% the 
SDH activity). For each molecule, we found a good correlation between the in-vitro 
resistance (expressed as EC50 for each isogenic mutant) and the inhibition of the SDH 
complex (Figure 2), meaning that the amino-acid substitutions affecting SDHB modulate the 
inhibition of the SDH activity by SDHI fungicides, leading to a decrease in germ-tube 
elongation inhibition. Therefore, the inhibition of the SDH activity has to be considered the 
main mode of action for SDHIs. 
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Figure 2 Inhibition of germ-tube elongation (EC50) and succinate dehydrogenase activity 
(I50) by boscalid and fluopyram. 

CORRELATION BETWEEN ENZYMATIC INHIBITION AND INHIBITOR 
AFFINITY 

To further characterize the interaction between SDH complex and SDHIs, we performed 
ligand binding experiments with radiolabelled fluopyram, using wild-type and sdhBH272R/Y 

mitochondria. For these three categories of strains, we found a good correlation between the 
inhibition of SDH activity (expressed as I50) and SDH binding affinity for fluopyram 
(expressed as Kd, the equilibrium dissociation constant). The H272R substitution only 
slightly modified SDH’s affinity for fluopyram and its maximum binding capacity 
(expressed as Bmax). By contrast, H272Y presented a higher affinity than in the wild type 
and a strong decrease of the maximum binding capacity. 

Table 1 Binding affinity (Kd) and binding capacity (Bmax) of wild type and sdhBH272Y/R 
mitochondria to flopyram and SDH activity inhibition by fluopyram (I50). 

SDHB isoforms WT H272R H272Y 

I50 (μM) 0.023 ± 0.002 0.009 ± 0.001 0.0035 ± 0.0004 

Kd (μM) 0.022 ± 0.006 0.015 ± 0.006 0.003 ± 0.001 

Bmax (pmol/mg protein) 21.48 ± 3.66 15.32 ± 3.25 2.78 ± 0.31 
I50: fluopyram concentration necessary to inhibit 50% of the SDH activity. Kd: the equilibrium dissociation 
constant. Bmax: the maximum binding capacity. Values are means ± SD of four replicates fort he I50 values and 
of three replicates on three to nine independant experiments for Kd and Bmax. 

MOST SDHB MUTATIONS IMPACT RESPIRATION AND SDH ENZYME 
ACTIVITY 

As each sdhB mutation leads to an amino acid substitution in subunit B of the SDH enzyme 
complex, this may have consequences on SDH function. SDH activity was measured for 
each mutant as described previously but without inhibitors. All mutants, with the exception 
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of sdhBH272Y displayed significantly reduced SDH activity compared to the wild-type control. 
Strikingly, the activity of the sdhBH272L mutant was reduced by half compared to the WT 
(Figure 3). 
The rate of oxygen consumption was measured to analyze the effect of the SDH changes on 
respiratory chain activity. The respiration rate was altered, compared to the WT control, in 
all mutants, except for the sdhBH272Y one. As for SDH activity, the sdhBH272L mutant was the 
most affected for its oxygen consumption (Figure 3). 

Figure 3 Respiration rate and SDH activity in mitochondria of sdhB mutants. 

SDHB MUTATIONS DIFFERENTIALLY AFFECT THE FITNESS OF SDH 
MUTANTS 

Fitness is the ability of an individual to be the most adapted to the environment and to 
participate successfully to the next generation (Orr 2009). It may be altered for a given 
genotype when resistance to fungicide is selected, leading to slower resistance evolution in 
the field. We chose to measure fitness alteration or resistance cost in sdhB mutants while 
measuring fitness components distributed along the asexual life cycle (Figure 4). 
All mutants were affected for some of their life cycle components but some mutants also 
exhibited greater performances compared to the wild-type. Some compensation phenomena 
were also observed: for example, the sdhBP225L mutant produced less conidia than the others 
but those germinated more quickly. A global scoring of these observations (Table 2) led to 
the conclusion that the sdhBH272R was by far the one bearing the greatest resistance cost, 
followed by sdhBH272L and sdhBP225L. sdhBP225F was only slightly affected. 
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Figure 4 Fitness components measured along B. cinerea’s life cycle in this study. 

CONCLUSION 

The construction of isogenic B. cinerea sdhB mutants allowed to study in detail the 
molecular and biochemical determinants of SDHI resistance and to evaluate the cost of this 
resistance independently of the genetic background. All modifications in the subunit B of the 
SDH confer resistance to SDHIs by modifying the the inhibition of SDH activity through the 
modification of affinity. These modifications also affect fungal respiration through reduced 
SDH activity (except for sdhBH272Y). Fitness evaluation showed variable impacts of all 
substitutions on tested parameters, with little impact for sdhBH2727Y (as for SDH activity) and 
a strong reduction of many parameters for sdhBH272R. This last observation is only partially 
in line with field observations of population structure, which suggests either problems in 
fitness measurement, favorable genetic backgrounds in natura, or compensatory genetic 
selection in the field. 
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ABSTRACT 

Ramularia collo-cygni (Rcc) is a fungal pathogen of barley (Hordeum vulgare) but it can 
also infect other cereal crops such as wheat (Triticum aestivum), rye (Secale cereale) and 
oats (Avena sativa). Its economic impact has increased in the last two decades, when Rcc 
started to have an economic impact on growers’ yields. Rcc has been present as a major 
barley pathogen in Scotland, since 1998. Quinone outside Inhibitor (QoI) fungicides were 
widely used to control the disease, but between 2001/2002 the first resistant strains appeared. 
Presently Succinate Dehydrogenase Inhibitors (SDHIs) are widely used and recommended as 
one of the most effective fungicide treatments against Rcc and currently all of the available 
data suggests that Rcc is still sensitive to all SDHI fungicides. However, Rcc has presently 
been exposed to SDHI fungicides in Scotland for eight growing seasons and the risk of 
fungicide resistance development is probably high.  

RAMULARIA COLLO-CYGNI 

History of research on Ramularia collo-cygni 
Ramularia collo-cygni (Rcc) is a fungus that has been known as a crop pathogen for more 
than 100 years now. It was described for the first time in Northern Italy by Cavara (1893) as 
Ophiocladium hordei observed in Hordeum. Although Rcc has been known for over 100 
years, its economical importance increased in the last couple of decades, when the disease 
started to be widely reported in countries throughout the Europe (Figure 1) and other 
countries world-wide (Sachs 2006). In 2002 at the Second International Workshop on Barley 
Leaf Blights in Syria for the first time Rcc appeared as a separate topic. 
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Figure 1  Map showing the year of first detection of Rcc in the countries across Europe 

The name Ramularia collo-cygni -
shape swan neck of its conidiophores (collum- neck, cygnus- swan; Figure 2). This, atypical 
shape for Ramularia species of a tortuose conidiophore was a reason for a long discussion on 
taxonomy of Rcc  et al. 2000). The present taxonomy of the 
fungus was confirmed by molecular studies conducted by Crous et al. (2000, 2009). It 
belongs to Mycosphaerellaceae family and genus Ramularia. 

   Figure 2  S-shape conidiophore of Rcc 

Symptoms and hosts of Ramularia collo-cygni 
Rcc causes the disease Ramularia Leaf Spot (RLS). At an early stage it appears on the leaf 
surface as small, brown “pepper spots”. Later the spots develop into typical RLS lesions: 
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small, 1-2 mm in length, up to 0.5 mm in width, brown to blackish necrotic spots, limited by 
veins and surrounded by a yellow halo (Figure 3). In the later stages of disease development 
spots can merge, forming bigger areas of leaf senescence. At this time leaves start losing 
their green area quickly and become chlorotic and finally necrotic. In the case of a heavy 
infection, the symptoms can appear on awns, stems and leaf sheaths (Oxley et al. 2010a). 

Figure 3 Symptoms of RLS on barley leaf 

The main host of Rcc is barley (Hordeum vulgare), but the pathogen is also found on oat 
(Avena sativa), maize (Zea mays), wheat (Triticum aestivum) and rye (Secale cereale), (Huss 
2004; Walters et al. 2008). It is known as a late season pathogen and the symptoms appear 
on barley foliage usually after the crop has flowered. Development of the symptoms seems 
to be connected with natural processes occurring in the plant as for example flowering, being 
a natural stress for the plant and a signal for the fungus to complete it lifecycle and sporulate 

ccurs in the necrotic parts of the lesions. 
Conidiophores grow out of the stomata in fascicles, usually on the abaxial part of the leaf, 
and on a strongly infected leaf surface up to 50.000 conidia might be produced (Huss 2004). 

Current status of the disease in Scotland and its control 
Rcc is classified in Scotland as a major barley disease. The pathogen first appeared in 
Scotland and started to cause economic losses in 1998. At the beginning it was found to be 
well controlled by azoxystrobin fungicide (Quinone outside Inhibitors (QoI)). Nevertheless 
spring barley trials carried out in 2002 and 2003 showed a decline in activity to QoI 
fungicides when compared to 
resistance among populations of Rcc in the UK occurred between 2001 and 2002. A single 
amino acid substitution, changing glycine into alanine at the position 143 in cytochrome b 

by Rcc in spring barley varieties vary from 0.9 t/ha in the most susceptible ones to 0.1 t/ha in 
the most resistant ones. The average losses in Scotland are estimated to be 0.4 t/ha, which 
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corresponds to the lost of £10 million a year (Oxley et al. 2010b). Although certain varieties 
differ between themselves in the level of susceptibility to RLS, none of the current spring 
barley varieties have been found to be very resistant to RLS although breeding efforts have 
now increased. The damage and yield losses in the winter barley are not as significant as in 
the spring barley and are mainly only problematic in the more susceptible varieties when 
untreated (HGCA 2013; Oxley et al. 2010b). Because there is no effective seed treatment 
available against Rcc, disease protection is mainly based on fungicide applications. It is 
advised to apply a mixture of at least two fungicides of different modes of action that show 
activity against Rcc. This ensures the best control of the disease and minimises the risk of a 
fungicide resistance development. Triazole fungicides or succinate dehydrogenase inhibitors 
or a mixture of these as a main fungicide and chlorothalonil as an additional mixture partner 
is recommended to control RLS (HGCA 2013). The optimum timing to achieve the best 
control of this disease is before the symptoms of RLS appear on the upper leaves which is 
before flowering. That is why the boot stage (GS 45-49) is currently the recommended 
timing to apply fungicides. Earlier treatments at tillering (GS 20-29) or stem extension (GS 
30-39) growth stages can be applied, although they do not provide total control of RLS. 
Once the symptoms appear, no fungicide will provide an effective control (HGCA 2013). 

Table 1 Mixtures of fungicides recommended by HGCA to control RLS (HGCA 2013) 

Partner 1 Partner 2 

prothioconazole chlorothalonil 
isopyrazam chlorothalonil 
fluoxastrobin + prothioconazole chlorothalonil 
boscalid + epoxiconazole chlorothalonil 
isopyrazam + epoxiconazole chlorothalonil 
isopyrazam + cyprodinil chlorothalonil 
prothioconazole + bixafen chlorothalonil 
prothioconazole azoxystrobin + chlorothalonil 
epoxiconazole azoxystrobin + chlorothalonil 

Strobilurins, although they have lost activity against Rcc, might be used in the mixtures to 
control other fungal diseases (HGCA 2013). 

Estimating the risk of potential fungicide resistance to SDHIs among Ramularia collo-
cygni populations 
SDHI fungicides are recommended as one of the most effective treatments for reducing yield 
losses caused by Rcc. All the currently available data suggest that populations of Rcc remain 
fully sensitive to SDHI fungicides and that field performance is not affected (FRAC 2013). 
However, development of resistance to this chemical group is currently classified by FRAC 
as medium to high risk (FRAC 2013). In Scotland, where the disease pressure is high, 
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SDHIs have been used in barley since 2005. Previous studies on the variability of Rcc 
populations in central Europe have revealed that Rcc is likely to undergo mixed reproduction 
during the season, with both sexual/parasexual and clonal reproduction occurring (Leisova-
Svobodova et al. 2012). Therefore from an evolutionary point of view, pathogen populations 
with a mixed reproduction system (sexual/parasexual and asexual) show the greatest risk of 
overcoming resistance as new variation of genotypes formed during the sexual stage have 
the potential to become established and rapidly increase in the pathogen population during 
asexual reproduction  Therefore, taking account of the findings, 
the risk of resistance development in populations of Rcc is probably high.  
In my PhD project we are trying to examine the possible mutations responsible for SDHI 
resistance development in Rcc. The main aim of the project is to answer the following 3 
questions:  

 Are there already existing SDHI-resistant strains of Rcc on the field? 
 If Rcc develops resistance to SDHIs, what mutations will form and will this resistance 

cause a fitness cost? 
 What is the population diversity of Rcc and can it predict its virulence risk? 

In order to answer these questions we evaluated the sensitivity of Rcc population to SDHI 
and non-SDHI fungicide treatments on small plot field trials and we monitored the 
sensitivity of Rcc isolates to SDHIs in in vitro assay. We tested isolates worldwide but 
mostly from Scotland from years 2010, 2011 and 2012. To examine the possible mechanism 
of resistance development to SDHIs in Rcc, we conducted UV mutagenesis studies that 
enabled us to identify the amino acid changes correlating with the resistance. We 
characterised mutants in terms of their fitness and pathogenicity to see if there is any fitness 
penalty correlating with the specific mutations. We used newly designed SSR markers to 
describe the diversity of Rcc populations at field and plot scale and to understand its ability 
to adapt to environmental changes (i.e. fungicide applications). Using SSR markers we 
obtained information about the distribution of genetic variation within and between Rcc 
populations and predicted if clonal and/or sexual/parasexual reproduction is taking place. 
Finally we designed an assay for monitoring genetic changes correlating with the resistance 
that will enable the rapid detection of resistant strains of Rcc.  
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ABSTRACT 

Succinate Dehydrogenase Inhibitors (SDHIs) and Quinone outside Inhibitors (QoIs) are 
fungicide classes with increasing relevance in gray mold control. However, recent studies 
have shown that dual resistance to both classes is a common trait in Botrytis cinerea. The 
objective of this study was to investigate the fitness and the competitive ability of field-
strains possessing one of the H272Y/R/L, N230I or P225F sdhB mutations and the G143A 
mutation of cytb. The group of H272R/G143A isolates showed the lower differences 
compared to the sensitive isolates while the remaining sdhB mutants showed significantly 
reduced fitness values. he competition experiments showed that, in the absence of 
fungicide selection pressure, the sensitive isolates dominated in the population. In contrast, 
under the selection pressure of boscalid and fluopyram a decrease in the frequency of 
sensitive isolates was observed while the frequency of H272L and P225F isolates was 
increased.  

INTRODUCTION  

Boscalid was the first SDHI fungicide registered against gray mold, in a pre-packed mixture 
with the QoI pyraclostrobin. Newer molecules belonging to the SDHIs group such as 
fluopyram or penthiopyrad are expected to be delivered in the future. SDHIs inhibit 
succinate dehydrogenase (sdh) in the mitochondrial respiratory chain (
2013), while QoIs inhibit the mitochondrial respiration by binding at the Qo site of 
cytochrome bc1 (Bartlett et al. 2002). However, shortly after the introduction of boscalid and 
pyraclostrobin into practice, the first cases of dual resistance development to both fungicides 
were reported (Fernandez-Ortuno et al. 2012; Leroux et al. 2010, Veloukas et al. 2011). 
Resistance to SDHIs and QoIs in B. cinerea has been associated with different mutations in 
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sdhB and sdhD and the cytb G143A mutation, respectively (Leroux et al. 2010; Veloukas et 
al. 2011).  
The variability in mutations associated with resistance to SDHIs, the diversity of SDHI 
molecules and the differential effect of sdh mutations on the sensitivity to SDHIs, along with 
the presence of G143A mutation in the same strains, makes the implementation of anti-
resistance strategies a difficult task. Among the factors influencing the resistance risk are 
included the fitness and competitive ability of the resistant strains. Therefore, a study was 
initiated aiming to investigate these parameters in strains with dual resistance to QoIs and 
SDHIs.  

MATERIALS AND METHODS 

Fungal isolates 
Sixty five B. cinerea isolates (10 of wild-type sensitivity, 10 G143A, 10 H272R/G143A, 10 
H272Y/G143A, 6 H272L/G143A, 9 P225F/G143A and 10 N230I/G143A), obtained from 
strawberry fields, were used in the study.  

Fitness components 
Mycelial growth was measured after 4 days of incubation on PDA plates at 3 different 
temperatures. Germinability of conidia was measured after spreading conidial suspensions 
on water agar plates and incubating them for 18h at 7, 20 or 30oC. To measure sclerotia 
production in vitro, fungal cultures on PDA were incubated in the dark at 7 and 20 oC for 9 
or 6 weeks, respectively. After the measurement of sclerotia number, they were collected and 
stored at -20, 20 and 37oC. Their viability was assessed after 1, 2 and 4 months of storage.  
The aggressiveness of the isolates was measured on intact primary bean leaves. The leaves 
were inoculated on the adaxial surface and the infection was scored by measuring the lesion 
diameter after 3 days of incubation at 7, 20 and 27oC. Measurements of spore production 
were conducted on lesions obtained from plants incubated at 20oC.  

