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Preface

Mycotoxins are toxic fungal metabolites that cause severe health problems in humans and
animals after exposure to contaminated food and feed, having a broad range of toxic effects,
including carcinogenicity, neurotoxicity, and reproductive and developmental toxicity. The
United Nations Commission on Sustainable Development approved in 1996 a work pro-
gram on indicators of sustainable development that included mycotoxins in food as one of
the components related to protection and promotion of human health.

From that program, the concern due to mycotoxin contamination of agro-food crops
is in continuous growth worldwide since the level of their occurrence in final products is
still high and the consequent impact on human and animal health significant. Moreover,
the economic costs for the whole agricultural sector can be enormous, even in developed
countries as shown by the losses in the United States alone that can be around $5 billion
per annum. Different approaches have been used in mycotoxin research through years.
First, implications of mycotoxins in humans were investigated in medicine; later agro-
ecological aspects and the fundamental mystery of the biological role for production of
secondary metabolites are still analyzed. Regulatory limits, imposed in about 80 countries
to minimize human and animal exposure to mycotoxins, also have tremendous economic
impact on international trading and must be developed using science-based risk assess-
ments, such as expensive analytical methods used to detect mycotoxins eventually occurring
in food and feed. On the other hand, decontamination strategies for mycotoxins in foods
and feeds include treatments that could show inappropriate results because nutritional and
organoleptic benefits could be deteriorated by the process. Alternatively, programs of
mycotoxin prevention and control could be applied through evaluating the contamination
of foodstutfs by the related mycotoxin-producing fungi and therefore screening the poten-
tial mycotoxin risk associated.

Because mycotoxins are produced within certain groups of fungi, the understanding of
their population biology, speciation, phylogeny, and evolution is a key aspect for establish-
ing well-addressed mycotoxin reduction programs. This perspective is of fundamental
importance to the correct identification of the mycotoxigenic fungi, since each species/
genus can have a species-specific mycotoxin profile which would change the health risks
associated with each fungal species. The previous use of comparative morphology has been
quickly replaced in the last two decades by comparative DNA analyses that provide a more
objective interpretation of data. Advances in molecular biology techniques and the ability
to sequence DNA at very low cost contributed to the development of alternative tech-
niques to assess possible occurrence of mycotoxins in foods and feeds based on fungal
genetic variability in conserved functional genes or regions of taxonomical interest, or by
focusing on the mycotoxigenic genes and their expression. The possibility of using a highly
standardized, rapid, and practical PCR-based protocol that can be easily used both by
researchers and by nonexperts for practical uses is currently available for some species/
mycotoxins and hereby proposed. Further progress in transcriptomics, proteomics, and
metabolomics will continue to advance the understanding of fungal secondary metabolism
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and provide insight into possible actions to reduce mycotoxin contamination of crop plants
and the food /feed by-products.

Finally, we do hope that readers will find the chapters of Mycotoxigenic Fungi: Methods
and Protocols helpful and informative for their own work, and we deeply thank all authors
tor their enthusiastic and effective work that made the preparation of this book possible.

Bari, Italy Antonio Movetti
Antonia Susca
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Chapter 1

Mycotoxins: An Underhand Food Problem

Antonio Moretti, Antonio F. Logrieco, and Antonia Susca

Abstract

Among the food safety issues, the occurrence of fungal species able to produce toxic metabolites on the
agro-food products has acquired a general attention. These compounds, the mycotoxins, generally pro-
vided of low molecular weight, are the result of the secondary metabolism of the toxigenic fungi. They
may have toxic activity toward the plants, but mostly represent a serious risk for human and animal health
worldwide, since they can be accumulated on many final crop products and they have a broad range of
toxic biological activities. In particular, mainly cereals are the most sensitive crops to the colonization of
toxigenic fungal species which accumulate in the grains the related mycotoxins both in the field, until the
harvest stage, and in the storage. According to a Food and Agriculture Organization study, approximately
25% of the global food and feed output is contaminated by mycotoxins. Therefore, since a large propor-
tion of the world’s population consumes, as a staple food, the cereals, the consumption of mycotoxin-
contaminated cereals is a main issue for health risk worldwide. Furthermore, mycotoxin contamination can
have a huge economic and social impact, especially when mycotoxin occurrence on the food commodities
is over the regulation limits established by different national and transnational institutions, implying that
contaminated products must be discarded. Finally, the climate change due to the global warming can alter
stages and rates of toxigenic fungi development and modify host-resistance and host-pathogen interac-
tions, influencing deeply also the conditions for mycotoxin production that vary for each individual patho-
gen. New combinations of mycotoxins/host plants/geographical areas are arising to the attention of the
scientific community and require new diagnostic tools and deeper knowledge of both biology and genetics
of toxigenic fungi. Moreover, to spread awareness and knowledge at international level on both the hazard
that mycotoxins represent for consumers and costs for stakeholders is of key importance for developing all
possible measures aimed to control such dangerous contaminants worldwide.

Key words Aspergillus, Fusavium, Penicillium, Aflatoxins, Health impact, Economic impact

1 Introduction

“Indeed, some authorities now believe that, apart from food security, the
single most effective and beneficial change that could be made in human
diets avound the world wounld be the elimination of mycotoxins from food.”
[Mary Webb]'

1Mary Webb: New concerns on food-borne mycotoxins, ACIAR Postharvest Newsletter No. 58, 09/ 2001.

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_1, © Springer Science+Business Media LLC 2017
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The need of ensuring food safety to consumers is considered a
main issue at worldwide level. Problems related to several kinds of
food contamination harmful for human and animal health have
been increasing in the recent years. Globalization and development
of an exchange-based worldwide economy have deeply influenced
and enlarged the food market. However, at the same time, the
expanded marketing of food products increased the exposure to
natural and chemical contaminants. Among the emerging issues in
food safety, the increase of plant diseases associated with the occur-
rence of toxigenic fungal species and their secondary metabolites is
of major importance. These fungi can synthesize hundreds of dif-
terent secondary metabolites, most of whose function is completely
unknown. Among these metabolites, the mycotoxins, characterized
by low molecular weight, may have toxic activity to several human
and animal physiological functions [1]. These pathogenic fungi
cause considerable yield losses for crops because mycotoxins can be
accumulated in the final crop products and on many products of
agro-food interest. Moreover, many of them can also be toxic
toward the plants inducing a wide range of symptoms [2]. This
contamination can occur both in the field, until the harvest stage,
and in the grain storage. According to a Food and Agriculture
Organization (FAO) study, approximately 25% of the global food
and feed crop output is affected by mycotoxins [3]. Due to their
broad range of biological activities, many of them discovered in the
recent decades, the consumption of mycotoxin-contaminated foods
became a main issue in food safety worldwide. This is particularly so
since a large proportion of the world’s population consumes, as a
staple food, cereals. The mycotoxin contamination of crops is gen-
erally regulated by two main factors: susceptibility of the host plant,
on the one hand, and the geographic and climatic conditions, on
the other hand. Mycotoxins are produced on the plants before the
harvest due to toxigenic fungal contamination in the field and also
at the postharvest stage, encompassing stages of the food chain
(i.e., storage, processing, and transportation). Moreover, mycotox-
ins can also be accumulated in animal by-products, due to a carry-
over effect, as a consequence of the use of highly contaminated
feed. Up to now, the mycotoxins identified show, even in low con-
centration, carcinogenic, mutagenic, teratogenic, and immuno-,
hepato-, nephro-, and neurotoxic properties [4]. Mycotoxins are
very stable and are hardly destroyed by processing or boiling of
food. They are mainly problematic due to their chronic effects. The
farmer operators and crop-processing and livestock-producing
industries need rapid methods for detection of both mycotoxigenic
fungi and mycotoxin levels in crops in order to reduce the risks for
consumers. Additionally, public awareness concerning health risks
caused by long-term-exposed mycotoxins is poor or even does not
exist. Some mycotoxins are now under regulation in several coun-
tries, while the risk related to emerging problems and/or new
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discovered mycotoxins requires urgent and wide investigations.
Main mycotoxin-producing genera are primarily Aspergillus,
Fusarium, and Penicillium [5]. However, also the genus Alternaria
includes several mycotoxigenic species [6]. Most of the species can
produce more than a single mycotoxin, but a given mycotoxin can
also be produced by species that belong to different genera. Factors
that increase the stress status in plants, such as a lack of water and
an unbalanced absorption of nutrients, and therefore reduce their
immune system, can lead to a higher exposure to mycotoxin con-
tamination. In addition, specific climatic conditions and environ-
mental factors, as temperature and humidity, can influence the
growth of mycotoxigenic fungi and eventually stimulate their ability
to produce mycotoxins. Finally, mycotoxin contamination can have
a huge economic and social impact since their occurrence on the
food commodities can be over the regulation limits established by
different national and transnational institutions. Therefore, to
increase awareness and knowledge, at international level, about the
role that mycotoxins can play in food safety is of key importance for
developing all possible measures for improving the control of such
dangerous contaminants, worldwide.

2 The Impact on Human and Animal Health

Mycotoxins are among the most important food contaminants to
control, in order to protect public health around the world.
According to Kuiper-Goodman [7], mycotoxins are the most
important chronic dietary risk factor, higher than synthetic con-
taminants, plant toxins, food additives, or pesticide residues. Their
associated diseases range from cancers to acute toxicities to devel-
opmental effects, including kidney damage, gastrointestinal distur-
bances, reproductive disorders, or suppression of the immune
system. Typically, health effects, associated with mycotoxin expo-
sures, affect populations in low-income nations, where dietary
staples are frequently contaminated and control measures are
scarce. Although toxigenic fungi can produce hundreds of toxic
metabolites, only few of them represent a serious concern for
human and animal health worldwide: aflatoxins, produced by spe-
cies of Aspergillus genus; fumonisins, produced mainly by species
of Fusarium, but also belonging to Aspergillus genus; ochratoxin
A, produced by species of Aspergillus and Penicillinm genera; patu-
lin, produced by Penicillinm species; and the mycotoxins produced
by Fusarium species such as trichothecenes [mainly T-2 and HT-2
toxins (for trichothecenes type A), and deoxynivalenol, nivalenol
and related derivatives (for trichothecenes type B) ], and zearalenone
[5]. Due to their toxicity, a tolerable daily intake (TDI) has been
established for the most dangerous mycotoxins that estimates the
quantity of a given mycotoxin to which someone can be exposed
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to daily over a lifetime without it posing a significant risk to health.
Aflatoxins are the most toxic mycotoxins and have been shown to
be genotoxic, i.e., can damage DNA and cause cancer in animal
species, and there is also evidence that they can cause liver cancer
in humans [8]. Because aflatoxin contamination is one of the most
important risk factors for one of the deadliest cancers worldwide,
liver cancer, its eradication in the food supply is critical. It is respon-
sible for up to 172,000 liver cancer cases per year, most of which
would result in mortality within several months of diagnosis [9].
Moreover, the link between aflatoxin exposure and childhood
stunting is highly worrisome, which can lead to a variety of adverse
health conditions that last well beyond childhood. For other agri-
culturally important mycotoxins such as fumonisins, trichothe-
cenes, and ochratoxin A, proofs that link the exposure to specific
human health effects are relatively lower. The role of fumonisins in
esophageal cancer is evident, although it may be contributory
rather than causal. Trichothecenes have been implicated in acute
toxicities and gastrointestinal disorders, and other more long-term
adverse effects may be caused by trichothecene exposures. With
ochratoxin A, impacts to human populations are limited; however,
animal studies suggest possible contributions to toxic effects. The
potential for decreased food security, should such foods become
less available to a growing human world population, must counter-
balance the assessment of human health risks and removal of myco-
toxin-contaminated foods from the human food supply. A variety
of methods exist by which to mitigate the risks associated with
mycotoxins in the diet. Interventions into preharvest, postharvest,
dietary, and clinical methods of reducing the risks of mycotoxins to
human health, through either direct reduction of mycotoxin levels
in crops or reducing their adverse effects in the human body, have
been set up [10]. Preharvest interventions include good agricul-
tural practices, breeding, insect pest damage or fungal infection,
and biocontrol. Postharvest interventions focus largely on proper
sorting, drying, and storage of food crops to reduce the risk of
fungal growth and subsequent mycotoxin accumulation. Dietary
interventions include the addition of toxin-adsorbing agents into
the diet, or increasing dietary diversity where possible. Finally, the
mycotoxin exposure in human populations could be added to the
effects caused by other factors such as interaction with nutrients or
other diet contaminants or environmental conditions. Therefore
mycotoxins can also be merely increasing factors for health risks.
This is particularly true in vulnerable categories such as young peo-
ple or pregnant women or populations living in poor/degraded
areas. In these situations, mycotoxin exposure may cause even
greater damage to human health than previously supposed when
evaluated separately. Conversely, reducing mycotoxin exposure in
high-risk populations may result in even greater health benefits
than may have been previously supposed.
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3 Biodiversity of Toxigenic Fungi

Mycotoxins show a very high chemical diversity that reflects also the
great genetic diversity of fungal species producing them and occur-
ring worldwide. However, many other minor fungal species, geneti-
cally related to the main responsible species, can also be involved in
the production of each mycotoxin mentioned above, showing that
the risk related to the contamination of food commodities is not
only often determined by a single producing species, but is also the
result of a multispecies contamination that reflects the great biodi-
versity existing within the toxigenic fungi. The knowledge of toxi-
genic fungal biodiversity has arisen to great importance, not only for
food safety, but also for the preservation of biodiversity itself. A poly-
phasic approach by morphological, molecular, and biochemical
studies has been developed for many toxigenic fungi and has become
clearly fundamental for developing a deep knowledge on the biodi-
versity of these very important fungi. The correct collection and
evaluation of these different data have led to an integrated approach
useful to not only identify interspecific differences among the strains
belonging to the different toxigenic fungal species, but also deepen
the knowledge of their eventual intraspecific genetic and biochemi-
cal differences. Moreover, phenotypic and metabolic plasticity of
toxigenic fungi that threaten food safety allows these microorgan-
isms to colonize a broad range of agriculturally important crops and
to adapt to a range of environmental conditions which characterize
various ecosystems. The knowledge of the main environmental
parameters related to the growth and the mycotoxin production of
toxigenic fungi is therefore of particular interest in biodiversity stud-
ies, since they can influence the evolution and the development of
populations, the interaction with host plants, and the biosynthesis of
mycotoxins in vivo. Nevertheless, the emerging problems related to
the global climate change contribute to increasing the risks caused
by toxigenic fungi due to the significant influence played by the
environment on their distribution and production of related myco-
toxins. New mycotoxin/commodity combinations are of further
concern and provide evidence of a great capability of these fungi to
continuously select new genotypes provided of higher aggressive-
ness and mycotoxin production. The increase in studies on molecu-
lar biodiversity of toxigenic fungi at global level, particularly those
that address rapid detection systems, has shown a high intra- and
interspecific genetic variability also revealing the existence of intra-
and interspecific differences in mycotoxin biosynthetic gene clusters.
For some of the most worrisome species belonging to the genera
Aspergilius and Fusarium, differences in the biosynthetic gene clus-
ters for individual families of mycotoxins have been detected, indi-
cating that the differences could be related to specific evolutionary
adaptation of each species/population [11]. Examples of these
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differences have been reported for (a) A. flavus and A. parasiticus
with respect to the presence/absence of the aflatoxin biosynthetic
pathway in two subpopulations of these species [12]; (b) Fusarium
species with respect to the trichothecene pathway [13]; (¢) the A.
niger and F. fujikuroi species complexes with respect to the fumoni-
sin biosynthetic gene clusters [ 14, 15]. Therefore, the increasing of
the knowledge of toxigenic fungi molecular biodiversity is a key
point to better understand host/pathogen and environment/fun-
gus interactions and to prevent mycotoxin production at its biologi-
cal origin along all critical points from preharvest to storage of crops.
Since the environmental conditions are determinant in the expres-
sion of genes involved in biosynthetic pathways of mycotoxins, we
could expect that in Fusarium, Aspergillus, and Penicillinm, which
include ubiquitous species and populations, a great number of
unidentified taxa or biological entities should still exist and conse-
quently a great genetic diversity of their mycotoxin profiles as a
result of different distribution and location in the genome of their
biosynthetic gene pathways.

4 The Economic Impact

The international trade in agricultural commodities amounts to
hundreds of millions of tonnes each year. Many of these commodi-
ties run a high risk of mycotoxin contamination. Regulations on
mycotoxins have been set and are strictly enforced by most import-
ing countries, thus affecting international trade. For some develop-
ing countries, where usually agricultural commodities account for
a high amount of the total national exports, the economic impor-
tance of mycotoxins is considerable, since this contamination is the
main cause, as an example, of food commodities rejection by the
EU authorities. Moreover, in developing countries, the impact of
export losses is worsened by the situation that these countries are
forced to export their highest quality maize and retain the poorer
grains for domestic use, often at high mycotoxin contamination
exposure risk, with an increase of health negative impact on popu-
lations and consequent further economical costs. Indeed, the
human health impacts of mycotoxins are the most difficult to
quantify. These negative effects of mycotoxins are due to acute
(single exposure) toxicoses by mycotoxins, as well as chronic
(repeated low exposure) effects. In the past decade, several out-
breaks of aflatoxicosis in Kenya have led to hundreds of fatalities,
while over 98 % of individuals tested in several West African coun-
tries were positive for aflatoxin exposure [9]. However, unfortu-
nately, reports on the economical costs due to impact on the
human health in developing countries are poorly available,
although, due to the elevated levels of mycotoxins, especially afla-
toxins, regularly found in the commodities, it is likely that losses
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consistently exceed those occurring in the Western countries. As an
example, losses due to aflatoxins in three Asian countries (Indonesia,
the Philippines, and Thailand) were estimated at 900 million US
Dollars annually [16]. Of the reported 900 million US Dollar
impact of aflatoxins in Southeast Asia, 500 million of the costs
were related to human health effects. Thus, according to the
National Academy of Sciences, mycotoxins probably contribute to
human cancer rates, even in the USA. Therefore, on a global scale,
human health is the most significant impact of mycotoxins, with
significant losses in monetary terms (through health care costs and
productivity loss) and in human lives lost. Furthermore, the evalu-
ation of the economic losses due to mycotoxins is due to several
factors such as yield loss due to diseases induced by toxigenic fungi,
reduced crop value resulting from mycotoxin contamination, losses
in animal productivity from mycotoxin-related health problems,
and cost of management along the whole food chain. Reports on
the costs of mycotoxins at worldwide level are mostly inconsistent,
often limited and in general spotty. Estimates in the USA and
Canada vary in a range from 0.5 to 5 billion US Dollars per year.
In particular, aflatoxins in the USA have been estimated as 225
million US Dollars per year impact, in maize, while for peanuts the
costs were calculated as over 26 million in losses per year during
1993-1996 in the USA and, internationally, the standard limit of
4 ppb (adopting the EU limit) for aflatoxins in peanuts has been
estimated to cost about 450 million US Dollars, annually, in lost
exports [16]. In another study, Mitchell et al. [17] estimated that
aflatoxin contamination could cause losses to the maize industry
ranging from 52 million to 1.7 billion US Dollars, annually, in the
USA. Also for Fusarium mycotoxins, reports on the economical
costs due to their contamination on cereals are available. However,
these reports are mainly available from the USA where more accu-
rate estimates have been calculated. In particular, in the Tri-State
area of Minnesota, North Dakota, and South Dakota, the barley
producers have calculated a total loss of 406 million US Dollars for
the 6 years from 1993 through 1998 because of deoxynivalenol
contamination of kernels. On the other hand, losses associated
with deoxynivalenol in wheat kernels in the same States were esti-
mated around 200 million US Dollars per year, in the period from
1993 to 2000, without including the costs of the secondary eco-
nomic activity, meaning households, retail trade, finance, insurance
and real estate, and personal business and professional services,
which amount has been evaluated as an additional 2.10 US Dollars
for each dollar of lost net revenues for the producer [18]. Finally,
according to Windels [19], in the USA, losses of barley and wheat
caused by Fusarium head blight epidemics, a common cereal dis-
ease related to deoxynivalenol accumulation in the kernels, were
estimated in 3 billion US Dollars during the 1990s. Also maize
growers can undergo dramatic costs for Fusarium mycotoxin
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contamination of the kernels. In particular, fumonisin contamina-
tion accounts for around 18 million dollars per year only for the
swine industry in the USA, while the economic loss in Italy has
been calculated in 800 million Euro only for the Italian maize busi-
ness. However, an exact figure for world economic losses resulting
from mycotoxin contamination is very difficult to be achieved since
it is also very difficult to separate the costs due to the loss of prod-
ucts because of the reduced harvest and the loss of products
because of the high level of mycotoxin contamination. Moreover,
apart from the obvious losses of food and feed, there are losses
caused by lower productivity; losses of valuable foreign exchange
earnings; costs incurred by inspection, sampling, and analysis
before and after shipments; losses attributable to compensation
paid in case of claims; farmer subsidies to cover production losses;
research and training; and costs of detoxification. The final combi-
nation of these costs may be extremely high.

5 Occurrence and International Control

Toxigenic fungi are extremely common, and they can grow on a
wide range of substrates under a wide range of environmental con-
ditions. However, the severity of crop contamination tends to vary
from year to year based on weather and other environmental fac-
tors. More generally, mycotoxin problems increase whenever ship-
ping, handling, and storage practices are conducive to growth of
toxigenic fungi and production of related mycotoxins in final prod-
ucts. The levels of contamination that are recorded at global level
can dramatically differ also according to the different geographical
areas and they are also strongly related to their social and economi-
cal development. To this respect, in some African countries, such
as Nigeria and Kenya, or Asian countries, such as India, several
cases of acute toxicoses with death or hospitalization of several
people periodically still occur [9]. This is due to several aspects: the
extreme environmental conditions that often induce proliferation
of toxigenic fungi and are conducive for the related mycotoxin
production in the field; the uncorrected conditions of storage; and
the poor availability of food that makes the waste of contaminated
food not possible, since often no other food alternatives are avail-
able. On the other hand, in the so-called developed countries,
where the availability of food is high, food heavily contaminated by
toxigenic fungi is normally avoided; therefore dietary exposure to
acute levels of mycotoxins rarely happens, if ever. However, since
mycotoxins can resist to processing and can be accumulated into
flours and meals at low levels, they can pose a significant chronic
hazard to human health. Therefore, to date, based on the toxige-
nicity of several mycotoxins, regulatory levels have been set by
many national governments and adopted for use in national and
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international food trade. Internationally, the Codex Alimentarius
Commission (CAC), the EU, and other regional organizations
have issued maximum levels in foods and feeds of some selected
mycotoxins according to the provisional maximum TDI, used as a
guideline for controlling contamination by mycotoxins, and pre-
venting and reducing toxin contamination for the safety of con-
sumers. CAC was founded in 1963 by the FAO and the World
Health Organization (WHO) to develop CODEX standards,
guidelines, and other documents pertaining to foods such as the
Code of Practice for protecting the health of consumers and ensur-
ing fair practices in food trade. The CAC comprises more than 180
member countries, representing 99% of the world’s population.
The Codex Committee on Food Additives and Contaminants has
issued codes of practice for the prevention and reduction of myco-
toxin contamination in several foods and feeds (sce CAC/RCP
issues). As consequences, currently, over 100 countries have regu-
lations regarding mycotoxins or groups of mycotoxins which are of
concern in the food and feed [20]. In particular, over 100 nations
have aflatoxin regulations, which are intended to protect human
and animal health, but also incur economic losses to nations that
attempt to export maize and other aflatoxin-contaminated com-
modities [16]. In Europe, and in particular in the EU, regulatory
and scientific interest in mycotoxins has undergone a development
in the last 15 years from autonomous national activity toward more
EU-driven activity with a structural and network character.
Harmonized EU limits now exist for several mycotoxin—food com-
binations. However, although several national and international
organizations and agencies have special committees and commis-
sions that set reccommended guidelines, develop standardized assay
protocols, and maintain up-to-date information on regulatory stat-
utes (among these, the Council for Agricultural Science and
Technology, the FAO of the United Nations, the Institute of
Public Health in Japan, and the US Food and Drug Administration
Committee on Additives and Contaminants), mycotoxins are still a
“largely ignored global health issue” [21]. Furthermore, several
scientific associations on mycotoxins keep high the level of
awareness on mycotoxin risks in food safety such as the International
Society of Mycotoxicology, the Society for Mycotoxin Research of
Germany, and the Japanese Association of Mycotoxicology. All
these institutions aim to keep constant the evaluation of the occur-
rence of mycotoxins in foods and feeds. The guidelines used for
establishing the tolerance limits are based on epidemiological data
and extrapolations from animal models, taking into account the
inherent uncertainties associated with both types of analysis.
However, a complete elimination of any natural toxicant from
foods is an unattainable objective. Therefore, despite the estab-
lished guidelines around the world for safe doses of mycotoxins in
food and feed, there is still a need for worldwide harmonization of
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mycotoxin regulations, since different sets of guidelines are used.
The main efforts of both international scientific community and
main international institutions are now addressed to obtain such

harmonization.
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Chapter 2

Alternaria Species and Their Associated Mycotoxins

Virginia Elena Fernandez Pinto and Andrea Patriarca

Abstract

The genus Alternaria includes more than 250 species. The traditional methods for identification of
Alternarin species are based on morphological characteristics of the reproductive structures and sporula-
tion patterns under controlled culture conditions. Cladistics analyses of “housckeeping genes” commonly
used for other genera, failed to discriminate among the small-spored Alternaria species. The development
of molecular methods achieving a better agreement with morphological differences is still needed. The
production of secondary metabolites has also been used as a means of classification and identification.
Alternaria spp. can produce a wide variety of toxic metabolites. These metabolites belong principally to
three different structural groups: (1) the dibenzopyrone derivatives, alternariol (AOH), alternariol mono-
methyl ether (AME), and altenuene (ALT); (2) the perylene derivative altertoxins (ATX-I, ATX-II, and
ATX II); and (3) the tetramic acid derivative, tenuazonic acid (TeA). TeA, AOH, AME, ALT, and ATX-I
are the main. Certain species in the genus Alternaria produce host-specific toxins (HSTs) that contribute
to their pathogenicity and virulence. Alternaria species are plant pathogens that cause spoilage of agricul-
tural commodities with consequent mycotoxin accumulation and economic losses. Vegetable foods
infected by Alternaria rot could introduce high amounts of these toxins to the human diet. More investi-
gations on the toxic potential of these toxins and their hazard for human consumption are needed to make
a reliable risk assessment of dietary exposure.