Competition experiments 
The competitive ability of sdhB/G143A mutants and wild-type (S) isolates was compared 
using a mixed-genotype inoculum at an initial ratio of 1:1:1:1:1:1. The experiments were 
conducted both in the absence and presence of either boscalid or fluopyram (1.0 g ml-1). 
Artificial inoculations were conducted on apple fruit. The inoculated fruit were incubated at 
20oC for 12 days and then, the spores were harvested and a new conidial suspension was 
prepared for the next disease cycle. The experiments were terminated after 4 disease cycles 
and repeated twice. Resistance frequency to boscalid and fluopyram was measured after the 
end of each disease cycle. SdhB mutations 
were identified using a PIRA-PCR technique (Veloukas et al. 2011), in resistant isolates 
obtained, after the end of the 4th disease cycle.  
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RESULTS 

Fitness parameters 
The S and G143A isolates showed the higher mycelial growth. Mycelial growth similar to 
that of the wild-type isolates was found only for the H272R/G143A and H272L/G143A 
isolates at 7oC and 20oC, respectively (Table 1). Similarly, in all the incubation temperatures 
the higher absolute values of conidial germinability were observed in sensitive isolates 
(Table 1). 
All the isolates included in the study produced sclerotia under both incubation temperatures. 
However, the H272L/G143A isolates produced significantly more sclerotia compared to the 
remaining isolate groups (Table 1). The lower number of sclerotia in both incubation 
temperatures was produced by the wild-type isolates, the G143A, the H272Y/G143A and 
P225F/G143A mutants (Table 1). Measurements of sclerotia viability showed that a 
significant reduction was observed in the viability of sclerotia stored at 37oC after 2 months 
of storage. The higher viability was observed in the sclerotia of the sensitive and G143A 
isolates, while sclerotia of the H272L/G143A isolates lost totally their viability. After 4 
months of storage at either 20oC or -20oC the higher viability percentage values were also 
observed in the senstive isolates and the G143A mutants (data are not shown). 
All the isolates used in the study were found to be pathogenic on bean leaves. In all the 3 
temperatures tested, the higher lesion diameters were caused by the H272R/G143A isolates, 
while the H272L/G143A and P225F/G143A isolates showed lower lesion diameter values 
(Table 1). Similarly, the higher sporulation capacity was observed in the wild-type and the 
H272R/G143A isolates (Table 1). 

Competitive ability 
In the competition experiments conducted in the absence of fungicide selection pressure was 
found a step wise increase of the sensitive subpopulation (Fig. 1). Identification of the sdhB 
mutations showed that the frequency of all mutants had been significantly reduced compared 
to their initial frequency (Fig. 2). When competition was conducted on boscalid-treated fruit, 
the frequency of the S isolates declined rapidly, while the BRFR phenotype dominated the 
population (Fig. 1). 
Identification of the sdhB mutations in boscalid or fluopyram-resistant isolates showed that 
isolates with single resistance to boscalid were only of the H272R genotype, while 
fluopyram-resistant isolates were either H272L or P225F (Fig. 2). On fluopyram-treated fruit 
a rapid disappearance of both S and BRFS isolates was observed (Fig 1). Identification of 
sdhB mutants showed that the same genotypes H272L and P225F were present in the 
population (Fig.2). 
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Figure 1 Competition in vivo between sensitive and SDHI/QoI-resistant isolates of Botrytis 
cinerea possessing H272L/R/Y, P225F and N230I sdhB and the cytb G143A 
mutations, coinoculated on fungicide untreated (A), boscalid-treated (B) and 
fluopyram-treated (C) apple fruit with an initial ratio of 1:1:1:1:1:1 conidia. 
Vertical lines indicate the standard deviation values. 

DISCUSSION  

In the current study the fitness and the competitive ability of B. cinerea with dual resistance 
to QoIs and SDHIs was investigated under both optimal and marginal conditions for the 
growth, survival and reproduction of the pathogen. Isolates with single resistance to QoIs did 
not suffer any fitness cost while most of the isolate groups with dual resistance to SDHIs and 
QoIs found to suffer significant fitness cost. Isolates possessing the H272R mutation showed 
similar aggressiveness and spore production ability to the group of S isolates but lower 
mycelial growth and sclerotia viability. The higher fitness of the H272R/G143A mutants can 
explain the predominance or the high frequency of this genotype within SDHI-resistant 
subpopulations, wherever resistance to this fungicide group has been emerged (Fernandez-
Ortuno et al. 2012; Veloukas et al. 2011; Yin et al. 2011).  
In competition experiments conducted in the absence of fungicide selection pressure a 
predominace of S isolates was observed suggesting that the discontinued use of SDHIs in the 
field may contribute to a decrease of resistance frequency. A similar predominance of 
sensitive isolates was observed in competition experiments conducted by Kim and Xiao 
(2011). In contrast, in the presence of boscalid a decrease of wild-type and BRFS strains was 
observed, while BRFR strains rapidly increased. Identification of the sdhB mutations in the 
selected isolates showed that H272L and P225F mutants were the dominant in the 
population. Such results can be explained by the moderate levels of resistance to boscalid 
conferred by H272R/Y and N230I mutations, while H272L and P225F mutations are 
associated with high resistance levels to boscalid (Veloukas et al. 2013). A similar rapid 
selection of H272L and P225F was also observed when the experiment was conducted in the 
presence of fluopyram. Obviously, fluopyram treatments eliminated the wild type and 
H272R/Y isolates which are fluopyram-sensitive and retarded the growth of N230I isolates 
which are only moderately resistant to fluopyram (Veloukas et al. 2013). Such results 
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suggest that introduction into the spray programs of newer SDHI fungicides such as 
fluopyram may lead to changes in the type of mutations associated with resistance to SDHIs 
within fungal populations.  

Figure 2 Observed frequencies of sensitive (S) and sdhB mutant isolates of Botrytis 
cinerea, coinoculated on fungicide untreated (A), boscalid-treated (B) and 
fluopyram-treated (C) apple fruit with an initial ratio of 1:1:1:1:1:1 conidia, after 4 
disease cycles. Vertical lines indicate standard deviation values 
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ABSTRACT 

UV-aquired laboratory mutants of Penicillium expansum highly resistant to boscalid were 
characterized. Positive cross resistance relationships were found between members of the 
SDHIs such as isopyrazam, thifluzamide and carboxin but not with fungicides with different 
MOA. Most boscalid-resistant strains were more sensitive to fluopyram and the QoI pyra-
clostrobin. Sequence analysis of a SdhB subunit fragment of wild type and resistant strains 
revealed point mutations (histidine to arginine or tyrosine) at a position corresponding to 
codon 272 of the respective protein in Botrytis cinerea. Boscalid-resistant strains bearing the 
H272R mutation had wild–type fluopyram sensitivity, while the H272Y mutation seemed to 
induce increased sensitivity to fluopyram. Resistant isolates carried no finess penalties in 
terms of osmotic sensitivity, sporulation and pathogenicity while mycelial growth rate and 
spore germination were negatively affected in some cases. HPLC-analysis showed that most 
of the P. expansum mutant strains produced patulin and citrinin at significantly higher con-
centrations than the wild-type parent strains both in vitro and on artificially inoculated apple.

MATERIALS AND METHODS 

Biological and molecular characterization of P. expansum isolates 
In vitro fungitoxicity, fitness and quantitative mycotoxin analysis tests were performed as 
described previously (Malandrakis et al. 2013). Following DNA extraction, degenerate 
primers DGP-F1 and DGP-R1 in PCR reaction conditions described by Avenot et al. (2012) 
were used to amplify a fragment of the SdhB subunit of the respiratory complex II from 
wild-type and boscalid-resistant strains.  
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RESULTS 

Fungicide sensitivity and fitness parameters of boscalid-resistant mutants 
UV-aquired mutants of Penicillium expansum highly resistant (Rf:90 to > 500, based on 
EC50s) to boscalid were isolated at a mutation frequency of 2.3×10-6. Resistance mutation(s) 
to boscalid also reduced the sensitivity of mutant strains to isopyrazam, fluopyram, thifluza-
mide and carboxin but not to flusilazole, fludioxonil, cyprodinil and benomyl. An increased 
sensitivity of most boscalid-resistant mutant strains to fluopyram and pyraclostrobin was 
observed. Fitness properties were slightly or not affected while an increase in mycotoxin 
production was observed in most resistant isolates compared to the wild type ones.  

Molecular characterization of Penicillium expansum strains 
Two SNPs of the SdhB subunit of complex II were detected (Table 1) at a position corres-
ponding to 272 amino acid based on the respective Botrytis cinerea protein. H272R mutation 
had no effect on the strains’ sensitivity to fluopyram, while H272Y mutation seemed to 
confer an increased sensitivity to fluopyram (Table 1).  

Table 1 SdhB mutations and their putative impact on different boscalid/fluopyram 
resistant phenotypes. Rf: resistant factor. 

Strain  Aminoacid at 
position 272 

Boscalid (Rf) Fluopyram (Rf) Cross Resistance 

RD1/w.t. His (CAC) 1 1 - 

RD1/Bc-8  Tyr (TAC) >300 0,25 negative

DSM/Bc-3  Arg (CGC) 300 0,8 -

CONCLUSION 

P. expansum has the genetic potential for resistance development to boscalid due to target-
site modifications that have little or no effects on the mycotoxigenic ability of the fungus. 
Resistance mutations found in this study seem to differentially affect resistance between 
members of the SDHI-group a fact that, in conjuction with the observed negative cross-
resistance with pyraclostrobin, should be taken into account for the development of future 
anti-resistant strategies. 
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Life on earth has developed through co-evolution due to interaction between the most 
diverse organisms within the most diverse biotopes. As a result, multifarious relationships 
can currently be observed between the species. These relationships can have positive or 
negative effects on the organisms belonging to the particular species. For example, there are 
parasites and pathogens that attack other organisms. Even so, these parasites and pathogens 
can themselves be damaged or destroyed by parasites and pathogens. Aphids, which can 
cause considerable damage to many arable crops, are a well known example. Aphids, in turn, 
serve as nutrition for a large number of “beneficial” insects. For around 30 years, these have 
been increasingly employed for the biological control of aphids, in particular in greenhouses. 
Aphids are also infected by fungi, which can be artificially reproduced and employed as 
biological insecticides. This principle can be applied not only on insects, but also on most of 
the other harmful biological factors for our arable crops. In the meantime, apart from 
insecticides, there are also acaricides, nematicides, herbicides and fungicides on a fungal 
basis. Examples of the individual product groups will be listed in the presentation. Particular 
note will be made of the biological fungicide Contans®WG and the biological nematicide 
BioAct®WP. In most cases, the spores or conidia of fungi are the basis for manufacturing the 
products. These are generated by means of large fermenters and, after mass culture of the 
fungi, are subsequently separated from the culture substrate. Cultivation takes place in liquid 
or solid-state cultures. A maximum yield of stabile spores is always the objective. The 
spores, which are either present as pure spore powder or as a pure spore suspension prior to 
formulation, are processed by means of various possible procedures, which are known to 
ensure good durability (shelf life) as well as good applicability. This means that, where 
possible, the vitality of the spores must be retained in the end product for a long time. 
Various drying procedures are available for this purpose, e.g. fluidized bed drying, freeze 
drying (lyophilization) and spray drying, or the previously dried spore powder (vacuum 
drying) is simply mixed in a carrier liquid (e.g. a type of oil). The highest possible 
concentration of the spores must be present in the formulation. They must be made available 
with standard application techniques and it must be possible to disperse them in the 
application broth in such a way that they are present as individual colony forming units. 
Biological pesticides should be comparable in all evaluating criteria with standard chemical-
synthetic pesticides. Apart from a good effect and good applicability, they must also be 
available at a competitive price. The competitive capability of a product is initially 
determined by 2 factors, firstly the productivity of the fungal strain used with regard to spore 
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production, and secondly the number of spores per hectare that are required so as to achieve 
adequately successful control. For example, it can be presumed that good control is possible 
according to the type of effective antagonist used for application quantities between 1 x 1011 
(Naturalis®) and 1 x 1014

 (BioAct®WP) spores per hectare. The spore yield in the 
fermentation process must accordingly be high. Even though the active principles when 
using fungal antagonists were obtained from nature and these were simply added when using 
the medium, the products must still pass through a very costly and time-consuming 
registration process. In many cases, this process cannot be scientifically justified and for 
small companies partly or completely represents an obstacle that cannot be overcome. 
Consequently, many potential biological products, which when employed could replace or 
supplement chemical-synthetic pesticides, do not find access to the market.  
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INTRODUCTION  

Grapevine declines comprise several fungal diseases that affect the wood of the grapevine. 
Petri disease (young vine decline) affects young vineyards (1-6 years old) and cause 
significant economic losses in new plantations (Hallen et al. 2006). Phaeoacremonium 
aleophilum and Phaeomoniella chlamydospora are fungal pathogens responsible for Petri 
and Esca diseases (Bertelli et al. 1998). Species of Botryosphaeria, Cylindrocarpon, Eutypa, 
Fomitiporia, Inonotus, Phomopsis…, are also associated with both Petri and Esca symptoms. 
Cylindrocarpon spp. are known to cause black foot disease in grapevines affecting young plants 
between 2-10 years old and has been described in most grapevine global regions. In Spain it 
is mainly associated with C. macrodidymum and C. liriodendri (Alaniz et al. 2007). 

MATERIAL AND METHODS 

Aerial parts of S. montana L., collected from Culla (Valencia, Spain) in September 2010 
were subjected to hydrodistillation for 3 hr in a Clevenger-type apparatus yielding 0.3% of 
essential oil. GC and GC-MS analyses were carried out according to previous works 
(Verdeguer et al. 2011). Antifungal assay (inhibitory effect on the mycelia radial growth) 

 

RESULTS AND DISCUSSION 

A total of 39 compounds accounting 98.78 0.24 of the total essential oils were identified by 
GC, GC-MS analysis. The monoterpene fraction was dominant in all analyzed oils and 
consisted in both monoterpene hydrocarbons (42.75 2.56%) and oxygenated monoterpenes 
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(46.61 2.57%). High content of carvacrol (39.21 1.83%) followed by their biogenetic pre-
cursors p-cymene (21.57 1.18%) and -terpinene (14.72 1.29%) were found. In the sesqui-
terpene fraction (sesquiterpene hydrocarbons 7.53 0.33%, oxygenated sesquiterpenes (1.51  
0.18%) with 13 identified compounds, only -caryophyllene (3.41 0.18%), germacrene D 
(1.45 0.15%) and caryophyllene oxide (1.16 0.16%) reaching percentages higher than 1%.  
In concerning to the antifungal activity, a complete inhibition was obtained in all the fungi 
tested with the essential oil applied at 1 μl/ml (Table 1). P. chlamydospora, the most 
sensitive, has also total effect at 0.1 μl/ml, being the other concentrations much less effective 
(3.16% at 0.001 μl/ml and 8.77% at 0.01 μl/ml). A dose-dependent activity was showed in 
C. macrodidymum and C. liriodendri, reaching 36.46% and 14.44% inhibition respectively 
at 0.1 μl/ml, with C. liriodendri as the more resistant fungus. 

Table 1 Antifungal activity of essential oils from S. montana  

Dose P. aleophilum P. chlamydospora C. liriodendri C. macrodidymum 
Inhib. (%) Inhib. (%) Inhib. (%) Inhib. (%) 

0.001 μl/ml 15.43 ± 2.86b 3.16 ± 2.38a 1.87 ± 0.33a 1.25 ± 0.77a 
0.01 μl/ml 4.57 ± 4.57a 8.77 ± 2.15b 4.33 ± 1.52a 5.42 ± 1.49b 
0.1 μl/ml 49.38 ± 1.57c 100.00 ± 0.00c 14.44 ± 1.69b 36.46 ± 2.98c 
1 μl/ml 100.00 ± 0.00d 100.00 ± 0.00c 100.00 ± 0.00c 100.00 ± 0.00d 

Values are the mean of five replicates. Different letters indicates that the mean values are different at the 95% 
difference test (LSD). 
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ABSTRACT 

The essential oil from Syzygium aromaticum was analysed by GC/ITMS. Eugenol (89.15%), 
iso- - -humulene (0.28%) were the main 
compounds. The antifungal and herbicidal activity of eugenol, the major compound of the 
essential oil, were tested against four soilborne fungi (Verticillium dahliae, Fusarium 
oxysporum, Phoma tracheiphila and Phytophthora cactorum) and two important weeds in 
Mediterranean crops (Conyza canadensis and Portulaca oleracea) in order to assess the 
efficacy of clove oil to control these pests. The antifungal effects of the other compounds of 
the oil were also tested against the same fungi to compare their bioactivity with that of 
eugenol. The results showed an interesting fungicidal activity of eugenol in comparison with 
the other components and the plain oil revealing at the highest concentration (1x104 l·ml-1), 
a good efficacy to control the mycelial growth of P. tracheiphila and V. dahlia. Regarding 
the herbicidal activity, all the concentrations assayed (0.125, 0.25, 0.5 and 1 μl/ml) showed 
significant inhibitory effect towards germination and seedling growth on both weeds. 

INTRODUCTION 

Syzygium aromaticum is an evergreen tree extensively cultivated in Tanzania (Zanzibar), 
Madagascar and in areas of Indonesia. The drug consists of the flower buds dried and it 
contains not less than 15% of essential oil (v/w). Clove oil has strong fungicidal and 
herbicidal properties (Scarito et al., 2002; Towkorski, 2002), being an alternative for pest 
management in organic crop production. 
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MATERIALS AND METHODS 

Clove essential oil (EO) was obtained from full buds coming from Zanzibar by steam 
distillation. The EO composition was determined by GC-ITMS method. The antifungal 
activity was tested by the well diffusion method (Zygadlo et al., 1994). The herbicidal assays 
were performed according to previous works (Verdeguer et al., 2011). 

RESULTS AND DISCUSSIONS 

Four compounds (99.93% of EO composition) were identified: eugenol (89.15%), the main 
constituent, followed by -caryophyllene (2.94%), -humulene (0.28%) and iso-eugenol 
(7.56%).  

Antifungal activity 
An inhibitory effect of eugenol on all plant pathogens tested in comparison with -
caryophyllene and the plain EO was observed. P. tracheiphila and V. dahliae showed a 
higher susceptibility to eugenol at 1x104 l·ml-1 concentration (51.3 and 52.5% of inhibition, 
respectively) than F. oxysporum and P. cactorum (29.3 and 17.7%, respectively). The 
inhibitory activity of the substances was not always correlated with the concentration tested.  

Herbicidal activity 
Eugenol was more active towards P. oleracea, inhibiting completely its germination at the 
two higher concentrations, while the lower doses reduced it 94.4 and 64% respectively. In C. 
canadensis the highest doses blocked germination, whereas the other concentrations 
decreased germination up to 96%. Seedling growth was affected in both weeds. Again P. 
oleracea was the most sensitive, having its seedling length reduced 95.2 and 98.3% at 0.125 
and 0.25 ml/ml concentrations. C. canadensis seedling growth was inhibited up to 95.77%. 
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ABSTRACT 

The present paper deals with in vitro screening of anti-fungal properties of ethanol and 
hexane extracts of leaf, stem and bark of Zanthoxylum rhetsa (Roxb)Dc. When tested by the 
agar well diffusion method, the leaf, stem and bark possess good anti fungal properties 
against Alternaria alternata, Aspergillus niger, Cladosporum sp., Fusarium oxysporum, 
Macrophoma phaseolina and Trichoderma viridi . The bark extracts show substantially less 
fungicidal activity as compared to leaf and stem extracts. 

INTRODUCTION 

Zanthoxylum rhetsa (Roxb) DC, a medium sized deciduous tree growing in Western Ghats 
of Maharashtra State, India is used in Ayurvedic preparation, for controlling stomach ache 
and diarrhoea etc., as a traditional medicine, hence, used in Ayurved and pharmaceutical 
science. Therefore, an attempt was made to study anti fungal activity of ethanol and hexane 
extracts of Zanthoxylum rhetsa leaf, stem and bark against some test fungi in the laboratory. 

MATERIALS AND METHODS 

Freshly harvested leaves, stem and bark of Zanthoxylum rhetsa were collected periodically 
from Western Ghats. The samples were dried and powdered with a home grinder. About 15g 
of each sample was subjected to extraction using ethanol and hexane as solvents using 
Soxhlet’s apparatus. Extracts were evaporated by rotary vacuum evaporator to give a gummy 
solid material that was used for studying anti-fungal activity. The test fungi were procured 
from the Department of Botany, Shivaji University, Kolhapur and maintained on PDA and 
CDA media. The fungal suspension was prepared using saline water mixed with 100 ml of 
PDA and anti-fungal activity was assessed by agar di Sivaprakasam 
1966). The cultures were kept for incubation for 48 hours and inhibition zones were 
measured in mm. 
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Table 1 Ethanol and Hexane extracts of Zanthoxylum rhetsa inhibition zones (mm) 

Test Fungi Control Leaf extract Stem extract Bark extract 
ethanol hexane ethanol hexane ethanol hexane ethanol hexane 

Alternaria alternata 11.0 9.2 18.9 18.3 10.2 19.2 8.9 11.6 
Aspergillus niger 11.0 9.2 22.1 17.1 12.9 18.0 15.8 13.6 
Fusarium oxysporum 11.0 9.2 18.1 12.1 16.3 9.8 18.5 8.6 
Cladosporum sp. 11.0 9.2 3.8 12.1 9.8 10.2 9.2 12.3 
Macrophoma 

phaseolina 11.0 9.2 4.1 13.1 9.1 18.1 9.0 4.8 
Trichoderma viridi 11.0 9.2 4.2 11.2 3.1 16.1 4.8 10.3 

RESULTS AND DISCUSSION 

Ethanol extracts exhibited the highest anti fungal potency against A. niger followed by A. 
alternata and F. oxysporum. Hence ethanol extracts of leaf, stem and bark of Z. rhetsa 
possess good anti-fungal potency. A similar result was recorded by Nagaraja et al. (2008a, 
2008b) in Acacia catechu. and Barringtonia acutangula. Large inhibition zones were also 
recorded in hexane extracts of stem and leaf of Z. rhetsa. A similar result was documented 
by Rani and Murty (2006) in Spilanthus acmella and Nagaraja (2011) in Mallous philippi-
nenesis Muell. Therefore, the present study may be helpful in preparing formulation of the 
plant product and may be used as eco-friendlymanagement of plant diseases. 
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INTRODUCTION 

Mango suffers from many postharvest diseases of which anthracnose (Colletotrichum 
gloeosporioides) and stem end rot (Botryodiplodia theobromae) are very important. 
Chemical control measures are necessary at present but are undesirable and even inadequate 
as a long time solution to crop disease management due to development of new 
physiological races and persistence of hazardous residues of toxic molecules. There is thus a 
need to develop alternative control methods. Antifungal compounds of plant origin are 
gaining considerable attention towards development of formulations. Hence the present 
study was taken up with an objective to investigate the antifungal properties of Garlic 
creeper (Adenocalymma alliaceum) using water and organic solvents.  

MATERIALS AND METHODS 

Various solvents viz., cold water, hot water, methanol and chloroform were used for 
extraction of antifungal compounds from Adenocalymma alliaceum. The antifungal activity 

Antifungal compounds were identified and characterized by thin layer chromatography and 
high performance liquid chromatography. Emulsifiable concentrate formulations (called 
Adenocal 10, 40 and 60 EC) were developed for each extract. Fruits were inoculated with 
both pathogens using the pinprick method and dipped in various concentrations of Adenocal 
60 EC formulation. Fruit peel and pulp tissue treated and non-treated fruits inoculated with 
C. gloeosporioides and B. theobromae were collected at different days interval and the 
induction of defense enzyme by Adenocal 60 EC was studied. 
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RESULTS AND DISCUSSION 

Choroform extracts completely inhibited the mycelial growth of C. gloeosporioides at 7.5% 
and B. theobromae at 10%. 
RP-HPLC seperation of phenolic compounds showed two peaks with retention times of 
4.742 and 4.975 corresponding to tannic acid and resorcinol. A 4% preparation of a 60 EC 
formulation showed 100% reduction against mycelial growth C. gloeosporioides and 89.90 
% against B. theobromae in-vitro. Fruits treated with the developed new formulation showed 
enhanced resistance against both the pathogens (Table 1). 

Table 1 Effect of ADENOCAL 60 EC on severity of anthracnose of mango fruit 

Treatments Per cent disease index (PDI) 
Anthracnose 

Per cent disease index (PDI) 
Stem end rot 

Days after treatment Days after treatment 
4 6 8 10 12 4 6 8 10 12 

Fruits inoculated 
and dipped in ADE-
NOCAL 60 EC  

0.00 1.33 10.00 23.33 38.33 0.00 1.33 12.50 28.33 40.00 

Inoculated control 5.00 20.00 48.33 76.67 87.50 6.00 22.00 50.33 78.67 89.20 

Higher plants are the reservoir of chemotherapeutants and provide renewable sources of 
useful pesticides. In the present study the EC formulation developed has successfully 
reduced the incidence of C. gloeosporioides and B. theobromae. According to Kubo and 
Nakanishi (1979), tropical plants provide a rich and intriguing source of natural products 
with potent biological activities. The products are largely non phytotoxic and biodegradable. 
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INTRODUCTION 

Jowar (Sorghum valgary) is an important food crop in India but yield is lost due to infection 
by Puccinia purpuria Cook. The use of fungicides to control this rust disease is effective and 
popular but may cause environmental pollution. Many plants have been reported to contain 
antimicrobial substances. Usman et al. (1991) found that 2% neem (Azadirecta indica) seed 
kernel extract was most effective in controlling rust of groundnut. Malik and Singh (2004) 
reported that inhibition of spore germination of Ustilago hordei was observed in leaf extract 
of Azadirachta indica. This study investigated the effect of plant extracts on spore 
germination of P. purpurea.  

MATERIALS AND METHODS 

Test plants are given in Table 1. Twenty grams of plant parts were washed and crushed with 
20 ml distilled water. The extract was filtered and centrifuged at 1600 rpm for five minutes, 
and used at 1% and 3% concentrations. Hexaconazole (0.05%) and distilled water were used 
as controls. P. purpurea spores were taken from diseased leaves and placed in a drop of plant 
extract on a slide in such a way that 20-30 spores per microscopic field could be observed. 
All the slides were kept on moist blotting paper in petri plates for 6 and 24 hour incubation 
periods. Percentage of spore germination in four microscopic fields was recorded. Inhibition 
percentage was calculated using the formula given by Vincent (1927). 

RESULT AND DISCUSSION 

Hexaconazole was superior to all other treatments. All plant extracts were significantly 
better than distilled water. Aqueous seed extract of Datura stramonium showed better 
retardance of spore germination at 6 and 24 hours of incubation period. 3% aqueous leaf 
extract of Azadirachta indica and Calotropis gigantean showed best results. By considering 
the results, these plant extracts may be a reliable source to the farmers for management of 
Jowar rust in organic farming. This investigation also indicates that further studies need to be 
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carried out to elucidate the phytochemical compounds responsible for antifungal activity of 
these plant parts.  

Table 1 Effect of plant extracts on spore inhibition % of Puccinia purpurea (mean of three 
replicates). All leaf extracts except where shown. 

Tr. No. Name of the plant Concentrations of extract 
1% 3%

Observations after incubation period 
6h  24h 6h 24h 

T1 Oxalis corniculata 71.11 67.5 74.81 69.61 
T2 Argemone mexicana 74.65 72.72 80.38 76.06 
T3 Lantana camara 66.21 56.85 82.27 75.67 
T4 Calotropis gigantea 80.99 79.44 89.75 86.88 
T5 Pongamia pinnata seed 75.48 70.21 82.71 82.02 
T6 Clerodendron inerme 72.72 67.25 86.85 73.5 
T7 Azadirachta indica 80.41 80.24   90.06 87.92 
T8 Ipomoea fistulosa 74.25 68.14 78.24 72.00 
T9 Parthenium hysterophorus 71.25 68.88  82.27 80.66 
T10 Nerium oleander 72.57  68.26 81.17 75.17 
T11 Tridex procumbens 72.57 71.68 74.81 71.68 
T12 Datura stramonium seed  81.09 80.48 90.96 89.65 
T13 Tribulus terrestris 64.25 62.95 84.37 66.95 
T14 Hexaconazole (0.05%) 100 100 100 100 
T15 Control Distilled water 0 0 0 0 

(69.25) (89.18) (69.25) (89.18) 
SE + 2.64 2.09 2.81 3.63 
CD at 5% 7.71 6.09 8.18 10.57 

Figures in parentheses are percentage of spore germination in control. 
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INTRODUCTION 

When discussions on the European plant protection policy take place, normally it is a 
discussion about Regulation (EC) No 1107/2009 (European Union 2009a). However, the 
European Union (EU) pursues a broader objective: the general goal "Thematic strategy on 
the sustainable use of pesticides" describes the aim to use pesticides more efficiently and 
more specificaly to reduce risks for the health and the environment. 
The term "pesticide" is used since the EU is willing to use the thematic strategy for plant 
protection products as well as for biocidal products (non-agricultural uses against pests), 
even though the discussions are still concentrated on plant protection products at the 
moment. 
In order to reach the aim of the thematic strategy the EU has published four different legal 
acts during the last few years: 

 Regulation (EC) No 1107/2009 concerning the placing of plant protection products on 
the market (European Union 2009a) 

 Regulation (EC) No 396/2005 on maximum residue levels of pesticides in or on food 
and feed of plant and animal origin (European Union 2005) 

 Regulation (EC) No 1185/2009 concerning statistics on pesticides (European Union 
2009d) 

 Directive 2009/128/EC establishing a framework for Community action to achieve the 
sustainable use of pesticides (European Union 2009c) 

In this context we also can add Directive 2009/127/EC of the European Parliament and of 
the Council of 21 October 2009 amending Directive 2006/42/EC with regard to machinery 
for pesticide application (European Union 2009b). 
Regulation (EC) No 1107/2009 entered into force on 14th June 2011. As it is a Regulation 
the text is legally binding in all Member States of the EU since that date. Nevertheless, as the 
text is directed to the entire Member States, procedural aspects as well as other aspects like 
provisions concerning fines, sanctions and fees have to be set into force on a national basis. 
A new Plant Protection Act was published in Germany which entered into force on 14th 
February 2012 (Anonymous 2012). 
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The main aims of Regulation (EC) No 1107/2009 are 

 a high level of protection for consumers and the environment  
 a higher level of harmonisation - this includes availability of plant protection products 
 a stronger cooperation between European Commission, European Food Safety Authority 

(EFSA) and the Member States 
 transparent, predictable and efficient procedures 
 less bureaucracy 

To reach the aims of the Regulation, some changes have been introduced (compared to 
former Directive 91/414/EEC (European Union 1991)). The main changes concern 

 detailed criteria for the approval of active substances 
 rules concerning zonal authorisation 
 rules concerning obligatory mutual recognition  
 rules concerning comparative assessment 
 rules concerning parallel trade 

APPROVAL OF ACTIVE SUBSTANCES 

Overview on important changes 
As well as existing elements, new elements are introduced in the approval of active 
substances. As in the past, active substances will be covered in a positive list. This positive 
list is no longer an annex to Regulation (EC) No 1107/2009 but an independent Regulation. 
In future safener and synergists will no longer be handled as co-formulants. They will 
become equal with active substances. But also for co-formulants some changes are 
introduced. It will be possible to put them in a negative list. Criteria are under discussion. In 
addition, a first evaluation of efficacy will take place during the assessment for the active 
substance. 
When beginning harmonisation with Directive 91/414/EEC we start with different 
authorisation in Member States without having approval of active substances. For that reason 
it was allowed to grant authorisations for plant protection products containing existing active 
substances without an approval of those active substances. And even for plant protection 
products containing new active substances it was allowed to grant authorisations provided it 
was decided that the data package was complete. From now on the approval of an active 
substance is a prerequisite for granting authorisations of plant protection products. There is 
only one small exemption: for new active substances it is possible to grant an authorisation 
provided a decision on the approval of that active substance could not be finalised within the 
time frame set out in Regulation (EC) No 1107/2009. 
Having said this it is necessary to point out that Regulation (EC) No 1107/2009 contains 
strong timelines for Member States, EFSA and the European Commission for the approval 
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of active substances (overall timeframe as a rule 2.5 years) as well as for the authorisation of 
plant protection products (overall timeframe as a rule one year). 

Cut-off criteria 
The most far-reaching change covers the criteria for approval of active substances. In future 
it is no longer possible to approve active substances with special risks for humans or the 
environment. The underlying criteria are called cut-off criteria. They are not risk-based but 
hazard based which may have an enormous impact. 
The environmental based cut-off criteria cover 

 persistent organic pollutants (POP), 
 persistent, bio-accumulative, toxic materials (PBT), 
 very persistent, very bio-accumulative materials (vPvB) or 
 active substances that have endocrine disrupting properties on non-target organisms. 

It is no longer possible to approve active substances that are classified according to these 
criteria. 
The health based cut-off criteria cover 

 carcinogenicity, 
 genotoxicity, 
 toxicity on reproduction or 
 active substances that have endocrine disrupting properties. 

Also in this case it is no longer possible to approve active substances that are classified 
according to these criteria. Nevertheless, deviations may be possible if exposure to humans 
is negligible. 
For most of the mentioned effects definitions exist in Regulation (EC) No 1107/2009. For 
example the carcinogenicity, genotoxicity, and toxicity on reproduction are connected to 
classification and labelling of the active substance. Nevertheless, two points are still open. 
The endocrine disrupting properties are being discussed on a wide basis. The leading 
Directorate General is DG Environment in Brussels responsible inter alia for REACH (the 
chemical legislation). It is foreseen to find definitions for all chemicals. Discussions are still 
ongoing but interim criteria are fixed for the health based criterion – unfortunately not for 
the environmental criterion. The second open point is the definition of negligible exposure. It 
might be something between zero exposure and reduction of exposure to technically feasible 
exposure. The European Commission will soon discuss this item in an expert meeting. 

Expected impact 
Overall the Federal Office of Consumer Protection and Food Safety is cautiously optimistic 
concerning the cut-off criteria. We have to bear in mind that today active substances are 
evaluated in broad detail in the EU; they are safe for the consumer and the environment. For 
Germany we expect that about 7 % of active substances used might be considered as 
fulfilling the cut-off criteria, but 
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 about 350 active substances were approved in 2011 within the EU and 
 new active substances will be approved in future. 

AUTHORISATION OF PLANT PROTECTION PRODUCTS 

Overview 
Despite all changes introduced for the authorisation of plant protection products it is 
important to say that granting of authorisation is still a responsibility of the national 
authorities. The duration of an authorisation is restricted. It lasts one year longer (maximum) 
than the approval of any active substances, safeners and/or synergists contained within it. 
This means that a plant protection product containing more than one active substance will be 
re-authorised more than once within a 10 years period. 
Two of the main changes concern zonal authorisation and mandatory mutual recognition 
which will be covered in more detail later on. Also, when speaking of zonal authorisation it 
is necessary to clarify that it is really zonal evaluation but not an authorisation. For these 
procedures strict and short timelines are fixed in Regulation (EC) No 1107/2009. As 
mentioned before it is no longer possible to grant provisional authorisation in the case of 
new active substances. An exception is possible if the approval of the active substance 
exceeds given time limits. 
A rather new element in the process of authorisation covers the comparative assessment for 
active substances that are marked as candidates for substitution. The text contains also 
additional rule for minor uses and data protection. 

Zonal authorisation 
For conducting zonal authorisations (zonal evaluations) Europe is divided into three zones. 
The northern zone comprises Denmark, Estonia, Finland, Latvia, Lithuania, Sweden; the 
central zone Austria, Belgium, Czech Republic, Germany, Hungary, Ireland, Luxemburg, 
The Netherlands, Poland, Rumania, Slovakia, Slovenia, United Kingdom and the southern 
zone Bulgaria, Cyprus, France, Greece, Italy, Malta, Portugal and Spain. They consist of:  

 glasshouse uses, 
 uses after harvest, 
 uses in empty stores, and 
 seed treatments. 

The evaluation is done by a zonal Rapporteur Member State (zRMS). It is up to the applicant 
to propose such a zRMS. In parallel the applicant will apply for an authorisation in other 
(= concerned) Member States of the zone (cMS). All these Member States will receive a 
complete data set, hopefully at the same time. During the evaluation and assessment the 
zRMS can consult with other Member States. It is the obligation of the zRMS to prepare a 
draft Registration Report that is open for comments to all Member States.  
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Within one year the Registration Report should be finalised and the zRMS should have 
granted his authorisation. On this basis taking into account deviations for national 
authorisations the cMS shall grant their authorisation within 120 days. 
It should be made clear, that no Peer Review as known from the assessment of active 
substances will take place in the framework of authorisation of plant protection products! 
In order to comply with this approach and the underlying need for harmonization, close 
coordination and cooperation between the national authorities is necessary. For this reason 
three Zonal Steering Committees and an Interzonal Steering Committee were created. These 
committees meet regularly in telephone conferences and face-to-face meetings. But it is all 
necessary to develop Guidance Documents in order to foster harmonisation. To start this 
work is one of the tasks of the mentioned Steering Committees. Last but not least the 
European Commission has started to design a European Database on authorizations; a 
preview has been launched recently to Member States. 