Key words Alternaria species, Taxonomy, Mycotoxins, Grains, Fruits, Vegetables

1 Introduction

The genus Alternaria includes more than 250 species of ubiqui-
tous dematiaceous hyphomycetes [1—4]. It is widely distributed in
the environment and its spores can be isolated from several differ-
ent habitats. Some saprotrophic species are commonly found in
soil, air, or indoor environments [5]. However, most are plant
pathogens that cause pre- and postharvest damage to agricultural
products including cereal grains, fruits, and vegetables [6]. The
genus can infect more than 4000 host plants. Its spores are among
the most common and potent airborne allergens and sensitization
to Alternarin allergens has been determined as an important onset
of childhood asthma in arid regions [7].
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2 Taxonomy

2.1 Morpho-
Taxonomy

The genus was first described by Nees [8] with A. tenuis as the type.
It is characterized by the production of large brown or dark conidia
with both longitudinal and transverse septa (phacodictyospores),
borne from inconspicuous conidiophores, and with a distinct coni-
cal narrowing or “beak” at the apical end. These structures can be
solitary or produced in various patterns of chains. Several subse-
quent descriptions of additional Alternaria species have been made
by Elliot [9], Wiltshire [10], Neergaard [11], Joly [12], Simmons
[13], and Ellis [1, 2]. The traditional methods for identification of
Alternaria species are primarily based on morphological character-
istics of the reproductive structures, including shape, color, size,
septation, and ornamentation. However, due to the wide diversity
of species and the complexity of these structures, identification
solely based on these characteristics can be extremely laborious and
time consuming, becoming restricted to experts in this field.

Several attempts to organize the genus in subgeneric groups to
simplify its classification have been proposed, either formally or
informally [14]. A common segregation consists in the distinction
of two groups according to conidia size, the “large-spored”
(conidia size 60-100 p) and “small-spored” (conidia <60 p)
Alternarin. The small-spored species are cosmopolitan sapro-
trophs, plant pathogens, allergens, and mycotoxin producers,
being the most commonly reported group in foods. Its taxonomy
is still under revision, and there is a need for their accurate identi-
fication in a broad range of disciplines.

More recently, Simmons [ 3] developed a classification based on
the species group concept, organizing the genus into a number of
species groups distinguished by sporulation patterns and conidia
morphology, each of which is typified by a representative species, for
instance the A. alternata, A. tenuissima, A. infectoria, A. porri, or A.
brassicicola species group. This subgeneric level classification arranges
the morphologically diverse assemblage of Alternaria spp. and allows
a generalized discussion of morphologically similar species.

A further attempt to simplify the identification of Alternaria
species was introduced by Simmons and Roberts [15]. Their
study involved a large number of small-spored Alternaria with
the utilization of the three-dimensional sporulation pattern as a
tool for categorizing species group. They described six major
sporulation groups (1-6), each one associated with a representa-
tive species. The definition of stable sporulation patterns under
controlled culture conditions and the grouping of similar species
have been particularly valuable among the small-spored catenu-
late Alternaria, which represent the most challenging in terms of
accurate diagnostics due to their complex three-dimensional
sporulation patterns [6].
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Simmons has intended to cover the entire genus in his series of
taxonomic essays in Alternaria Themes and Variations [16-20],
describing at least 296 taxa sufficiently distinctive to be maintained
in an initial assembly of named species. His identification manual
[4] summarizes descriptions and illustrations of the maintained spe-
cies based on the examination of stable isolates in axenic culture.

There are still discrepancies among the use of morphological
characters as criteria of identification for small-spored Alternaria
species. Those classifications based on conidial size as the primary
taxonomic criterion concluded that all isolates whose spore dimen-
sions fall within the range described for A. alternata should be
considered to belong to this species. Nishimura et al. [21] pro-
posed naming all pathogen species indistinguishable from A. alter-
nata by conidial size, which were host-specific toxin producers, as
pathotypes of A. alternata. Thus, several species were included in
this collective group, such as A. gaisen (Japanese pear pathotype),
A. citri (citrus pathotype), and A. mali (apple pathotype), as shown
in Table 1. Rotem [22] named these pathotypes as special forms of
A. alternata (e.g., A. alternata f. sp. lycopersici for the tomato
pathotype). Several adverse consequences of these approaches have
been pointed out in many subsequent scientific works. They criti-
cized the inclusion of large amounts of discriminating data in the
literature under a single nondiscriminating name [23]. Moreover,
it has been demonstrated that some pathotypes can spontancously
lose the capacity of producing the host-specific toxin, with a con-
sequent loss of pathogenicity. It has also been suggested that lateral

Host-specific toxins of plant pathogen Alternaria species

Disease

Pathotype Species (synonym) Toxins

Black spot of

A. alternara Japanese pear Alternavia gaisen Nagano (A. kikuchiana AKX

Japanese pear pathotype Tanaka)

Black spot of A. alternara strawberry A alternata f. sp. fragariae Dingley AF
strawberries pathotype

Brown spot of A. alternata tangerine A. tangelonis Simmons (A. citri tangerine  ACT
tangerine pathotype pathotype)

Leaf spot of rough  A. alternata rough lemon A. limoniasperae Simmons (A. citri rough ACR
lemon pathotype lemon pathotype)

Brown spot of A. alternata tobacco A. longipes Mason AT
tobacco pathotype

Alternaria blotch of  A. alternata apple A. mali Roberts AM
apple pathotype

Stem canker of A. alternata tomato A. avborescens Simmons (A. alternata f. sp. AAL
tomato pathotype Iycopersici Keissl)
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2.2 Molecular
Taxonomy

gene transfer of toxin genes might occur, indicating that toxin pro-
duction is not a stable character. Thus a system for classifying the
small-spored Alternaria species based on pathotype is not a practi-
cal or desirable system for Alternaria taxonomy [24]. The extended
use of this system has led to the general belief that A. alternata is
the most abundant small-spore taxon in nature.

With the advancement of molecular techniques, several studies
have examined taxonomic relationships among Alternaria spp.
using a variety of methods in an attempt to establish consensus
with contemporary morphological based species. Most of them
have been focused on small-spored catenulate Alternaria, which
show little resolution in their molecular phylogeny. However, cla-
distics analyses of “housekeeping genes” commonly used for other
genera, such as the mitochondrial large subunit (mtL.SU) ribosomal
DNA, internal transcribed spacer (ITS), B-tubulin, translation
elongation factor o, calmodulin, actin, and chitin synthetase, failed
to discriminate among the small-spored species, except for the A.
infectoria species group. Analyses of RAPD and PCR-RFLP data
were effective to distinguish small-spored from large-spored spe-
cies, such as A. porri or A. solani[25,26], and provided resolution
among some of the most common small-spored species groups.
Pryor and Michailides [27] obtained separate clusters for A. infec-
toria, A. arbovescens, and a combined A. alternata/A. tenuissima
cluster. These last two species groups have proved to be the most
difficult to discriminate by molecular techniques, although they
can be distinguished by culture in standardized conditions. Roberts
et al. [28] reported that RAPD analyses resolved the small-spored
morphological groups or species A. gaisen, A. longipes, A. tenuis-
sima sp.-grp., A. arbovescens sp.-grp., and A. infectoria sp.-grp.
Peever et al. [29] found that an endopolygalacturonase (endoPG)
gen and two anonymous loci were sufficiently variable to differen-
tiate members of the A. alternata sp.-grp., with general agree-
ment, but not strict congruence between morphological
classification and the phylogeny. This research was expanded by
Andrew et al. [24], using OPA1-3, OPA10-2, and endoPG, found-
ing strict agreement between morphology and phylogenetic lin-
eage for isolates classified in the A. arborescens group, but not for
the A. alternata and A. tenuissima groups.

More recently, Lawrence et al. [7] attempted to assess the phy-
logenetic relationships among Alternaria and closely related
genera, using a larger sample of taxa. Based on the analysis of five
loci (gpd, Alt al, actin, plasma membrane ATPase, calmodulin)
they introduced two new species groups, A. panax and A. gyp-
sophila, and proposed to elevate eight asexual species groups to the
taxonomic status of sections within Alternaria, since morphologi-
cal features of the species groups were not congruent with molecu-
lar data. According to their results, the sexual phylogenetic
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Alternaria lineage, the A. infectoria sp.-grp., did not get the status
of section. In another recent work, Woundenberg et al. [30]
intended to delineate phylogenetic lineages within Alternaria and
allied genera based on nucleotide sequence data of parts of the 18S
nrDNA (SSU), 28S nrDNA (LSU), the internal transcribed spacer
regions 1 and 2 and intervening 5.8S nrDNA (ITS), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), RNA polymerase second
largest subunit (RPB2), and translation elongation factor 1-alpha
(TEF1) gene regions. Species of Alternaria were assigned to 24
Alternaria sections, of which 16 were newly described, and 6
monotypic lineages. As a result of this proposed classification many
of the most common small-spored species groups described by
Simmons [4], such as A. gaisen, A. tenuissima, A. arbovescens, A.
longipes, among others, were enclosed together into the Alternata
section of which Alternaria alternata (Fr. Keissl) was described as
the type species. A. infectoria remained differentiated from the
asexual small-spored species groups as the type species of the
Infectorine section, in which other members of the A. infectoria
sp.-grp. described by Simmons were included.

In a study on the Alternaria species causing brown spot of cit-
rus, Stewart et al. [31] found that morphospecies described as cit-
rus pathogens were poorly supported by molecular analyses,
sequencing endoPG gen, two anonymous, noncoding SCAR mark-
ers OPA1-3 and OPA2-1, and one noncoding microsatellite flank-
ing region Flank-F3. According to their results, citrus brown spot is
caused by a maximum of two species of Alternaria, and they sug-
gested that taxonomic revision of Alternaria-infecting citrus, based
on congruent morphological and genetic analyses, is needed.
Characterization of Alternaria species by morphological and
molecular analyses is important in making a correct identification,
but might not be sufficient to differentiate between closely related
species groups. Lineage sorting, recombination, and horizontal
transfer make phylogenetic analyses and species delimitation among
small-spored Alternaria challenging. Sequencing of “housekeeping
genes” or some functional genes has not provided segregation
among the small-spored Alternaria species. However, this lack of
resolution does not necessarily imply that they all belong to the
same species; it might indicate that there is little diversity among the
isolates on the particular sequences under study. Techniques such as
RAPD, which characterizes random priming sites across the entire
genome, provided better resolution for the small-spored species.
There is still the need for molecular methods that could achieve a
better agreement between morphological differences.

In addition to morphology and molecular analysis, the production
of secondary metabolites has been used as a means of classification
and identification, taking advantage of the enormous potential of
this genus to biosynthesize secondary metabolites.
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Chromatographic methods such as thin-layer chromatography,
initially, and high-performance liquid chromatography with diode
array detection (HPLC-DAD) or combined with mass spectrometry
(HPLC-MS), later, have been used in several scientific works to
determine the profiles of metabolites produced on standardized lab-
oratory media [ 32]. Gas chromatography combined with mass spec-
trometry (GC-MS) has been used for volatile secondary metabolites
in Penicillinm taxonomy [33]. Nowadays, the method of preference
for fungal chemotaxonomical studies is HPLC-DAD-MS [34, 35].

Extraction methods are easy to use, less time consuming than
morphological characterization, and relatively economic, and they
have been successful in differentiating between species in other
genera such as Aspergillus, Fusavium, and Penicillium [32].
Secondary metabolite data can be statistically analyzed to deter-
mine a characteristic profile for a species or species group, or they
can be used to determine species-specific metabolites that could be
adopted as chemotaxonomic markers in taxon identification.

Andersen and Thrane [36] reported that the chemical profiles for
the A. infectoria sp.-grp. contained unique metabolites not identical
to any of the known Alternaria metabolites, and it could be useful to
distinguish between this and the A. alternata sp.-grp. Andersen et al.
[37] extended their studies demonstrating the chemical and morpho-
logical segregation of Alternarvia alternata, A. gaisen (Japanese pear
pathotype), and A. longipes (tobacco pathotype), when the cultures
were grown under standardized conditions. Based on these results
they recommended the use of the species names instead of their cor-
responding A. alternata pathotype. In a further work, Andersen et al.
[38] found that the secondary metabolite profile from the A. infecto-
7in sp.-grp. is chemically very different from both the A. arborescens
and the A. tenuissima sp.-grp. with only a few metabolites in com-
mon. A. arborvescensand A. tenuissima sp.-grp. had most of the known
Alternaria metabolites in common, but they also produced a number
of metabolites by which the two species groups can be distinguished.
Furthermore, by combining morphological and chemical data
obtained by two different methods (HPLC-UV and MS) more host-
specific toxin-producing Alternaria isolates could be segregated from
A. alternata. Andersen et al. [23] showed that the analyses of cultural
and chemical data allowed to segregate A. alternata, A. longipes
(tobacco pathotype), A. gaisen (Japanese pear pathotype, syn. A. kiku-
chiana), A. tangelonis, A. turkisafiin, and A. limoniasperae, which
have been segregated as new species from the citrus pathogen com-
plex, but regarded as pathotypes of A alternata. The metabolite pro-
file of A. alternata was different from those of the five species that are
commonly described as A. alternata pathotypes. In another work
from Andersen et al. [ 39 ], chemotaxonomy proved useful to discrimi-
nate between A. dawuci, A. solani, and A. tomatophila and sets of spe-
cies-specific metabolites could be selected for each of these species as
chemotaxonomic markers.
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Most recently, a polyphasic approach, which integrates three sets of
data, such as morphological characteristics, molecular analyses, and
secondary metabolite profiling, has been applied to segregate
Alternaria species, especially in an attempt of differentiate the
complicated small-spored species. The combination of all the
information provided by different perspectives represents a power-
ful tool for classification of this complex genus.

The polyphasic approach was applied by Andersen et al. [40]
to characterize strains from the A. infectoria sp.-grp. and closely
related species. The A. infectoria sp.-grp. could be separated from
Embellisin abundans, Chalastospora cetera, and Alternarvia malo-
rum based on morphology, secondary metabolite profiles, and
molecular classification. From the chemical analysis, the main fac-
tor segregating A. infectorin was the capability of producing alter-
toxins and novae-zelandins. Sequence analyses of ITS, gpd, and
translocation elongation factor la showed two clades, one with all
the A. infectoria sp.-grp. strains and one with the rest of the species
tested. This polyphasic approach revealed that A. malorum var.
polymorpha and A. malorum strains do not belong in Alternaria,
but in the Chalastospora genus, as several distinct species.

Another polyphasic study was carried on to characterize endo-
phytic Alternaria strains isolated from grapevine [41]. A pooled
cluster analysis was obtained by combining morphological, molec-
ular, and chemical data. The species were morphologically identi-
fied as members of the A. arborescens and A. tenwissima species
group, and the RAPD analysis confirmed these results and showed
that they were molecularly distinct from strains belonging to the
A. alternata sp.-grp. The strains were also grouped in the same
way by chemotaxonomy, with strains producing metabolites typical
of these species groups.

3 Alternaria Toxins

Alternaria spp. can produce a wide variety of toxic metabolites
which play an important role in plant pathogenesis. About 70 toxic
metabolites of Alternaria spp. have been characterized to date.
These bioactive compounds with different chemical structure also
exhibit different biological activities and functions and under cer-
tain conditions of temperature and humidity could accumulate in
vegetable foods and be harmful to humans and animals [42, 43].
These metabolites belong principally to three different structural
groups: (1) the dibenzopyrone derivatives, alternariol (AOH),
alternariol monomethyl ether (AME), and altenuene (ALT); (2)
the perylene derivative altertoxins (ATX-I, ATX-II, and ATX II);
and (3) the tetramic acid derivative, tenuazonic acid (TeA). TeA,
AOH, AME, ALT, and ATX-I are the main Alternaria mycotoxins
that can be found as contaminants of food commodities. Of
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3.1 Alternariol,
Alternariol
Monomethyl Ether,
and Altenuene

3.2 Altertoxins

particular health concern is the association found between
Alternaria contamination in cereal grains and the high levels of
human esophageal cancer in China [44, 45].

The mutagenicity and carcinogenicity of AME and AOH, and
their relevance to the etiology of human esophageal cancer, were
studied. These mycotoxins were the main toxic compounds found
in grains in an area with high incidence of esophageal cancer. AME
and AOH might cause cell mutagenicity and transformation, and
could combine with the DNA isolated from human fetal esopha-
geal epithelium and promote proliferation of human fetal esopha-
geal epithelium in vitro. Also, squamous cell carcinoma of the fetal
oesophagus could be induced by AOH [42, 45]. The mutagenicity
of AOH in Chinese hamster V79 cells and in mouse lymphoma
L5178Y tk+/— cells (MLC) was investigated. The mutagenic
potency of AOH was about 50-fold lower than that of the estab-
lished mutagen 4-nitroquinoline- N-oxide in both cell lines. The
mutagenicity of AOH may have an incidence on the carcinogenic-
ity of this mycotoxin [46].

AOH inhibited metabolic activity and cellular proliferation of
porcine granulosa cells. In the regulation of female fertility the
hormone progesterone (P4) plays an important role. AOH and
AME inhibited P4 secretion in cultured porcine granulosa cells, so
their reproductive cycles in pig and other mammalian species may
be affected [47].

Cell proliferation studies on human endometrial adenocarci-
noma cell line (Ishikawa) and Chinese hamster V79 cells indicated
that AOH inhibited cell proliferation by interfering with the cell
cycle [48]. AOH induces oxidative DNA damage and DNA strand
breaks [49]. AOH and AME act as topoisomerase poisons, which
contribute to their genotoxic properties and might cause DNA
damage in human colon carcinoma cells. DNA topoisomerases are
enzymes regulating DNA topology during transcription, replica-
tion, chromosome condensation, and maintenance of genome sta-
bility. When interference with the activity of topoisomerases occurs
the DNA integrity could be affected [50].

There are very few toxicological data on altenuene, indicating
that it has a low acute toxicity and a low-to-moderate antimicrobial

activity [51, 52].

ATXs are mutagenic in the Ames test when Salmonella strains
TA98 and TA100 were used.

ATX-I, ATX-II, and ATX-III are more potent mutagens and
acute toxins to mice than AOH and AME [42, 53]. ATX-I was
studied by Schrader et al. [54] with and without nitrosylation,
using Ames Salmonella strains TA97, TA102, and TA104. ATX-1
was mutagenic in strain TA102 and weakly mutagenic in strain
TA104. Nitrosylation of ATX-I enhanced mutagenicity. ATX-I was
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also assessed for mammalian mutagenicity in Chinese hamster V79
lung fibroblasts and rat hepatoma H4IIE cells. ATX-I was not
mutagenic in either V79 cells or H4IIE cells, but nitrosylated
ATX-I was also directly mutagenic in mammalian test systems.

ATX-IT is highly mutagenic in the Ames test and is a potent
mutagen in cultured Chinese hamster V79 cells. ATX-II is at least
50 times more potent as a mutagen than AOH and AME. ATX-II
does not affect the cell cycle but causes DNA strand breaks of V79
cells [55].

ATX-Iand -II have been studied in the Caco-2 cell system, which
is a widely accepted in vitro model for human intestinal absorption
and metabolism. Caco-2 cells are derived from a human colonic
tumor and form a monolayer with tight junctions similar to the
human intestinal epithelium. ATX-I was well absorbed from the
intestinal lumen and ATX-II intestinal absorption was very low. It
must be expected that ATX-II will act primarily in the digestive tract
and that ATX-I will reach blood circulation and act systemically [56].

TeA is toxic to several animal species, e.g., mice, chicken, and dogs.
In dogs, it caused hemorrhages in several organs. Increasing TeA
doses in chicken feed suppressed weight gain and increased inter-
nal hemorrhages. TeA is more toxic than AOH, AME, and
ALT. TeA is not mutagenic in bacterial systems [42, 53, 57].
Precancerous changes were observed in esophageal mucosa of
mice [58]. Sorghum grain colonized by Phoma sorghina that
contained TeA was associated with the human hematological dis-
order known as Onyalai in Southern Africa [42].

Using Chlamydomonas reinhavdtii, Vicia faba root tip, and
three mammalian normal cell lines, toxicity of TeA was examined.
The growth and chlorophyll concentration of C. reinhardtii were
inhibited. TeA also inhibited the proliferation of 3 T3 mouse fibro-
blasts (3 T3 cells), Chinese hamster lung cells (CHL cells), and
human hepatocytes (L-O2 cells). These results suggested that TA
inhibited protein biosynthesis in the cells [59].

Certain species in the genus Alternaria produce low-molecular-
weight compounds known as host-specific toxins (HSTs) that con-
tribute to their pathogenicity and virulence. Plants that are
susceptible to the pathogen are sensitive to the toxin and all iso-
lates that fail to produce HSTs lose pathogenicity to the plants.
These host-specific forms have been earlier designed as pathotypes
of A. alternata, as it is mentioned above, but this classification has
not been accepted widely because of difficulties in the discrimina-
tion of small-spored Alternaria species with few morphological
characteristics [60, 61]. In more recent works they were assigned
to other species, as it is shown in Table 1.

Simmons and Roberts [15], based in three-dimensional conid-
iation patterns for differentiating similar species in the Alternaria
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small-spored groups, sorted the isolates from black spot lesions of
Japanese pear into six conidiation groups or species groups.
Molecular phylogenetic studies have failed in resolving species
groups and host association within the small-spored Alternaria
species [24].

Chemical structures of HSTs have been determined. Toxins of
the Japanese pear, strawberry, and tangerine pathotypes were
found to be similar metabolites that are esters of the epoxydecatri-
enoic acid (EDA). The Japanese pear pathotype produces AK tox-
ins I and II. Both toxins exhibit toxicity only on susceptible pear
cultivars. The strawberry pathotype affects strawberry-susceptible
cultivars. This pathotype was also pathogenic to susceptible
Japanese pear in laboratory and produces AF toxins I, II, and
III. AF toxin I is toxic to both strawberry and pear, AF toxin I is
toxic only to pear, and toxin III is highly toxic to strawberry and
slightly to pear. The tangerine pathotype affects tangerines and
mandarins and was also found pathogenic to Japanese pear culti-
vars. The tangerine pathotype produces ACT toxins I and II. ACT
toxin I is toxic to both citrus and pear.

The chemical structure of AM toxin I from the apple pathot-
ype was elucidated as a cyclic tetrapeptide and the rough lemon
pathotype produces ACR toxins. The major toxin, ACR toxin I, is
a C19 polyalcohol with a dihydropyrone ring.

The tomato pathotype produces AAL toxins which are similar to
fumonisins. It is known that fumonisins, very toxic mycotoxins pro-
duced by Fusarium species, can cause leukoencephalomalacia and
pulmonary edema syndrome in animals and are associated to human
esophageal cancer and neural tube defects. Fumonisins and AAL tox-
ins together are called sphinganine analog mycotoxins (SAMT) due
to their structural similarity to sphinganine, which is the backbone
precursor of sphingolipids. AAL toxins and fumonisins show similar
toxicity to plants and mammalian cells and also exhibited inhibitory
activity to ceramide synthase, which is involved in sphingolipid bio-
synthesis. AAL toxins are produced by the tomato pathogen.

The mechanism for SAMT to execute their toxicity is through
the competitive inhibition of sphinganine N-acetyltransferase
(ceramide synthase). This leads to the obstruction of complex
sphingolipid biosynthesis, such as the important second messenger
ceramide in animal systems, and the accumulation of sphinganine.
The inhibition of this enzyme leads to various diseases in animals
and humans as ceramides and sphingolipids are ubiquitous con-
stituents of eukaryotic cells and involved in crucial signal transduc-
tion of numerous cellular processes. SAMT are also found to
induce apoptosis. In addition to their animal toxicity, AAL toxins
are known as the causal agent of stem canker in tomato.

The gene clusters involved in HST production have been iden-
tified from the Japanese pear pathotype (AKT genes), strawberry
pathotype (AFT genes), tangerine pathotype (ACT genes), apple
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pathotype (AMT genes), rough lemon pathotype (ACRT genes),
and tomato pathotype (ALT genes). There is evidence that these
biosynthetic genes were clustered in small chromosomes of
<2.0 Mb. These chromosomes appear to be conditionally dispens-
able (CD) chromosomes, which are not required for growth but
that are essential to produce toxin and to cause disease. CD chro-
mosomes, which nonpathogenic strains do not have, suggest that
the ability to produce HSTs in the pathotypes could be acquired by
intraspecies transfer of CD chromosomes. Protoplast fusion exper-
iments provided evidence for intraspecies transter of CD chromo-
somes in A. alternata. Hybrid strains between the tomato and
apple pathotypes and between the tomato and strawberry pathot-
ypes were made by protoplast fusion [62, 63]. The fusants synthe-
sized two toxins produced by the parental strains and showed
pathogenicity to both plants affected by the toxins. The fusants
carried two CD chromosomes, one derived from each of the paren-
tal strains. It seems that A. alternata is able to accept and maintain
a small, exogenous chromosome in its genome. This fact could
indicate that pathogenicity could be acquired by strains by hori-
zontal transfer of an entire pathogenicity chromosome and this
could provide a possible mechanism by which new pathogens arise
in nature [60-63].

3.5 Tentoxin Tentoxin is a cyclic tetrapeptide from plant pathogen Alternaria
spp. that inhibits chloroplast with the development of chlorotic
symptoms on infected tissues. There is no direct effect of tentoxin
on chlorophyll synthesis. Two fundamental processes are linked
with this fact. The first one is inhibition of energy transfer of the
chloroplast-localized CF1 ATPase. This process alone could not be
responsible for the chlorosis because tentoxin also completely
inhibits the transport of nuclear enzyme polyphenol oxidase (PPO)
into the plastid even in etioplasts which should have no CFl
ATPase activity. Without this action PPO has no enzyme activity.
Inhibition of these two steps seems to be linked, and both are
inhibited in vivo in tentoxin-sensitive plant species and not affected
in insensitive species. Tentoxin was also responsible for chlorophyll
accumulation through overenergization of thylakoids, but this fact
does not explain its effects on PPO processing in etioplasts without
thylakoid membranes. The linkage of the p-subunit of proton
ATPase to PPO processing remains unexplained [43, 64].

4 Natural Occurrence of Alternaria Toxins in Food and Feed

Alternaria species are plant pathogens that cause spoilage of agricul-
tural commodities with consequent mycotoxin accumulation and eco-
nomic losses. Mycotoxin accumulation in fruits and vegetables may
occur in the field and during harvest, postharvest, and storage (Table 2).
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4.1 Tomatoes

4.2 Apples

4.3 CGitrus Fruits

4.4 Cereal Grains

Vegetable foods infected by Alternaria rot could introduce high
amounts of these toxins to the human diet if moldy fruit is not
removed before processing.

Tomatoes are susceptible to fungal decay because of their soft skin.
Alternaria is responsible of the disease known as “black mold of
tomato.” Typical lesions are dark brown to black areas, with firm
texture that can become several centimeters in diameter. Fruits
become more susceptible to fungal invasion during ripening. The
disease is favored by warm and rainy weather. Temperature is one
of the major factors that affect the shelf life of tomato fruits, and,
to control mold growth and toxin accumulation in tomatoes, the
temperature should be maintained below 6 °C to avoid infection.

Alternaria mycotoxin occurrence has been reported in toma-
toes. TeA was the major toxin produced in naturally infected fruits.
Lower levels of AOH and AME were also recorded.

Moldy tomatoes could be used for processed tomato products
with the consequent accumulation of toxins in these products.
TeA, AOH, AME, ALT, and ALTX were detected in tomato paste,
tomato pulp, and tomato puree samples, occasionally in very high
amounts [57, 72, 77].

Moldy core rot is a factor that reduces apple fruit quality and it is a
worldwide problem occurring in most countries where apples are
grown. The disease is produced by Alternaria spp. Infection occurs
via the open calyces, into the core or carpel regions, during fruit
ripening and storage or by fungal spores on the fruit surface that
enter through wounds formed during harvesting and handling.
Alternarin strains isolated from rotten apples produced AOH and
AME in the whole fruits after inoculation. High levels of mycotox-
ins were found in processed apple products made with apples
affected by moldy core. The natural occurrence of AOH, AME,
TeA, ALT, and ALTX in samples of apple juice and apple juice
concentrate was reported in several countries [70, 78, 79].

“Black heart rot” of oranges and lemons caused by Alternaria spe-
cies is described as internal blackening of the fruit. Fruit with these
defects should not be used to produce juice because the accumula-
tion of toxins could occur.

Alternaria brown spot is a disease of mandarins, tangerines,
and various tangerine hybrids. The pathogen causes necrotic
lesions in mature fruit that are unacceptable to consumers. TeA,
AME, and AOH were found in rotten samples [71, 79].

Alternaria is the most common genus found in cereal grains in
several regions of the world. References from many countries about
prevalence of this fungus in cereals indicate a very high incidence
with more than 90 % of the grains affected. Infected grains develop
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a disease called “black point” consisting of a discoloration of the
germ and the seed due to mycelial and conidial masses. Small grain
cereals such as wheat, triticale, barley, and oats are frequently
infected, whereas rice and maize are less susceptible. Black point is
known to affect grain quality, giving a grayish color to the flour
and by-products with great economic losses. Several Alternaria
species have been involved. A. triticina is the major cause of wheat
leaf blight. The A. infectoria species group is the casual agent of
black point in certain wheat cultivars in Argentina, Australia, North
America, and several European countries. Small grain cereals are
frequently contaminated with Alternaria mycotoxins. Natural
occurrence of AOH, AME, and TeA has been reported worldwide
in wheat, barley, and oats [57, 65, 66, 80].

4.5 Other Foods Olives are often affected by Alternaria, particularly if the fruits
remain in the soil for a long time after ripening. Several Alternaria
toxins were also found in olive oil as well as in other edible oils
(rapeseed, sesame, and sunflower).

Alternaria mycotoxins have been reported in many other veg-
etable foods that are frequently infected by the fungus, such as
peppers, melons, mangoes, sunflower, soya beans, raspberries,
pecans, and Japanese pears. AOH and AME were detected in sev-
eral fruit beverages such as grape juices, cranberry nectar, raspberry
juice, red wine, and prune nectar [42, 57, 68, 79].

5 Alternaria Secondary Metabolite Profiles

The Alternaria genus is characterized by its enormous capacity of
biosynthesizing secondary metabolites; many of them are known
mycotoxins, others are phytotoxins, but the toxicity of most of
them is still to be investigated.

It is known that the A. infectoria species group has a secondary
metabolite profile completely different from the other small-spored
species groups. Several works have showed that none of the isolates
belonging to the A. infectorin sp.-grp. was able to produce any of
the known Alternaria metabolites, such as alternariols, altenuene,
tentoxin, tenuazonic acid, altersolanols, and AAL toxins [ 38, 40].
These isolates were instead producers of infectopyrone,
4Z-infectopyrone, novae-zelandin A, and novae-zelandin B,
metabolites that could be used as chemotaxonomic markers for the
A. infectoria sp.-grp. [81].

The metabolites confirmed to be synthesized by A. alternata
include altenuene, alternariol, alternariol monomethyl ether, and
altertoxins, but not tenuazonic acid [37, 38]. Although several
works in the literature reported the production of tenuazonic acid
by A. alternata the discrepancies in this genus taxonomy could
have led to most of the small-spored Alternaria species identified
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Table 3
Secondary metabolites most frequently produced by small-spored Alternaria species
A A A A A A A A. limonia A.
Metabolite alternata tenuissima arborescens longipes gaisentangelonis turkisafria sperae mali
Altenuene + +b +b - - = = = +
Alternariol + + + - + i + + +
Alternariol + + + - &~ 4 + + +
monomethyl
ether
Altersetin - " + — + + - e i
Altertoxin I ~ +° + +b + + + + + +
Tentoxin = +0 4 - + + + - 4
Tenuazonic — 4 4 4 + 4 + + +
acid

(+) >90% isolates
270-90 % isolates
b<30% isolates
<10 % isolates

;ael():I:n‘:Iary metabolites most frequently produced by large-spored Alternaria species
Metabolite A. dauci A. porri A. solani A. tomatophila
Altenuene - - - —

Alternariol + - + +¢
Alterporriol - + + —
Altersolanol A - + + +b
Altertoxin - - +? +

Macrosporin = + + +°
Tentoxin - + +/=* —

Tenuazonic acid — = — _

Zinniol + + + —

*discrepant data in literature
170-90 % isolates

50-70% isolates

<10 % isolates
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as A. alternata; thus, other small-spored species, whose morphol-
ogy is closely related to this species, could have been responsible
for tenuazonic acid production. Table 3 shows the secondary
metabolites most frequently produced by small-spored plant
pathogenic and food-contaminant Alternaria species.

Large-spored Alternaria species can be easily distinguished
from the small-spored ones by chemotaxonomy since they have
few metabolites in common with them. Alterporriol, altersolanol,
and macrosporin are the most frequent compounds biosynthesized
by these species. Table 4 shows the most common compounds
produced by some plant pathogenic large-spored Alternaria
species.

6 Conclusions

Species delimitation is important within the Alternaria genus,
which includes a large number of human and plant pathogenic spe-
cies, most of them producing a wide range of active metabolites.
The correct segregation of species plays a critical role due to the
economic importance of Alternaria species, especially the small-
spored ones, which can contaminate crops of agricultural relevance.
Furthermore, for the unambiguous identification of species it is
necessary to track the movement of plant pathogens in global trade
of foods. The threat of introducing a new pathogen to a different
habitat around the world has resulted in rejection of exported
crops [31]. The presence of a certain pathogen in food crops is
associated with the possible occurrence of secondary metabolites
representing a health risk to humans and animals. Thus, incorrect
naming of new species or the misidentification of a species could
mean significant economic losses.

At present, there are no specific regulations for any of the
Alternaria toxins in foods. However, these mycotoxins should not
be underestimated since they are produced by several Alternaria
species frequently associated with a wide range of agricultural
products and processed plant foods of relevant value in the human
diet. More investigations on the toxic potential of these toxins and
their hazard for human consumption are needed to make a reliable
risk assessment of dietary exposure and better define eventual
guidelines on Alternaria mycotoxin limits in foods [74].
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Chapter 3

Aspergillus Species and Their Associated Mycotoxins

Giancarlo Perrone and Antonia Gallo

Abstract

The genus Aspergillus is among the most abundant and widely distributed organism on earth, and at the
moment comprises 339 known species. It is one of the most important economically fungal genus and the
biotechnological use of Aspergillus species is related to production of soy sauce, of different hydrolytic
enzymes (amylases, lipases) and organic acid (citric acid, gluconic acid), as well as biologically active
metabolites such as lovastatin. Although they are not considered to be major cause of plant diseases,
Aspergillus species are responsible for several disorders in various plants and plant products, especially as
opportunistic storage moulds. The notable consequence of their presence is contamination of foods and
feeds by mycotoxins, among which the most important are aflatoxins, ochratoxin A, and, at a less extent,
fumonisins. Aflatoxins By, B,, Gy, G, are the most toxic and carcinogenic mycotoxins, due to their extreme
hepatocarcinogenicity; ochratoxin A is a potent nephrotoxin, it is also carcinogenic, teratogenic, and
immunotoxic in rats and possibly in humans; fumonisins are hepatotoxic and nephrotoxic with potential
carcinogenic effects on rat and mice. In this chapter we summarize the main aspects of morphology, ecol-
ogy, epidemiology, and toxigenicity of Aspergillus foodborne pathogens which belong to sections Flavs,
Cireumdati, and Nigri, occurring in several agricultural products and responsible of aflatoxin, ochratoxin
A, and fumonisins contamination of food and feed.

Key words AspergillusSect. Cirmundati, Sect. Flavi, Sect. Nigri, Aflatoxins, Ochratoxins, Fumonisins

1 Introduction

The first description of Aspergilius dates from 1729, when P. A.
Micheli describing the genus named it Aspergillus, seeing that
characteristic spore-bearing structure of the genus resembled an
aspergillum, a device used by the Catholic church to sprinkle holy
water. The genus Aspergillus is among the most abundant and
widely distributed organism on earth, with currently 4 subgenera
and 19 sections accepted for a total of 339 known species. It rep-
resents one of the most economically important fungal genus [1].
Aspergillus spp. are widespread geographically and can be either
beneficial or harmful microorganisms, however they have mainly a
saprophytic lifestyle and predominantly grow on plant decaying
materials. To adapt to the variety of niches they inhabit, they have
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evolved a myriad of metabolites. Some of these have been exploited
by humankind [2]. A number of Aspergillus-related patents have
been issued for medical compounds, such as lovastatin, produced
by A. terrems, which was one of the first commercially successtul
cholesterol-lowering drugs [3]. A number of antibiotic, antitu-
moral, and antifungal agents have been derived from Aspergillus
metabolites. Strains of Aspergillus are diffusely used in industrial
production like soy sauce, miso, sake (A. oryzae and A. sojace), sev-
eral organic acids and enzymes (A. niger, A. aculeatus, A. carbon-
arius). Two of the most important industrial products produced
by Aspergilli are amylase and citric acids [4]. Unfortunately,
Aspergilli are one of the major causes of degradation of agricultural
products, as they can contaminate foods and feeds at different
stages including pre- and postharvest, processing, and handling
[5]. In addition, mainly A. niger, A. flavus, and A. fumigatus spe-
cies are also causes of animal and human diseases, like mycotoxico-
sis, noninvasive, and invasive infections in immune-compromised
patients, and hypersensitive reactions (e.g., asthma, allergic alveo-
litis) due to exposure to fungal fragments. Ditferentially from the
common specialized plant pathogens like rust, powdery mildew
and some Fusarium species, Aspergillus species are opportunistic
pathogens without host specialization, and frequently isolated as
food contaminants. Only a limited number of Aspergillus species
are able to invade living plant tissues, while most of the species are
storage mold on plant products [6]. Agricultural products can be
contaminated by Aspergillus species (Fig. 1), with changes of sen-
sorial, nutritional, and qualitative nature like pigmentation, discol-
oration, rotting, and development of oft-odors and off-flavors.
Moreover, a number of pathogenic and saprophytic species pro-
duce toxigenic secondary metabolites on host tissue and plant
products, so the most notable consequence of their presence is
mycotoxin contamination of foods and feeds.

2 Main Aspergillus Mycotoxins

2.1 Aflatoxins (AFB,)

The main mycotoxins produced by species belonging to Aspergillus
genus are aflatoxins (By, B,, G;, G;); ochratoxin A; fumonisins (B,
and B,), patulin; sterigmatocystin; cyclopiazonic acid; penicillic
acid; citrinin; cytochalasin E; verruculogen; and fumitremorgin A
and B [6, 7]. Among these, the most important are aflatoxins,
ochratoxin A, and fumonisins (Fig. 2).

Aflatoxins are decaketide-derived secondary metabolites produced
by a complex biosynthetic pathway which could lead to four differ-
ent metabolites: aflatoxin By, B,, G;, and G, (AFs). Aflatoxins,
mainly AFB,, are the most toxic and carcinogenic naturally occur-
ring mycotoxins. Aflatoxin B; exhibits hepatocarcinogenic and
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Fig. 1 Aspergillus species on plant products: (a) A. westerdijkiae on dried fruit; (b) A. flavus on almond; (¢) A. flavus
on maize kernel; (d) A. flavus on ear of corn; (€) A. nigeron ear of corn; (f) A. carbonarius on grape berries

hepatotoxic properties, and epidemiological data implicate AFB1 as
a component of liver cancer in humans in certain parts of the world.
In addition, its toxicity can lead to chronic aflatoxicosis in animals
by consumption of aflatoxin-tainted foods [8]. Symptoms of afla-
toxicosis include reduced weight gain, hemorrhage, and suppres-
sion of the immune system. In this respect, extensive research has
been carried out on the natural occurrence, identification, charac-
terization, biosynthesis, and genetic regulation of aflatoxins [7-9].
Aflatoxins pose a risk to human health because of their extensive
pre-harvest contamination of corn, cotton, soybean, peanuts, and
tree nuts, and because residues from contaminated feed may appear
in milk. Several aflatoxin outbreaks in humans after consumption of
contaminated grains have been documented; they occurred in sev-
eral parts of Asia and Africa resulting in the death of hundred peo-
ple [10, 11]. Recently, various papers have emphasized the effects
of climate change on food safety in relation to aflatoxins producing
fungi, whose habitat is expanding from tropical and subtropical
countries to the Mediterranean and central Europe area [12]. The
most important aflatoxin producing species belong mainly to
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Fig. 2 Chemical structures of the main mycotoxins produced by Aspergillus species

2.2 Ochratoxin
A (0TA)

Aspergillus section Flavi, including A. flavus, A. parasiticus, and
several other species whose importance and ecology are treated
below; less importance has some aflatoxin-producing species
belonging to sections Ochraceorosei and Nidulantes (Table 1).

Ochratoxins A is a potent pentaketide nephrotoxin diffusely dis-
tributed in food and feed products (grains, legumes, coffee, dried
fruits, beer and wine, and meats); it is also carcinogenic; neuro-
toxic in vitro and in vivo in rats; teratogenic in mice, rats, and
rabbits; and immunotoxic in rats and possibly in humans [13].
Several nephropathies affecting animals as well as humans have
been attributed to OTA, it is the etiological agent of Danish por-
cine nephropathy, and it is cited as possible causative agent of
Balkan endemic nephropathy. Numerous animal studies have
shown that OTA is a potent nephrotoxin with the degree of renal
injury depending on both toxin dose and exposure time; decreas-
ing nephrotoxic sensitivity was observed from pig to rat, to mice
[14]. Contamination of food commodities, including cereals and
cereal products, pulses, coffee, beer, grape juice, dry vine fruits,
and wine as well as cacao products, nuts, and spices, is diffusely
reported from all over the world. In addition, contamination of



Table 1
Aspergillus mycotoxigenic species

Aspergillus species producing ochratoxin A (OTA)
Sect. CIRCUMDATI
A. affinis
A. cretensis
A. flocculosus
A. fresenii
A. muricatus
A. occultus
A. ochraceus
A. pseudocelegans
A. pulvericoln
A. roseoglobulosus
A. steynii

A. westerdighine

Sect. FLAVI
A. albertensis
A. allincens
Aspergillus species producing aflatoxins (B and G type)
Sect. FLAVI
A. arachidicola (AFB and AFG)
A. bombycis (AFB and AFG)
A. flavus (syn. A. toxicarius) (AFB and AFG)
A. minisclerotigenes (AFB and AFG)
A. mottae (AFB and AFG)
A. nomins (AFB and AFG)
A. parasiticus (AFB and AFG)
A. parvisclerotigenus (AFB and AFG)
A. pseudocelatus (AFB and AFG)
A. pseudonomins (AFB)
A. pseudotamarii (AFB)
Aspergillus species producing Fumonisins
Sect NIGRI
A. niger

A. welwitschine

Sect. NIGRI
A. carbonarius
A. lacticoffeatus
A. niger

A. sclerotioniger

A. welwitschine

Sect. Circumdati (Weak OTA producers)
A. melleus

A. ostianus

A. persii

A. salwaensis

. sclerotiorum

. sesamicoln

. subramanianii

SN S S

. westlandensis

A. seryii (AFB and AFG)

A. togoensis (AFB)

A. transmontanensis (AFB and AFG)
Sect. OCHRACEOROSEI

A. ochraceorosens (AFB)

A. rambelli (AFB)

Sect. NIDULANTES
A. astellatus (AFB)
A. venezuelensis (AFB)
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2.3 Fumonisins

animal feeds with OTA may result in the presence of residues in
edible offal and blood serum, whereas OTA contamination in
meat, milk, and eggs is negligible. Despite efforts to reduce the
amount of this mycotoxin in foods as consumed, a certain degree
of contamination seems unavoidable at present. Then, OTA is
receiving increasing attention worldwide due to data that show
human exposure most likely coming from low level of OTA con-
tamination of a wide range of different foods [15]. This concern
was evidenced in a recent case study in South of Italy through
urinary biomarkers showing a higher exposure to OTA (>6-100
times) respect to TDI (tolerable daily intake) [16]. Ochratoxins
are produced mostly by Penicillium species in colder temperate
climates, whereas a number of Aspergillus species are responsible
of OTA production in warmer and tropical parts of the world.
Aspergillus isolates usually produce both ochratoxin A and B
(dechlorinated analogue of OTA), while Penicillia produce only
OTA. The economically most important OTA producers belong
to Aspergillus sections Circumdati and Nigri, with only two minor
OTA-producing species in section Flayi (Table 1).

Fumonisins are mycotoxins produced mainly by Fusarium verti-
cillioides and F. proliferatum, which frequently contaminate
maize and maize products worldwide. Fumonisin B (FB) analogs
are the most common fumonisins, among which FB; predomi-
nates on FB, and FB;, while FB4 is usually detected in insignifi-
cant amounts [17]. The IARC evaluated FB; as a Group 2B
carcinogen [18]. However FB, was reported as more cytotoxic
than FB; [19]. Limits for total fumonisins B; and B, have been
set for cereals and cereal-based products [20]. Fumonisins are
carcinogenic mycotoxins associated with high prevalence of
human esophageal cancer in several parts of the world, including
Transkei region in South Africa, Linxian province in China,
Northern Italy, southeastern USA, India, Kenya, etc., and they
were also involved in leukoencephalomalacia in horses, pulmo-
nary edema in pigs, and liver cancer and neural tube defects in
experimental rodents [21]. Since the genome sequencing of A.
niger lead to the identification of fumonisin putative biosynthetic
cluster in this species, various studies in the last years demon-
strated the ability of A. niger and A. welwitschine (formerly A.
awamori) strains to produce FB, and FB, [22-24]. In this respect
the natural occurrence of fumonisins in musts and dried vine
fruits was widely demonstrated in various surveys [23, 25, 26]. In
addition, Aspergillus species could also contribute to FBs con-
tamination of maize [27]. In recent years, FB,, produced by
Aspergilli, was detected in coffee beans, beer, other grain-based
products, barley, and wheat [28].
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3 Main Aspergillus Mycotoxigenic Species

3.1 Section
Circumdati

Table 2

Below are summarized the main aspect of morphology, ecology and
toxigenicity of Aspergilius mycotoxigenic fungi. They are currently
grouped in the Subgenus Circumdati which comprises six sections
of which Sect. Circumdati, Flavi, and Nigri are relevant for myco-
toxin producing ability of some of their species (Table 1). In fact,
species economically important for agro-food productions belong
mainly to the above-mentioned sections with the exception of some
minor important species belonging to the subgenus Nidulantes and
Ochraceorosei. The most common species are A. flavusand A. niger,
with its cryptic sister species A. welwitschine, followed by A. para-
siticus, A. ochraceus, A. carbonarius, A. tubingensis, A. nomius, A.
allincens (Petromyces allincens), and recently also A. westerdijkine
and A. stemyii. Mycotoxins associated with plant products and main
producing species are summarized in Table 2.

This section, named also Aspergillus ochraceus group, includes spe-
cies with biseriate conidial heads in shades of yellow to ochre,
responsible of production of several mycotoxins harmful for ani-
mals and humans including ochratoxin A, penicillic acid, xan-
thomegnin, and viomellein. The most important mycotoxin is
ochratoxin A, named after the producer A. ochraceus. Some species
of the section are utilized for the biochemical transformation of
steroids and alkaloids, or as sources of proteolytic enzymes; while
other produce several promising anticancer compounds [29].

Aspergillus mycotoxins occurring on plant products and associated producing species

Mycotoxins

Agricultural products Species®

Aflatoxins

Ochratoxins

Fumonisins

Peanut, maize, cotton, spices, A. flavus, A. parvasiticus, A. nomins’,

walnut,

Brazil nuts, almond, figs, pistachio  A. minisclerotigens, A. mottae, A. arachidicoln,

nuts

Cereals, grain

Coftee, spices

Figs

transmontanensis, A. sergii

westerdijkine, A. steynii

A.
A.

Grape, wine A. carbonarvius, A. welwitschine, A. niger
A.

steynii, A. westerdijkine, A. ochraceus,
A. niger, A. carbonarius

A. alliaceus, A. niger

Grape, raisins, figs, onion, maize A. welwitschine, A. niger

sSpecies in bold represent the main occurring on the relevant product
®Main occurring on brazil nut together with A. flavus
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Recently, Visagie et al. [29] revised section Circumdati with 27
species accepted, and introduced seven new species: A. occultus, A.
pallidofulvus, A. pulvericoln, A. salwaensis, A. sesamicola, A. subra-
manianii, and A. westlandensis. This section is generally character-
ized by the production of some extrolites like orthosporins,
aspyrones, and melleins. Eleven species produce large amounts of
OTA: A. cretensis, A. flocculosus (syn: A. ochraceopetaliformis), A.
fresenii, A. muvicatus, A. ochraceus, A. pseudoelegans, A. pulvericola,
A. roseoglobulosus, A. sclerotiorum, A. steynii, and A. westerdijhine,
while seven further species produce OTA in trace amounts: A. ostia-
nus, A. melleus, A. persii, A. salwaensis, A. sclerotiorum, A. subrama-
nianii, and A. westlandensis. The most important species regarding
potential OTA production in coffee, rice, beverages, and other
foodstufts are A. ochraceus, A. westerdijkine, and A. steynii [29, 30].

Until 2004, A. ochracens was considered the main important
species of this section relevant for the contamination of food by
OTA, then the two new closely related species, A westerdijkine and
A. steynii, were characterized from strains previously identified as
A. ochracens and OTA producers [30]. The main morphological
features of these three important species are: colonies ochre or pale
yellow; large radiate and biseriate heads; closely packed metulae
and small phialides, smooth or finely roughed conidia. Aspergillus
ochracens has a variable growth at 37 °C, and many isolates form
pinkish-brown sclerotia; differently, A. westerdijkine, which is pos-
sibly the main source of OTA from section Circumdati, doesn’t
grow at 37 °C, and the sclerotia are white /cream; A. steynii doesn’t
grow at 37 °C and has broadly ellipsoidal conidia “en masse” with
pale yellow color on MEA (malt extract agar). The three species
are very difficult to differentiate without the support of molecular
and biochemical data. The other species closely related to A. ochra-
cens and good OTA producers are apparently rare and may be not
important about potential mycotoxin contamination in foods and
beverages [6].

Various ecophysiological studies have been made to identify
conditions (incubation temperature, water activity, pH, different
substrates) favoring growth, sporulation, and toxin production by
potential ochratoxigenic species. However, some data resulted
confusing or controversial depending on the criteria used for spe-
cies identification and laboratory tests used.

In general, A. ochraceuns, A. westerdijkine, and A. steynii are
reported as saprophytic storage fungi, growing between 8 and
37 °C, with the optimum at 24-31 °C, and optimal 0.95-0.99 a,.
A. ochraceus species group grows well between pH 3 and 10. The
optimum of OTA production by these species is very variable on
the basis of substrate (corn, rice, coffee, grapes, etc.) from 15 to
35 °Cand 0.90-0.99 a,, while the minimal a,, for OTA production
is 0.80-0.85 depending on substrate; so a,, represents the most
important critical control point (CCP) in storage of food and feed
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[31]. In the last decades, it has been demonstrated that A. wester-
digkine and A. steynii species are far more important OTA produc-
ers than A. ochraceus. Aspergillus steynii was found to be able to
grow and produce OTA in a wider set of conditions than A. west-
erdigkine and A. ochraceus, then posing a higher risk of OTA con-
tamination in coffee and other food. Neither A. steynii nor A.
westerdijkine were able to grow at the lowest value of aw (0.89)
evaluated and OTA production was extremely low at 0.91 aw [32].

As described, these three species are morphological and phe-
notypical indistinguishable among them and also from some other
species of section Circumdati. For these reasons, in the recent
years a big amount of work has been done in developing molecular
tools and strategies for correct identification and discrimination of
potential ochratoxigenic Circumdati species in food commodities.
However, several new species have been described and this fact
requires new PCR-based diagnostic assays, against pure culture
procedure, for the correct species assignment and a more effective
detection in food and commodities [6].

Members of this section, such as A. flavus and A. parasiticus, are
the most widely investigated because are by far the most important
producers of aflatoxins in food commodities; while their domesti-
cated counterparts, A. oryzae and A. sojae, are used in oriental food
fermentations and as hosts for heterologous gene expression.
Although evidence suggests that A. sojae and A. oryzae are mor-
phological variants of A. parasiticus and A. flavus, respectively,
these species are separated because of the regulatory confusion that
conspecificity might generate [33]. In general, section Flav:
includes species with conidial heads in shades of yellow-green to
brown, and dark sclerotia, and currently comprises 27 species and
taxa according to new recently described species [ 34-37]. Only the
aflatoxigenic species listed in Table 1 will be treated in this
chapter.

Aspergillus flavus is the main important species of the section
for its distribution and aflatoxigenicity. It is characterized by bright
yellow-green colonies (sometimes yellow), most heads have metu-
lae and phialides, heads are radiate, conidia are smooth to finely
roughened and of variable size (globose to ellipsoidal). It grows
rapidly at 37 °C and not all A. flavus isolates produce AFs and
those that do, usually produce only B aflatoxins. Aspergillus nomius
has conidia similar to A. flavus, small and elongated (bullet-shaped)
sclerotia, and may be distinguished by production of both B and G
aflatoxins; whereas its sister species, namely A. psendonomius, pro-
duces only aflatoxin B1 (but not G-type aflatoxins), chrysogine
and kojic acid. Also the close rare species A. bombycis may produce
both the aflatoxins and could be distinguished by its slow growth
at 37 °C and smooth stipe walls.
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Aspergillus parasiticus, the other relevant species of this sec-
tion, exhibits dark green (never yellow) colonies, heads usually
have only phialides (metulae occasionally), conidia are rough
walled and usually more uniform in size than A. flavus. Aspergillus
parasiticus comprises a higher percentage of toxigenic isolates,
producing both aflatoxins B and G. Aspergillus toxicarius has been
synonymized to A. flavus and closely related to A. parasiticus; it
still results difficult to distinguish from both species and its species
definition is not completely resolved [38].

Aspergillus tamarii and A. pseudotamarii, similar and closely
related to A. flavus, also show rapid growth at 37 °C, they may be
distinguished by colonies more brown than A. flavus and by
conidia very rough to tuberculate, much rougher than A. flavus or
A. parasiticus. Aspergillus pseudotamarii differs from A. tamarii
for production of aflatoxins (B type).