Mandatory mutual recognition 
Mutual recognition now becomes mandatory under certain circumstances. It is obligatory 
within one zone. Between zones it is only possible from one Member State to another 
Member State. Further mutual recognition to other Member States of that zone is not 
possible in order to avoid a "domino effect", i. e. to end up with an authorisation in all 
Member States based on an evaluation in one zone. The active substance contained in a plant 
protection product designated for mutual recognition must be approved. In cases of new 
active substances where an authorisation is possible under certain circumstances a mutual 
recognition is only possible on a voluntary basis. In case of plant protection products 
containing a candidate for substitution a mutual recognition is also only possible on a 
voluntary basis. To simplify authorisation of minor uses a mutual recognition of single uses 
is possible (normally the whole authorisation with all its uses must be recognised). 
As it is a mandatory mutual recognition, possibilities to refuse such recognitions are very 
limited. As mentioned, mutual recognition is not mandatory in case of plant protection 
protucts containing active substances that are candidates for substitution, provisional 
authorisation and authorisations from a different zone. In addition, plant protection products 
containing active substances, which are approved to control a serious danger, are not subject 
to a mandatory mutual recognition. Nevertheless, Member States granting authorisations on 
the basis of mutual recognition are allowed to take into account local conditions. 
Furthermore, these Member States may establish their own risk mitigation measures. This is 
mainly owing to missing harmonisation. Member States have to grant their authorisation 
based on mutual recognition within 120 days. 

Minor uses 
The new Regulations produce better instruments for closing minor use gaps. Minor uses will 
be of more interest for applicants due to  
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 zonal authorisation, i. e. avoiding a complete evaluation in every Member State for 
which an authorisation is envisaged, and  

 mandatory mutual recognition, also simplifying the authorisation in Member states. 
Furthermore, data protection rules have been changed in this area. Applicants can receive a 
prolongation of data protection by 3 months for each minor use applied for with its own data. 
This means that the prolongation is not possible in case the authorisation based on 
extrapolation of existing data. The maximum additional period of data protection is 3 years, 
i. e. 13 instead of 10 years. This stimulates applicants to apply for uses in minor crops. 

Substitution and comparative assessment 
To declare an active substance to be a candidate for substitution is a decision taken at EU 
level during the approval process. They become a candidate for substitution if they pose a 
risk for humans and the environment due to toxicity. The following criteria are given in 
Regulation (EC) No 1107/2009: 

 ADI (acceptable daily intake), ARfD (acute reference dose) or AOEL (acceptable 
operator exposure level) of the active substance is significantly lower than those of other 
approved active substances within groups of substances. 

 The active substance meets two of the criteria to be considered as a PBT substance. 
 Reasons for concern are linked to the nature of the critical effects (such as 

developmental neurotoxic or immunotoxic effects) which, in combination with the 
use/exposure patterns, amount to situations of use that could still cause concern, for 
example, high potential of risk to groundwater; even with very restrictive risk 
management measures. 

 The active substance contains a significant proportion of non-active isomers. 
 The active substance is classified as carcinogen category 1A or 1B. 
 The active substance is classified as toxic for reproduction category 1A or 1B. 
 The active substance is considered to have endocrine disrupting properties. 

The substitution will take place after a transitional period of a maximum of 5 years. The 
period will be shorter if authorisation ends before. Then the substitution will become part of 
the re-evaluation process.  
While at the EU level active substances will be marked as candidates for substitution, the 
following process will be done by the Member States. This is the comparative assessment to 
be done for the plant protection products for each use. When doing so the Member States 
have to take into account the following criteria: 

 availability of alternatives, 
 economic effects, 
 resistance in target organisms. 

Some additional elements 
Quite new is the concept to distinguish between professional and non-professional users. 
Germany made this distinction – not using the same wording – some years ago with its 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Challenges of Regulation (EC) No 1107/2009 and the new Plant Protection Act 

 237 

special authorisations and authorisation criteria for home and garden uses. The aim of the 
distinction is a higher level of protection in case of non-professional users. For this reason 
low-risk plant protection products should be authorised for non-professional users 
preferably. It should be also mentioned that the obligatory training and qualification is not 
necessary for non-professional users. 
While aerial spraying is prohibited in general, exemptions are possible. According to the 
Plant Protection Act, Germany will grant such exemptions for uses in forest and in steep 
slope viticulture. 
Last but not least, additional reduction of pesticide uses is foreseen in specific areas to 
further minimise the risk for health and the environment. These areas cover 

 areas used by the general public or by vulnerable groups and 
 protected areas such as water bodies and/or other areas identified for the purposes of 

establishing the necessary conservation measures for wild animals. 

CONCLUSION 

The "Thematic strategy on the sustainable use of pesticides" and as a part of it Regulation 
(EC) No 1107/2009 contains various challenges. The impact on the agricultural practice and 
for industry could be summarised as follows: 
On the basis of the legal text a better availability of plant protection products can be 
predicted. Due to the zonal authorisation (evaluation) we will have comparable conditions 
for competition in all Member States of one zone. In the midterm, omission of some active 
substances is possible based on the new cut-off criteria. On the other hand new active 
substances will be authorised complying with these criteria. It is important to say that 
protection of minor crops is still guaranteed by Regulation (EC) No 1107/2009. Article 51 
largely covers the provisions of § 18 Plant Protection Act (former version, Anonymous 
1998). We will see authorisations for professional and non-professional users. 
For the moment some uncertainty concerning the definite interpretation of the Regulation, 
for example transitional measures, data protection, but also concerning the revised data 
requirements entering into force on 1st January 2014 occur, being a hurdle for industry in 
planning future work. On the other hand, Regulation (EC) No 1107/2009 comes along with 
faster decision making and less bureaucracy. It will stimulate the development low-risk plant 
protection products and it will stimulate applicants to apply for uses in minor crops. 
It could be stated that benefits and drawbacks are balanced. 
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ABSTRACT 

Denmark has introduced a new indicator for ranking the potential impact of pesticides on 
health and environment. The new Pesticide Load (PL) makes it possible for farmers to 
choose the least harmful fungicides and substitute between products which have an equally 
good efficacy profile. In practice PL varies for fungicide standard rates by a factor of 10. 
Products including epoxiconazole generally have higher PL’s due to the human health 
profile of this active. PL’s per area, crop or product will supplement the previous pesticide 
statistics based on treatment frequency index (TFI). PL has also been introduced as the basis 
for a new tax system for pesticides from 1 July 2013, replacing the old value based tax. The 
Government has asked for a 40% reduction in the PL per ha by 2015, based on substitutions 
to less harmfull products. As certain pesticide groups will be favoured by the new tax system 
it is expected that the system could lead to more problems related to pesticide resistance. 

INTRODUCTION 

Today the common European agricultural policy questions the increasing dependence on 
pesticides. The framework directive (Directive 2009/128/EC) states that by 2014 all EU 
members must have implemented Integrated Pest Management (IPM), with the aim to reduce 
the impact of pesticide use. Eight IPM principles were listed in the directive to support the 
implementation of IPM. The fifth of the eight principles states that the pesticides chosen 
must be specific and least harmful to health and environment. So far farmers in the EU have 
not been provided with tools which enable them to select products that follow this principle. 
As part of a new pesticide strategy plan in Denmark for 2013 to 2015 (Anon. 2013a), a new 
risk indicator for effects on the environment and health was developed named the Pesticide 
Load (PL). The PL values for each product provide a basis for developing a guide to allow 
farmers and other users of pesticides to make a selection among pesticides based on their 
inherent properties. A value added tax system for pesticides has been in place since 1996. 
Since 1998 the tax has been 33% for herbicides, fungicides and growth regulators and 50% 
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for insecticides. For several years there has been a general wish to change the value added 
tax to a tax based on environmental and human health effects of pesticides. PL provides the 
base for this change. 
This paper describes the PL for individual fungicides as well as impact on cost of products 
and other implications relevant for the choice of fungicides.  

CALCULATION OF PESTICIDE LOAD 

Three elements have been included in the calculation of PL, impact on health (PLH), 
environment (PLE) and fate (PLF) (Anon. 2012a). In a dialogue with the agrochemical 
industry, data from the PPDB database (footprint database) are used as input for the ranking 
of substances in the area of ecotoxicity and fate. The same data are used in connection with 
the risk assessment of the substances and subsequent inclusion on Annex 1 to Directive 
91/414/EEC or plant protection regulation 1107/2009.  
Ranking of the health risk of the products is based on the risk phrases of the product, i.e. 
only operator exposure is considered. Every risk phrase is given a score between 10 and 100. 
The highest score of 100 points is given to products that are highly toxic or can cause 
irreversible damage (may cause heritable genetic risk or may cause cancer). Formulations of 
products are also considered to have an impact on exposure with powder and liquid 
formulations providing higher risks compared with e.g. tablets and ready for use mixtures. 
PLH is calculated based on risk sentences and formulation (Anon. 2012a).  
The environmental fate of pesticides is determined using 3 subindicators; degradation in soil 
(Soil DT50), potential for bioaccumulation (BCF) and mobility in soil. For bioaccumulation 
BCF values are used, and in case these are not available log Pow values are used. Regarding 
mobility in soil the risk of products leaching to the groundwater is calculated based on the 
half-life of the active ingredients and possible degradation products (metabolites) and Koc 
values using a SCI-GROW model. As regards persistence, the longer the lifetime, the greater 
the PL. PLF is calculated on basis of the 3 subindicators (Anon. 2012a). 
The environmental toxicity of pesticides is determined using several subindicators; 8 relating 
to short-term effects (mammals, birds, fish, daphnia, algae, aquatic plants, earthworms and 
bees) and 3 relating to long-term effects (fish, daphnia and earthworms). Data from the foot-
print database are used for the ranking and calculations of the PLE (Anon. 2012a). 
Total PL values including environment, health and fate has been published for all products, 
and it is clear that the PL varies significantly between products. This is illustrated in Table 1 
for the major fungicides currently authorized in Denmark.  
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Table 1. Examples of Pesticide Load (PL) for cereal fungicides and the changes of cost 
following introduction of a new tax. The products are ranked according to PL. 
New prices are based on www.middeldatabasen.dk (Anon. 2013b) 

Products 
g a.i per litre/kg 

Stan- 
dard 
dose 
l/ha 

PL 
per 

stan-
dard 
dose  

Price 
with old 

tax 
€/kg-L 

Price 
with 

new tax 
€/kg-L 

Change 
in cost (€) 

per 
standard 

dose 
Bell  
(67 g epoxiconazole + 233 g boscalid)  

1.5 3.12 49 70 32 

Ceando  
(83 g epoxiconazole + 100 g metrafenon) 

1.5 2.90 39 59 30 

Opera  
(50 g epoxiconazole + 133 g pyraclostrobin) 

1.5 2.76 53 71 27 

Osiris  
(38 g epoxiconazole + 28 g metconazole) 

2.0 2.20 22 37 30 

Rubric (125 g epoxiconazole)  1.0 1.99 43 65 22 
Tern (750 g fenpropidin)  0.8 1.12 37 49 10 
Comet (250 g pyraclostrobin)  1.0 0.79 51 56 5 
Dithane NT (750 g mancozeb)  1.5 0.78 7 17 20 
Folicur (250 g tebuconazole)  1.0 0.77 27 32 5 
Prosaro 
(125 g tebuconazole + 125 g 
prothioconazole) 

1.0 0.54 52 47 -5 

Juventus (90 g metconazole)  1.0 0.45 42 40 -2 
Aproach (250 g picoxystrobin) 0.5 0.41 53 53 0
Flexity (300 g metrafenone) 0.5 0.38 84 86 1
Proline  (250 g prothioconazole)  0.8 0.37 73 62 -9 
Bumper (250 g propiconazole)  0.5 0.27 25 28 2 
Amistar (250 g azoxystrobin)  1.0 0.26 53 46 -7 

TAX BASED ON PESTICIDE LOAD 

It was decided by the Danish government (Anon. 2013a) that the existing value added tax 
will be replaced by a new tax based on the PL. By using the PL as the basis for the tax 
system, it is envisaged that new pesticide tax will be based on objective data. The tax is 107 
DKK (14.3€) per PL, supplemented by a basic tax 50 DKK per kg active substance in the 
products (6,7 € per kg). 
The objective of the new tax system is to introduce a significant price differentiation to 
provide incentives for the farmers to choose the least harmful pesticides thereby minimizing 
the impact on health and environment. Compared to the present tax the new tax will lead to 
bigger price differences between products. As illustrated for fungicides in Table 1 some 
products will become significantly more expensive, others will become cheaper or the prices 
will remain unchanged. The values for the products were at the time of printing still 
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preliminary and minor adjustments can be expected depending on how the companies finally 
price their products. 
Plant protection products only approved for closed greenhouses are exempted for the part of 
the tax relating to environmental effects as these plant protection products are not expected 
to give rise to significant environmental effects. Seed treatments are also handled in a 
specific way and in this case the risk to mammals and birds gives rise to a higher load for the 
environmental toxicity (Anon. 2012a).  
The total tax revenue is expected to increase by 150 billion DKK once it will be fully 
implemented. The majority of the tax revenue is returned to farmers as a compensation for 
land taxes (approximately 10 € reduction/ha). The tax is also used to support green initiatives 
and pesticide related research activities. The tax was implemented on1th July 2013.  

IMPACT ON USE STRATEGIES. 

The economical benefit of using fungicides will be influenced by the new tax. This is 
illustrated in Tables 2 and 3 showing data from trials carried out in winter wheat and spring 
barley, comparing typical Danish control strategies. The impact of the new tax will generate 
changes in the ranking of the economically most profitable treatments assessed on the basis 
of economic net returns (in which cost of treatment and fungicide cost has been deducted 
from the gross return). As the Danish solutions traditionally include significantly reduced 
dose rates, the changes are not as dramatic as the figures in Table 1 might indicate. In spring 
barley several solutions (Table 2) are providing similar control and yield responses (Anon. 
2012b), and substitutions to products not containing epoxiconazole will be likely and 
provide competitive solutions. 
In wheat, treatments have traditionally included products containing epoxiconazole once or 
twice per season, but as indicated in Table 3 similar control and yield responses can be 
obtained by substituting at least one of the two epoxiconazole treatments with products 
containing other active ingredients. As epoxiconazole is still seen as the most effective azole 
for control of septoria tritici blotch (Mycosphaerella graminicola) in Denmark it is not likely 
that the farmers will completely skip the use of products containing this active. 

DISCUSSION  

Treatment Frequency Index has been the main indicator of the intensity of pesticide use in 
Denmark since 1985. The Pesticide Load per ha is seen as a better indicator for the potential 
adverse impacts of pesticides on the environment and human health. Based on the use pat-
tern of pesticides in 2011, it is foreseen that the PL per ha will be reduced significantly in the 
future as the farmers are expected to select the cheaper products solutions and thus the least 
harmful pesticides. The new pesticide strategy sets a goal of a 40% reduction in PL per ha by 
2015 (Anon. 2013a), which is expected to be achievable through substitution of products. 
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Table 2 Results from 10 spring barley trials from 2011-2012. Treatments were carried out at 
gs 37-39. Impact of new tax on the net return from different solutions has been 
calculated. Data from the Knowledge Centre for Agriculture, Skejby. Grain price 
fixed at 20 € per dt and cost of application at 9.3 €. 

Treatments applied at  
GS 37-39 

% control of  
Rhynchosporium  

Yield increase 
 dt/ha 

Net return 
Old tax € 

Net return 
New tax €  

Untreated 8 59.2 - -
0.25 Folicur + 0.25 Comet 63 +3.9 48.7 46.5 
1.0 Osiris 87 +3.9 46.7 31.5 
0.35 Prosaro + 0.15 Comet 75 +4.5 54.4 55.7 
0.5 Prosaro 87 +4.7 58.7 60.7 
0.75 Bell 87 +5.4 61.2 46.4 
LSD95 (between 
treatments) 

0.9

Table 3 Results from 4 trials in winter wheat from 2011-2012. Treatments were carried out at 
gs 37-39 and 51-55. Impact of new tax on the net return from the different solutions 
have been calculated. Data from Aarhus University - Flakkebjerg. Grain price fixed 
at 20 € per dt and cost of application at 9.3 €. 

Treatment at  
GS 37- -55 

% con-
trol of 
Septoria  

Yield and 
yield increase 
dt/ha 

Net return 
Old tax € 

Net return 
New tax € 

Untreated 77.2 - -
0.5 Bell + 0.17 Comet/1.0 Osiris 93 +11.9 162.7 137.2 
2 x 0.5 Rubric 85 +12.1 175.7 159.7 
0.75 Bell/0.4 Proline 91 +12.1 157.0 146.6 
1.0 Osiris/0.75 Bell 88 +13.7 195.9 165.9 
2 x (0. 5 Bell + 0.17 Comet) 90 +14.3 199,7 179.0 
0.5 Bell + 0.17 Comet/0.4 Armure 92 +14.3 208.2 197.9 
0.5 Bell + 0.17 Comet/0.5 Prosaro 87 +14.6 213.7 205.7 
LSD95 2.5
It is expected that the new tax will result is a reduction in the number of products on the 
market as the most harmful products due to uncompetitive prices will most likely be 
withdrawn. Another drawback of the new tax system is the influence on behaviour. Stock 
building is expected to have taken place during the last two seasons, and it is also foreseen 
that the farmers will be more tempted to illegal use of pesticides bought e.g. in Germany, 
where there is no tax on pesticides. To prevent this scenario the authorities will intensify the 
inspections both as random checks of lorries crossing the borders and at farm level.  
Increasing problems with pesticide resistance are expected as the new tax system will favour 
certain groups of pesticides. The greatest concern is resistance to the sulfonylurea herbicides 
as these will become significantly cheaper compared to some of the older but less resistant 
prone chemistries. Within the fungicides certain triazoles will be strongly favoured 
compared with others, which could increase the risk of selection in the fungal 
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pathogens. Unfortunately, already today the number of available fungicides with different 
modes of action is very limited due to the stricter requirements for authorization in Denmark 

specific anti-resistance strategies are very limited or non-existant in Denmark. The problems 
related to resistance could well increase in future as also new fungicides e.g. new SDHI 
fungicides, now on the market in other European countries, are not expected to fulfill the 
specific Danish requirements demanding a higher protection level of the groundwater.  
The new tax system has many similarities with the comparative assessments system 
proposed by the framework directive (Directive EC 1107/2009). With the Danish tax system 
the most harmful products will in case of appropriate alternatives be substituted with less 
harmful products based on economic judgements, but the harmful products can, however, 
stay on the market. 
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ABSTRACT 

Cercospora leaf spot, caused by the fungus Cercospora beticola Sacc., is the most economi-
cally damaging foliar disease of sugar beet (Beta vulgaris L.) in Minnesota and North Dako-
ta, USA. Field trials were conducted in 2012 to determine the efficacy of multiple applica-
tions of fungicides applied alone or in mixtures (Trial 1); and to determine the efficacy of 
multiple applications of single fungicides and/or fungicide mixtures used in a rotation pro-
gram to control Cercospora leaf spot economically (Trial 2). In Trial 1, all fungicide 
treatments except penthiopyrad provided effective control of C. beticola and resulted in sig-
nificantly higher tonnage, sucrose concentration, and recoverable sucrose compared to the 
non-treated check. Results were similar for Trial 2 where all fungicide treatments resulted in 
significantly higher root yield, sucrose concentration and recoverable sucrose than the non-
treated check and where it was economical to apply fungicides for controlling C. beticola. 
The treatments where the first application included triphenyltin hydroxide in a mixture, or 
pyraclostrobin, generally provided better disease control compared to where a single product 
was used in the first application. Root yield ranged from 12.1 to 16.4 tonnes/ha higher, and 
sucrose concentration 2.4 to 3.8% higher, compared to the non-treated check. Results indi-
cated that it was economical to apply fungicides for controlling C. beticola, and the use of 
triphenyltin hydroxide with thiophanate methyl as the first of three applications generally 
provided the best disease control. 

INTRODUCTION 

Cercospora leaf spot, caused by the fungus Cercospora beticola Sacc., is the most 
destructive and common foliar disease of sugar beet (Beta vulgaris L.) in Minnesota and 
North Dakota, USA. Disease symptoms typically appear after row closure. Symptoms are 
circular spots 3 to 5 mm in diameter with grey centers and dark brown to reddish borders 
which appear first on older leaves. Over time, the spots coalesce and entire leaves die. 
Damage and loss of leaves results in reduced root yield, lower sucrose concentration, and 
increased impurities resulting in reduced extractable sucrose and higher processing costs 

. Cercospora leaf spot is managed by integrating the use of tolerant 
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varieties, reducing inoculum by crop rotation and tillage, and timely fungicide applications. 
Effective fungicide treatments are required to control C. beticola at first symptoms to pre-
vent significant economic losses. Trials are conducted annually to determine the efficacy of 
individual fungicides or mixtures, and the best fungicide programs to manage the pathogen 
season long. The objective of this research was to firstly evaluate the efficacy of multiple 
applications of fungicides alone, or in mixtures, and secondly develop recommendations by 
evaluating individual fungicides and/or mixtures of fungicides used in a rotation program to 
control Cercospora leaf spot on sugar beet.  

MATERIALS AND METHODS 

Two trials were conducted using identical methodology at Foxhome, MN in 2012. In Trial 1, 
three applications of individual fungicides or fungicide mixtures were tested, and in Trial 2, 
individual fungicides and/or fungicide mixtures were used in a rotation program two, three 
or four times. The experimental design for each trial was a randomized complete block with 
four replicates. Field plots comprised of six 9 m long rows spaced 56 cm apart and managed 
using recommended practices. Plots were planted on 10 May with Beta 89RR10 seeds 
treated with hymexazol at 45 g/unit seed (Tachigaren, Sankyo Agro Co. Ltd, Tokyo, Japan), 
and clothianidin with beta-cyfluthrin (Poncho-beta, Bayer CropScience). Seed spacing 
within the row was 12 cm. Weeds were controlled with two applications of 2.3 and 1.6 
liter/ha glyphosate (Roundup Powermax 4.5 SL, Monsanto) on 24 May and 21 June, 
respectively. Azoxystrobin (Quadris, Syngenta) was applied at 0.67 liter/ha to all plots on 22 
May to control Rhizoctonia solani. Plots were inoculated on 3 July with 5 kg/ha of C. 
beticola inoculum on ground sugar beet leaves not previously exposed to fungicides. 
Fungicide spray treatments were applied with a CO2 pressurized 4-nozzle boom sprayer with 
11002 TT TwinJet nozzles calibrated to deliver 160 l/ha of solution at 413 kPa pressure to 
the middle four rows of plots. In Trial 1, the same treatments were applied to the middle four 
rows of plots on 17 July, 2 and 17 August. Fungicides evaluated, alone or in mixtures 
included thiophanate methyl, triphenyltin hydroxide, tetraconazole, prothioconazole, 
difenconazole + propiconazole, fluxapyroxad + pyraclostrobin, penthiopyrad, and 
pyraclostrobin. In Trial 2, there was one treatment where the first fungicide application was 
made on 30 May before inoculation followed by three fungicide applications on 17 July, 2 
and 17 August. There were also two treatments with two applications on 17 July and 2 
August. All other treatments were three applications made on 17 July, 2 and 17 August 
starting at first symptoms. Treatments were applied at rates indicated in Tables 1 and 2. 
Fungicides evaluated included triphenyltin hydroxide (Supertin 4L, United Phosphorus, 
Pennsylvania, USA), (Agritin 4L, Nufarm, Illinois, USA), thiophanate methyl (Topsin 4.5 
FL, United Phosphorus, Pennsylvania, USA), difenconazole + propiconazole (Inspire XT 
EC, Syngenta, North Carolina, USA), tetraconazole (Eminent SL, Sipcam, North Carolina, 
USA), pyraclostrobin (Headline SC, BASF, North Carolina, USA), prothioconazole (Proline 
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SC, Bayer CropScience, Pennsylvania USA); penthiopyrad (Dupont, Delaware, USA), 
fluxapyroxad + pyraclostrobin (Priaxor SC, BASF, North Carolina, USA).  
Cercospora leaf spot severity 
Windels 1991). A rating of 1 indicated the presence of 1-5 spots/leaf or 0.1% disease 
severity and a rating of 10 indicated 50% or higher disease severity. Cercospora leaf spot 
severity was assessed during the season. The rating done on 29 August is reported. 
In both Trials Cercospora leaf spot progressed very rapidly in the non-treated check and by 
mid-August, had severe disease and a Cercospora leaf spot rating of 10.  
Plants were defoliated mechanically and the middle two rows of each plot were harvested 
and weighed for root yield on 27 September. Twelve to 15 representative roots from each 
plot, not including roots on the ends of the plot, were analyzed for quality at the American 
Crystal Sugar Company Quality Tare Laboratory, East Grand Forks, MN. Data analysis was 
performed with the ANOVA procedure of the Agriculture Research Manager, version 8 
software package (Gylling Data Management Inc., Brookings, South Dakota, 2010). The 
least significantdifference (LSD) was used to compare treatments when the F-test for 
treatments was significant. 

RESULTS AND DISCUSSION 

In Trial 1, environmental conditions were favorable for development of C. beticola and first 
symptoms were visible on 13 July. Fungicide treatments were initiated four days later. 
Cercospora leaf spot progressed very rapidly in the non-treated check and reached economic 
injury level by early-August. By mid-August, the non-treated check had severe disease and a 
Cercospora leaf spot rating of 10 (Table 1). All fungicide treatments except penthiopyrad 
when used alone at different rates had significantly greater disease control, greater tonnage, 
sucrose concentration, and recoverable sucrose compared to the non-treated check. The 
addition of pyraclostrobin to penthiopyrad resulted in effective disease control and 
significantly greater tonnage, sucrose concentration, and recoverable sucrose than the non-
treated check or the use of penthiopyrad alone. Sugar losses to molasses were typically 
higher in the non-treated check and treatments where there were higher disease severities as 
measured by the leaf spot rating. Fungicides with different modes of action including 
pyraclostrobin (strobilurin), difenconazole + propiconazole, and prothioconazole (triazoles), 
triphenyltin hydroxide (organotin), fluxapyroxad (SDHI) + pyraclostrobin (strobilurin), and 
thiophanate methyl (benzimidazole) all provided varying levels of control of C. beticola. 
Penthiopyrad (SDHI) alone did not provide effective control of C. beticola, but was effective 
when mixed with pyraclostrobin suggesting control was provided by the pyraclostrobin. 
Mixing organotin with a strobilurin or with the triazoles resulted in significantly lower leaf 
spot rating with no yield drag compared to using the strobilurin or triazoles alone. The use of 
a surfactant (AG 8050) did not improve the efficacy of the fungicides to which it was added. 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Khan 

 248 

Table 1 Effect of fungicides used alone or in mixtures on Cercospora leaf spot control and 
sugar beet yield and quality at Foxhome, MN in 2012 

Treatment1 and rate (ml/ha) CLS2 Root yield 
(t/ha) 

Sucrose Con-
centration(%) 

SLM3 
(%) 

Recoverable 
sucrose (kg/ha) 

T(S) 585 6.0 49.8 20.6 1.91  9337 
T(A) 585 6.0 54.5 20.4 1.88 10084 
TM 730 7.0 49.1 19.4 2.16   8450 
Tet 950 7.0 50.0 19.9 1.93   8985 
(Di+Pr) 510 5.0 55.6 20.3 1.83 10229 
Pro 365 6.0 53.4 20.1 1.98   9676 
Py 660  5.0 52.2 21.8 1.92 10356 
T(A) 440+TM 555 5.0 54.7 21.3 1.88 10584 
T(A)+Tet 710 5.0 54.7 20.4 1.81 10123 
T(A) 440+ Pro 274  5.0 56.3 20.2 1.97 10204 
T(A) 440 + (Di+Pr) 384 4.0 54.5 21.4 1.86 10620 
T(A) 440 + Py 493 4.0 56.3 20.8 1.89 10638 
TM 555+Tet 710 6.0 50.7 20.2 2.02   9203 
TM 555+ Pro 365 5.0 50.2 20.3 1.95   9189 
TM 555 + (Di+Pr) 384 5.0 57.8 20.1 1.84 10532 
TM 555+Py 493 4.0 55.4 20.8 1.78 10516 
Penthiopyrad 730 9.0 43.0 18.1 2.12   6851 
Penthiopyrad 1170 9.0 43.3 18.3 2.18   6961 
Penthiopyrad 1750 10.0 45.5 17.5 2.30   6917 
Penthiopyrad 730 + NIS 
0.125% v/v 10.0 42.1 17.5 2.27   6410 
Penthiopyrad 1170 + Py 493 6.0 53.1 19.7 2.04   9405 
(Fluxapyroxad+Py) 475 5.0 55.8 19.7 1.91   9947 
(Fluxapyroxad+ Py) 475+ 
AG8050 470 5.0 54.9 19.7 1.95   9757 
(Di+Pr) 510+AG 8050 470 5.0 52.7 20.9 1.78 10022 
Pro 365+AG 8050 470 5.0 55.1 20.3 1.82 10178 
Py 660+AG 8050 470 5.0 57.6 20.3 2.00 10505 
Nontreated Check 10.0 42.8 17.1 2.13   6429 
LSD (P=0.05) 0.8 4.6 1.3 0.25     922 

1 T(A)=triphenyltin hydroxide (Agritin), T(S)=triphenyltin hydroxide (Supertin), TM= 
thiophanate methyl, Pro=prothioconazole + non-ionic surfactant (NIS) at 0.125%v/v, 
Py=pyraclostrobin, (Di+Pr)=difenconazole+propiconazole, Tet=tetraconazole, AG8050= 
adjuvant; treatments applied on 17 July, 2 and 17 August. 

2 CLS - Cercospora leaf spot measured on 1-10 scale (1 = 1- 5 spots/leaf or 0.1% severity 
and 10 = 50% severity) on August 29. 

3 SLM - Sugar lost to molasses 
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Table 2 Effect of fungicides in a rotation program on Cercospora leaf spot control, and 
sugar beet yield and quality at Foxhome, MN in 2012 

Treatment1 and rate (ml/ha) CLS2 Root 
yield 
(t/ha) 

Sucrose 
concentra-
tion (%) 

SLM3 

(%) 
Recoverable 

sucrose 
(kg/ha) 

Net 
Rev 

($/ha)4 
T(A) 440+TM 555 / T(A) 440+Pro 274 / Pyra 660 5.0 61.4 19.2 1.61 10807 4568 
T(A) 440+TM 555 / (Di+Pr) 510 / Py 660 5.0 60.5 19.4 1.71 10686 4531 
T(S) 440+TM 555 / TM 555 + Pro 274 / Pyra 660 5.0 58.7 19.9 1.74 10641 4499 
T(S) 440+TM 555 / (Di+ Pr) 510 / Py 660 5.0 57.8 20.1 1.75 10584 4484 
T(A) 440+TM 555 / T(A) 440 + Tet 710 /Py 660 5.0 60.7 18.9 1.65 10465 4430 
T(S) 440+TM 555 / TM 555 + (Di + Pr) 384 / Py 660  5.0 58.3 19.4 1.62 10370 4390 
T(S) 440+TM 555 / Pro 365 / Py 660 5.0 57.6 19.6 1.70 10280 4336 
T(A) 440+TM 555 / T(A) 440+Py 660 / Tet 950 5.0 58.1 19.3 1.76 10221 4215 
(Di+ Pr) 510 / T(S) 440 6.0 59.2 18.9 1.65 10211 4326 
T(A) 440+TM 555 / Pro 365 / Py 660 5.0 54.7 20.3 1.70 10205 4304 
Pro 365 / T(S) 440 +TM 555 / Py 660 / T(S) 5855 5.0 56.9 19.6 1.73 10147 4237 
T(S) 440+TM 555 / Tet 950 / Py 660 5.0 58.5 19.1 1.62 10146 4294 
Py 660 / T(S) 585 / Pro 365 6.0 56.9 19.3 1.74 9968 4205 
T(A) 440+TM 555 / T(A) 440 + Pro 274 / Py 660 6.0 56.5 19.1 1.75 9841 4153 
Py 660 / T(S) 585 / (Di+ Pr) 510 6.0 54.0 20.0 1.80 9825 4155 

(Di+Pr) 510 / T(S) 585  7.0 55.4 19.4 1.89 9664 4168 
T(S) 585 / Pro 365 / Py 660 6.0 55.8 19.1 1.71 9657 4066 
Pro 365 / T(S) 585 / Py 660 7.0 55.1 19.1 1.70 9574 4047 

Pro 365 / T(S) 585 ml  7.0 52.9 19.9 1.88 9519 4091 
T(S) 585 / (Di + Pr) 510 / Py 660 6.0 54.0 19.2 1.92 9348 3945 
Tet 710+TM 555 / T(S) 585 / Py 660  7.0 54.9 18.9 1.93 9319 3936 
Tet 950 / T(S) 585 / Py 660 8.0 53.1 18.6 1.93 8857 3745 
Nontreated Check 10.0 43.0 16.5 1.97 6269 2764 
LSD (P=0.05) 0.7 4.1   1.1 0.20 1030 452 

1 T(A)=triphenyltin hydroxide (Agritin), T(S)=triphenyltin hydroxide (Supertin), TM= thiophanate 
methyl, Pro=prothioconazole + non-ionic surfactant at 0.125%v/v, Py=pyraclostrobin, 
(Di+Pr)=difenconazole+propiconazole, Tet=tetraconazole 

2 CLS - Cercospora leaf spot measured on 1-10 scale (1 = 1- 5 spots/leaf or 0.1% severity and 10 = 
50% severity) on August 29. 

3 SLM - Sugar lost to molasses. 
4 Net Revenue calculated by multiplying recoverable sucrose by US$0.44 and subtracting estimated 

pesticide costs and application costs. 
5 First application made on 30 May followed by applications on 17 July, 2, and 17 August  
6 Applications made on 17 July and 2 August; all other fungicide programs were treated on 17 July, 

2, and 17 August. 

Among the triazoles, difenconazole + propiconazole resulted in better disease control and 
higher recoverable sucrose compared to tetraconazole. In Trial 2, environmental conditions 
favored rapid development of C. beticola resulting in Cercospora leaf spot rating of 10 in the 
non-treated check by mid-August (Table 2). All fungicide treatments resulted in significantly 
lower leaf spot rating, and significantly greater tonnage, sucrose concentration, and 
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recoverable sucrose compared to the non-treated check. Treatments where triphenyltin 
hydroxide was used in a mixture in the first application followed by another mixture with 
two modes of action or followed by difenconazole + propiconazole, or prothioconazole, and 
pyraclostrobin as the third application provided very effective disease control. Disease 
control and yields were similar for the treatment where a fungicide application was made 
before inoculation followed by three applications and in three applications treatments where 
triphenyltin hydroxide mixture was used in the first application. Treatments with two 
applications could have probably provided better disease control and higher yields if 
triphenyltin hydroxide were used in a mixture in the first application.  
In Trial 1, multiple application of tetraconazole was one of the less efficacious treatments. In 
Trial 2, in treatments where tetraconazole was used alone or in a mixture in the first 
application, disease control was poor resulting in lower recoverable sucrose in those 
treatments. In Trial 1, thiophanate methyl used alone was not as efficacious as triphenyltin 
hydroxide, and when used in a mixture with triphenyltin hydroxide, with each at 0.75 times 
their labeled rates, provided significantly better control than either of the fungicide used 
alone. This research indicated that there are fungicides and fungicide mixtures, when applied 
in a timely manner will provide effective control of C. beticola. Fungicides should be 
applied to control C. beticola starting at first symptoms. The use of triphenyltin hydroxide in 
a mixture with other effective fungicides, in a rotation program with other effective mixtures 
or effective fungicides will provide effective disease control in high inoculum conditions and 
should help to mitigate development of fungicide resistance.  
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INTRODUCTION 

Powdery mildew caused by Erysiphe necator is the most widespread and destructive fungal 
disease of grapes in Australia. Depending on the weather and the disease pressure most 
growers control the disease with 6-8 fungicide applications per season. 
A wide range of different fungicide activity groups are available to Australian growers 
(Table 1) with integrated programs of sulphur and DMI fungicides being used most 
commonly (Wicks et al. 1997). 