The recently new described aflatoxin producing species A. par-
visclerotigenus and A. minisclerotigenes are difficult to differentiate
morphologically from A. flavus, and A. arachidicola trom A. para-
siticus. However, A. parvisclerotigenus and A. minisclerotigenes
have both tinier sclerotia than A. flavus strains and produce both
aflatoxins (B and G type), while they differs from each other only
by molecular data and sclerotia extrolites production. Aspergillus
arachidicola instead, is more similar to A. parasiticus from which
differs for less dark green color of the culture, more biseriate conid-
iophores and the production of chrysogine [39]. The new aflatoxi-
genic species identified from almonds in Portugal—A. mottae, A.
sergii, and A. tramnsmontanensis—are very difficult to distinguish
among the A. flavus group. Aspergillus mottae resembles A. flavus,
in having yellow-green biseriate conidial heads; in addition
produced numerous small dark sclerotia, such as A. miniscleroti-
genes. Aspergillus sergii most closely resembles A. parasiticus
because of the rough conidia and the production of predominantly
uniseriate conidial heads; it differs from A. parasiticus for the pro-
duction of cyclopiazonic acid. Aspergillus transmontanensis is also
very similar to A. parasiticus but it has primarily biseriate conidial
heads, while A. parasiticus usually has primarily uniseriate conidial
heads, and A. transmontanensis produces larger abundant brown
sclerotia than A. parasiticus [ 35]. Finally, the rarely occurring afla-
toxin species A. pseudocaelatus is represented by a single isolate
collected from an Arachis burkartii leaf' in Argentina. It is closely
related to the non-aflatoxin producing A. caelatus, and produces
aflatoxins B and G, cyclopiazonic acid and kojic acid [37].

The diversity of ecological niches occupied by members of
Aspergillus Sect. Flavi and the ability of some species to produce
aflatoxin make this group of fungi one of the most highly studied
to date. Species in this section occur in nature as saprophytes in the
soil and on decaying plant material or as parasites on plants, insects
and animals. Aspergillus Sect. Flavi species in general appear to be
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most abundant in subtropical and warm temperate regions, par-
ticularly in agricultural and desert soils, and decrease in density and
species diversity with increasing of latitude; although the climate
changes expanded the latitude of occurrence of this species in the
last decade [12]. Several species of this section are able to produce
aflatoxins, but in crop and food they are mainly produced by A.
flavus and A. parasiticus which coexist and grow on almost any
crop or food. In nature, A. flavusis one of the most abundant and
widely distributed soil-borne molds, its optimal growth is at
28-37 °C and 0.90-0.99 a,, but it can grows also at temperature
from 12 to 48 °C and a,, 0.77. Optimum for production of AFs is
28-30 °C and 0.99 a,, limit conditions are 15 °C and 0.83 a,, [40].
Aspergillus flavus is a saprophytic fungus capable of surviving on
many organic nutrient sources, however it is also a weak opportu-
nistic pathogen of many agricultural crops such as corn, cotton,
peanuts, and tree nuts. Its great importance as plant pathogen is
due to aflatoxin production in the seeds of several crops both
before and after harvest, causing health hazard for animals and
humans. The percentage of toxigenic A. flavus varies with strain,
substrate, and geographic origin. Whereas A. flavus is broadly
spread on soil and various crops, A. parasiticus is generally less
abundant than A. flavus, it infects primarily peanutsand is uncom-
mon in aerial crops. Almost all A. parasiticus isolates produce afla-
toxins B and G. Aspergillus parasiticus has a lower temperature for
seed invasion than A. flavus and seems more adapted to soil sur-
vival, explaining its preference for peanuts compared to A. flavus.
Aspergillus parasiticus has similar temperature and a,, limit to A.
flavus for fungal growth and AF production, with aflatoxin
production optimum between 24 and 30 °C and high water activi-
ties (0.95-0.96) [41]. In general, ecology and epidemiology have
been widely investigated for A. flavus and A. parasiticus with
respect to the other Section Flavi species, which are of minor
importance for agro-food system.

However, population analyses in section Flay: have evidenced
great variability in morphological characters (phenotype) which
renders difficult the identification and discrimination of the spe-
cies; then the presence of other aflatoxigenic species could be cur-
rently underestimated. In particular, the morphologically
indistinguishable new species A. minisclerotigenes, A. arachidicoln,
and A. parvisclerotigenus. In this regard, since in the last years the
surveys of aflatoxigenic species were more often supported by
molecular and biochemical tools, new aflatoxin producing species
have been reported in crop and food: A. nomiusin various surveys
from brazil nut [42]; A. minisclerotigenes from maize in Portugal
and spices in Morocco [ 35, 43]; A. mottae, A. sergii, and A. trans-
montanensis from almonds and maize [35].

In this respect, the molecular and phylogenetic analysis of Sect.
Flavi have evidenced three main clades: “A. flavus” “A. tamarii,”
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3.3 Section Nigri

and “A. allincens,” and minor clades in which are scattered other
aflatoxin-producing species like A. nomius, A. bombycis, and A. pseun-
dotamarii. This indicates that the aflatoxin-producing ability was
probably lost (or gained) several times during evolution. Another
aflatoxin-producing species, A. ochraceorosens, was found to be not
related to any of the species belonging to section Flavi [44]. This
species, together with the recently described species A. rambelli [ 38 ],
are the only known to accumulate aflatoxin B, and sterigmatocystin
simultaneously and belong to the section Ochraceorosei, a sister group
of the section Flavi (Table 1). Additionally, AF production has also
been recently observed in two species outside of section Flavi, A.
venezuelensis (syn: Emericelln venezuelensis) and A. astellatus (syn: E.
astellata) belonging to Aspergillus section Nidulantes|38].

Finally, with regard to the Sect. Flav: species OTA-producing
A. allincens and A. albertensislisted in Table 1, they are considered
widely distributed, but not common and never identified as con-
tributor of OTA contamination of vegetable products or food;
only A. allincens has been rarely isolated in figs and tree nuts in
California [45]. About their ecophysiology no data are available,
except information about an higher toxigenicity compared to A.
ochraceus and A. melleus species, which are the dominant species
on fig orchards.

Named also “black aspergilli,” they have a significant impact on
modern society as they cause food spoilage, and are used in
biotechnology for the production of (extracellular) enzymes,
organic acids, vitamins, and antibiotics applied in food fermenta-
tions such as awamori liquors, koj fermentation, and Puerth tea.
This section includes species with biseriate or uniseriate conidial
heads in shades of brown-violet to black, and sclerotia with differ-
ent color and size in 15 out of 27 species considered. The taxonomy
of the Section is still not completely resolved, especially within the
A. nmiger species aggregate (a group of morphologically indistin-
guishable species), leading often to misidentification of the species
distribution in food. The taxonomy of section Nigrz and the clas-
sification of strains belonging to this section have been studied vari-
ous times since the introduction of molecular techniques and
currently 27 species are accepted [1]. Five of these produce ochra-
toxin A (Table 1). Aspergillus niger is the representative species of
the section and it is the most frequently reported species in food
together with A. carbonarius, A. japomicus and A. aculeatus.
Recently, A. tubingensis, A. uvarum, and A. welwitschine have also
been found as food contaminating species [46—48]. In general,
Aspergilli known as black- and white-koji molds, that are used for
food and beverage fermentations (e.g., awamori, shochu, makge-
olli), are reported in literature as A. luchuensis, A. awamori, A.
kawachii, and A. acidus. The taxonomic position of these species
was investigated and A. acidus and A. kawachii were placed in
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synonymy with A. luchuensis based on priority [24]. In the same
study a reassessment of the taxonomy of the A. awamori species was
made because the type strains of this species was erroneously associ-
ated with “black koji” fermentations and “awamori” production.
Accordingly, it was evidenced that all the strains identified as A.
awamori belong to a neotype strain isolated from Welwitschin mira-
bilisand are also potential mycotoxin producers. Finally, A. awamori
strains associated with plant product and mycotoxin production
were renamed in A. welwitschine, while the name A. awamori spe-
cies remains a synonym of A. niger or A. luchuensis, two species
commonly found in awamori liquors [24]. The various review of
taxonomic names and accepted species in this Aspergillus section
often make confusion, in fact several not accepted names are still in
use like A. citricus, A. foetidus, and A. usamii as synonymous of A.
niger, A. saitoi, and A. pulverulentus synonymous of A. tubingensis,
an overview of this invalid name was made by Houbraken et al.
(2014) [49]. As previously mentioned, A. niger is one of the most
important industrial filamentous fungal species used in biotechnol-
ogy. This species has been considered to be nontoxic for years, and
its safety under industrial conditions was also demonstrated, but
natural strains of A. nmiger, together with its sister species A. wel-
witschine, can produce OTA and fumonisins [50].

Aspergillus niger is characterized by very dark brown to black
colonies, radiate and biseriate conidial heads with wide and spheri-
cal vesicles, and globose conidia irregularly roughened with ridges
and bars. Optimal growth conditions are 35-37 °C. However, A.
niger group comprises currently an aggregate of eleven species of
which most are morphological similar or indistinguishable. Among
these, the most frequently isolated are A. niger, A. tubingensis,
and A. welwitschine that could be toxigenic on plant products.
Other minor species as food borne could be A. brasiliensis detected
at lower frequencies, while new described species like A. piperis,
A. lacticoffeatus, A. costaricaensis, and A. vadensis are rarely found
in food commodities [51, 52]. The main important species in this
section, either for its high capacity of producing OTA or for high
percentage of toxigenic strains, is Aspergillus carbonarius. It has
optimal growth at 32-35 °C and it can easily be distinguished
from other biseriate species due to its big and spiny conidia and
the stipes up to several millimeters long. A high percentage of
strains of this species (98-100%) have been shown to produce
OTA. Other biseriate species similar to A. carbonarius, but diffi-
cult to distinguish, are A. ibericus, with light smaller conidia than
A. carbonarius and no OTA production, and the producing spe-
cies A. sclerotioniger with yellow mycelium, orange to brown scle-
rotia, and smooth to verruculose conidia. However, this latter
species has been only found as a single strain on Arabica coffee in
India [51, 53].
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Section Nigr: has also represented by a consistent group of
“uniseriate” species which comprises eleven different taxa of which
A. japonicus and A. aculeatus, together with the recently described
from grapes A. uvarum, are the most common species isolated
from food. Although, they are not distinguishable by morphology,
and none of this group resulted to be mycotoxigenic [54].

They have uniseriate heads, conidia usually rough, from sub-
globose to ellipsoidal and echinulate with evenly spaced spines.
Aspergillus aculeatus has larger conidial heads and conidia more
ellipsoidal in shape. Aspergillus uvarum is more similar to A. japoni-
cus, it grows more slowly at 37 °C than A. japonicusor A. aculeatus,
they are distinguished only by molecular and biochemical data [46].

The ecophysiology of this group of fungi has been widely inves-
tigated due to the risks that they posed in coffee and cocoa products
and in grape and by-product contamination in the last 15 years;.
More recently, their occurrence has been also associated to risk for
fumonisins contamination of maize and other cereal grains. Among
the A. niger species aggregate, A. niger, A. welwitschine, and A. tub-
ingensis could widely occur on plant products with a low percentage
of OTA-producing strains (5-10%). Optimal growth conditions are
35-37 °C and 0.93-0.98 a,, (min 6-8 °C and max 47 °C) for these
isolates. OTA production by A. niger species aggregate normally
occurs at 20-25 °Cand 0.95,/0.98 a,, [ 52]. Instead, the main respon-
sible of OTA accumulation in grapes, and at less extent in cocoa and
coffee, is A. carbonarius [52, 55, 56]; it has optimal growth condi-
tions at temperatures between 25 and 35 °C (min 10 °C and max
42 °C) and 0.95-0.98 a,.. Optimal conditions for OTA production
by A. carbonarius are at 20 °C and 0.95,/0.98 a,, [57].

With regard to fumonisin production by A. niger and A. wel-
witschine, Frisvad et al. (2001) found about 80% of the producing
FB, strains when 180 strains of A. niger from various sources were
studied [58]; in other reports the percentage of FB, producing
strains varying from 40 to 65 %. In particular, Frisvad et al. (2011)
showed that some of the industrially used A. niger strains can pro-
duce OTA and fumonisin at conditions mimicking industrial citric
acid production conditions. Then, other black Aspergilli used in
food fermentation, citric acid, and enzyme production such as A.
aculeatus, A. brasiliensis, A. japonicus, A. luchuensis, and A. tubin-
gensis do not produce either OTA or fumonisins, and they might
be better candidates for biotechnological use than A. niger. In
general, the data on production and contamination of fumonisins
in grape products suggest that it is a minimal risk respect to OTA
occurrence in these products, unless additional studies are needed
for a better evaluation of the risk. Recently, Logrieco et al. (2014)
showed that black aspergilli, and in particular strains belonging to
A. niger and A. welwitschine, could contribute at same extent to
the contamination of fumonisins in maize in association to F. ver-
ticillioides [27].
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4 Conclusion
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In this chapter we wished to give an overview on the biodiversity,
toxigenic potential and ecology of main Aspergillus mycotoxigenic
species. In addition, the main mycotoxins produced and their toxi-
genicity and harmfulness towards man and animal was also sum-
marized. The new phylogenetic and biochemical methods, applied
as a whole polyphasic approach, together with morphological and
ecological features of the strains influenced and enormously
changed the taxonomical definition and the number of the species
in genus Aspergillus. In this regard, this chapter evidenced the
importance of a correct identification and classification of the fun-
gal species for reducing misidentifications and subsequently misin-
terpretation of results. In recent years the availability of multilocus
sequences and fully sequenced genomes resulted in large amounts
of sequence data, and will inevitably also have an impact on tax-
onomy. Genomics can help the taxonomy by serving as a source of
novel and unprecedented quantitative comparative data and could
improve the actual molecular tools for a more accurate delineation
of species boundaries [49]. In the last decades, the potential of
PCR systems to differentiate between morphologically similar spe-
cies having different toxicological profile has proven to be useful
and applicable in various situation of the food chain. Thus, these
methods represent useful tools for the objective assessment of food
safety by identifying mycotoxins producing Aspergillus species that
are difficult to characterize. PCR methods may be applied to the
screening of agricultural commodities for the presence of myco-
toxins producers prior or even after processing, and negative results
may indicate that the sample is virtually free of mycotoxins.
Complexity and diversity of Aspergillus mycotoxigenic species, as
described in this chapter, explain the vast number of PCR methods
which have been developed in the recent years for a rapid and
robust identification of these potential harmful species.
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Chapter 4

Fusarium Species and Their Associated Mycotoxins

Gary P. Munkvold

Abstract

The genus Fusarium includes numerous toxigenic species that are pathogenic to plants or humans, and are
able to colonize a wide range of environments on earth. The genus comprises around 70 well-known spe-
cies, identified by using a polyphasic approach, and as many as 300 putative species, according to phyloge-
netic species concepts; many putative species do not yet have formal names.

Fusarium is one of the most economically important fungal genera because of yield loss due to plant
pathogenic activity; mycotoxin contamination of food and feed products which often render them unac-
cep for marketing; and health impacts to humans and livestock, due to consumption of mycotoxins.
Among the most important mycotoxins produced by species of Fusarium are the trichothecenes and the
fumonisins. Fumonisins cause fatal livestock diseases and are considered potentially carcinogenic mycotox-
ins for humans, while trichothecenes are potent inhibitors of protein synthesis. This chapter summarizes
the main aspects of morphology, pathology, and toxigenicity of the main Fusarium species that colonize
different agricultural crops and environments worldwide, and cause mycotoxin contamination of food and
feed.

Key words Fusarium sections, Fumonisins, Trichothecenes, Taxonomy, Fusaric acid

1 Introduction

Fusarium is one of the most widely recognized genera of plant
pathogenic fungi that produce economically important mycotox-
ins. Taken together, the impacts of Fusarium mycotoxins exceed
that of any other toxin or group of toxins. Fusarium spp. produce
a wide diversity of toxic compounds, but the greatest economic
impacts can be associated with deoxynivalenol (DON) and its
derivatives. Only the aflatoxins, produced by Aspergillus spp., have
a greater impact on trade and animal and human health than DON.
Fusarinm mycotoxins have been the subject of numerous books
and review papers [ 1-3]; more in-depth information can be found
in those sources. In this chapter, I present information on toxin
production among Fusarium species, summarized and updated
from Desjardins [1], and discuss the occurrence and importance of
the major Fusarium mycotoxins.

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_4, © Springer Science+Business Media LLC 2017
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Table 1

Wheat and maize are the crops in which Fusarium mycotoxins
have the most frequent occurrence and greatest impact. However,
toxigenic Fusarium species can occur in all small grain crops, as
well as many other crops such as asparagus, figs, forage grasses,
soybean and other legumes, spice plants and medicinal plants, and
some nut crops such as pistachio [4, 5]. Fusarium toxins also can
occur in spoiled food products made from plants that are not nec-
essarily hosts for pathogenic infections. As a consequence of crop
contamination, Fusarium toxins occur in prepared animal feeds
and human food products, including fermented products such as
beer. With a major portion of the maize crop in North America
now being processed into fuel ethanol, a growing concern is the
occurrence of Fusarium toxins in ethanol co-products, such as
dried distillers’ grains and solids (DDGS) [6]. Fumonisins may
occur in crops and food products in the absence of Fusarium spp.,
due to their production by some Aspergillus species [7].

The importance of Fusariuwm as a threat to agriculture and
human health is reflected in the number of species which have been
subject to whole-genome sequencing (Table 1), which continues
to include a growing list of Fusarium species.

Publicly available Fusarium genome sequences

Species
complex? Species” Strain(s)° Source’ References
sambucinum E. culmorum CS7071 NCBI Gardiner et al.,
unpublished
E. graminearum PH-1, Broad, [8]
MIPS
CS3005 NCBI Gardiner et al.,
unpublished
E. langsethine F1201059 NCBI Lysoe et al.,
unpublished
E. pseudograminearum CS3096 NCBI [9]
Incarnatum- FIESC 5 CS3069 NCBI Gardiner et al.,
equiseti unpublished
tricinctum E. acuminatum CS5907 NCBI Gardiner et al.,
unpublished
E. avenacenm Fa05001 NCBI [10]
FalLHO03 NCBI [10]
FalL.H27 NCBI [10]

(continued)
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Table 1
(continued)
Species
complex? Species” Strain(s)° Source’ References
fujikuros E. circinatum ESP 34 NCBI [11]
F. fujikuroi IMI 58289 MIPS [11]
Bl4 NCBI  [12]
KSU 3368 NCBI Fanelli et al.,
unpublished
FGSC 8932 NCBI Fanelli et al.,
unpublished
KSU X-10626 NCBI Fanelli et al.,
unpublished
F. verticillioides FRC M-3125  Broad [13]
(=7600)
oxysporum F. oxysporum f. sp. CiLe7 Broad [13]
radices-lycopersici
F. oxysporum (biocontrol isolate) Fo47 Broad [13]
E. oxysporum t. sp. cubense race 1 Focl NCBI [14]
E. oxysporum t. sp. cubense race 4 Foc4 NCBI [14]
E. oxysporum t. sp. lycopersici Fol4287 Broad [13]
F. oxysporum £. sp. lycopersici Fo5176 Broad [13]
F. oxysporum £. sp. pisi HDV247 Broad [13]
F. oxysporum f. sp. cubense race 4 115 Broad [13]
E. oxysporum t. sp. lycopersici race MN25 Broad [13]
3
E. oxysporum t. sp. vasinfectum ~ NRRL 25433  Broad [13]
F. oxysporum £. sp. melonis NRRL 26406  Broad [13]
F. oxysporum (human isolate) NRRL 32931  Broad [13]
F. oxysporum f. sp. conglutinans PHWS808 Broad [13]
E. oxysporum t. sp. raphini PHWS815 Broad [13]
solani E. solani f. sp. pis 77-13-4 JGI [15]
E. virguliforme Mont-1 NCBI [16]

3Species complexes are as described previously [17, 18]. The sambucinum complex includes the previously described F.
graminearum species complex

PFIESC is the abbreviation for F. incarnatum-equiseti species complex. Numbers after FIESC (e.g. FIESC 5 and FIESC
15) indicate phylogenetically distinct species based on multi locus sequence typing as previously described [19]

Strain designations: ITEM indicates strains from the National Research Council, Institute of Sciences of Food
Production in Bari, Italy; CS indicates strains from the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) in Brisbane, Australia; FRC indicates strains from the Fusarium Research Center at Pennsylvania State
University in University Park Pennsylvania

4Genome sequence data can be downloaded from the following sources: Broad, Broad Institute at the Massachusetts
Institute of Technology; JGI, Joint Genome Institute; MIPS, Munich Information Center for Protein Sequences—
Helmholtz Zentrum Miinchen, German Research Center for Environmental Health; NCBI, National Center for
Biotechnology Information
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1.1 Taxonomy
of Fusarium

Species concepts in the genus Fusarium have been revised numer-
ous times. The genus was first described in 1809 by Link [20] and
during the next 100 years, more than 1000 species were described.
The first major work to bring criteria to a Fusarium species con-
cept was undertaken by Wollenweber and Reinking in the 1930s
and their 1935 publication [21] was the starting point for modern
Fusarium taxonomic systems. In this publication they organized
65 species with 77 subspecific varieties and forms into 16 sections.
In several publications during the 1940s and 1950s, Snyder and
Hansen [22-24] reduced the number of species to only nine, based
on the idea that morphological characters from a single-spored iso-
late could vary enough to fit more than one species under
Wollenweber and Reinking’s system. The scheme of Snyder and
Hansen simplified species identification, but lumped together
many genotypes of widely varying phenotypes and phylogenetic
origins. During the following decades, variations on the Snyder
and Hansen system, or hybrids between the two systems, were
published by several other researchers; notably Gordon, who pub-
lished a series of papers on Fusarium spp. in Canada [25] using a
system that recognized 26 species, using concepts of both
Wollenweber and Reinking and Snyder and Hansen. This was fol-
lowed by the publication in 1971 of “The Genus Fusarium,” by
Booth [26], which recognized 44 species, primarily following
Wollenweber and Reinking’s concepts. The trend toward recog-
nizing more species continued with the publication of “The Genus
Fusarium: a Pictorial Atlas” by Gerlach and Nirenberg, which rec-
ognized more than 90 species and varieties. A contrast to their
system was the widely accepted taxonomic scheme presented by
Nelson et al. [27] that recognized 30 “well-documented” species
and 16 additional “insufficiently documented” Fusarium species,
retaining the Wollenweber and Reinking sections, reduced from
16 to 12. Although this popular system did not recognize many of
the Gerlach and Nirenberg species, recent phylogenetic analyses
have often supported the more complicated species concepts of
Gerlach and Nirenberg. Both of these publications affirmed that
the simplified system introduced by Snyder and Hansen was inad-
equate, and in combination, these two works resolved much of the
confusion introduced by the nine-species concept (with the excep-
tions of the F. oxysporum and F. solani species complexes).

All of the aforementioned systems relied entirely on morpho-
logical characters to distinguish species. Subsequent research dur-
ing the late twentieth century introduced biological (based on
sexual compatibility) and phylogenetic (based on evolutionary
relatedness) species concepts into Fusarium taxonomic systems.
The only comprehensive publication that encompasses morpho-
logical, biological, and (to some extent) phylogenetic species con-
cepts in Fusarium is “The Fusarium Laboratory Manual” by Leslie
and Summerell [28]. This publication recognizes 70 species, and
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includes detailed information regarding the various taxonomic
systems and species concepts in the genus, as well as valuable infor-
mation about pathogenicity and toxigenicity for each of the
described species. In this volume and most subsequent publica-
tions on Fusarium taxonomy, the section concept has been de-
emphasized or abandoned. Since the publication of this book in
2006, many new species have been described, often following phy-
logenetic species concepts based on DNA sequence analysis. This
approach has led to further de-emphasis of the section concept in
favor of phylogenetic clade or species complex designations for
grouping species [17, 18]. It also has led to a proliferation of spe-
cies as well as controversies over the appropriate emphasis on phy-
logenetic concepts in species distinctions in Fusarium. Recently,
prominent Fusarium researchers have suggested that the true
number of Fusarium species is more than 300, mostly based on
molecular phylogenetic analyses [17, 18, 29]. Several known spe-
cies have been separated into numerous new species, and many of
the putative 300 species do not yet have formal names.

As a result of the numerous taxonomic revisions and varying
species concepts in Fusarium, the total number of toxigenic spe-
cies is uncertain. The volume by Marasas et al. [2], “Toxigenic
Fusarium species: Identity and Mycotoxicology,” was a seminal
work on the association of Fusarium species with their toxins and
toxicoses; the authors discussed 24 species but only 13 were
believed by the authors to be verified as toxigenic species. This
book, along with its companion volume by Nelson et al. [27],
brought much clarity to the situation regarding erroneous nomen-
clature and unsubstantiated reports of toxin production. Of course,
many new species have been described since 1983. In 2006, two
books were published that represented updates to Nelson et al.
[27] and Marasas et al. [2], respectively. Leslie and Summerell
[28] clarified contemporary species concepts and “Fusarium
Mycotoxins: Chemistry, Genetics, and Biology” [1], critically
reviewed verifiable mycotoxin production among the species. The
Desjardins book lists 45 toxigenic species. Marasas et al. [2] and
Desjardins [1] are the most comprehensive texts available that dis-
cuss important toxigenic species and document the species-toxin
associations that are supported by strong evidence. However, this
is a rapidly changing field and no text can be universal. As a result
of the recent proliferation of species descriptions, the toxigenic
capabilities of many Fusarium species are unknown and our
knowledge in this field has tremendous room for growth.

Many Fusarium species do not have known teleomorphs, but many
economically important species have teleomorphs that have been
described from nature or from laboratory crosses. Nearly all of the
described teleomorph genera are in the order Hypocreales of the
Ascomycetes [28]. Most of these have been described in the genus
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1.3 Fusarium spp.
as Plant Pathogens

Gibberella [30], while others have had teleomorph descriptions in
Nectrinor closely related genera. The generic concept for Gibberelln
and its connection with Fusarium anamorphs has been stable, but
many of the “ Nectria-like” generic teleomorph connections have
changed over time, leading to some confusion. Even with stable
teleomorph-anamorph nomenclature, it is widely recognized that
the use of two names for the same fungus can lead to misunder-
standing. The International Code of Botanical Nomenclature
(ICBN Article 59.1) previously directed that teleomorph names
take precedence in cases where two names existed. Nevertheless,
Fusarinm remained in use, even for species with known teleo-
morphs. This has occurred for several reasons, including the fact
that fewer than 20% of Fusarium spp. have a known teleomorph,
and the teleomorph is never seen in nature for most important
plant-pathogenic Fusarium spp. [29]. More recently, changes in
the International Code of Nomenclature direct that Article 59 no
longer applies after January 1, 2013 [31], so that creation of both
anamorph and teleomorph names is not allowed, existing
teleomorph-anamorph names are to be unified, and teleomorph
names no longer take priority. This has led to a consensus among
most mycologists and Fusarium researchers to conserve the genus
name Fusarium for this group of fungi [17], with a genus concept
that includes the “Gibberelin clade” and the F. solani species com-
plex, but excludes some other clades that have Fusarium-like ana-
morphs, but are not plant or human pathogens. Consistent with
this approach, in this chapter the Fusarium names are used; how-
ever, teleomorph names also are mentioned, in order to connect
Fusarium species to previous literature in which teleomorph names
were used.

Fusarium spp. are important to humankind primarily in their role
as plant pathogens, which in turn leads to their role as toxicological
risks to humans and our domestic animal species. A wide range of’
plant diseases is associated with Fusarium, and a thorough review
is beyond the scope of this chapter; books by Nelson et al. [32],
Leslie and Summerell [28], and Desjardins [1] are good resources.
A recent review paper by Aoki et al. [29] presents a concise assess-
ment of the major groups of plant-pathogenic Fusarium spp., and
their approach is summarized here. Phylogenetic analysis based on
gene sequencing data allows for the identification of numerous
species complexes in the genus, but according to Aoki et al. [29],
most plant-pathogenic Fusarium spp. are grouped in four species
complexes as defined by RNA polymerase II subunit gene sequence

phylogeny:
o Fusarvium fujikuroi (formerly Gibberelln fujikuroi) species
complex (FESC)—members of this species complex cause

important diseases in maize, sorghum, rice, sugarcane, man-
goes, and other crops. They are also responsible for fumonisin
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contamination of grain and other crops. The FESC corre-
sponds roughly to the species concept of F. moniliforme as
described by Snyder and Hansen, or Section Liseola as defined
by Wollenweber and Reinking. The biological species concept
has been applied most extensively in this group, leading to
identification of at least 13 biological species, but more than
50 phylogenetic species have been suggested [29]. Important
plant diseases caused by members of the FFSC include ear rot,
stalk rot, and seedling disease of maize, caused by F. prolifera-
tum, F. subglutinans, F. temperatum, and F. verticillioides,
pitch canker of pine trees, caused by F. circinatum; Bakanae
disease of rice, caused by F. fugikuros; pokkah boeng disease of
sugarcane, caused by F. sacchari; and mango malformation
caused by F. mangiferae and other species.

Fusarium graminearum species complex (FGSC)—members
of this complex cause important diseases in small grain cereals
and maize, and are responsible for contamination of grain with
Type B trichothecene mycotoxins and zearalenone. Most of
these species would have been considered F. rosenm according
to Snyder and Hansen or section Discolor of Wollenweber and
Reinking. Fusarium head blight of small grain cereals is the
most important disease caused by the FGSC; yield losses and
mycotoxin contamination due to Fusarium head blight have
had very significant economic, societal, and human health
impacts. Fusarium graminearum sensu stricto is the most
important cause of Fusarium head blight worldwide, but sev-
eral other species such as F. culmorum and F. crookwellense are
important, and head blight can be caused by a few species
which are outside the FGSC. Ear rot and stalk rot of maize also
are caused by F. graminearum and related species. Seedling
blights and root rots of many crops, including small grains,
maize, soybean, and some vegetable crops, also are attributable
to this species complex. Most phylogenetic species in the FGSC
have been formally named. See the section on FGSC in this
chapter for more details on individual species.

Fusavium oxysporum species complex (FOSC)—members of this
group are most well-known for causing vascular wilt disease, but
also are important root rot pathogens; however, they are not
considered major contributors to mycotoxin exposure in humans
or livestock. The FOSC corresponds to section Elegans of
Wollenweber and Reinking and the Snyder and Hansen species
concept of F. oxysporum. There are more than 100 formae spe-
cinles and races described for F. oxysporums; they cause significant
diseases on a very wide range of crops. Vegetative compatibility
groups (VCG) have been useful in the FOSC to characterize
strains with similar pathogenic properties [29], and the identifi-
cation of effectors (small proteins that are related to pathogenic-
ity) and their genetic basis is an active area of research on the
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FOSC [33]. Important formae speciales include F. oxysporum
f.sp. cubense, which causes Panama disease of bananas, F. oxyspo-
rum £.sp. vasinfectum on cotton, F. oxysporum f.sp. phaseoli on
common bean, F. oxysporum f.sp. lycopersici on tomato, and F.
oxysporum tsp. lactucae on lettuce. Fusarium oxysporum sensu
lato is a common root rot and seedling pathogen of many grain
crops and legumes, but many morphologically indistinguishable
FOSC strains are non-pathogenic saprophytes.

e Fusarium solani species complex (FSSC)—members of this
group cause foot and root rot of numerous crops, but are not
major contributors to mycotoxin exposure in humans or live-
stock. The ESSC, however, contains the majority of Fusarium
species that are pathogenic to humans and other animals. The
species in the FSSC would be considered in section Martielln
of Wollenweber and Reinking, but the Snyder and Hansen
concept of F. solani was broader, also including section
Ventricosum. The species complex includes numerous F. solani
formae speciales for pathogens causing root rot, foot rot, or
various blights and fruit rots of bean, cucurbits, peppers,
potato, sweet potato, mulberry, pea, and others. F. solani sensu
latois a common root rot and seedling pathogen of many grain
crops and legumes. Most members of this complex are still
known as F. solani because most of the numerous phylogenetic
species have not been formally named. Another important dis-
ease, sudden death syndrome of soybean, is caused by F. virgu-
liforme and a few other species in the FSSC.

Outside of these four clades, there are several other important
plant pathogenic Fusarium species, including those that produce
Type A trichothecenes, such as F. langsethine, F. pone, and F. spo-
rotrichioides. These three, along with F. avenaceum, are all associ-
ated with Fusarium head blight. Fusarium Ilateritium is an
important pathogen of several woody plant species, and dry rot of
potato, caused by F. sambucinum and other species is an important
storage problem and toxicological concern.

2  Fusarium Mycotoxins

Several hundred compounds have been described as toxic or poten-
tially toxic secondary metabolites of Fusarium spp. Toxicity of
many of these compounds has been demonstrated in bioassays or
feeding studies. A relatively small number of these compounds has
been definitively linked with toxicoses occurring in humans or live-
stock animals. Comprehensive reviews of Fusarium mycotoxins
have been published that include details of chemical and toxico-
logical properties [1, 2, 34-36]. During the past two decades, sig-
nificant strides have been made in the understanding of mycotoxin
biosynthesis and its genetic basis, particularly for trichothecenes
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and fumonisins. Those details are beyond the scope of this chapter,
but several reviews have been published [37-42]. Many reports
have been published regarding the incidence of contamination and
range of contamination levels for Fusarium mycotoxins in various
geographies. Reviews including data on the most important com-
pounds have been published periodically [1, 3, 43-47]. In this
chapter the major groups of mycotoxins are discussed, with empha-
sis on those that are believed to be important with respect to
human health and /or livestock agriculture.

Trichothecenes are the most economically important mycotoxins
produced by Fusarium species. Among the Fusarium mycotox-
ins, trichothecenes have most often been associated with human
toxicoses and widespread livestock health issues. They are pro-
duced by several genera of fungi in the order Hypocreales, and
were named after the fungus Trichothecium roseuwm, from which
the first member of this class of toxins was isolated. They are ses-
quiterpenoid compounds with a tricyclic 12,13-epoxytrichothec-
9-ene ring that can be chemically substituted at several positions,
resulting in multiple derivatives. There are more than 200 tricho-
thecenes, which have been classified into four groups (types A, B,
C, and D) based on substitutions at C-8 and other positions
around the core structure. Trichothecenes produced by Fusarium
spp. are Type A, which have a hydroxyl or ester or no oxygen
substitution at C-8, or type B, which have a keto (carbonyl)
group at C-8. Type B trichothecenes are generally produced in
higher amounts, but are less toxic than type A compounds. Type
C trichothecenes are a minor group of toxins produced by several
other genera of fungi, and type D includes compounds produced
by species of Stachybotrys (and other genera) that are important as
indoor mold hazards [39].

Important type A trichothecenes produced by Fusarium spp.
include diacetoxyscirpenol (DAS), HT-2, T-2, and neosolaniol.
The most acutely toxic trichothecene in animals is T-2, although
sensitivity to the various compounds varies among animal species
[48,49]. The most important producers of Type A trichothecenes
are F. armeniacum (often reported as F. acuminatum), F. langse-
thine, F. poae, F. sambucinum, F. sporotrichioides, and F. venenatum.
They are also produced by other species (Table 2). The common
type B trichothecenes are deoxynivalenol (DON), nivalenol, (NIV)
and their acetylated derivatives. The most important type B
trichothecene-producing species are in the F. graminearum species
complex, including F. graminearum sensu lato, F. culmorum, F.
crookwellense, and F. pseudograminearnm. All the recently described
species under the Fusarium graminearum species complex can
produce some trichothecenes, but toxin profiles differ among and
within phylogenetic species. Type B trichothecenes are also pro-
duced by other species (Table 2), but are generally absent from the
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E. fujikuroi (Gibberella fujikuroi), F. oxysporum, and F. solani
species complexes.

Trichothecenes have toxic effects on animals and plants; risks
to humans and other animals have been reviewed in detail [4, 34,
35,49, 57]. Toxicity occurs through several mechanisms, includ-
ing inhibition of ribosomal protein synthesis, DNA and RNA
biosynthesis, and mitochondrial function [58, 59]. At the cellular
level, these effects lead to cellular oxidative stress, cell cycle arrest,
apoptosis and cell membrane dysfunction [58,60]. Trichothecenes
have been shown to cause a variety of acute and chronic symp-
toms in experimental and livestock animals, including growth
retardation, reproductive disorders, immune system suppression,
feed refusal (anorexia), vomiting, hemorrhaging, diarrhea, and
death [58, 61-63]. Monogastric mammals are the most suscep-
tible, while ruminant mammals and poultry can tolerate higher
levels. Human exposure to trichothecenes in the diet has been
associated with nausea, diarrhea, abdominal pain, and fever [64].
Due to the toxic effects of trichothecenes on humans, tolerable
daily intake (TDI), or provisional maximum tolerable daily intake
(PMTDI) values have been set by the U.N. Food and Agriculture
Organization/World Health  Organization Joint Expert
Committee on Food Additives (JECFA) and/or the European
Food Safety Authority (EFSA) (Table 3). Trichothecenes are heat
stable at temperatures experienced during food and feed process-
ing, ethanol production, or autoclaving [58], and thus remain
hazardous in processed foods and beverages and in co-products
of fuel ethanol production.

Several outbreaks of mycotoxicoses in humans and livestock
have been attributed to trichothecenes. The strongest evidence is
related to the occurrence of feed refusal in swine, due to DON

Recommended maximum tolerable daily intake for major Fusarium mycotoxins

Compound TDI or PMTDI? Type? Basis References
Deoxynivalenol and 1.0 pg/kg body PMTDI Rodent nephrotoxicity [65]
acetylated derivatives weight/day

Fumonisins B, + B, + B3 2.0 pg/kg body PMTDI Body [36]
weight/day weight reduction—mice

Nivalenol 1.2 pg/kg body TDI White blood cell [57]
weight/day reduction—rats

T-2 + HT-2 0.06 pg/kg body PMTDI White and red blood cell [35]
weight/day reductions—swine

Zearalenone 0.5 pg/kg body PMTDI Hormonal effects—swine [66]

weight/day

*TDI tolerable daily intake; PMTDI Provisional maximum tolerable daily intake [67]
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contamination. Symptoms of feed refusal, vomiting, poor weight
gain or weight reduction, and even death, have repeatedly been
associated with consumption of DON-contaminated grain [1].
These symptoms have been reproduced in studies with F. gra-
minearum culture material and with pure DON;, although these is
some indication that DON alone does not account for all the
observed symptoms [1]. Feed refusal and vomiting can occur in
swine with levels of DON as low as 2 mg/kg in feed. In humans,
trichothecenes have been associated with disease outbreaks known
as alimentary toxic aleukia (ATA) in Russia and central Asia and
akakabi-byo in Japan. ATA outbreaks occurred during the 1930s
and 1940s, characterized by often fatal symptoms that included
nausea, vomiting, diarrhea, skin rashes, reduced white blood cell
counts, and necrotic lesions of internal organs. There was a close
association between disease occurrence and consumption of over-
wintered grain that was found to be infected with F. sporotrichioides
and F. poae (and probably F. langsethine). Symptoms could be
reproduced using culture material of F. sporotrichioides, but no spe-
cific toxic compound was identified. In 1968, T-2 toxin was
described and later shown to be capable of inducing symptoms
typical of ATA [2]. In Japan, outbreaks of akakabi-byo or “red
mold disease” were recorded numerous times during the late
nineteenth to mid-twentieth centuries, associated with the con-
sumption of Fusarium-contaminated foods. Red mold disease was
characterized by nausea, vomiting, diarrhea, headaches, dizziness,
and trembling; however, the condition was not generally fatal [68].
Fusarium strains isolated from implicated grains were identified as
F. graminearum and F. kyushuense (initially identified as F. spo-
rotrichioides). Deoxynivalenol was first described from Japanese
barley in 1970, and symptoms typical of akakabi-byo were repro-
duced using culture material of DON-producing strains of F. gra-
minearum or nivalenol-producing strains of F. kyushuense.
Subsequent studies have shown that these symptoms can be
induced by ingestion of DON or nivalenol [2]. For both ATA and
akakabi-byo, there is convincing, but not definitive, evidence for
the role of trichothecenes, mainly because the putative causal tox-
ins were not known at the time of the major outbreaks.
Phytotoxicity has been demonstrated for most trichothecenes
that have been tested. Effects include reduced seed germination,
stunting of coleoptiles, roots, and shoots, chlorosis, wilting, and
necrosis [58]. Toxicity to plants seems to be higher for DON than
for other tested trichothecenes [69]. Deoxynivalenol has been
shown to have a role in diseases caused by F. graminearum.
In studies on small grain cereals and maize, mutant strains of
E. graminearum that did not produce DON are consistently less
aggressive as head blight and ear rot pathogens [70, 71]; similar
studies have indicated that DON influences seedling disease in a
crop- and cultivar-dependent manner [72, 73]. In wheat heads,
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initial infection was not influenced by the ability to produce DON,
but only DON-producing strains were able to spread from spikelet
to spikelet [74, 75]. Therefore there is significant evidence that
DON contributes to pathogenicity of F. graminearum.

Occurrence of trichothecenes in crops in different geographical
regions was reviewed by Desjardins [1]. The most important crops
that are contaminated by trichothecene mycotoxins are the small
grain cereals and maize. Trichothecenes can be hazardous contami-
nants of wheat, barley, oats, and triticale anywhere in the world
where they are grown. Pathogens that cause Fusarium head blight
(or infect cereals without symptoms) can produce either type A or
type B trichothecenes, although the occurrence of type B is more
widespread, due to infection by members of the F. graminearum
species complex. Maize contamination by trichothecenes is more
common in cooler temperate areas such as the Great Lakes region
of'the USA and Canada, northern Europe and northern China, but
it can occur in other areas around the world. In maize, type B
trichothecenes are more common, due to infection by members of
the F. graminearum species complex, but type A trichothecenes can
also occur in maize [1, 76]. Trichothecenes contamination also
occurs in potatoes, rice, and other crops or food products molded
by Fusarium spp. Because of the hazards posed to humans and live-
stock by trichothecenes in grains and foods, many countries have
imposed guidelines or regulatory limits on allowable levels of DON
and other trichothecenes (Table 4) [77].

Zearalenone and related compounds are estrogenic mycotoxins
with low acute toxicity that do not cause fatal toxicoses. However,
zearalenone is considered among the most economically important
mycotoxins because of its association with reproductive abnormali-
ties, primarily in swine. Zearalenone was first purified from a culture
of F. graminearum and originally was designated as “fermentation
estrogenic substance F-2.” In 1966, it was structurally character-
ized and named zearalenone [78]. Zearalenone is produced by
many of the same fungi that produce type B trichothecenes, and
therefore it is frequently found together with DON or NIV. Fungi
in the F graminearum species complex are the most important
ZEA producers, although there are other species that have been
reported to produce ZEA (Table 2). Fungi in the F. oxysporum, F.
solani, and F. fujikuroi species complexes are not considered to be
ZEA producers. Zearalenone and its relatives are cyclic molecules
with a basic resorcyclic acid lactone structure and variations in pres-
ence, reduction state and acetylation of hydroxyl groups around the
core structure. The most well-known compounds are zearalenone
and zearalenol, but several other compounds are known [1, 79].
Hormonal effects of some of these compounds make then useful
for pharmaceutical purposes, and a-zearalenol has been marketed as
a livestock growth stimulant [80].
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Table 4

Recommendations and regulations for safe limits on mycotoxin concentrations in grain in the USA

and European Union

Grain for human food Grain for animal feed

Mycotoxin USA? EU® USA? EU®
Deoxynivalenol 1000 ppb 750 ppb 5000-10,000 ppb¢ 1750 ppb
Fumonisins 2000-4000 ppb© 1000 ppb 5000-100,000 ppb 4000 ppb
T-2 No guidance levels, case  50-200¢ No guidance levels, case  100-

by case basis by case basis 200 ppbf
Zearalenone No guidance levels, 75-100 ppb®  No guidance levels, 100-

case-by-case basis case-by-case basis 350 ppbd

“Reference [3]

*Commission Regulation (EC) No 1126,/2007 or 576,/2006
*Varies among specific food items

4Varies among livestock species
“Varies among grain types

Varies among grain types; up to 1000 ppb for oats with husks

The primary effects of zearalenone on animals are due to
estrogenic activity. Estrogen-receptor relationships with zearale-
none and related compounds have been reviewed [66, 81]. These
estrogenic effects lead to reproductive abnormalities, including
enlarged mammary glands and genitalia, atrophy of ovaries or tes-
tes, infertility, reduced litter size, and reduced weight of offspring.
Swine are the most sensitive livestock species, and zearalenone was
discovered in association with an outbreak of estrogenic syndrome
in swine. Numerous such outbreaks have been associated with
zearalenone [2]. Symptoms of typical of estrogenic syndrome have
been reproduced in swine and mice by feeding pure culture mate-
rial of F. graminearum, and subsequently the symptoms have been
induced in many studies with pure zearalenone; this compound has
clearly been shown to cause estrogenic syndrome in swine. Due to
these hormonal effects, JECFA has established a PMTDI for zeara-
lenone ingestion by humans (Table 3). Low levels of zearalenone
(as low as 3 pg/g in the diet) can cause symptoms of delayed or
prolonged estrus or pseudopregnancy in sows [82]. Loss of preg-
nancy and increased fetal mortality have been reported, but these
symptoms have not been widely confirmed. Livestock other than
swine are more resistant and can tolerate zearalenone at levels up
to 30 pg/g. Zearalenone and related compounds do not exhibit
acute toxicity toward animals; there is limited evidence for carcino-
genic, hepatotoxic, and immunotoxic effects [1, 67, 83]. A 1982
report by the US National Toxicology Program (NTP) concluded
that zearalenone was carcinogenic to mice but not rats [84].
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Zearalenone does not appear to be phytotoxic or to play a role in
pathogenicity of zearalenone-producing fungi.

Because it is produced by many of the same fungi that produce
type B trichothecenes, the geographic and crop-species occurrence
of zearalenone is similar to DON and NIV. Affected crops include
maize (grain and silage), wheat, barley, oats, rye, sorghum, millet,
and rice, and very occasionally soybean. Zearalenone can be
secreted in milk if dairy cows ingest high concentrations, and it can
be found in beer made with contaminated barley or other grains
[66]. Problematic levels of zearalenone occur more often in maize
than in small grains, partially due to the frequent use of maize
grain in swine diets. Zearalenone can be found in these crops
worldwide. Outbreaks of swine estrogenic syndrome have occurred
most frequently in N. America, but also have been relatively wide-
spread in Europe. High levels of zearalenone have been reported
from China and other Asian countries [83], but information on
livestock impacts in that region is not abundant. Occurrence and
human exposure to zearalenone have been reviewed [83].
Zearalenone often co-occurs with trichothecenes, but the two
groups of mycotoxins have different temperature optima for bio-
synthesis [85], so it is not uncommon for grain to have high levels
of trichothecenes without appreciable zearalenone contamination,
or vice versa. Because of the hazards posed to humans and livestock
by zearalenone in grains and foods, many countries have imposed
guidelines or regulatory limits on allowable levels (Table 4) [83].

After the trichothecenes, fumonisins are the Fusarinm mycotoxins
most often associated with toxicoses in humans and livestock. They
are the most common mycotoxins found in maize, and they are
found in several other crops. Fumonisins are produced primarily by
Fusarium spp. in the F. fujikuroi (G. fujikuroi) species complex,
although minor amounts of fumonisin B, can be produced by
some species in Aspergillus section Nigri [86]. The most impor-
tant fumonisin-producing species are F. verticillioides and F. pro-
liferatum; this class of mycotoxins was named for F. moniliforme,
the name under which both of these species were formerly known.
Several (but not all) species in the F. fujikuros complex also pro-
duce fumonisins, and minor amounts have been reported from a
few strains of F. oxysporum [41]. The fumonisins are a family at
least 28 polyketide mycotoxins with a linear 18- to 20-carbon
backbone. The fumonisin family consists of A, B, C, and P-series
compounds. Fumonisins By, B,, and B; are the most common and
most intensively studied; B-series fumonisins have a 20-carbon
backbone with a terminal amine function, several hydroxyl func-
tions, and two propane-1,2,3-tricarboxylate esters at various posi-
tions. A-series and P-series fumonisins differ due to alteration or
replacement of the terminal amine group, while C-series fumoni-
sins have a 19-carbon backbone [87].
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Fumonisins have toxic and carcinogenic effects on animals,
and these have been reviewed in detail previously [36, 87]. The
primary mechanism of toxicity for fumonisins is interference with
sphingolipid biosynthesis, which leads to a wide variety of organ-
specific outcomes in different animal species. By inhibiting ceramide
synthase, fumonisins cause accumulation of sphinganine and other
toxic intermediates of sphingolipid metabolism and depletion of
complex sphingolipids, which interferes with cell membrane struc-
ture and function and disrupts numerous cell regulatory pathways.
Free sphinganine leads to liver and kidney lesions, including disor-
ganization of hepatic cords, hepatocellular vacuolation, megalocy-
tosis, apoptosis, necrosis, and cell proliferation [36]. Disruption of
sphingolipid metabolism also results in the gross symptoms associ-
ated with fumonisin toxicoses in horses and swine. Various cellular
processes are disrupted, leading to decreased cardiovascular func-
tion in both horses and swine, and this in turn is believed to
contribute to neurologic symptoms in horses and pulmonary
symptoms in swine [88, 89]. Due to its nephrotoxic effects, JECFA
has established a PMTDI for fumonisin ingestion by humans
(Table 3); some researchers have suggested that a PMTDI based
on other toxicological endpoints would suggest a lower value than
the one adopted by JECFA. Several studies have demonstrated car-
cinogenic activity of fumonisins in livers and kidneys of mice and
rats [ 36, 90], and IARC declared fumonisin B;, the most naturally
abundant of the fumonisins, to be a group 2B carcinogen [91].

Fumonisins have been shown to be phytotoxic to maize and
other plant species. They inhibit the growth of shoots and roots,
and cause wilting, chlorosis, and necrosis in a range of plant spe-
cies. However, the role of fumonisins, if any, in plant disease is not
clear. In an early study of naturally occurring strains that differed in
fumonisin-producing capacity, virulence of F. verticillioides strains
toward maize seedlings was correlated with fumonisin-producing
capability [92]. Subsequent studies using isogenic fumonisin-
producing and non-producing strains showed that lack of fumoni-
sin production did not influence ability of strains cause maize ear
rot [93]. Fumonisins have been reported as probable pathogenic-
ity factors in maize seedling disease caused by F. verticillioides [94,
95], but other studies have shown that fumonisin non-producing
mutants infect and colonize maize seedlings as effectively as their
corresponding wild-type, fumonisin-producing progenitors [73].
It is likely that some of the symptoms in maize seedlings inoculated
with F. verticillioides are caused by fumonisin phytotoxicity, but it
is not clear how this relates to overall impacts of seedling disease.

Several toxicoses have been attributed to fumonisins in humans
and livestock animals. Fumonisins were discovered in the late
1980s and first reported in 1988 [96] as a result of investigations
into the cause of high rates of human esophageal cancer in the
former Transkei region of South Africa. In samples collected from
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households in the affected district, high levels of fumonisin By and
B, were found, and these levels correlated with elevated incidence
of esophageal cancer [97, 98]. Similar correlations have been
reported in parts of China [99, 100], northeastern Italy [101], and
Iran [102]. However, esophageal symptoms have not been experi-
mentally reproduced [103, 104] and the role of fumonisins in this
disease has not been definitively shown. Another possible human
health impact is increased incidence of neural tube birth defects
(NTDs) in births by women consuming fumonisin-contaminated
maize. Associations between fumonisin ingestion and elevated
incidence of NTDs have been observed along the US-Mexico bor-
der, in Guatemala, China, and South Africa [105, 106]. In studies
with mice, fumonisins have been shown to cause neural tube
defects and other similar birth defects by interfering with folate
receptors in embryonic neuroepithelial cells [106, 107]. Therefore
there is strong evidence that maternal fumonisin exposure contrib-
utes to the incidence of NTDs in some human populations.

In the late 1980s, just as South African researchers had uncov-
ered the characteristics of fumonisins, outbreaks of equine leuko-
encephalomalacia (ELEM) were occurring in the USA and
elsewhere. This disease is characterized by lethargy, tremors, paral-
ysis, and convulsions, followed quickly by death. Brain tissue of
affected animals becomes swollen, hemorrhages, and liquefies
[108]. ELEM had been observed during the nineteenth and
throughout the early twentieth century, and had long been associ-
ated with consumption of moldy grain. Fusarium verticillioides
was first described (as F. moniliforme) in 1904 from maize grain
associated with the disease [109], and symptoms were reproduced
by feeding moldy grain to healthy horses. Subsequently, symptoms
also were reproduced by feeding culture material of F. verticillioi-
des [110]. Following the identification of fumonisins, researchers
in South Africa then demonstrated that ELEM could be induced
by injection or ingestion of pure fumonisins [108], and this has
been confirmed multiple times [1]. During the same period, an
outbreak of pulmonary edema in swine occurred in the USA;
symptoms of this disease are weakness, breathing problems, cyano-
sis, and death. The lungs and thoracic cavity of affected animals fills
with fluid. The disease was associated with the consumption of
maize screenings (broken and damaged kernels discarded from
high-quality grain lots) that later were found to have high levels of
fumonisins [111]. Similar symptoms had been reproduced earlier
in South Africa by feeding culture material of F. verticillioides
[110]. Symptoms of pulmonary edema were reproduced by injec-
tion or oral dosing with pure fumonisins [112, 113], and this has
been confirmed multiple times [114]. In addition to these acute
effects, chronic exposure to fumonisins is associated with delayed
development and poor weight gain in swine [115, 116].
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2.4 Fusaric Acids

Fumonisins occur in maize crops and maize-derived foods and
feeds worldwide; In North America, higher levels of contamina-
tion typically are found at lower latitudes, but fumonisins are the
most common mycotoxins found in the “Corn Belt” of the Central
USA and they also occur in parts of Canada. Similarly, in Europe
the highest levels have been found in Italy, southern France, Spain,
and Portugal, while fumonisins are less common in northern
Europe [117]. In South America, most data come from Brazil and
Argentina, where significant levels of fumonisins can be found in
the major maize-growing regions. Reports of fumonisins in maize
also have been published from Colombia, Ecuador, Peru, Uruguay,
and Venezuela [1]. Fumonisins also are important contaminants of
maize in Central American countries such as Guatemala [118].
Fumonisins were first discovered in Africa and there continue to be
reports of high incidences and concentrations of fumonisins in
parts of South Africa. Fumonisins can be found where maize is
grown throughout Africa. Data from African countries other than
South Africa are less extensive; they generally indicate high inci-
dences but lower concentrations than those reported from prob-
lem areas such as the Transkei region of South Africa [1].
Fumonisins are common, sometimes at high levels, in maize grown
in China, where they are associated with elevated human esopha-
geal cancer rates. There are multiple reports of fumonisin occur-
rence in other Asian countries, including Indonesia, Japan, Korea,
the Philippines, Taiwan, Thailand, and Vietnam, but in those
countries the incidence is often high but the mean levels of con-
tamination are relatively low [1], with the exceptions of Iran and
Nepal, where higher levels have been reported. Insect injury to
maize increases contamination by fumonisins [119]. Because of
the hazards posed to humans and livestock by fumonisins in grains
and foods, many countries have imposed guidelines or regulatory
limits on allowable levels of fumonisins (Table 4) [120].