Table 1 Fungicide activity groups registered in Australia for the control of powdery 
mildew on grapevines (AWRI 2013) 

Group Active Ingredient Activity group 

Inorganic Wettable Sulphur M2

DMI’S triadimenol, tetraconazole, myclobutanil,
fenarimol, penconazole 3 

Aza-naphthalenes quinoxyfen, proquinazid 13 

SDHI boscalid 7

Aryl-phenyl-ketone metrafenone U8 

Morpholine spiroxamine 5

QoI azoxystrobin, pyraclostrobin, trifloxystrobin 11 

Since the introduction of QoI fungicides more than 10 years ago, this group, particularly 
pyraclostrobin and trifloxystrobin, are widely used in Australia. These are applied around 
flowering in spray programs that include fungicide applications with different activity at 
other timings (Wicks  Hitch 2002). Since the release of the QoI fungicides in Australia 
coincided with overseas reports on the development of fungal strains resistant to this activity 
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group (Wilcox et al. 2003) the recommendations were to limit their use to no more than 
three applications per growing season. 
Until recently, this strategy has been successful, as the QoI fungicides have provided 
excellent control of powdery mildew and downy mildew on grapes in Australia. 
However in the 2010/11 season, programs that included QoI fungicides failed to control 
grape powdery mildew at an experimental site in the Adelaide Hills of South Australia. 
This paper reports on the situation where QoI resistance developed and the survey for the 
resistance mutation in powdery mildew isolates collected from Australian vineyards. 

MATERIALS AND METHODS 

The fungicides Amistar (250 g/L azoxystrobin), Cabrio (250 g/L pyraclostrobin) and a 
mixture containing tebuconazole (200g/L) and azoxystrobin (120 g/L) were applied at 100 
ml, 40 ml and 130 ml/100 L respectively to mature chardonnay vines at the Lenswood 
Research Centre situated 30 km west of Adelaide, South Australia. Fungicides were applied 
on 4 occasions between 80% cap fall (December 10) and pre bunch closure (December 29) 
using a motorised back pack sprayer that utilised spray volumes of up to 1800 l/ha. Plots 
consisted of 4 vines with treatments including an unsprayed control arranged in a 
randomised block. The incidence and severity of powdery mildew was assessed on February 
25 on 25 mature leaves and bunches selected at random from the middle two vines of each 
plot. Disease severity was rated on a 0-10 scale which reflected the area of upper leaf surface 
or bunch with obvious infection. At the time of assessment, sterile cotton bud swabs were 
used to collect samples of powdery mildew from leaves and bunches of sprayed and 
unsprayed vines by wiping the swabs over the surface of infected tissue. A further sample of 
powdery mildew was collected from grape vines never exposed to fungicides. 
The DNA of all samples was extracted using standard procedures and the presence and 
frequency of the G143A mutation in the cytochrome b gene which confers QoI resistance 
(Gisi et al. 2002) analysed by pyrosequencing. 
In the 2011/12 season powdery mildew samples were collected from widely dispersed 
vineyards in Western Australia, South Australia and Victoria which had been either 
unsprayed, sprayed with fungicides other than QoI chemistry or sprayed with QoI one or 
more times in the previous 5 years. Samples were mainly collected from vineyards where the 
fungicide programs had provided poor control. The samples were collected with sterile 
cotton bud swabs and analysed as previously described. 

RESULTS 

Powdery mildew developed extensively in the unsprayed vines, severely infecting all leaves 
and bunches (Table 2). A high amount of disease also developed on leaves and bunches of 
vines sprayed with QoI fungicides and although the incidence was similar to that of the 
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unsprayed vines the severity on both leaves and bunches was reduced by 25% or more in 
most cases. Where tebuconazole was included in a treatment powdery mildew control was 
markedly improved. 

Table 2 Powdery mildew incidence, severity and presence of the G 143A mutation on 
leaves and bunches of Chardonnay vines treated with and without fungicides. 

Treatment Leaves Bunches
%G143A 

Incidence Severity Incidence Severity 

Untreated 100 84 100 91 12
Azoxystrobin 97 41 100 66 98

Pyraclostrobin 99 40 100 55 99
Azoxystrobin + 
tebuconazole 

32 5 58 11 17

Unsprayed - - - - 0

The G143A mutation was detected in all samples of powdery mildew except those that were 
not exposed to fungicides (Table 2). The highest level of mutation of 98% or more were 
found in the vines where QoI fungicides were applied, whereas amounts of 17% or less were 
found in the unsprayed control treatments or those where tebuconazole was applied. 
In the 83 powdery mildew samples collected in 2011/12, the mutation was found in 95% of 
the samples (Table 3). Levels of mutation greater than 95% were found in most of the 
samples from Victoria and South Australia and were mainly sampled from vineyards with a 
history of QoI application. Of the four samples where no mutation was detected, two were 
obtained from unsprayed areas and the remainder from vines where boscalid and 
spiroxamine had been applied. 

Table 3 Incidence of the G143A mutation in powdery mildew isolates collected in 
2011/12 from vineyards in Western Australia, South Australia and Victoria. 

Number of samples with mutated allele G143A 
0 1-25 25-50 50-95 >95

Victoria 0 0 3 8 26

South Australia 4 2 2 1 28 
Western Australia 0 2 0 1 6 

Total 4 4 5 10 60 
Percent 4.8 4.8 5 12 72 

DISCUSSION 

These results are the first confirmed case of QoI resistance of Erysiphe necator in Australia. 
They were detected in an experimental vineyard where the QoI fungicides had been applied 
for more than five years and in the season of detection, QoI fungicides were applied 
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consecutively on four occasions. However in commercial vineyards, losses following the 
application of QoI fungicides have not been widely reported, most likely as a result of 
growers adhering to the recommendation of applying no more than three applications per 
season. Nevertheless the survey of powdery mildew undertaken in the 2011/12 season 
showed that the G143A mutation is widespread in Australian grape growing areas. This 
suggests that further solo use of QoI fungicides in vineyards could result in increased 
selection of resistant strains and result in control failures. 
In Australia the QoI fungicides still provide excellent control of Plasmopara viticola 
particularly when applied during flowering. As a result of the development of powdery 
mildew resistant strains and the detection of the G143A mutation in widely dispersed 
vineyards throughout Australia, the QoI fungicides are now recommended to be tank mixed 
with a powdery mildew fungicide of a different mode of activity. 
Further monitoring is underway in Australia to determine the extent of resistance in 
vineyards to the fungicides commonly used to manage powdery mildew, downy mildew and 
Botrytis bunch rot. This work will provide comprehensive information on the fungicide 
sensitivity and distribution of these three key pathogens affecting Australian vineyards. The 
results will contribute to improved fungicide resistance management recommendations and 
assist with maintaining the effective use of all the fungicide groups in Australian viticulture 
for the future. 
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ABSTRACT 

Intensive Europeanwide monitoring has shown a general reduction in the sensitivity of M. 
graminicola (Z. tritici) towards epoxiconazole over time. To investigate whether this effect 
is common to other DMI fungicides thereby reducing fungicide efficacy generally, in vitro 
and in vivo studies were conducted. Results indicated a diverse impact on sensitivity and 
efficacy; all DMIs were affected to a greater or lesser extend when tested against adapted 
isolates. Reliable control of the most shifted isolates was achieved with most DMI 
fungicides when used at registered dose rates. High resistance factors did not necessarily 
translate into loss of efficacy; there were clear differences between the DMI fungicides. 
Fields were analysed for their sensitivity status, the results showed that populations of M. 
graminicola were heterogenic with regard to sensitivity within single fields. Interestingly, 
field efficacy of registered rates of epoxiconazole did not correlate with site-specific 
sensitivity. A multi year analysis with numerous field trials over 20 years showed a stable 
and reliable field performance with registered rates of epoxiconazole. 

INTRODUCTION 

In 2012, Septoria leaf blotch reached epidemic levels in several key cereal growing regions 
of Europe often impacting on crop yield. In many cases, despite robust fungicide applica-
tions, disease control was poor. The number of spray application days on some crops was 
limited due to poor weather resulting in incorrect spray application timings, however, 
concerns were also raised about the possible further erosion of DMI performance. This paper 
describes the sensitivity monitoring for epoxiconazole over 10 years, the impact of most 
adapted isolates on other DMIs with regard to sensitivity and efficacy, and the field 
performance of epoxiconazole. 
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MATERIALS AND METHODS 

Sensitivity analysis 
Random sampling of infected leaves across Europe was organised annually during the 
season. From each sample location, 2-3 individual spores were isolated and grown on agar 
plates. Sensitivity of single pycnidia isolates towards epoxiconazole was determined by 
replicated microtiter assays at a range of concentrations (0, 0.003, 0.03, 0.1, 0.3, 1.0, 3.0 
mgl-1) of epoxiconazole in YBG-medium (1% yeast extract, 1% Bacto peptone, 2% glycerol) 
(Stammler et al. 2008). ED50 values were calculated by Probit analysis and further converted 
into Box&Whisker plots according to Tukey, data adjusted for country and regional effects. 

Isolate selection 
From the European monitoring program, a number of isolates were selected with a broad 
sensitivity range (ED50) towards epoxiconazole (Table 1). These isolates were then used in 
further studies. 

Table 1. Selected isolates for further tests. 

CYP51 variants1 Origin Mutations in cyp512 ED50 epoxiconazole [mgl-1] 
Wild type Sweden - 0.005 

R9 Ireland V136A + S524 T 0.214 
R11 France D134G + V136A + I381V 0.565 

R12  1) Ireland V136A + I381V + S524 T 0.653 
R12  2) Ireland V136A + I381V + S524 T 1.740 

R6 + Tolnaftate (MDR6) France I381V 1.730 
R8 Ukraine A379G + I381V 0.188 
O53 France V136C + DEL 0.430 
O13 Ireland D134G + V136G + S524T 1.780 

1 Grouping of CYP51 variants according Leroux & Walker  (2011). 
2 Mutations in cyp51 which are considered to be relevant for DMI sensitivity (Stammler & Semar 2011). 
3 O1, O5 are own descriptions, because they did not fit in the existing “R-system” by Leroux & Walker (2011). 

In vitro and in vivo tests with various DMIs 
For in vitro sensitivity analysis, microtiter tests were carried out as described above. Tests 
were done with epoxiconazole (EPX), metconazole (MTZ), prochloraz (PZ), tebuconazole 
(TEB), prothioconazole (PTH), propiconazole (PP), cyproconazole (CYP) and tetraconazole 
(TET). Tolnaftate (TOL) was included for the identification of “MDR-type” strains with 
enhanced efflux activity (Walker et al. 2011).  
In vivo efficacy tests were conducted in a glasshouse on wheat plants inoculated with the 
individual test isolates at crop growth stage 11 (first leaf unfolded, Lancashire et al. 1991). 
Application of the different DMI fungicides was done with a calculated water volume of 400 
lha-1 using the label registered rate for M. graminicola control one day before inoculation 
(“preventative”) or 4 days after inoculation (“curative”). Efficacy was calculated based on an 
evaluation of % diseased leaf area with pycnidia 21 days after inoculation.  
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Analysis of field trials 
Field efficacy of epoxiconazole was evaluated in 188 trials from 1992 to 2012 in the UK. 
Rates of epoxiconazole were 125 gha-1, applied as 1.5 lha-1 OpusTop, 1.5 lha-1 Ignite or 1.0 
lha-1 Opus. Trials were treated once or twice in the season; efficacy was calculated based on 
the % diseased leaf area on flag and 2nd leaves 20-36 days after last application.  

RESULTS AND DISCUSSION 

Sensitivity of M. graminicola to epoxiconazole in Europe 
Fig. 1 shows the European sensitivity distribution of M. graminicola to epoxiconazole from 
2003-2012. The yearly population was heterogenic with sensitivity decreasing over years. 
Although more individual isolates were found with higher ED50 in recent years, no signifi-
cant change in the average population was detected between 2009 and 2012 across Europe. 

Figure 1 Box&Whisker plot analysis of European ED50 epoxiconazole monitoring results 
for M. graminicola, data adjusted for country and regional effects. 

Sensitivity and efficacy impact on other DMI fungicides 
To investigate the impact of epoxiconazole-adapted isolates on the sensitivity of other DMIs, 
microtiter tests were conducted with selected isolates. In vitro results showed a diverse 
sensitivity impact with different DMIs fungicides, all molecules were affected by adapted 
isolates but to a greater or lesser extend (Figure 2). The R6+TOL isolate showed a clear 
lower sensitivity to tolnaftate than all other tested strains and is classified as “MDR-type”. 
Once registered dose rates were used, reliable control could be achieved in vivo with most 
DMI fungicides in preventative glasshouse experiments (Figure 3). High adaptation in vitro 
did not necessarily mean erosion of activity in vivo, as indicated in Figure 4 for epoxicona-
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zole and metconazole: Despite a Resistance Factor of ~350 (ED50 of most adapted strain 
divided by ED50 of wild type) for epoxiconazole, robust efficacy was observed in glasshouse 
under curative conditions. However, there were obvious differences between DMIs, some 
molecules show insufficient control under these severe worst-case conditions despite the 
calculated resistance factor being lower.  
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Figure 2 ED50 sensitivity results from microtiter tests with various DMI fungicides for 
selected isolates of M. graminicola 

Field performance 
In contrast to the glasshouse experiments with single isolates, field populations usually show 
a large sensitivity range. Variation at an individual site could be as high as variation across a 
whole country (Stammler & Semar 2011). To analyse the relationship between site-specific 
sensitivity and field performance, it was considered reasonable to investigate the sensitivity 
of at least 10 isolates per site to capture the variation and average sensitivity. Analysis by 
correlating mean sensitivity (ED50) vs. average efficacy of a single full dose rate of epoxico-
nazole over the last few years did not result in any significant correlation (Stammler et al. 
2008, 2011). As variation in efficacy cannot be explained by site-specific sensitivity, other 
factors such as application timing, weather conditions and disease pressure seem to have a 
more pronounced impact. In the UK, where the least sensitivity of M. graminicola to epoxi-
conazole across Europe has been detected (BASF internal data), average yearly efficacy of 
125 gha-1 of epoxiconazole was investigated in 188 field trials conducted 1992-2012 (Fig. 5). 
Results do suggest some drop in efficacy over the past six years, but years with such perfor-
mance dips could also be identified in the previous decade before any shift in sensitivity – 
especially in 2002. Interestingly, 2012 and 2002 were confirmed as years with extraordinary 
high disease pressure for M. graminicola (CropMonitor 2013). Seasonal effects therefore 
seem to have a strong if not a stronger impact on epoxiconazole activity than observed 
sensitivity changes.

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



A European overview of the sensitivity of Mycosphaerella graminicola ... 

 261 

0

20

40

60

80

100

EPX MET PZ TEB PTH PP CYP TET

Ef
fic

ac
y 

[%
]

R 9

R 12 (1)

R 12 (2)

R 6 + Tol

R 8

O 5

O 1

Figure 3 Glasshouse efficacy with different M. graminicola isolates – 1 day preventative 
application of various DMI fungicides with registered dose rates 
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Figure 4 Glasshouse efficacy 4 d curative of various DMIs (registered rates) to different 
strains of M. graminicola (table 1) vs. sensitivity (ED50) of the strains to such DMIs  

Across Europe, the data suggests stable and reliable field performance with a full dose rate 
of epoxiconazole despite the observed changes in the M. graminicola population (Walker 
2009, Stammler & Semar 2011). However, as a result of the contrasting behaviors of indivi-
dual DMIs to the adapted isolates, restrictive use of these actives could potentially drive fur-
ther selection within the population (FRAC 2013). To achieve sustainable disease control in 
the future, the availability and use of a diverse range of DMIs is vital for resistance manage-
ment to achieve reliable and consistent disease control. Maintaining DMI diversity is of spe-
cial importance as, apart from DMIs, only preventative active contact fungicides or highly 
selective single-site inhibitors are available for the effective control of M. graminicola. 
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Figure 5 Summary of field efficacy of 125 gha-1 epoxiconazole in 188 winter wheat trials in 
the UK (1-2 appl.). Assessment 20-36 d after last application (flag leaf & 2nd leaf) 
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ABSTRACT 

Three fungicide-sensitive Monilinia fructicola isolates were exposed in weekly transfers of 
mycelia to a dose gradient of a DMI and a QoI fungicide (azoxystrobin) in solo or mixture 
treatments and fungicide sensitivity as well as genetic changes were assessed. Isolates 
showed a faster reduction in sensitivity (higher resistance factors) to azoxystrobin than to 
SYP-Z048; this process was slower in the mixture treatment. The decrease of fungicide sen-
sitivity was not a heritable trait. Genomic mutagenesis at 8 of 15 microsatellite loci was evi-
denced in one of three isolates tested after exposure to azoxystrobin. These non-coding re-
gions of the genome either showed single repeat additions or deletions, or large insertions or 
deletions, suggesting sublethal exposure to azoxystrobin may increase the rate of genomic 
mutagenesis. Mutagenesis was only observed after exposure to azoxystrobin, which may be 
dependent on the mode of action of this fungicide, however, more rigorous experimentation 
is needed before such conclusions can be drawn from these results. 

INTRODUCTION 

Sublethal exposure of pathogens to fungicides occurs frequently in modern agriculture. For 
the brown rot fungus of pome and stone fruits, Monilinia fructicola, the development of re-
sistance to commonly used fungicides has been well-characterized in field isolates. How-
ever, the effect of fungicide dose on the rate of sensitivity reduction or resistance develop-
ment has not been examined and may be accelerated with repeated sublethal exposure to 
doses of fungicides. This type of resistance has been shown to occur in bacterial populations 
in which antibiotic stress was linked with an increase of mutation rates (Cirz et al. 2005; 
Riesenfeld et al. 1997). 
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We utilized Monilinia fructicola, causal agent of brown rot of pome and stone fruits, to 
assess the nature and rate of sensitivity reduction to two commercially applied chemical fun-
gicides with differing modes of action (DMI and QoI). Evidence of fungicide-induced muta-
genesis was examined by microsatellite analysis. The overall goal of this study was to pro-
vide insight into the effect of fungicide dose on the rate of evolution of sensitivity reduction 
and conduct a preliminary examination into fungicide-induced mutagenesis, which have 
broad implications for plant disease management. 