Fusaric acid (5-butyl picolinic acid) is a common mycotoxin pro-
duced by several Fusarium species. Several derivatives also have
been reported. Fusaric acid is phytotoxic and was first discovered
based on its phytotoxicity to rice seedlings. In some Fusarium spe-
cies, particularly some formae speciales of F. oxysporum, tusaric acid
plays a role in pathogenicity to plants, by inducing wilt symptoms
[121]. The biosynthetic pathway is partially described [122, 123],
and pathogenicity is attenuated in strains with disrupted fusaric acid
biosynthetic genes. It was first isolated in 1934 in Japan from a
strain of F. heterosporum (F. fujikuroi). Other species in the F. fuji-
kuros species complex also produce fusaric acid, and it is produced
by strains in the F. solani species complex, F. crookwellense, and F.
sambucinum (Table 2). In rats, fusaric acid caused changes in brain
weight and body weight. It also is an inhibitor of DNA synthesis,
but acute toxicity of fusaric acid seems to be very low. However, it
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appears to enhance the activity of several other Fusarium mycotox-
ins, including fumonisins, zearalenone, deoxynivalenol, diacetoxy-
scirpenol, and T-2 toxin [124]. Thus, the greatest significance of
fusaric acid as a mycotoxin may be its interactions with other, more
acutely toxic compounds. Because of its relatively low toxicity, little
effort has been made to document the occurrence of fusaric acid in
crops and foods. Some fusaric acid-producing species such as F.
proliferatum and F. oxysporum have wide host ranges and it is likely
that fusaric acid is common in various crops and food or feed prod-
ucts. Limited data from Canada and the USA indicated a high inci-
dence (85-100%) of fusaric acid in a relatively small number of
samples, with concentrations as high as 136 pg/g [1].

Moniliformin is the potassium or sodium salt of
1-hydroxycyclobut-1-ene-3,4 dione, and it is a metabolite unique
to Fusarinm fungi. It has been implicated in various field myco-
toxicoses, especially in poultry. It is acutely toxic and has an LD50
0f20.9 to 29.1 mg/kg body weight for intraperitoneal injection in
mice. Moniliformin production is widespread among Fusarium
species; it was named for F. moniliforme, which was the identifica-
tion of the fungus from which it was first isolated. Strains originally
associated with moniliformin production have subsequently been
re-identified as F. proliferatum and F. nygamai. Many strains within
the F. fujikuroi species complex produce moniliformin, but its pro-
duction is very rare in F. verticillioides. Some isolates in the F. oxy-
sporum species complex also produce moniliformin, but it seems to
be absent from the F. solani species complex. Several trichothecene-
producing species produce moniliformin (Table 2), including F.
acuminatum, F. culmorum, F. equiseti, and F. sporotrichioides, but
it has not been reported from F. graminearum sensu stricto.

Moniliformin can cause rapid death in poultry and swine.
Toxicological effects include inhibition of protein synthesis, cyto-
toxicity, and chromosome damage. The primary mode of action
appears to be inhibition of mitochondrial respiration [124], and
damage to myocardial mitochondria, resulting, in some cases, in
acute congestive heart failure. Immunosuppression also has been
reported in poultry. Symptoms induced in laboratory studies with
experimental mammals and poultry include reduced body weight,
intestinal hemorrhaging, coma, and death [50]. Moniliformin is
suspected of involvement in several distinct diseases in poultry,
including ascites, round heart disease, and “spiking mortality syn-
drome.” Mammals appear to be significantly less sensitive than
poultry. However, Chinese researchers have reported a possible
connection to Keshan disease, a serious endemic heart disease in
some parts of China [124]. Insect injury to maize increases con-
tamination by moniliformin [ 125]. Moniliformin has been reported
to be phytotoxic, but little information is available and its toxicity
to maize seedlings seems to be low [1].
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2.6 Fusarins

2.7 Beauvericin
and Enniatins

Occurrence of moniliformin has not been widely studied, but
reports are summarized by Jestoi [50]. It has been reported from
maize in Canada, China, South Africa, the USA, and Europe, and
from small grain cereals in Austria, Canada, Finland, Norway, and
Poland, and rice in China and Iran [1, 50].

Fusarins are a group of mycotoxins that share a polyketide back-
bone with various substitutions at the 2-pyrrolidone moiety.
Fusarin C was the first compound characterized in this group, fol-
lowed by fusarins A, D, E, and F [1]. Fusarin C was identified
from F. verticillioides (as F. moniliforme) based on bacterial muta-
genic activity. Fusarins are produced by a few species scattered in
several of the major species complexes (Table 2), but they have
not been reported in the F. solani species complex. Fusarin C pro-
duction by F. oxysporum has been reported, but rarely [28].
Fusarins can co-occur with both trichothecenes and fumonisins
[1, 126]. Fusarins have not been associated with any known myco-
toxicoses in humans or livestock, but fusarin C has been shown to
be mutagenic and to cause disruption of chromosomes in mam-
malian cell cultures [1]. Fusarin C was acutely toxic to rats when
administered at a high dose (100 mg/kg body weight) [124].
There is limited evidence for carcinogenicity and immunotoxicity
[124]. Fusarin C has been reported to be unstable at ambient
temperatures [124], and this may limit its role in toxicological
outcomes. A cluster of nine genes has been identified for biosyn-
thesis of fusarins, though only four genes, fusl, fus2, fus8, and
fus9, are necessary for fusarin C production [127]. There is little
information about the natural occurrence of fusarins in grains,
feeds, or foods, but since they are produced by Fusarium species
that are common in maize and small grain cereals, it is likely that
they occur widely. They have been reported from maize in the
United States, South Africa, and China [124]. In a study of maize
and maize-based food samples in Germany, 80% of samples had
detectable fusarins, at levels up to 83 mg/kg [128].

Beauvericin and enniatins are closely related cyclic hexadepsipep-
tides that can be produced by a wide range of Fusarium spp. There
are at least 29 enniatin analogues, but not all of these are produced
by Fusarium spp. At least seven analogues (enniatins A, Al, B, B1,
B2, B3, and B4) have been found in cereals and are produced by
Fusarium; the most common ones are enniatins A, Al, B, and B1.
Beauvericin originally was identified from the entomopathogenic
fungus Beauveria bassiana, but it has been identified as a common
metabolite in Fusarium. Many members of the F. fugikuroi species
complex [129, 130] can produce beauvericin, but F. verticillioides
typically does not produce this compound. Other species also pro-
duce beauvericin, including F. acuminatum, F. armeniacum, F.
langsethine, E. poae, F. sambucinum, and F. sporotrichioides (Table 2).
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Thus beauvericin is produced by fumonisin-producing and
trichothecene-producing species. It does not appear to be pro-
duced by species in the F. solani complex, and it seems to be rare
in the F. oxysporum complex, although it has been reported [51].
Beauvericin and enniatins have antimicrobial activity, are toxic to
several insect species, and are cytotoxic in laboratory studies with
cell lines of insects and humans [50]. Acute toxicity to rodents and
other experimental mammals is low, and several studies on poultry
showed low levels of sensitivity to beauvericin and enniatins [50,
131]. Effects on plants have not been demonstrated. Occurrence
of beauvericin in grain crops was first reported in 1993 from maize
in Poland infected by F. subglutinans. Subsequently, it has been
reported from maize in other European countries, the USA (also
from livestock feed), Mexico, South Africa, and Argentina, from
small grain cereals in several European countries, and in rice in Iran
and North Africa. Enniatins have primarily been reported from
small grain cereals in Europe, sometimes at high incidences [50].
In a study by EESA [131] including 12 European countries, beau-
vericin was detected in 54 % of unprocessed grain samples, 21 % of
feed samples, and 20 % of food samples. Enniatins were detected in
76% of unprocessed grain samples, 68 % of feed samples, and 37 %
of food samples. Occurrence of beauvericin and the four enniatins
was highly correlated. Indeed, in most reports, beauvericin has
occurred together with enniatins and frequently with other myco-
toxins, especially moniliformin and fumonisins, but also trichothe-
cenes, fusaproliferin, and zearalenone [50]. In the EFSA study,
exposure to beauvericin and enniatins was estimated for humans
and several livestock species; the authors concluded that there was
no indication for human health concern and that toxic effects on
livestock were unlikely at the estimated exposure levels, but empha-
sized that the lack of data contributes to considerable uncertainty
regarding the risks associated with these compounds [131].

Fusaproliferin is a bicyclic sesterterpene, the first sesterterpene
reported from Fusarium [132]. A deacetylated form also is a natu-
rally occurring metabolite. The name is derived from F. prolifera-
tum, the first species recognized to produce the compound. Other
fusaproliferin-producing species are in the F. fugikuroi species com-
plex, although F. verticillioidesis not known to produce it (Table 2).
Fusaproliferin production also has been reported outside the genus
Fusarium [1]. Toxicity of fusaproliterin has been evaluated primar-
ily in vitro. It is toxic to brine shrimp larvae [55], and cytotoxic to
cell lines from an insect (Spodoptera frugiperda) and from humans
(IARC/LCL 171). Fusaproliferin also is teratogenic to chicken
embryos [ 124 ]. This result may explain certain pathological effects
of F. proliferatum culture extracts on chicken embryos in previous
studies. The role, if any, of fusaproliferin on naturally occurring
mycotoxicoses is not clear, but it is a contaminant of feed samples
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associated with feed refusal by swine, where no deoxynivalenol or
other trichothecenes could be detected [133]. Some phytotoxic
effects of fusaproliferin and 24-diacetyl-fusaproliferin have been
reported in maize [134] and ryegrass [1]. Fusaproliferin produc-
tion is quite common in isolates of F. proliferatum and F. subgluti-
nans, which suggests that maize could be frequently contaminated
with these compounds anywhere in the world. Data on fusaprolif-
erin occurrence is not extensive, but it has been reported from
maize in the United States (also animal feeds), South Africa, and
several European countries, as well as small grains in Europe and
rice and breakfast cereals in Morocco [50, 135]. Fusaproliferin
often occurs in maize together with beauvericin, enniatins, or
fumonisins, but also occasionally with trichothecenes.

Fusarium species produce many additional less common or
less well-known mycotoxins [2] that can be found in maize or
cereal grains, and may have significant toxicological implications.
Details of these mycotoxins are beyond the scope of this chapter,
but several of these toxins have been reviewed [124].

3 Toxigenic Properties of Important Fusarium Species

3.1 F acuminatum
and F. armeniacum

This section describes key characteristics of selected toxigenic
Fusarium species, including nomenclature, basic morphology,
importance as plant pathogens, major mycotoxins produced, and
association with human and animal toxicoses. Table 2 is a more
inclusive list of species and their known toxic metabolites.

Fusarium acuminatum Ellis and Everhart was described in 1895
from potato stems in New York, USA. It has been reported from
a wide range of plants, primarily in the northern hemisphere. In
culture on PDA, F. acuminatum grows more slowly than most
Fusarinm spp. and produces white mycelium that often turns pink
with age. The colony undersurface is pink to deep red.
Macroconidia are long and thin, and usually 5-sepate, with a long,
curved apical cell. They can appear similar to those of F. equiseti,
but the two species can usually be easily distinguished by colony
morphology on PDA. Microconidia are not typically produced
and chlamydospores are rare. The teleomorph was described as
Gibberelln acuminata Wollenw., which has been observed only in
the laboratory. Fusarium acuminatum is generally considered as a
saprophyte, but it can cause severe root rot in some legumes, such
as soybean [136]. Fusarium acuminatum also has been associated
with head blight of small grains. When found on small grain cereals
or maize, it is typically a minor component of the Fusarium popu-
lation associated with head blight or ear rot symptoms [1, 28].
Fusarium acuminatum has not been associated with animal or
human toxicoses, but it has been reported to produce a wide range
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of mycotoxins, including T-2, HT-2, DAS, neosolaniol, beauveri-
cin, fusarins, enniatins, and moniliformin [1]. Recently, DON
production has been reported by F. acuminatum [137]. Two
forms of F. acuminatum were long recognized, based on differ-
ences in T-2 production and some morphological characters.
Strains that produced high levels of T-2 were designated as F.
acuminatum subsp. armeniacum, but subsequently elevated to
species level as F. armeniancum (Forbes, Windels, and Burgess)
Burgess and Summerell. Morphology of F. armeniacum is similar
to F. acuminatum but F. armeniacum grows more rapidly, has
longer macroconidia, and produces apricot-colored sporodochia.
Subsequent research demonstrated that the trichodiene synthase
gene, 17z5, which is an important trichothecene biosynthesis
gene, is present in F. armeniacum but not in F. acuminatum [28].
In fact, F. armeniacum is more closely related to F. sporotrichioides
than it is to F. acuminatum, according to phylogenetic analysis
[138]. Some strains of F. armeniacum produce very high levels of
T-2 toxin and other trichothecenes [1]. Zearalenone production
by F. acuminatum is not confirmed, but it has been reported for
F. armeniacum, along with several of the other toxins already
attributed to F. acuminatum [139]. F. armeniacum also has been
reported as a root rot pathogen of soybean [140]. A whole
genome sequence is available tor F. acuminatum (Table 1).

Fusarium avenacenm (Fr.) Sacc. was first described in 1822 from
oats in Germany as Fusisporium avenaceum, and was transferred
to Fusariuwm in 1886. It is known as a significant head blight
pathogen in small grains. Cultural characteristics of F. avenacenm
are highly variable. Mycelium on PDA varies from white to pink
or brown, with pale orange to brown sporodochia. The colony
undersurface may be peach to burgundy or brown. Macroconidia
are long and slender, thin-walled, and usually 5-septate, varying
from strongly curved to nearly straight. Microconidia can be pro-
duced on monophialides or polyphialides, but they are rare; chla-
mydospores are not produced. The teleomorph, Gibberelin
avenacen R.J. Cook, was reported from wheat stalks in 1967.
Fusarium avenacenm has an extremely wide host range, causing
seedling diseases in many crops, dry rot of potatoes, and root rot
and head blight in small grains [1]. Its main importance is as a
major cause of Fusarium head blight in cooler areas where small
grains are grown on several continents. In some areas, such as
Finland and Alberta, Canada, it can be the predominant head
blight species [1]. It also has been associated with Fusarium ear of
maize in Europe [117]. Fusarium avenacenm is a major producer
of moniliformin, and also produces aurofusarin, beauvericin, chla-
mydosporol, and enniatins. Reports of trichothecene production
by F. avenacenm are probably incorrect. This species has not been
associated with any known toxicoses, although culture material
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3.3 F crookwellense

3.4 F culmorum

was toxic to chickens, most likely due to moniliformin [1]. Whole
genome sequences are available for several strains of F. avenacenm

(Table 1).

Fusarium crookwellense L.W. Burgess, P.E. Nelson, and Toussoun
was first isolated from diseased potato tubers in 1971 and then
described in 1982, based on a large collection of strains. Fusarium
crookwellense is closely related to F. culmorum and F. graminearum
and it has similar cultural morphology, particularly to F. culmorum;
mycelium is white to yellow or tan and may become red at the
colony edge. The undersurface is usually red. Macroconidia are
usually 5-septate, thick-walled and sickle-shaped. Microconidia are
not produced, but chlamydospores may be abundant. No teleo-
morph has been described. Fusarium cerealis (Cooke) Sacc. is con-
sidered a synonym of F. crookwellense. Fusarvium crookwellense is
widely distributed but is more common in cooler temperate areas
and often is isolated from root or crown tissue of various plant spe-
cies. It can cause root and foot rot of wheat and is a minor compo-
nent of the Fusarium head blight and maize ear rot complexes in
Europe and Japan. This species has not been associated with any
known toxicoses, but can produce a wide range of mycotoxins
including fusaric acid, fusarin C, and NIV and its acetylated deriva-
tives, butnot DON, beauvericin,orenniatins [ 1 |. Diacetoxyscirpenol
has been associated with F. crookwellense [117], but most known
DAS-producing strains have been reclassified as F. venenatum [28].

Fusarium culmorum (W.G. Smith) Sacc. was described in 1884 as
Fusisporinm culmorum and then transferred to Fusarium in 1895.
It is one of the most important species causing Fusarium head
blight in cool climates. Fusarium culmorum is closely related to F.
crookwellense and F. graminearum and it has similar cultural mor-
phology, particularly to F. crookwellense. In culture on PDA, F.
culmornm produces abundant aerial mycelium that is initially
white but turns yellow or pink with age. The undersurface is usu-
ally deep red. Numerous orange sporodochia usually form in the
center of the colony. Macroconidia are relatively short and blunt,
slightly curved, usually 3- to 4-septate, with thick walls and
rounded apical cells. There are no microconidia but chlamydo-
spores are numerous [ 1]. No teleomorph has been described, but
evidence suggests that genetic recombination occurs at a similar
frequency as in F. graminearum [141]. In northern Europe, F.
culmorum has been known as the predominant species causing
Fusarium head blight; however, in recent years, frequency of F.
graminearum has gradually surpassed that of F. culmorum, and F.
graminearum s.s. is now the most common head blight species
[142]. Fusarium culmorum also occurs as a head blight pathogen
in China, Canada, the northern USA, and eastern Australia, but
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has not been the dominant species in those areas. It can cause foot
rot in small grain cereals, and also can occur as an ear rot pathogen
of maize in Europe [117] and other cool climates. Fusarium cul-
morum has also been reported as a pathogen on several other
plant species, including hops, strawberries, lecks, and Norway
spruce [28]. The mycotoxin profile of F. culmorum is similar to F.
graminearum; both species produce high levels of type B trichot-
hecenes and range of other toxic metabolites (Table 2) including
fusarins, moniliformin, and zearalenone, but not beauvericin. As
with F. graminearum, there are DON-producing and NIV-
producing chemotypes of F. culmorum; NIV-producing chemo-
types of F. culmorum are common in Europe but not in North
America. Toxicoses in cattle and swine have been associated with
E. culmornum, and culture materials are very toxic in laboratory
studies. A whole genome sequence is available for F. culmorum

(Table 1).

Fusarium equiseti (Corda) Sacc. was described as Selenosporium
equisets Corda in 1838 from Eguisetum plants in eastern Europe.
It was transterred to Fusarium in 1886. Fusarium equiseti is
characterized by long (5- to 7-sepate), strongly curved macroco-
nidia with elongated apical cells, an absence of microconidia, and
abundant chlamydospores in chains and clusters. In culture on
PDA, it produces abundant mycelium that turns from white to
beige or brown. Sporodochia are orange to brown and may form
in concentric rings. The colony undersurface may be peach-col-
ored but it usually brown to dark brown. Fusarium scirpi is very
similar and has been considered conspecific with F. equiseti by
some authors. The teleomorph of F. equiseti was described as
Gibberella intricans Wollenweber. Fusarium equiseti is widely
distributed and often recovered from soil, seeds, or senescent
plant tissue in both temperate and tropical areas. It usually is
considered to be a secondary colonizer of plants, but it has been
reported to cause disease on numerous plant species. It has been
reported as a minor component of the Fusarium ear rot complex
of maize in Europe [117] and the Fusarium head blight complex
in both Europe and North America [1]. Other reports of patho-
genicity for F. equiseti include cucurbits [26], pine seedlings
[143], rocket [144], and soybean [136]. According to Leslie
and Summerell [28], “... records of F. equiseti as a pathogen
should be treated cautiously.” Regardless of its pathogenic capa-
bilities, the presence of F. equiseti in grains used for human food
and livestock feed requires attention due to its toxigenic proper-
ties. The species has been reported to produce a wide range of
toxic metabolites and mycotoxin production varies widely among
strains of F. equiseti. Strains of the fungus can produce several
trichothecenes, zearalenone, beauvericin, fusarochromanone,
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3.6 F fujikuroi

equisetin, moniliformin, and other compounds [1, 28].
Diacetoxyscirpenol was first isolated from F. equiseti [145].
Toxicity of F. equiseti has been reported toward several livestock
species and experimental animals, but in many cases the specific
toxin involved was not identified [2, 28]. It was reported to be
associated with Degnala disease of water buffalo in India, but
both F. equiseti and F. semitectum were recovered from moldy
rice straw connected with the outbreaks, so the role of each spe-
cies is not clear. F. equiseti also has been reported as a human
pathogen [146].

The perithecial form of Fusarium fujikuroi Nirenberg was first
described in 1917 as the causal agent of bakanae disease of rice, as
Lisea fugikuroi. In 1931, the name was changed to Gibberelln fuji-
kuroi (Sawada) Wollenw., but it was suggested that this fungus was
identical to G. moniliformis. Controversy over the distinction
between G. fujikuroi and G. moniliformis persisted. In 1976,
Nirenberg adopted the combinations G. fujikuroi/ F. fujikuroi for
the rice pathogen and G. moniliformis/ F. verticillioides for the
maize pathogen [147]. In addition, several researchers began to
apply a biological species concept in this group of related fungi,
and the rice pathogen F. fujikuroi was designated as mating popu-
lation C of the G. fujikuroi species complex [148, 149]. At least
nine of the mating populations, A through I, subsequently were
recognized as Fusarium species [ 1], maintaining the combinations
adopted by Nirenberg in 1976 for F. fujikuroi/G. fujikuroi and F.
verticillioides/G. moniliformis. Perithecia of F. fujikuroi occur in
the field [150]. Fusarium fujikuroi morphology is practically indis-
tinguishable from F. proliferatum, and these two species are par-
tially interfertile. Fusarium fujikuroi produces oval to clavate
aseptate (sometimes l-septate) microconidia in short chains and
false heads from monophialides and polyphialides in the aerial
mycelium. Macroconidia are formed in sporodochia and are nar-
row, thin-walled, and relatively straight, usually 3- to 5-septate.
Chlamydospores are not formed, and cultures on PDA are white to
pale gray or violet, with an undersurface that varies from colorless
to violet gray to dark magenta [28].

Fusarium fugikuroi is primarily a global rice pathogen that
causes seedling disease and bakanae disease, characterized by
abnormally elongated plants due to gibberellin production by the
fungus [151]. It has been reported from a few other plant species
including sorghum grain and native grass species in Kansas,
USA. The most important mycotoxin produced by F. fugikuros is
moniliformin; strains also can produce beauvericin and fusaric acid
but not fusaproliferin. A small percentage of strains produce
fumonisins at low levels, but most F. fujikuroi strains do not, in
spite of the presence of key fumonisin biosynthesis genes [152].
Whole genome sequences are available for several strains of F. figi-
kuroi (Table 1).
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Fusarium graminearum Schwabe is the most economically impor-
tant toxigenic species in the genus, due to its broad host range, the
significant diseases it causes on small grain crops and maize, the
diversity of mycotoxins it can produce, and its association with
human and animal toxicoses. Although numerous species have
now been described within the F. graminearum “species complex”
(FGSCQC), F. graminearum sensu stricto remains the most important
cause of Fusarium head blight of cereals and Gibberella ear rot of
maize throughout most of the world. Fusarium graminearum was
first described in 1838 from maize. The teleomorph of F. gra-
minearum was described as Gibberelln zeme (Schwein.) Petch, a
homothallic sexual stage that commonly produces perithecia and
ascospores in the field and in culture. For a long period of time, F.
graminearum was split into two cryptic species known as Group 1
and Group 2, but in 1999, Group 1 was described as F. pseudogra-
minearum [28]. Some confusion in the literature also arises from
the use of the name F. rosewm Link, which for a time was applied
by some authors to F. graminearum and other species with similar
morphology. Snyder and Hansen [24] proposed combining
numerous species into F. 7oseum and designating strains that were
pathogenic to cereals as F. roseum t. cerealis. This nomenclature
was not widely adopted; other variations proposed by the same
authors were F. rosewm cv. “Graminearum” [153] and F. roseum
var. graminearum. More recently, phylogenetic analyses revealed
nine or more distinct lineages within F. graminearum, and species
names were assigned to these lineages [154, 155]. Species in the
FGSC subsequently have grown to at least sixteen [ 142 ], although
there is cross-fertility among the members of the species complex,
and some authors maintain that the FGSC comprises a single bio-
logical species [28]. Fusarium graminearum is characterized by
long, narrow macroconidia that are 5- to 6-septate and straight or
slightly curved; no microconidia are produced, and chlamydo-
spores occur in the mycelium or in conidia, but they are not com-
mon. Colonies on PDA usually produce a red pigment in the
undersurface, and aerial mycelium is white to tan or pink. Blue-
black perithecia may form, with 3-septate ascospores that are
important as primary inoculum for diseases caused by F. gra-
minearum. Morphology is very similar and practically indistin-
guishable throughout the FGSC.

Diseases caused by members of the FGSC have major global
significance. Head blight of wheat, barley, and oats, and maize ear
rot are the most important diseases, but infections of rice, sor-
ghum, potatoes, coffee, and legumes also cause significant
economic damage. Recently, F. graminearum also has emerged as
an important seedling and root rot pathogen of common bean
and soybean [156-158]. The species has a broad host range,
including the model plant species, Arabidopsis thaliana, which
will likely lead to important further discoveries regarding host-
pathogen interactions.
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Fusarium graminearum is well known as a producer of Type B
trichothecenes and other secondary metabolites (Table 2).
Deoxynivalenol was first characterized from F. graminearum[159,
1601, and F. graminearum has been an important model organism
for elucidation of the trichothecene biosynthesis pathway. Whole
genome sequences are available for strains of F. graminearum
(Table 1), and this has led to important strides in the understand-
ing of biosynthesis of numerous secondary metabolites and other
physiological processes in this fungus. Members of the FGSC can
be characterized into “chemotypes” depending on their predomi-
nant trichothecene type. Some strains primarily produce DON and
15-ADON. These are the predominant types in the Americas,
Europe, and South Africa [142]. Strains that primarily produce
DON and 3-ADON are common in parts of Asia, while strains that
primarily produce NIV can be found at low frequencies on all con-
tinents and predominate in some parts of Asia. The 3-ADON che-
motype is reported to be increasing in frequency in Canada and
possibly in the USA [142]. Chemotypes may differ in other traits,
such as overall DON production, growth rate, and pathogenic
aggressiveness [ 161]. Little research has been conducted on preva-
lence of chemotypes on hosts other than small grains and maize,
but soybean isolates from N. America and Argentina appear to pri-
marily be 15-ADON chemotypes of F. graminearum s.s. [162,
163]. Evidence suggests that several fairly recent introductions
have led to changes in the global distribution of the chemotypes
[142]. Fusarium graminearum sensu stricto includes strains of all
three chemotypes, but there are associations between chemotype
and species for some members of the FGSC (see below). Recently,
new Type A trichothecenes, designated NX-2 and NX-3 were
reported to be produced by strains of F. graminearum found in a
limited area of the North Central United States [ 164, 165]. This is
a potentially important discovery, since the compounds have toxic-
ity similar to that of DON, and Type A trichothecene production
is unusual in F. graminearum. Fusavinm graminearum is the most
important producer of zearalenone, and also has been reported to
produce fusarins, culmorins, and other toxins but not beauvericin
or moniliformin.

Species described within the FGSC include:

o I acaciae-mearnsic O’Donnell, T. Aoki, Kistler et Geiser—
represented by strains from Acacia or soil in South Africa or
Australia. The strains were highly aggressive, causing Fusarium
head blight symptoms when inoculated to wheat heads, and
produced small amounts of DON; 3-ADON, and NIV, relative
to F. graminearum sensu stricto [52, 53].

e F asiaticum O’Donnell, T. Aoki, Kistler et Geiser—this species
is an important cause of Fusarium head blight in parts of Asia,
and appears to have some degree of host preference for rice.
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In southern Japan, it is the predominant Fusarium head blight
species. Similarly, in southern China. F. asiaticum was reported
as the predominant species associated with head blight of
wheat and barley [142]. In China, F. asiaticum is more com-
mon in warmer areas and where wheat and barley are rotated
with rice; whereas F. graminearum sensu stricto is associated
with cooler areas and those where small grains are rotated with
maize. In South Korea, F. asiaticum is the predominant species
onrice [142,166]. In the USA, F. asiaticum has been reported
from wheat in Louisiana, in areas associated with rice produc-
tion [167]. Nivalenol-producing isolates of F. asiaticum also
have been reported from wheat in Uruguay; again, in areas of
the country with significant rice production [142]. F. asiati-
cum also is common on rice in Brazil, and has been reported as
a pathogen of maize in Japan [168] and asparagus in China
[169]. Isolates of F. asiaticum have been reported to produce
DON, 3-ADON, and NIV [52, 53]; NIV-producing isolates
are predominant in many areas [170].

E. austroamericanum T. Aoki, Kistler, Geiser et O’Donnell—
represented by three strains from Brazil or Venezuela. The
strains caused head blight symptoms when inoculated onto
wheat heads and are reported to produce DON, 3-ADON,
and NIV [52, 53]. Fusarium austroamericanum has been
reported at low frequencies from wheat and barley in Brazil
[171].

F. boothii O’Donnell, T. Aoki, Kistler et Geiser—this species
has been reported from Argentina, China, Guatemala,
Hungary, S. Korea, Mexico, Nepal, and South Africa [154,
166, 172-175], primarily from maize. Although it causes head
blight symptoms when inoculated to wheat heads [52, 53], F.
boothii has been reported to have a host preference for maize.
In South Africa [172], it was the predominant species associ-
ated with Gibberella ear rot symptoms, but only about 8% of
FGSC isolates from wheat were F. boothii. This species has
been reported to produce DON and 15-ADON [52, 53].

FE. brasilicum T. Aoki, Kistler, Geiser et O’Donnell—described
from oats in Brazil, this species also has been reported from
wheat in Uruguay [176].

E. cortaderine O’Donnell, T. Aoki, Kistler et Geiser—this spe-
cies was described from several strains from pampas grass or
other hosts from Argentina, Australia, Brazil, and New
Zealand. Fusarium cortaderine constituted 14.6% of FGSC
isolates from rice seeds [177] and 2.5 % of FGSC isolates from
wheat spikes [171] in Brazil. In the latter study, F. cortaderia
was very common in maize stubble in at least one location, but
was a minor component of the FGSC infection of wheat spikes.
Two isolates of F. cortaderiae were highly aggressive when
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inoculated onto wheat heads, and produced small amounts of
NIV [52, 53]. F. cortaderia also has been reported from soy-
bean in Argentina [156], wheat in Italy [178] and Uruguay
[176], and maize in France [179]. NIV-producing F. cortade-
7in strains were reported from wheat in New Zealand [180].
Most F. cortaderia isolates are reported to be of the NIV geno-
type [171].

F. gerlachii—represented by three strains from wheat or giant
reed in the USA. The strains caused head blight symptoms
when inoculated on wheat, and produced NIV [155].

E. meridionale 'T. Aoki, Kistler, Geiser et O’Donnell—This
species appears to be distributed primarily in the southern
hemisphere, and appears to have a degree of host preference
for maize [142]. However, it also occurs as a head blight
pathogen in South American wheat [171, 181, 182]. F. merid-
tonale is common in South American maize, and most isolates
are NIV producers. Del Ponte et al. [171] found that F. merid-
tonale was predominant on maize stubble in areas where F.
graminearum s.s. was the predominant species in diseased
wheat heads. Lamprecht et al. [183] found that F. meridionale
was associated with diseased maize roots in South Africa but
was less virulent to maize seedlings than F. boothii or F. gra-
minearum s.s. In the northern hemisphere, F. meridionale has
been reported as a minor component of the FGSC populations
from maize and wheat in southern China and maize in S. Korea
[142, 184], and occurs commonly as a maize ear rot pathogen
in Nepal [173]. In inoculation studies on wheat, F. meridio-
nale was moderately aggressive and produced small amounts of
NIV [52, 53]. Most F. meridionale isolates are reported to be
of the NIV genotype [171, 185].

FE. mesoamericanum T. Aoki, Kistler, Geiser et O’Donnell—
this species was described from strains originating from
Honduras and Pennsylvania, USA. In inoculation studies on
wheat, F. mesoamericanum was moderately aggressive and pro-
duced small amounts of DON and NIV [52, 53].

E. vorosii—represented by three strains from wheat in Hungary
or Japan. The strains caused head blight symptoms when inoc-
ulated on wheat, and produced DON and 15-ADON [155].

Fusarium graminearum has been associated with several toxi-

coses in animals and humans. These include red mold disease
(akakabi-byo) in Japan, swine feed refusal, and estrogenic syn-
drome in swine [2]. Symptoms of these toxicoses have been repro-
duced with pure culture material of F. graminearum [1].

3.8 F langsethiae

Fusavium langsethine Torp and Nirenberg was first observed in

Norway in 1999 and described in 2004 from oats, wheat, and bar-
ley from several countries in Europe [186]. Its morphology is very
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similar to F. poae, and initially was referred to as “powdery F. poae”
[187]. Previous reports of T-2-producing strains of F. poae proba-
bly are attributable to F. langsethine. DNA sequence data and myco-
toxin profiles indicate that F. langsethine is actually more closely
related to F. sporotrichioides than to F. poae. In culture on PDA, it
produces aerial mycelium that is white to pale yellow or pale pink
and develops a powdery appearance due to abundant microconidia.
The colony undersurface is pale yellow, pink, orange, or pale violet.
Fusarium langsethine grows more slowly than F. poae and lacks the
characteristic odor of F. poae. Microconidia are napiform to glo-
bose, usually nonseptate, and produced on monophialides that are
often bent. Polyphialides can occur but very rarely. Chlamydospores
are absent. At least one full genome sequence is available for F.
langsethine (Table 1). Fusarium langsethine has been reported as a
common contaminant of wheat, oats, and barley, primarily in cen-
tral and northern Europe [188], but it occurs as far south as Sicily
[189]. The species is more frequently associated with oats than the
other hosts. Although F. langsethine is frequently isolated from
grains of these crops, the plants and grains are often symptomless,
and it has been difficult to demonstrate head blight symptoms
through inoculation with F. langsethine [188]. Although severe
head blight symptoms may not be associated with F. langsethine,
the species is a major concern because of its frequent presence in
grain and its production of potent mycotoxins, primarily type A
trichothecenes. Fusarium langsethine is now considered to be the
most important cause of T-2 and HT-2 contamination of small
grains in many parts of Europe, and it also produces DAS and neo-
solaniol [188]. This species has not been directly associated with
any toxicoses, likely because of its relatively recent description.
However, as a major producer of type A trichothecenes, F. langse-
thine should be suspected of involvement in toxicoses associated
with those compounds.

Fusarium oxysporum Schlechtend. emend. Snyder and Hansen was
first described 1824 and emended in 1940 to include a very diverse
complex of species with some similar morphological features, but
differing widely in many phenotypic characteristics. Many of the
members of the species cause vascular wilt diseases on a wide range
of crops, but others cause seedling disease or root rot, or are non-
pathogenic. Vascular wilt pathogens from ditferent hosts are often
designated as formae speciales, some of which are host-specific.
Based on DNA sequence data, F. oxysporum is polyphyletic, even
within some formae speciales [190, 191]. Significant progress still
needs to be made in order to classify the many genotypes collec-
tively known as F. oxysporum. A number of clades have been identi-
fied within the complex [191], based on multi-locus gene
sequencing analysis; some have been described as separate species
(e.g., F commune) [192]. Using a genealogical concordance
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phylogenetic species recognition approach, Laurence et al. [193]
identified two phylogenetic species within a population of F. oxys-
porum from Australia that represented the known clade diversity in
the species complex. It is likely that additional phylogenetic (and
formally described) species will be identified in the future. Whole
genome sequences are available for several F. oxysporum strains
(Table 1). Morphological characters that are shared within the spe-
cies complex include: abundant, oval to kidney-shaped nonseptate
microconidia that are produced in false heads on short mono-
phialides in the aerial mycelium; macroconidia that are short to
medium length, straight to slightly curved, thin-walled, and usu-
ally 3-septate, produced in orange sporodochia that are numerous
in some isolates and nearly absent in others; and chlamydospores,
usually produced singly or in pairs, abundant in most isolates but
sparse in others. Cultural characteristics on PDA can be highly
variable, with white to yellow or pale violet mycelium, and an
undersurface that varies from white to violet or magenta.
Fusarium oxysporum is one of the most economically impor-
tant pathogens in the genus, but members of this species complex
are generally considered to be non-toxigenic. The main impact of
E. oxysporum is through the numerous vascular wilt diseases caused
by members of this species. Important agricultural hosts include
alfalta, asparagus, banana, cabbage, common bean, cotton, cucur-
bits, lettuce, onion, pea, pepper, potato, soybean, spinach, sweet
potato, and tomato; more than 100 formae speciales and races have
been named [28]. Strains of F. oxysporum also are important as
seedling and root rot pathogens in a wide range of crops, and they
are the most common Fusarium species isolated from soils world-
wide. Some nonpathogenic strains are effective as biocontrol
agents against root pathogens of several crops. Although F. oxyspo-
rum is not considered a major mycotoxin producing species, it is a
diverse species complex and thus has been reported to produce a
range of mycotoxins, including enniatins, fusaric acid, and monili-
formin, but not trichothecenes, fumonisins, zearalenone, fusarins,
fusarochromanone, or fusaproliferin [1]. One strain of F. oxyspo-
rum from Korea was reported to produce C-series, but not B-series,
fumonisins, and its identification has been confirmed [152]; how-
ever, this appears to be a very unusual strain. Strains of F. oxyspo-
rum can commonly be isolated from small grain cereals and maize,
but it does not appear to make a meaningful contribution to myco-
toxin contamination of these crops. It is not associated with
Fusarium head blight or maize ear rot, except as an occasional sec-
ondary colonizer. Fusarium oxysporum is not associated with any
mycotoxicoses, but some strains can infect humans [28].

Fusarium poae (Peck) Wollenw. was first described in 1902 as
Sporotrichum poae Peck and transterred to Fusarium in 1912. It is
an important trichothecene-producing Fusarium head blight
pathogen. It is characterized by its abundant globose to
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lemon-shaped microconidia produced in clusters on mono-
phialides. Macroconidia are rare; they are slightly curved or
straight, usually 3-septate. Chlamydospores are very rare or absent.
In culture on PDA, F. poae produces abundant white mycelium
that may turn reddish brown. The colony undersurface is typically
yellow or pale to deep red. Cultures have a characteristic peach-like
odor, though it is not recommended to use this as a diagnostic
character. Fusarium poae difters from F. sporotrichioides by the
absence of polyphialides and chlamydospores, and by their differ-
ing microconidial morphology. Fusarium poae ditfers from F.
langsethine in growth rate (F. poae is faster) and relative abundance
of aerial mycelium (F. poae produces more) and microconidia (F.
poae produces less). Fusarium langsethine also lacks the character-
istic odor of F. poae. Full genome sequences have been reported for
E. pone [194]. Fusarium poaeis an important head blight pathogen
on wheat, barley, and oats in many part of Europe (particularly oats
in northern Europe), and to some extent in North America and
Japan. This species also occurs on maize as a minor component of’
the Fusarium ear rot complex in Europe and North America. It
also is frequently recovered from soil and from seeds and seedlings
of numerous plant species, especially grasses [1].

Fusarium pone is reported to produce a range of trichothecene
mycotoxins, but some reports must be questioned in consideration
of the separation of F. langsethine from F. poae. Fusarium pone has
been reported to produce DAS, T-2, neosolaniol, and nivalenol.
However, it is likely that T-2 producing strains were misidentified,
and actually belong to F. sporotrichioides or F. langsethine [2, 188].
Other reports indicate that some strains of F. poae can produce
beauvericin, fusarin C, and fusarenon-X [28]. Fusarium poae has
been associated with toxicoses in humans and livestock, including
alimentary toxic aleukia and Kashin-Beck disease in Russia, and
hemorrhagic syndrome in several livestock species in the USA [2].
However, its role is uncertain because it often occurs together with
E. sporotrichioides and strains of F. langsethine may have been iden-
tified in many cases as F. poae. Cultures of F. poae are often weakly
toxic or non-toxic [ 2, 188]. In summary, mycotoxin production by
E. poae has been reported to be very diverse, but questions remain
about the range of mycotoxins produced by F. poae sensu stricto.

Fusarium proliferatum (Matsushima) Nirenberg ex Gerlach and
Nirenberg was first described as Cephalosporium proliferatum in
1971 and transferred to Fusarium in 1976 [147]. Prior to 1976,
F. proliferatum was probably very often misidentified as F. monili-
forme; therefore reports about pathology and toxigenicity of F.
moniliforme before 1976 (and some reports after 1976) undoubt-
edly relate to F. proliferatum, but are confounded with character-
istics of other members of what came to be known as the G.
fugikuroi species complex. Currently, F. proliferatum is recognized
as an important maize pathogen and one of the two most
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inearum

important fumonisin-producing fungal species. Characteristics of
E. proliferatum include clavate microconidia produced in chains
and false heads from monophialides and polyphialides on the
hyphae; narrow, thin-walled, 3- to 5-septate, mostly straight mac-
roconidia; and absence of chlamydospores. Macroconidia are pro-
duced in orange sporodochia but are sometimes sparse; they are
very similar to those of F. verticillioides. In culture on PDA, F.
proliferatum produces flutfy white mycelium that turns grayish
violet over time. The colony undersurface is typically some shade
of violet, but can be colorless, yellowish, or pale gray. Fusarium
proliferatum can be distinguished from F. verticillioides by the pro-
duction of microconidia from polyphialides, and distinguished
from F. subglutinans and F. temperatum by the production of
microconidial chains. It is very difficult or impossible to distinguish
L. proliferatum from E. fujikuroi by morphology, but they can be
distinguished by PCR-based methods [195] and usually by fertility
tests. In general, strains with this morphology from rice are F. fii-
kuroi strains that lack fumonisin production, while morphologi-
cally identical strains from maize, asparagus and several other crops
are fumonisin-producing strains of F. proliferatum. The teleo-
morph was described as Gibberelln intermedin (Kuhlman) Samuels,
Nirenberg and Seifert, also known as mating population D of the
G. fujikuroi complex.

Fusarium proliferatum is an important component of the
Fusarium ear rot and stalk rot complex on maize worldwide [3,
117, 196]. It also causes diseases on a remarkably wide range of
other plant species, including asparagus, banana, date palm, fig,
mango, pine, and sorghum [1]. Fusarium proliferatum can cause
disease in rice, but does not cause typical symptoms of bakanae
disease associated with F. fujikuroi. Fusarium proliferatum is well-
documented as a fumonisin-producing species, and some strains
can produce large quantities of fumonisins [28]. Fusarium pro-
liferatum is frequently isolated from fumonisin-contaminated
maize kernels, animal feeds, and human foods, including figs and
asparagus spears. It also produces other mycotoxins, including
beauvericin, enniatins, fusaric acid, fusarin, fusaproliferin, and
moniliformin. Unlike the closely related F. fujikuroi, F. prolifera-
tum does not produce gibberellins, which are associated with
symptoms of bakanae disease caused by F. fujikuroi [1]. As a major
fumonisin-producing species, Fusarium proliferatum should be
considered suspect in the human and livestock toxicoses associated
with fumonisins. Its role has been obscured by its misidentification
as E. moniliforme, and its frequent co-occurrence with F.
verticillioides.

Fusarium pseudograminearnm O’Donnell and T. Aoki was origi-
nally described in 1977 from crown rot of wheat in Australia as F.
graminearum Group 1. Species rank was assigned to Group I in
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1999 based on DNA sequence analysis. This species is currently
recognized primarily as a root and crown rot pathogen of small
grain cereals and is commonly found in Australia and the Pacific
Northwest of North America; it also has been reported from South
Africa and Canada. Its morphology is very similar to F. gra-
minearum sensu stricto. It produces orange sporodochia with mac-
roconidia that are long and narrow, usually 5- to 6-septate, and
slightly curved to straight. Chlamydospores may form in the myce-
lium or conidia but they are not common. Microconidia are absent.
On PDA, mycelium is white, turning yellow to red, with red pig-
ment in the agar, so that the colony undersurface is usually dark
red. The teleomorph was described as Gibberella coronicola ' T. Aoki
and O’Donnell; it is heterothallic but it has been observed in the
field [28]. Although morphology is essentially indistinguishable
from F. graminearum, these two species differ in several character-
istics. Fusavium pseudograminearum is a heterothallic crown rot
pathogen, whereas F. graminearum on small grain cereals is homo-
thallic and primarily a head blight pathogen. Fusarium pseudogra-
minearum is important in Australia, where it is found anywhere
wheat is grown. It occasionally can be responsible for head blight
symptoms in very wet years. Its toxin profile is very similar to that
of F. graminearum, but F. pseudograminearum poses little toxico-
logical risk because it usually does not contaminate grain. A whole
genome sequence is available for F. pseudograminearum (Table 1).

Fusarium sambucinum Fuckel was first described in 1869 from
black elder and other trees in Germany and Italy. It is the type spe-
cies of the genus Fusarium. Gradually, the concept of this species
grew quite broad and several varieties were described based on
morphology. In 1995, the various varieties were grouped into
three different species: F. sambucinum sensu stricto, F. torulosum,
and F. venenatum [197]. The teleomorph, G. pulicaris (Fr.) Sacc.,
is the type species for the genus Gibberelln. Fertility studies have
confirmed that the biological and morphological species concepts
for F. sambucinum sensu stricto are in concordance. Fusarium sam-
bucinum produces abundant orange sporodochia with macroco-
nidia that are relatively short, usually 3- to 5-septate, and falcate
with a pointed and slightly curved apical cell. Microconidia and
chlamydospores are rare. On PDA, F. sambucinum produces flufty
white mycelium that turns yellow or grayish orange, with abundant
orange sporodochia, often clustered in the center of the colony.
Orange to brown sclerotia are sometimes formed. Colony margins
are often lobed, and the undersurface is yellow to orange or red,
sometimes with brown flecks. to brown. Fusarium sambucinum is
well known as a dry rot pathogen of potatoes worldwide. It also is
reported from a range of other plant species, including woody
plants, maize, and wheat. A number of diseases were reported to
be caused by F. sambucinum before the division into three species
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in 1995, and it is not clear in all cases which of the three currently
recognized species were involved. Similarly, a wide range of toxins
has been attributed to the species, but the scope of toxin produc-
tion by F. sambucinum sensu stricto is not completely clear.
Trichothecene production is, however, well documented within F.
sambucinum sensu stricto, and this species has been the subject of
several studies on trichothecene biosynthesis. Most strains produce
DAS, and some produce T-2 toxin or neosolaniol. High levels of
trichothecenes have been found in potatoes rotted by F. sambuci-
num [1]. Other toxins reported for F. sambucinum include beauv-
ericin, fusarin C, fusaric acid, and sambutoxin [28]. No toxicoses
have been associated with F. sambucinum, but its trichothecene
production in combination with its presence in a human food
product (potato tubers) indicate that it may pose a toxicological
risk.

Fusarium venenatum Nirenberg is morphologically very simi-
lar to F. sambucinum, but can be distinguished by the production
of chlamydospores, which are very rare in F. sambucinum. However,
it may be very difficult to separate these two species on the basis of
morphology. The reported mycotoxin profile of F. venenatum
includes DAS and other trichothecenes, culmorin, enniatins, and
fusarins, but not beauvericin or zearalenone [1]. A strain of F. yen-
enatum is used to produce a mycoprotein that is sold as a human
food product. This strain has been confirmed to lack trichothecene
production.

Fusarium solani (Mart.) Sacc. was first described in 1842 as
Fusisporium solani, isolated from rotted potatoes. It was trans-
terred to Fusarium in 1881 and emended by Snyder and Hansen
in 1941 to include a diverse collection of fungi that shared certain
morphological characteristics. Macroconidia of F. solani are
straight to slightly curved, usually 3- to 4-septate, relatively wide
and thick walled, with a rounded apical cell, produced in sporodo-
chia that are usually cream colored but can be bluish or greenish.
Abundant microconidia are oval to reniform, 0- to 2-septate, and
produced in false heads on long monophialides. On PDA, cultural
characteristics are variable, but usually the mycelium is white to
cream and the colony undersurface is cream to pale blue or tan. In
some cases, a bright blue pigment is produced in the agar.
Teleomorphs in this group have been described in several genera,
but not Gibberella. Some strains have a Haematonectria (formerly
Nectrin) haematococcn teleomorph. Several approaches have been
taken to address diversity in this species complex. Strains from
some hosts have been given formae speciales designation; varieties
have been described, mostly based on morphological characteris-
tics. More recently, phylogenetic analyses have resulted in the rec-
ognition of several clades within the species complex, and the
identification of at least 60 phylogenetic species, some of which have



3.15 F sporotri
chioides

Toxigenic Species and Mycotoxins in Fusarium 89

been formally described [29, 198, 199]. However, Most members
of this complex are still known as F. solani because numerous phy-
logenetic species have not been formally named [29].

Some members of the F. solani species complex are important
plant pathogens, including several different legume and tree spe-
cies [28]. An important disease of soybean (sudden death syn-
drome) is caused by several species in the F. solani complex,
including F. virguliforme; foliar symptoms of this disease are caused
by a phytotoxic protein secreted by these fungi. Fusarium solani
strains can cause root rots of soybean [136] and other plants and
the species complex is widely distributed as a soil saprophyte. Many
plant diseases have been attributed to F. solani but because of the
taxonomic disarray in this group of fungi, some reports must be
questioned [28]. The majority of Fusarium infections in humans
and other animals are caused by members of this complex, many of
which cause infections of the skin or nails [200]. Strains of F. solan:
have been reported to produce fusaric acid, moniliformin, and
naphthoquinones, but it is not considered a major mycotoxin-
producing species complex. There are some reports of trichothe-
cene production by strains of F. solani that were isolated from
rotted potatoes and produce bright blue pigment [1]. On the
other hand, many other F. solani strains have been shown to lack
trichothecene production and also to lack the 775 gene, needed
for trichothecene biosynthesis [201, 202]. Overall, trichothecene
production by this species complex should be considered uncon-
firmed [28]. Toxicity of sweet potatoes molded by F. solani is due
to ipomeamarones, compounds that are not produced by the fun-
gus, but are plant-synthesized molecules modified by the fungus
[28]. A whole genome sequence is available for F. solani (Table 1).

Fusarvium sporotrichioides Sherb. was described in 1915 from pota-
toes with dry rot symptoms, but is now known as an important
trichothecene-producing fungus in small grains. It is characterized
by the production of abundant microconidia of diverse shapes in
false heads on polyphialides. Microconidia range in morphology
including nonseptate oval or pyriform, 1-septate fusoid or clavate,
and 3- to 4-septate spindle-shaped mesoconidia. Macroconidia
are usually 3-septate, narrow and falcate. They are produced in
orange sporodochia and usually are abundant. Chlamydospores
are usually present and formed singly or in chains. On PDA, cul-
tures produce dense white mycelium that usually becomes pale
red, with pink or red pigment on the undersurface. Fusarium spo-
rotrichioides is a well-documented contributor to maize ear rot
and head blight of small grains in Europe, Canada, and the north-
ern USA [1, 117]. The first characterization of T-2 toxin (in
1968) was from a strain of F. sporotrichioides isolated from maize
in France, and subsequently the production of T-2 and other
trichothecenes including DAS and neosolaniol has been confirmed
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for many F. sporotrichioides strains. It is considered one of the
most important producers of type A trichothecenes and biosyn-
thesis of these mycotoxins has been intensively studied in F. spo-
rotrichioides. Toxicoses in both humans and livestock have been
associated with F. sporotrichioides. Following outbreaks of human
alimentary toxic aleukia in Russia in the 1940s, F. sporotrichioides
was the species most commonly isolated from associated grain,
and symptoms of the disease were reproduced in cats using F. spo-
rotrichioides culture material. During the 1960s, F. sporotrichioides
was associated with hemorrhagic syndrome in several livestock
species, with symptoms similar to human alimentary toxic aleukia;
again, symptoms were reproduced in feeding studies with F. spo-
rotrichioides culture material [2]. Other mycotoxins have been
reported from F. sporotrichioides, including acuminatum, aurofu-
sarin, beauvericin, culmorins, enniatins, and moniliformin, but
not fusaric acid or fumonisins. Reports of production of type B
trichothecenes and zearalenone by F. sporotrichioides are question-

able [1].