MATERIALS AND METHODS 

Isolates SCDL28, NY9C, and OH6P were subjected to three fungicide treatments consisting 
of DMI fungicide SYP-Z048 (Chen et al. 2012), QoI fungicide azoxystrobin, and a mixture 
of SYP-Z048 and azoxystrobin. Applications of SYP-Z048 and azoxystrobin were at a rate 
of 50 μg/ml and 200 μg/ml, respectively, and the mixture contained 25μg/ml SYP-Z048 and 
100 μg/ml of azoxystrobin. Potato dextrose agar (PDA) amended with azoxystrobin also 
contained 100 μg/ml of SHAM (including the mixture treatment). Fungicide stock solution 
(54.3 μl) was spread on solidified PDA in a Petri dish (15 cm diameter; 50 ml PDA per 
dish). A spiral plater was used to create a gradient of decreasing fungicide concentration 
from the center of the plate outward, using the exponential and slow mode settings.  
Inoculum for fungicide exposure plates was prepared on 53 x 4 mm Grade P8 filter paper 
strips as described previously (Förster et al. 2004). After 3 days of incubation at 22oC in the 
dark, the mycelium-covered strips (two for each isolate) were transferred onto PDA 
amended with a fungicide gradient. Each dish contained six strips with two replicate strips 
per isolate on opposite sides and three isolates per dish. Aerial mycelium and conidia were 
collected from the 100% to 50% inhibition zone and used for the subsequent week’s 
inoculation, where the procedure was repeated for a total of 12 consecutive transfers. 
Isolates were sub-cultured to unamended plates at the same time as the long-term exposure 
to fungicides, thus providing a control for random mutations at microsatellite loci that are 

at the 50% inhibition zone (EC50) was determined using the Spiral Gradient Endpoint 
software (Spiral Biotech, Norwood, MA; Förster et al. 2004). Resistance factor (RF) values 
were estimated for all isolates and treatments, which is calculated by measuring the EC50 at 
the last transfer and dividing by the EC50 value at the initial transfer. 
The change in EC50 values during transfers was assessed with best model fit and resistance 
factor estimation. The first step was to define a curvilinear relationship based on a second-
order polynomial model: EC50 = 0 + 1*Transfer + 2*Transfer2 + . The 0 parameter 
represents the initial EC50 value prior to the onset of the study, the 1parameter represents the 
initial change in EC50 due to transfer (i.e., the initial slope of the model), and the 2parameter 
represents the change in slope as transfers continue. The parameters of the model were 
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estimated using the method of least squares. Hypothesis tests were conducted to determine if 
the parameters were statistically significant different from zero. 
DNA was extracted from mycelium using a modified Cetyl Trimethylammonium Bromide 
method (Chen et al. 2012). Purified DNA was screened using 15 microsatellite primers 
developed previously, 13 from Everhart et al. (2012) and 2 from Jänsch et al. (2012).  

RESULTS 

In this study we assessed whether the rate of sensitivity reduction to SYP-Z048 and azoxy-
strobin can be slowed down in mixture treatments compared to a solo treatment. Reduced 
sensitivity to SYP-Z048 and azoxystrobin was assessed on dishes amended with single fun-
gicides or with a mixture. Statistical analysis revealed no significant difference between iso-
lates, therefore the data of all isolates were combined. In regard to SYP-Z048 sensitivity, the 
initial slopes for both solo and mixture treatments were not significant (test of 1; p = 0.08 
and 0.49, respectively) and there was no significant change in the slope as weekly transfers 
increased (test of 2; p = 0.35, and 0.66, respectively; Figure1A), thus the rate of sensitivity 
reduction to SYP-Z048 was comparable in early and late transfers. In regard to azoxystrobin 
sensitivity reduction, there appeared to be slow initial changes followed by rapid subsequent 
changes. The initial slopes for both solos and mixture treatments were not significant (test of 

1; p = 0.20, and 0.35, respectively), but there were significant changes in the EC50 slopes in 
the later transfers (test of 2; p<0.05, and 0.05, respectively; Figure1B) in that the isolates 
that were exposed to azoxystrobin alone showed a faster reduction in sensitivity as a group, 
as compared to the cultures that were exposed to the mixture treatment.  

Figure 1 Reduced sensitivity to SYP-Z048 of Monilinia fructicola obtained during 12 
weekly transfers on medium amended with SYP-Z048 (syp) or the mixture of 
SYP-Z048 plus azoxystrobin (mix) (A); and sensitivity to azoxystrobin during 12 
weekly transfers on medium amended with azoxystrobin (azo) or the mixture of 
SYP-Z048 plus azoxystrobin (mix) (B).  
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After 12 consecutive transfers on PDA amended with the solo or mixture fungicides, the RF 
to SYP-Z048 were between 2.4 and 3.3 in isolates transferred on SYP-Z048 and between 9 
and 29.5 for azoxystrobin in isolates transferred on azoxystrobin (Table 1). The reduction in 
sensitivity to SYP-Z048 and azoxystrobin following transfer on the mixture of the two fungi-
cides was significantly lower than for transfers on the single fungicides for 1 out of 3 isolates 
and 3 out of 3 isolates, respectively. Progeny from conidia of all mutants were as sensitive to 
SYP-Z048 and azoxystrobin as the parental strains indicating that the decreased sensitivity 
was not a heritable trait (data not shown). 

Table 1 Resistance factors (RF) of Monilinia fructicolaisolates to fungicides SYP-Z048 or 
azoxystrobin after 12 consecutive, weekly transfers on dishes amended with a 
single fungicide or a mixture of SYP-Z048 and azoxystrobin 

RF to SYP-Z048y RF to azoxystrobin 

Isolates 
Transfers on 
SYP-Z048 

Transfers on 
mixture 

 Transfers on 
azoxystrobin 

Transfers on 
mixture 

SCDL28 2.4az 2.7 a 14.8 a 7.1 b 
NY9C 2.5 a 1.8 a 29.5 a 14.6 b 
OH6P 3.3 a 1.6 b 9.0 a 5.4 b 
y RF was calculated by dividing the EC50 obtained after the last transfer by the EC50 obtained from the 
unexposed, parent isolate. 
z Values followed by the same letter within rows and separately for each fungicide treatment (SYP-Z048 and 
azoxystrobin) are not significantly different according to ANOVA followed by Fisher’s LSD test at α<0.05. 

Isolates SCDL28, OH6P, and KAC18 were genotyped and data for isolate SCDL28 are 
shown. Although the cultures (one culture per isolate) taken following control and SYP-
Z048 treatments had the same allelic composition as the parental strain, differences were 
detected at eight loci in azoxystrobin-treated mycelium of isolate SCDL28. Five loci lost one 
to three repeats (Mf-SEA, MF-SEF, Mf-SEK, Mf-SEL and Mf-SER), one locus gained six 
repeats (Mf-SEN), and two loci had fragment size changes not equivalent to multiples of the 
repeat motif (Mf-SED lost 58 bp and Mf-SEI gained 16 bp). Allelic changes were not 
detected for either of the other two isolates (data not shown).  
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DISCUSSION 

We explored the potential impacts of sublethal fungicide exposure on rate of fungicide 
sensitivity reduction and on non-coding genomic regions and hypothesize that fungicide-
induced mutagenesis may accelerate the emergence of fungicide resistant mutants. Although 
sublethal exposure to fungicides over the course of 12 generations led to decreased fungicide 
sensitivities (ie. higher resistance factors) and showed a significant rate increase of EC50 for 
azoxystrobin alone or in a mixture with SYP-Z048, heritable fungicide reduced sensitivity 
(adaptation) was not observed. The lack of stable development of reduced sensitivity in our 
mutants indicates that the adjustment to the solo and mixture treatments was transient in 
nature and may therefore not be relevant to field settings.  
Evidence of genomic mutagenesis was evidenced in isolate SCDL28 after exposure to azo-
xystrobin. Mutations were observed at 8 of 15 microsatellite loci, where half of these muta-
tions were relatively simple, showing a single repeat addition or deletion to the allele size, 
and the other half showed large fragment gains or losses (insertions or deletions), with the 
largest being a 58 bp loss at locus Mf-SED. The microsatellite mutations may have been 
caused directly by the fungicide (DNA-targeted mutagenesis) or by indirect mechanism, 
such as physiological stress (ie. production of ROS leading to increased polymerase error). 
The mutation rate of microsatellite loci are thought to vary from 10-6 to 10-3 mutations per 
locus per gamete per generation, which is equivalent to 1 mutation per locus per 100 to 1 
million generations (Bhargava Fuentes 2010). Nevertheless, microsatellites are presumed 
to be fairly stable in fungi grown under laboratory conditions (Kohn et al. 2008). Indeed, the 
negative control in the current study showed no evidence of random mutation as compared to 
the parental strains. Additionally, no indications of fragment size changes were detected in 
the DMI treatments. Thus, our evidence suggests that sublethal exposure to azoxystrobin 
induces mutagenesis in the genome at least in some isolates in the form of increased rate of 
mutations (as indicated by step-wise increase or decrease in fragment sizes) and random 
insertions and deletions (indicated by large fragment gains/losses). Alternatively this could 
be seen as a random event. Thus more thorough studies need to be conducted. 
To the best of our knowledge, this study is the first report of fungicide-induced mutagenesis 
of a fungal plant pathogen. It is interesting to note that a recent study of saprobic Alternaria 
spp. showed a similar response of increased polymorphisms at inter simple-sequence repeat 
(ISSR) genomic regions after prolonged exposure to isothiocyanates, which are natural fun-
gicidal compounds produced by plants in the genus Brassica (Troncoso-Rojas et al. 2013). 
However, a study examining variation of microsatellite polymorphisms in Botrytis cinerea 
after growth on media with various amendments (nutrient rich, nutrient poor, antibiotic 
pyrrolnitrin, or fungicide iprodione) showed no variation in any of the nine microsatellite 
loci (Ajouz et al. 2010). Thus, our current study adds to the evidence accumulating that 
certain chemical stressors may increase random mutations in genomes, while others may not. 
It is clear that the scope of potential mutagens and extent of mutagenesis has not been fully 
explored and more research is needed in the area of fungicide-induced mutagenesis. 
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Fungicide-induced mutagenesis may play an important role in the emergence of fungicide 
resistance by providing greater genetic variation of the pathogen population and leading to 
genotypes with a selective advantage. In bacteria, it is known that stress may lead to 
increased mutation rates that are thought to play such a beneficial role in the emergence of 
new bacterial genotypes, some of which may confer a selective advantage within the 
population and enable accelerated adaptation to stressful conditions (Smith Romesburg 
2007). In our study, mutagenesis was only observed after exposure to azoxystrobin, which 
may be dependent on the mode of action of this fungicide, however, more rigorous 
experimentation is needed before such conclusions can be drawn from these results. 
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INTRODUCTION 

Mycosphaerella musicola the causal organism of yellow Sigatoka is the most economically 
important leaf disease of banana in Australia (Pont, 1960). The disease is managed through 
an integrated programme of regular fungicide (protectant and systemic) applications in 
conjunction with deleafing (removal of infected leaf material). Resistance to the quinone 
outside inhibitor (QoI) fungicides is an increasing issue around the world and has been 
reported on a range of pathogens (Ishii, 2001) including Mycosphaerella spp. Costa Rica 
was one of the first countries to observe and document resistance in black Sigatoka 
(Mycosphaerella fijiensis) to the QoI’s three to four years after their introduction (Chin, 
2001). In north Queensland, Australia, slight changes have been observed in the sensitivity 
of the yellow Sigatoka populations to trifloxystrobin since 2009, however there were 
concerns that the situation has worsened. 

MATERIALS AND METHODS 

Field trial 
In 2012, a field trial was conducted at South Johnstone Research Station in north Queensland 
to evaluate the efficacy of a range of products against yellow Sigatoka. Pyraclostrobin (75g 
ai/ha) in a mixture with the adjuvant DuWett (250 mL/ha) was one of the treatments. After 
five applications it was observed that an acceptable level of disease management was not 
being achieved compared to the other treatments. 
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In vitro sensitivity testing 
Leaf material infected with yellow Sigatoka was collected from the field trial and tested in 
vitro against four concentrations (0.0001, 0.001, 0.01, and 1μg/ml) of pyraclostrobin and an 
unamended control. The germination of 100 conidia per concentration was assessed and 
compared to baseline data previously generated from yellow Sigatoka populations with no 
history of fungicide contact. Germtube elongation measurements (150 per concentration) 
were also conducted after 72 hours of incubation. 

Molecular assay 
DNA was extracted directly from cotton swabs taken from Sigatoka lesions at the field trial 
site and from nine commercial farms and subsequently analysed by BASF in Germany. 
Specific PCR primers (KES 1804 5´GTATGAGTTATAGGTACTATTATATTAGTTC and 
KES 1805 5´GCACTCATTAAATTAGTTATAACTGTAG) were used to amplify the 
partial cytochrome bc1 gene followed by classical Sanger sequencing to determine if the 
G143A mutation was present, conferring QoI resistance in the samples. 

RESULTS 

Results from the in vitro sensitivity test showed no reduction in the percent germination or 
germ tube growth of conidia across any of the pyraclostrobin fungicide concentrations. This 
indicated a serious shift towards resistance when compared to the previously generated 
baseline and confirmed the lack of disease control in the field trial was due to a loss of 
sensitivity to the strobilurins. Sequence data from the swabs confirmed the presence of the 
G143A mutation in the cytochrome bc1 gene in the trial sample and from 7 of the 9 samples 
collected from commercial plantations. This shift towards QoI resistance in the yellow 
Sigatoka populations is a major concern to the Australian banana industry and will require 
that changes be made to the chemical management of the disease. 
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MODE OF ACTION OF DITHIANON 

Dithianon is a well-established fungicide first described more than 40 years ago (Berker et 
al. 1963). Since then it has been used widely in programs for control of various diseases in 
crops such as apples, grapevine, small berries, hops and ornamentals. It is a multisite inhibi-
tor that acts by modification of sulfydryl (SH) groups found in the cysteine residues of many 
proteins. Dithianon is a potent inhibitor of the thiol-containing enzymes glyceraldehyde-3-
phosphate dehydrogenase, glucose-6-phosphate dehydrogenase, gluthathione reductase, and 
malate dehydrogenase (Sturdik et al. 1984). The mode of action was confirmed by reversal 
of enzyme inhibition by treatment with reduced glutathione and other low molecular weight 
thiol compounds. Despite practical use for more than four decades, there are no reports of 
reduced sensitivity in any target fungi. 

SENSITIVITY TEST METHOD 

Since dithianon does not perform reproducibly in the greenhouse with apple seedlings for 
unknown reasons, a spore germination / germ tube elongation test was established. The 
germination of spores was evaluated 24 h after transfer of spores on agar medium containing 
dithianon at different concentrations. If single spores germinated, these were further 
observed after 48 h if the germ tube was further elongated. All spores which did not 
germinate and where no germ tube elongation was observed were evaluated as inhibited. The 
lowest concentration where 100 % of the spores were inhibited was classified as the 
“minimum inhibitory concentration” (MIC). An example is given in Figure 1. 

Figure 1 Spore germination on pure water agar (left) and on water agar with 3 ppm 
dithianon (right). Some spores were able to germinate (arrow) on dithianon 
amended agar and germ tube elongation was completely inhibited. 
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MONITORING STUDIES 

Monitoring studies were performed with European samples in 2005, 2010 and 2012 using 
the above mentioned test system with evaluation of MIC values. Studies showed a range of 
MICs between 2 to 50 (median: 6) in 2005 (n=154), 1 to 30 (median: 3) in 2010 (n=31) and 
0.3 to 10 (median: 3) in 2012 (n=56). There was no correlation of MIC values and treatment 
frequency of orchards with dithianon as shown in a specific analysis in 2011: strains from 
untreated single trees or organics farms were in the same sensitivity range as isolates treated 
up to sixteen times with dithianon (Fig. 2). Data indicate that there is no adaptation of V. 
inaequalis to dithianon. Fig. 3 gives an overview of most recent monitoring data from 2012. 

Figure 2 Strains from orchards treated with numerous (up to 16) dithianon applications 
(right) are in the same MIC range as those from untreated (middle) or organic 
orchards (right). Analysis in 2011. 

Figure 3 Location of samples from the 2012 monitoring program. All samples had MICs in 
the range of 0.3 to 10 ppm and were classified as sensitive to dithianon. 
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INTRODUCTION 

Dimethomorph was the first carboxylic acid amide (CAA) fungicide used to control downy 
mildews (Albert et al.1988). In Italy it has been authorized on grape since 1994 while the 
other compounds belonging to the CAA class of fungicides have been in use since the early 
2000s: iprovalicarb (2002), benthiavalicarb (2007), valifenalate and mandipropamid (2009). 
Biochemical studies have demonsrated that CAAs inhibit processes involved in cell wall 
formation (Kuhn et al. 1991) but only recently the mode of action of CAA was elucidated as 
corresponding to the inhibition of cellulose biosynthesis (Blum et al. 2010a). At the end of 
the 2000s the single point mutation leading to an amino acid change from glycine to serine at 
codon 1105 (G1105S) in the CesA3 protein was discovered, conferring CAA resistance in 
Plasmopara viticola (Blum et al. 2010b). The occurrence of CAA fungicide-resistant 
populations of P. viticola was described for the first time in France in 1994 for 
dimethomorph, but it did not create problems in the field. During the following years, 
resistance increased gradually in Europe although field performance has remained good.  

MATERIAL AND METHODS 

In order to evaluate the sensitivity of P. viticola to CAA, thirty-fifty downy-mildew-infected 
leaves from 12 commercial and 5 abandoned vineyards located in Northern Italy were 
collected during the seasons 2010-2011-2012. Bioassays on foliar discs and PCR analyses on 
populations obtained after 1-2 sporangia inoculations on fresh plant material (cv Sangiovese) 
were carried out. Nine concentrations (from 0.1 to 300 mg/L) of mandipropamid (Pergado 
SC, Syngenta) and dimethomorph (Forum 50 WP, BASF) were applied in bioassays 

-10 days 
after the treatment, and the phenotypes were defined as resistant when sporangia were 
observed up to 300 mg/L or sensitive when sporulation was observed not beyond 3 mg/L. 
Two mL of sporangial suspensions were centrifuged for 25 minutes at 12.000 x g , and total 
DNA was extracted by a CTAB-based method. Samples were subjected to PCR analyses, 
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using two PCR mixes with primers amplifying either the sensitive or the resistant genotype 
(Blum et al. 2010b). Amplicons were subjected to direct sequencing with the same primers 
pairs. To improve the molecular method a new reverse primer common for both genotypes 
was designed and PCR-RFLP analyses on all samples were performed. PvuII was used to 
recognise the G1105S substitution. 

RESULTS AND DISCUSSION 

In bioassays seven out of the twelve populations collected in commercial vineyards were 
considered resistant. The same samples were amplified by both PCR mixes and showed the 
bands at the expected position. Sequencing of the amplicons confirmed the presence of the 
G1105S substitution in all heterozygous genotypes. Using the new reverse primer, common 
for both genotypes, all samples previously tested gave a band of the expected size. The 
results of RFLP analyses in polyacrilammide gel showed 11 mixed profiles (3 bands of the 
expected size of 195bp, 116bp and 79bp) and only 1 resistant (two bands of 116bp and 
79bp). Five new samples collected in 2012 from abandoned vineyards were analyzed by 
biological and RFLP methods. Both methodologies showed a sensitive profile for these 
populations: sporulation only on untreated leaf discs and 1 band of 195bp in 
polyacrilammide gel were observed. The substitution G1105S involved in the CAA 
resistance was also detected on Italian samples of P. viticola but its presence did not 
influence the field performance of these fungicides so far. PCR-RFLP is a potential tool for 
the detection of the single point mutation in P. viticola populations and it is also a good 
alternative to screen CAA resistance development in the field.  

REFERENCES 

Albert G; Curtze J; Drandarevski CA (1988). Dimetomorph (CME151), a novel curative 
fungicide. In: Brigthon Crop Protection Conference,Vol.1 BCPC pp. 17-24. 

Blum M; Boheler M; Randall E; Young V; Csukai M; Kraus S (2010a). Mandipropamid 
targets the cellulose synthase like PiCesA3 to inhibit cell wall biosynthesis in the 
oomycete plant pathogen Phytophtora infestans. Molecular Plant Pathology 11, 224-
243. 

Blum M; Waldner M; Gisi U (2010b). A single point mutation in the novel PCesA3 gene 
confers resistance to the carboxylic acid amide fungicide mandipropamid in 
Plasmopara viticola. Fungal Genetics and Biology 47, 499-510. 

Kuhn PJ; Pitt D; Lee SA; Wakley G; Sheppard AN (1991). Effects of dimethomorph on the 
morphology and ultrastructure of Phytophtora. Mycological Research 95,333-340 

Wong FP; Wilcox WF (2000). Distribution of baseline sensitivities to Azoxystrobin among 
isolates of Plasmopara viticola. Plant Disease 84, 275-281. 

Persistent Identifier: urn:nbn:de:0294-sp-2014-Reinh-1



Collina et al. Efficacy of an electrolyzed water (Verdeviva) towards pathogens of fruit crops. In: Dehne HW; Deising HB; Fraaije B; Gisi 
U; Hermann D; Mehl A; Oerke EC; Russell PE; Stammler G; Kuck KH; Lyr H (Eds), "Modern Fungicides and Antifungal Compounds", 
Vol. VII, pp. 275-278. © 2014 Deutsche Phytomedizinische Gesellschaft, Braunschweig, ISBN: 978-3-941261-13-6 

Efficacy of an electrolyzed water (Verdeviva) 
towards pathogens of fruit crops 

Collina M1, Ferri V2, Turan C1, Brunelli A1 
1Department of Agricoltural Sciences (DipSA), University of Bologna, Viale G. Fanin 46, I-
40127 Bologna, Italy. 
2Industrie De Nora S.p.A., Via Bistolfi 35, I-20124 Milano, Italy. 
Email: marina.collina@unibo.it 

INTRODUCTION 

There are increased activities in the development and application of electrochemical 
disinfection cells using the electrochemical activation of salt aqueous solutions 
(electrochemically activated solutions or simply Electrolyzed Water, EW). Their sterilizing 
effect is due to a mixture of inorganic oxidants such as HClO, ClO–, Cl2, OH-, which are 
effective for inactivating a variety of microorganisms (Tsuji et al. 1999; Al-Haq et al. 2005). 
The ability of EW to reduce microbial infestation is also attributed to the fact that EW is 
freshly produced and used immediately. EW has been demonstrated to sanitize food 
preparation surfaces and hospital equipments, but several studies have also been carried out 
in plant protection by pre- and postharvest applications (e.g. Mueller et al. 2003; Yang et al. 
2003; Abbasi and Lazarovits 2006). 
The aim of the present work was to evaluate in vitro and in greenhouse/field the activity of a 
type of EW called Verdeviva towards many important pathogens of fruit crops.  

MATERIAL AND METHODS 

In vitro assays and greenhouse/field trials were conducted applying different concentrations 
of EW Verdeviva produced by Eva System® equipment (Industrie De Nora S.p.A) starting 
from an aqueous solution of potassium chloride.  
Conidial germination tests were carried out on fungal pathogens of pear/apple trees and 
stone fruits such as Stemphylium vesicarium, Cytospora vitis, Neonectria galligena, Venturia 
inaequalis, Monilinia laxa and Phomopsis amygdali. Conidial suspensions of fungi were 
prepared and distributed on 24-well plates. They were amended by adding EW Verdeviva or 
copper sulphate (Sigma) to obtain 8-10 concentrations generally ranging from 0.1 to 30 
mg/L of Free Available Chlorine (FAC) or CuSO4x 5H2O. Plates were incubated at 22°C±1 
for 3-5-24 hours, depending on the pathogen considered. After incubation, the percentage of 
germinated conidia was evaluated using a microscope. EC50 values were calculated by probit 
analysis. Moreover, the minimum inhibitory concentrations (MIC) was determined for each 
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pathogen. A specific protocol (Donatoni 2008) was adopted to prepare the bacterial 
suspensions of Erwinia amylovora and Pseudomonas syringae pv actinidiae (Psa). 
Suspensions were then distributed in tubes and amended with EW Verdeviva or copper 
sulphate (Sigma) to obtain 7 concentrations ranging from 2 to 14 mg/L of FAC or 
CuSO4x5H2O. Ten serial dilutions were obtained from each concentrations (and untreated) 
and distributed on plates with Luria Broth agar medium. After 48-72 hours of incubation at 
26 ±1°C, the CFU/mL were calculated and MIC for E. amylovora was determined for both 
products. Towards Psa was tested only the effectiveness of EW Verdeviva.  
The effectiveness of Verdeviva against the fire blight bacterium of pear, E. amylovora, and 
the apple canker fungus N. galligena was evaluated. Two field trials were conducted on pear 
/E. amylovora (2009 and 2010) and on apple /N. galligena (2010/2011 in two locations) in 
the northern Italy. Moreover, two greenhouse trials on pear / E. amylovora were carried out. 
Field trials were conducted accordingly with EPPO guidelines (general and specific) and 
related G.E.P. norms. The experimental scheme used in the field was random sampling, with 
four repetitions. Variance analysis was used; Tukey, SNK tests (p=0,05) were adopted for 
averages elaboration. Abbott Simple efficacy formula was applied to evaluate efficacy.  
In both trials on pear, Verdeviva was applied at 150 and 300 mg/L of FAC with 6 or 9 
treatments per year starting from flowering and then following indications of forecast 
models. Its activity was compared to copper hydroxy-sulphate (Selecta Disperss, 20% Cu, 
Cerexagri) at 200 g/100L or to copper oxychloride (Cupravit blu WG, 37.5% Cu, Isagro) at 
200 g/100L and to Bion (Acibenzolar-S-methyl, Syngenta) at 30 g/100L. In both trials two 
evaluations of the dead twigs was carried out: after the first assessment infected twigs were 
eliminated. In both trials on apple, Verdeviva was applied at 150 and 300 mg/L of FAC with 
10/12 treatments per year starting from winter 2010. Its activity was compared to copper 
oxychloride (Cupravit blu WG, 37.5% Cu, Isagro) at 450 g/100L in winter and 250 g/100L 
during the vegetative season. In both trials three evaluations of the infected twigs were 
carried out. 
Greenhouse tests were carried out applying artificial inoculations of E. amylovora (107 
CFU/mL) on flowers (cv Abbé Fetél) or shoots (cv Conference) on 4-5 scions/product 
assayed. The effectiveness of Verdeviva was compared to that of copper hydroxy-sulphate 
(Selecta Disperss, 200 g/100L) and Bion (Acibenzolar-S-methyl, 30 g/100L). Variance 
analysis was used; Tukey test (p=0,01) was adopted for averages elaboration. 

RESULTS AND DISCUSSION 

EC50 and MIC for Verdeviva ranged from 0.31 to 4.13 mg/L and from 0.75 to 9 mg/L of 
FAC respectively for fungal pathogens, except for V. inaequalis that showed lower 
sensitivity (EC50 17.33 mg/L, MIC 30 mg/L of FAC) (Table 1). Almost the same values 
were observed for copper sulphate (Table 2). E. amylovora was completely inhibited at 8 
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mg/L of FAC of Verdeviva and 14 mg/L of copper sulphate. Psa was more sensitive than 
E.a. to Verdeviva (MIC 5 mg/L). 

Table 1 EC50 and MIC values for Verdeviva (mg/L of FAC) towards fungal pathogens in 
in vitro assays 

Verdeviva 
3 hours 5 hours 24 hours 

EC50 MIC EC50 MIC EC50 MIC 

Stemphylium vesicarium 3.24 <8 4.13 <9 - - 

Neonectria galligena 0.39 <1 0.6 <1,5 - -

Cytospora vitis - - - - 0.47 <0.75

Monilia laxa 3.92 <8 3.9 <9 - -

Phomopsis amygdali - - - - 0.31 <1

Venturia inaequalis - - - - 17.3 <30

Table 2 EC50 and MIC values for CuSO4x5H2O (mg/L) towards fungal pathogens in in 
vitro assays 

CuSO4x5H2O 
3 hours 5 hours 24 hours 

EC50 MIC EC50 MIC EC50 MIC 

Stemphylium vesicarium 3.18 <9 3.19 <9 - -

Neonectria galligena 0.72 <1.75 0.59 <1.75 - -

Cytospora vitis - - - - 1.50 <7

Monilia laxa 1.25 <6 1.68 <7 - -

Phomopsis amygdali - - - - 0.71 <7

Venturia inaequalis - - - - 16.9 <27

Verdeviva well controlled N. galligena in apple orchards with different degrees of infection 
(40-64%) and trials performed on pear against E. amylovora showed an activity of 
Verdeviva equal or higher than that of reference standards (e.g. Figure 1). 
These studies showed interesting possibilities for the use of Electrolyzed Water Verdeviva in 
plant protection especially in IPM strategies (no induction of resistance in pathogens, no 
residuals, no toxicity for the user). Its approval as a pesticide against N. galligena and E. 
amylovora is an on-going activity.  
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Figure 1 Results of a field trial on pear 
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ABSTRACT 

The influence of timing of fungicide applications on Fusarium incidence, species complex 
and mycotoxin contamination was investigated in field experiments using two winter wheat 
cultivars differing in their susceptibility to Fusarium head blight (FHB). Early treatments of 
leaves and late treatments of ears differed in the effect on Fusarium infection and species 
spectrum, depending on cultivar and year. In general, the efficacy of fungicides increased 
when the period between the time of infection and fungicide application decreased. The 
study demonstrates the importance of optimal fungicide timing for effective FHB control. 

INTRODUCTION 

Fungicide use is a direct method to control FHB in wheat and completes cultivation methods 
such as crop rotation, tillage and use of resistant cultivars. Since anthesis is the growth stage 
most susceptible to Fusarium infection, fungicide application is recommended at GS 65. 
Triazoles are reported to be the most effective fungicides, but their efficacy varies considera-
bly between 30 to 70% depending on infection risk - site, crop rotation, Fusarium species 
complex, precipitation etc. - and the interval between infection and application. The aim of 
the study was to examine the impact of the time of fungicide application on FHB control and 
mycotoxin contamination of wheat kernels. 

MATERIALS AND METHODS 

Field experiments with winter wheat cvs. Pamier and Ritmo differing in FHB susceptibility 
were carried out at Klein-Altendorf research station (near Bonn) in 2010 to 2012. Plots were 
treated either early at growth stage (GS) 37 or/and late at GS 65 with the triazoles tebucona-
zole, metconazole or prothioconazole. Selected plots were spray inoculated with a mixture of 
Fusarium avenaceum, F. graminearum and F. poae (105 spores ml-1) in 2010 or by sprea-
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ding infected maize straw (1 stubble m-2) on the soil at GS 30 (2011 and 2012). Fusarium 
spp. were isolated from wheat kernels sampled at harvest, the species were identified micro-
scopically. Mycotoxin contamination of kernels with 30 important mycotoxins was analyzed 
according to Herebian (2009). 

RESULTS 

Effects of azoles on the frequency of Fusarium-infected kernels 
In 2010 and 2011, the frequency of Fusarium-infected kernels was low with 4.5% to 20%. 
The species Fusarium culmorum, F. poae and F. tricinctum were most prevalent. In 2012 the 
frequency of Fusarium infection varied from 13% to 29% and the FHB complex was domi-
nated by F. graminearum, F. avenaceum and F. tricinctum. Cultivar specific differences in 
FHB susceptibility were not consistent during the years. The efficacy of azoles on FHB inci-
dence was low, except for 2012; in some cases even an increase in the frequency of Fusa-
rium infected kernels was observed. An additional early fungicide treatment at GS 37 had no 
significant effect on Fusarium incidence. However, the activity of triazole application 
depended on the Fusarium species. Fungicide applications 1 day before or after additional 
spray inoculation reduced the Fusarium incidence by 70% in 2010. In 2012, when wheat was 
inoculated with maize straw at GS 30, combinations of early and late fungicide treatments 
had the highest efficacy (43% to 74%). 

Effects on Fusarium mycotoxins 
Low disease incidence resulted in low mycotoxin levels in 2010 and 2011. Under natural 
infection conditions fungicide treatments had no significant effect on mycotoxin 
contamination. The spray inoculation in 2010 increased the level of deoxynivalenol (DON) 
and zearalenone up to the threshold levels. Application of triazoles after the inoculation 
reduced the DON levels by 90% (cv. Ritmo) and 30% (cv. Pamier). 

CONCLUSIONS 

Due to environmental conditions, the FHB incidence and composition of Fusarium species 
in the FHB complex of wheat vary from year to year. This variation affects also differences 
in genetic resistance among wheat cultivars. Early fungicide applications on leaves have 
little effects on FHB. Triazoles applied at wheat anthesis effectively control FHB incidence 
and mycotoxin contamination only when applied close to Fusarium infection. Without 
knowledge of the time of infection the efficacy of fungicides is low.  
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INTRODUCTION 

Fungicides which played the main role in control of the Cercospora beticola for the past four 
decades in Serbia belong to the benzimidazole and triazole groups. First use of benzimida-
zoles in C. beticola management started in 1971 with immediate success. However, only 

 et al. 1976). From the early 
1980s triazoles were introduced in Serbia. The occurrence of resistant C. beticola popula-
tions was recorded in 2009, however, triazoles did not considerably lose the efficacy in the 
field. The aim of this study was to determine the frequencies of C. beticola resistant isolates 
by investigating four sugar beet crops where the benzimidazoles and triazoles were continu-
ally used and comparing it with the three beet root fields where fungicides have never been 
used. 

MATERIAL AND METHODS 

Samples of sugar beet leaves with sporulating lesions of C. beticola were collected from 
2007 to 2011 year to obtain isolates from localities in Serbia where fungicides have been 
used for the past four decades (northern - NS/SB; western WS/SB; central CS/SB and 
eastern Serbia ES/SB). Leaves with sporulating lesions were also collected from beet root 
crops not treated with fungicides (western WS/BR; central CS/BR and eastern Serbia 
ES/BR), to obtain naturally sensitive populations of C.beticola. In order to determine the 
frequency of resistant isolates, we performed the test with discriminatory concentrations with 
the fungicides carbendazim, flutriafol, tetraconazole (1 mg/l) and thiophanate-methyl (5 
mg/l). To identify the isolates of C. beticola resistant to benzimidazole fungicides we used 
the regions and the PCR/RFLP protocol described by Trkulja et al. (2013). 
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RESULTS AND DISCUSSION

Significantly high frequencies of isolates resistant to benzimidazoles were found in all 
localities investigated regardless of the fungicides use (range: 83-100%). Using the 
molecular tools we have detected within the resistant isolates the mutation on 198 

-tubulin gene. Overall, the C. beticola isolates 
with mutation on the 198 codon were the dominant ones in comparison to the sensitive and 
resistant isolates with the change on the 167 codon, indicating their good fitness and ability 
to survive regardless of the presence of the benzimidazoles as a selective agent. Frequency 
of isolates resistant to triazoles ranged from 0% to 32% in sugar beet fields treated with 
fungicides, whereas in the untreated beet root crops it reached 16%. Despite the intensive use 
of triazoles in C. beticola management, resistant populations were detected in lower 
frequencies, which is probably caused by their poor fitness which leads to a significant 
decline in their number during the winter. This study provides an overview on the presence 
and frequency of resistant populations of C. beticola in the sugar beet fields in Serbia, and 
facilitates the fungicide management strategy in accordance to the presence of resistant 
populations of the pathogen. 

Figure 1 Frequency of resistance (%) of C. beticola isolates to benzimidazole and triazole 
fungicides on different locality. 
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