Fusarium subglutinans (Wollenw. and Reinking) P.E. Nelson,
Toussoun, and Marasas was initially described as F. moniliforme
var. subglutinansin 1925 and emended to F. subglutinansin 1983
[27]. It is closely related to F. temperatum, F. anthophilum, and F.
circinatum. It is a significant toxigenic ear rot pathogen of maize,
although unlike other species in the G. fujikuroi complex that
infect maize ears, F. subglutinans typically does not produce
tumonisins. The species is characterized by abundant microconidia
produced in false heads on monophialides and polyphialides.
Microconidia are variable in size and septation; oval nonseptate
microconidia are commonly produced along with longer spindle-
shaped microconidia that are 1-, 2-, or 3-septate. Macroconidia are
produced in orange sporodochia and are typical of the G. fujikuroi
complex; they are long and slender, thin-walled, slightly curved,
and usually 3-septate. Chlamydopores are not produced. On PDA,
cultures have white aerial mycelium that may turn pale violet, with
a colony undersurface that is colorless to deep violet or tan-orange.
The teleomorph, G. subglutinans (E. Edwards) DP.E. Nelson,
Toussoun, and Marasas, was first described from maize stalks, and
also has been reported as mating population E of the G. fujikuroi
complex.

Fusarium subglutinans is recognized as a major ear rot patho-
gen of maize in the USA, Europe, South America, Australia, Korea,
and South Africa[3,117,203,204]. In North and South America,
it can be the predominant species in the Fusarium ear rot or pink
ear rot complex at higher latitudes or elevations, in regions where
E. verticillioides predominates at lower latitudes or elevations [3,
196, 205]. It also causes stalk rot and seedling disease in maize.
A variety of diseases on other hosts have been attributed to
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E. subglutinans, but many of these have been recognized as sepa-
rate species, including F. circinatum, F. sacchari, F. mangiferae,
and others. The host range of F. subglutinans sensu stricto is not
clear, but it includes teosinte and native North American grasses,
as well as a range of other monocots and dicots [28]. Fusarium
subglutinans has not been directly associated with toxicoses, but
cultures of the fungus are often toxic due to high levels of monili-
formin. Toxicological risk associated with F. subglutinans is
obscured by its previous inclusion as a variety of F. moniliforme and
the more recent division of F. temperatum and F. subglutinans. In
addition to moniliformin, mycotoxins reported to be produced by
E. subglutinans include beauvericin, fusaric acid, and fusaproliferin.
However, beauvericin production in F. subglutinans should be re-
evaluated in consideration of the separation of F. temperatum. It is
likely that beauvericin-producing strains of F. subglutinans are
actually F. temperatum. In two studies involving 70 F. subglutinans
isolates from lowa, none produced detectable beauvericin [133,
2006]. Scauflaire et al. [54] and Fumero et al. [203] also found that
all strains of F. temperatum but none of F. subglutinans produced
beauvericin among limited numbers of isolates from Belgium and
Argentina, respectively. Fumonisins in small amounts have been
reported from some strains of F. subglutinans, but no fumonisin
biosynthesis genes have been detected and the vast majority of F.
subglutinans strains do not produce fumonisins [1]. The synthesis
of fumonisins by some strains of both F. subglutinans and F. tem-
peratum is poorly understood, and neither species is an important
producer of this group of mycotoxins.

Fusarium temperatum Scauflaire and Munaut was first described in
2011 as a species closely related to F. subglutinans[207]. Fusarium
temperatum is characterized by white to violet mycelium with mac-
roconidia produced in tan to orange sporodochia (macroconidia
hyaline, narrow and slightly falcate, usually 4-septate), and abun-
dant microconidia produced singly or in false heads from mono-
phialidic and polyphialidic conidiophores in the aerial mycelium
(microconidia hyaline, ellipsoid or oval to fusiform, 0- to 2-septate).
Chlamydospores are not formed. The telecomorph has been
described [207] but not formally named, and there are no reports
of the teleomorph outside the laboratory. A limited degree of
interfertility occurs between E. temperatum and F. subglutinans. F.
temperatum and F. subglutinans are very similar morphologically,
but the macroconidia differ slightly. The distinction between F.
subglutinans and F. temperatum first became evident during the
late 1990s, when several authors began to distinguish two pheno-
typic and phylogenetic groups within the biological species F. sub-
glutinans [208, 209]. These were designated as F. subglutinans
Group 1 and F. subglutinans Group 2. Strains placed in Group 1
are consistent with F. temperatum, and it is very likely that they are
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3.18 F tricinctum

the same entity, although additional work is needed to confirm this
[207]. Fusarium temperatum causes diseases in maize, including
seedling blight, stalk rot, and ear rot [207]. It has been reported
from several European countries [210, 211], the USA [212],
Argentina [203], South Africa (as F. subglutinans Group 1), and
China [213].

Mycotoxin production by F. temperatum has not been exten-
sively studied. Scauflaire et al. [54] analyzed 11 Fusarium tem-
peratum strains for the production of 15 different mycotoxins. All
11 strains produced beauvericin, most produced moniliformin,
and one strain produced enniatins and fumonisin B;. Most strains
of F. temperatum from Argentina produced beauvericin and fusap-
roliferin, and approximately 25 % of these strains also produced
fumonisin B, [203]. Fusaproliferin and beauvericin production
also was reported for strains from the USA, originally identified as
F. subglutinans Group 1 [206], but these strains were subse-
quently identified as F. temperatum [212]. This species has not
been associated with any toxicoses, possibly due to its relatively
new nomenclature.

Fusarium tricinctum (Corda) Sacc. was initially described as
Selenosporium tricinctum in 1838 and transterred to Fusarium in
1886. Its importance as a toxigenic species has been overestimated
because the name has been used to refer to several different spe-
cies, some of which (e.g., F. poae and F. sporotrichioides) are impor-
tant trichothecene-producing fungi [28]. The species is
characterized by production of abundant 0- to 1-septate microco-
nidia of diverse shapes ranging from lemon- or pear-shaped to oval
or spindle-shaped. Microconidia are produced in false heads on
monophialides. Macroconidia are produced in pale orange sporo-
dochia and are usually 3-septate, slender, thin-walled, and curved,
falcate to lunate, with tapering apical and basal cells. Chlamydospores
are occasionally formed singly or in chains. On PDA, cultures of F.
tricinctum produce flufty white mycelium that turns pink or red
with age, and the colony undersurface is usually pale to deep red.
The teleomorph, G. tricincta EI-Gholl, McRitchie, Schoulties, and
Ridings, has been described from laboratory crosses. Fusarium
tricinctum has been associated with diseases of several plants, but
some reports are questionable due to the broad application of the
species name. It has been isolated from cereal grains with head
blight symptoms in Europe, North America, China, and Argentina,
but it is considered a minor contributor to Fusarium head blight
[1, 214, 215]. Fusarium tricinctum has recently been reported as
a pathogen of soybean [216] and is considered an endophyte in
some plants [217]. It can be found in soils and plant debris, widely
distributed in cooler climates in the Northern hemisphere.
Fusavium tricinctum has been reported to produce enniatins, fusarin
C, and moniliformin, but not beauvericin or trichothecenes [1,218].
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Reports of trichothecene production by F. tricinctum are due to
misidentification; the species lacks 7725, a gene essential for tricho-
thecene biosynthesis [2, 28 . Fusarium tricinctum is not associated
with any known toxicoses.

Fusarium verticillioides (Sacc.) Nirenberg (syn. F. moniliforme
Sheldon) is the most common toxigenic species found in maize
kernels and its characteristics have been thoroughly studied. It was
first described from maize in Italy in 1877 as Oospora verticillioides
[219] but became well-known as F. moniliforme after it was discov-
ered to be associated with animal toxicoses [109]. The currently
accepted nomenclature was established in 1976 [147] when F
moniliforme and  O. verticillioides were determined to be
synonymous. The teleomorph, was described as Gibberella monili-
formis in 1924 [220], but also has been extensively reported as
mating population A of the G. fujikuro: complex [149]. Fusarium
verticillioides is characterized by white to violet mycelium, tan to
orange sporodochia producing 3- to 5-septate hyaline macroco-
nidia that are narrow and straight, and abundant, hyaline, oval-to-
clavate single-celled microconidia that are produced in false heads
and short to long chains from monophialidic conidiophores in the
aerial mycelium. Chlamydospores are not formed. The teleomorph
is rarely found outside the laboratory. Fusarium moniliforme has
been reported to have a wide host range that includes as many as
11,000 plant species [28 ], but the more narrowly defined F. verti-
cillioides is primarily a globally distributed maize pathogen. It can
infect all parts of the plant at any stage of development, causing
seed rot, seedling disease, stalk rot, and ear rot, as well as causing
symptomless endophytic infection [119]. Other plants reported to
be infected by Fusarium verticillioides include sorghum, millet,
and North American native grasses; associations between F. verti-
cillioides (reported as F. moniliforme) and diseases of many other
plants have yet to be confirmed [28]. Strains isolated from banana
and originally identified as F. verticillioides [221] have been
assigned to a new species, F. musae [222]. A whole genome
sequence is available for F. verticillioides (Table 1).

Fumonisins are the most important mycotoxins produced by
E. verticillioides, and it is the most common fungus that produces
them [119]. Fumonisins were first described in 1988 from a strain
of F. verticillioides from South Africa [96]. Most strains of F. perti-
cillioides produce fumonisins in varying amounts. The fumonisin
biosynthetic pathway was first described from F. verticillioides
[223] and has been most thoroughly studied in this organism.
Because of the broad use of the name F. moniliforme for several
decades, some confusion exists regarding the production of other
mycotoxins by F. verticillioides. The current belief is that some
strains can produce fusaric acid, fusarins, and naphthoquinones,
but fusaproliferin, beauvericin, and moniliformin are not produced
by this species [1].
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3.20 Other Species

As the primary fumonisin-producing Fusarium species in
maize, F. verticillioides is associated with all toxicoses in which
fumonisins are implicated. This species first gained recognition as a
possible cause of “blind staggers” in horses [109], although the
etiology of that condition was not demonstrated until the late
1980s, when it was described as equine leukoencephalomalacia
(ELEM), caused by ingestion of fumonisins. Fumonisins produced
by Fusarium verticillioides are believed to be the primary cause of
ELEM and porcine pulmonary edema [114]. These diseases have
been reproduced experimentally using cultures of F. verticillioides.
Human toxicoses associated with F. verticillioides include esopha-
geal cancer and fetal neural tube defects [1]. Culture material of F.
verticillioides has been shown to cause renal and hepatic cancer in
rats [ 36]. For more details, see the section on fumonisins.

Fusarium chlamydosporum Wollenw. and Reinking is closely related
to F. pone and F. sporotrichioides. It is commonly found in soils and
plant debris in warm temperate and tropical regions and has been
reported from a range of plant species on several continents.
Cultures of E. chlamydosporum can be toxic to ducklings, due to
moniliformin production. It has been reported to produce chla-
mydosporol and other minor toxins, but it has not been associated
with known toxicoses [1]. However, it has been associated with
mycoses in humans [28].

F. lateritium Nees is distributed worldwide and has been
reported to cause a variety of disease symptoms across a very broad
host range, particularly woody plants. It is a diverse species com-
plex in which various varieties and formae speciales have been
described. Fusarium stilboides is considered synonymous with F.
lateritium [28]. Its teleomorph has been described as G. baccata.
There were reports of production of a wide range of mycotoxins by
E. lateritium, but these were determined to be incorrect by Marasas
etal. [2]. More recently, enniatin production has been reported for
E. lateritinm.

F. semitectum Berk. and Ravenel has been recovered from soils,
plant debris, and many species of seeds and live plants, primarily in
tropical and sub-tropical areas, but also across a wide range of
other geographies. Several names have been proposed for this spe-
cies, including F. pallidoroseum and F. incarnatum. It has been
reported as a minor pathogen on numerous plants, including cereal
grains. A wide range of mycotoxins has been reported to be pro-
duced by E. semitectum, including DAS and other Type A trichot-
hecenes, equisetin, moniliformin, sambutoxin, and zearalenone
[28]. It was reported to be associated with Degnala disease of
water buffalo in India, but both F. equiseti and F. semitectum were
recovered from moldy rice straw connected with the outbreaks, so
the role of each species is not clear [1].
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Aside from the economically important species F. verticillioi-

des, F. prolifevatum, F. subglutinans, and F. temperatum, numerous
other species have been described within the F. fujikuroi (G. fuji-
kuroi) species complex. The most important mycotoxins pro-
duced by members of this group are the fumonisins, but other
toxins include beauvericin, enniatins, fusaproliferin, and monilifor-
min. These species include:

F. crcinatum Nirenberg and O’Donnell emend. Britz,
Coutinho, Wingfield, and Marasas is the causal agent of a sig-
nificant disease problem in pine trees, pitch canker. It is closely
related to F. subglutinans, and was formerly called F
subglutinans tsp. pini. It was previously included under F.
monliforme var. subglutinans and also has been known as F.
lateritinm t.sp. pini. It also has been referred to as G. fugikuro:
mating population H. It has been reported to produce beauv-
ericin and possibly fusaproliferin [1].

Fusarium konzum Zeller, Summerell, and J.F. Leslic was
described in 2003 from native prairie grasses found in Kansas,
USA [224]. It is closely related to F. subglutinans and F.
anthophilum. It also has been referred to as G. fujikuroi mating
population 1. Some strains of F. konzum produce beauvericin,
fumonisins, or fusaproliferin [225], but the species seems to be
limited to non-crop hosts and likely poses little toxicological
risk to humans.

F. lactis Pirotta and Riboni is the causal agent of a disease
known as fig endosepsis in California. The name has been used
to refer to several different Fusarium species, and strains from
fig also have been reported as F. moniliforme or F. moniliforme
var. fici. Fusarium lactis produces moniliformin, but not beau-
vericin, fumonisins, or fusaproliferin [28].

E. musae Van Hove, Waalwijk, Munaut, Logrieco, and Moretti
was described in 2011 from bananas. It had been reported as
F. verticillioides, and is interfertile with F. verticillioides, but
was separated based on biochemical, morphological, and phy-
logenetic evidence. The host range and mycotoxin profile of
this species are not completely clear; it produces moniliformin
but not fumonisins [222]. It has been associated with human
infections [226].

F. nygamai Burgess and Trimboli is closely related and similar
in morphology to F. thapsinum. It also has been referred to as
G. fujikuroi mating population G. Fusarium nygamai was
first observed in association with stalk and root rot of sor-
ghum and some strains are pathogenic to sorghum and other
crops. It has been isolated from a wide range of plants and
soils, mostly in hot, dry areas. Cultures of F. nygamai are
toxic to ducklings and strains can produce beauvericin,
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fumonisins, and fusaric acid. Moniliformin production has
been reported in a few strains, but these strains likely were a
related species, F. pseudonygamai [28].

F. sacchari (E.J. Butler) Gams is the causal agent of pokkah
boeng disease of sugar cane in Asia and also has occasionally
been isolated from maize and sorghum. It was originally
described as Cephalosporium sacchari and was considered syn-
onymous with F. subglutinans by some authors. Its teleo-
morph has been referred to as G. sacchari or G. fujikuroi
mating population B. It has been reported to produce beau-
vericin, fusaric acid, and moniliformin, but not fumonisins or
fusaproliferin [1].

F. thapsinum Klittich, Leslie, Nelson and Marasas causes stalk
rot, grain mold, and seedling disease of sorghum. Prior to
1997, it was recognized as F. moniliforme. Its morphology is
similar to F. verticillioides, but most strains of F. thapsinum
produce a yellow pigment in culture. The teleomorph is G.
thapsina but it also has been referred to as G. fujikuroi mating
population F. Although it is mainly considered a sorghum
pathogen, F. thapsinum has been recovered from other hosts,
including maize, bananas, peanuts, and native North American
grasses [28]. Cultures of F. thapsinum can be toxic to duck-
lings, due to moniliformin production. It also has been
reported to produce fusaric acid but not beauvericin or fusap-
roliferin. A few strains have been reported to produce low lev-
els of fumonisins, but fumonisin biosynthetic genes have not
been detected in strains of F. thapsinum [1].
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Chapter 5

Penicillium Species and Their Associated Mycotoxins

Giancarlo Perrone and Antonia Susca

Abstract

Penicillium are very diverse and cosmopolite fungi, about 350 species are recognized within this genus. It
is subdivided in four subgenera Aspergilloides, Penicillium, Furcatum, and Biverticillinm; recently the first
three has been included in Penicillium genus, and Biverticillium under Tnlaromyces. They occur world-
wide and play important roles as decomposers of organic materials, cause destructive rots in the food
industry where produces a wide range of mycotoxins; they are considered enzyme factories, and common
indoor air irritants. In terms of human health are rarely associated as human pathogen because they hardly
growth at 37°, while the main risk is related to ingestion of food contaminated by mycotoxins produced
by several species of Penicillinm. Various mycotoxins can occur in foods and feeds contaminated by
Penicillium species, the most important are ochratoxin A and patulin; for which regulation are imposed in
a number of countries, and at a less extent cyclopiazonic acid. In this chapter we summarize the main
aspect of the morphology, ecology and toxigenicity of Penicillium foodborne mycotoxigenic species which
belong mainly in subgenus Penicillium sections Brevicompactn, Chrysogena, Fasciculata, Penicillinm, and
Roquefortorum.

Key words Penicillium, Food spoilage, Ochratoxins, Patulin, Ciclopiazonic acid

1 Introduction

Penicillinm genus is one of the most common fungi occurring
worldwide in a diverse range of habitats, from soil to vegetation,
air, indoor environments, and various food products. Its species
play important and varies roles, such as production of speciality
cheeses, Camembert or Roquefort [1—4], and fermented sausages
[5, 6], decomposition of organic materials, causing devastating
rots as pre- and postharvest pathogens on food crops [7, 8], and
production of diverse range of mycotoxins [9].

The biggest claim for the genus is the production of penicillin,
which impacted the fame and revolutionized medical approaches
to treating bacterial diseases [10, 11]. Actually it is also screened
for the production of novel enzymes [12-14] and many other
extrolites directed to wide range of applications, but also harmful
compounds, such us mycotoxins [9].
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In 1809 Link [15] introduced for the genus the generic name
Penicillium, meaning brush, and described three species as P. can-
didum, P. glancum, and the generic type P. expansum. P. expansum
typifies the genus, even though some of its features was showed to
be variable, in fact it was showed by various taxonomists that this
genus has a peculiar phenotypic plasticity with unstable micro-
morphological features. Thus, it is important to introduce addi-
tional characters like eco-physiological and biochemical traits to
stabilize the taxonomy and recognize and discover species [7].
However only highly skilled taxonomist are able to identify
Penicillium species occurring on food due to their complex mor-
phological and taxonomical traits.

The modern concept of Penicillium, was derived from revisions
of Thom [16], Raper and Thom [17], and later recognized by Pitt
[18] who described four subgenera, Aspergilloides, Furcatum,
Penicillium,and Biverticillium. Successively subgenus Biverticillinm
was removed from Penicillinm as a separate genus, based on con-
sideration of morphological and ecological factors, and anamorph-
teleomorph connections [19]. The telecomorph genera historically
associated with  Penicillium sensu Ilato are Tnlaromyces and
Eupenicillium (in single name nomenclature, the latter is now
considered a synonym of Penicillinm sensu stricto) [20].

Introduction of DNA-based studies in fungal phylogeny
evidenced that the differences between Penicillium sensu stricto
and Talaromyces were more than a matter of degree, and that there
might be a significant problem with the generic concept of
Penicillium sensu lato. Penicillium sensu stricto and Talaromyces
occur as distinct clades within Trichocomaceae, which could be
considered subfamilies [21, 22].

In this respect, the recently revision of the genus using molecu-
lar, morphological and biochemical traits data divided Penicillium
genus in two groups/genera: Penicillium and Talaromyces. In fact,
Penicillium subgenus Biverticillium and Talaromyces were shown
to form a monophyletic clade distinct from the other subgenera of
Penicillinm, with these names recombined and given Talaromyces
names [23]. The remaining Penicillium species formed a monophy-
letic clade together with species classified in Eupenicillium, Eladin,
Hemicarpenteles, Torulomyces, Thysanophora, and Chromocieista.
These generic names were synonymized with Penicillium, while its
species were given Penicillium names [20]. In addition, three
Aspergillus species, A. paradoxus (=Hemicarpenteles paradoxus),
A. malodoratus, and A. crystallinus, respectively, resulted to belong
phylogenetically in Penicillium genus, and renamed P, crystallinum,
P. malodoratum, and P. paradoxum.

Penicillium species are considered to be ubiquitous and oppor-
tunistic saprophites, most of them primarily found in soil and
decaying vegetation, but also associated with human food
supplies.
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In general, Penicillium species are strictly acrobic, nutritionally
undemanding and able to grow on a wide range of physico-
chemical environments, but some of them are highly specialized, as
fruit pathogens (P. expansum, on apples, P. digitatum and P. itali-
cum on citrus fruits), on low-water content feeds (P brevicompac-
tum, P. chrysogenum, P. implicatum), and at low oxygen tension (P,
roqueforti). They are fast growing fungi, producing high number
of exogenous dry-walled spores that are easily disseminated by air.
Most of the Penicillium foodborne species are psychrotolerant,
some are hardly able to grow at 37 °C, but they are mainly meso-
philic with optimum temperature around 25 °C.

Most of Penicillium species are able to produce mycotoxins,
but mostly under laboratory conditions. The actual knowledge of
Penicillium foodborne species allows to predict which fungi and
mycotoxins could be present on a certain food product stored in
known conditions.

2 Phenotypic and Morphological Species Recognition

The standard character for identification and classification of fila-
mentous fungi is still morphology, even though variability within
morphological characters of accepted species is a still actual issue.
Conventional methods for identification are based on microscopic
observation of morphology, growth rates, and colors/morphology
on growth media [7, 24] and also on the use of secondary metabo-
lites, introduced by Frisvad and Samson [7]. Morphology in the
past has been the main important method for taxonomy, based on
observation of micro and macrocharacters, but also on other phe-
notypic characters, e.g., growth at different temperatures, or water
activities, presence of pigment and exudate, cultivation methods
[18], due to high similarity for some traits within each subgenus.
Additional complexity arises because some nomenclature empha-
sizes the naming of sexual states (teleomorph) or asexual vegetative
state (anamorph) [25].

The genus Penicillium was applied to fungi having a woolly
covering that grow in tufts, conidiophores erect, and simple or
branched with conidia collecting at the conidiophore apex. Since
then, 1234 names were introduced in the genus. Many of these
names are of course not recognizable today, either because descrip-
tions were considered inadequate, names published invalidly, or
species considered as synonyms of others, recently a new updated
list of accepted species in Penicillinm genus was published [26].

The teleomorphic genera with anamorphs which produce pen-
icillin are Byssochlamys, Eupenicillium, and Talaromyces. A turther
classification in subgenus is based on the numbers of branch points.
The reproductive asexual apparatus of Penicillium is composed of
a brush-like structure called a “penicillus” that produce exogenous
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mitotic spores called conidia. The penicillus is composed of a
conidiophore bearing phialidic conidiogenus cells directly or on
former metulae and branches, determining one or several verticils.
Conidiophore and cleistothecium (when produced) of Penicillium
are characters of great taxonomic importance. Although these
branching patterns do not correspond perfectly with the sections
currently accepted for Penicillium, characterizing them accurately
is still considered important.

Monoverticillate conidiophores have a terminal whorl of
phialides and in some species, the terminal cell of the conidiophore
is slightly swollen or vesiculate; such species could be confused
with diminutive Aspergilius conidiophores, but they have septa in
the stipes unlike species of the latter genus.

Biverticillate conidiophores have a whorl of three or more
metulae between the end of the stipe and the phialides; they are
one stage branching but could be arranged symmetrically or asym-
metrically around the axis.

Terverticillate conidiophore two or more stage branched usu-
ally asymmetric.

In colonies of many species, especially as cultures begin to
degenerate, there may be more than one branching pattern or
intermediate forms, and it can be challenging to decide which pat-
tern is typical or most developed.

Subgenus Aspergilloides is characterized by monoverticillate
penicilli, while subgenus Penicillium by bi-ter or tetraverticillate
penicilli.

These observations could be remarkable mainly to specialists,
so observation of physical architecture through which the organism
functions in and adapts to its environment can be also considered in
species identification. Otherwise, physiological aspects may vary or
be induced by specific cues in the immediate environment, due to
difference in nutrients, lighting, temperature or humidity during
tungal growth. This limit could be minimized using strictly stan-
dardized working techniques for medium preparation, inoculation
technique and incubation conditions [27-29]. The method is based
on observation of colony characters and diameters on specific
media, among which Czapek yeast autolysate agar (CYA) and malt
extract agar (MEA, Oxoid) are recommended as standard for
Penicillium. Alternatively, Czapek’s agar (CZ), yeast extract sucrose
agar (YES), oatmeal agar (OA), creatine sucrose agar (CREA),
dichloran 18% glycerol agar (DG18), Blakeslee’s MEA, and CYA
with 5% NaCl (CYAS) can also be used. The medium used in taxo-
nomic treatments by Raper and Thom [17] and Ramirez [30] was
CZ; YES is recommended for determining extrolite profiles of spe-
cies; OA for sexual reproduction of strains, CREA often used for
discrimination of closely related species. Therefore, in general a
polyphasic approach based on observation of morphological, physi-
ological, biochemical, and molecular biological character is optimal
to characterize those fungi.


http://www.sciencedirect.com/science/article/pii/S0166061614000074#bib94
http://www.sciencedirect.com/science/article/pii/S0166061614000074#bib92
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3 Molecular Identification

Molecular methods offer the advantage of measuring stable geno-
typic characteristics and do not be affected by culture conditions
and operator interpretation. Molecular identification is based on
an accurate phylogenetic reference system, which offers a big
advantage over conventional phenotypic methods for species diag-
nosis, difficult to use by nonspecialists and responsible for frequent
misidentifications.

Classification of Penicillium undergoes almost continual
changes, in particular due to availability of nucleic acids-based
analyses that allow to reveal “cryptic species,” species morphologi-
cally indistinguishable from other but different in nucleic acid
characters.

The DNA barcodes have chosen ITS rDNA as target for bar-
coding of fungi, instead of coxl, having lower species resolving
ability in fungal taxonomy, but still allowing identification of all the
species. The elongation factor 1 alpha-encoding gene ( 7zf1-a) and
the calmodulin gene (cmd) were able to fully resolve species,
whereas the beta-tubulin gene fenA resolved all species but had
some issues with paraphyly [31].

The predominant mycotoxins producers belongs to the terver-
ticillate fungi (subgenus Penicillium) characterized by an high grade
of plasticity in characters, requiring additional assisting species rec-
ognition method and making the taxonomy instable. In this respect
DNA sequencing and phylogenetics have largely contribute to
resolve taxonomic relationships, although it has resulted not partic-
ularly suited for classification and recognition [32]. The phyloge-
netic species are morphologically similar, but differ in combinations
of colony characters, sclerotium production, conidiophore stipe
roughening and branching, and conidial shape. Ecological charac-
ters and differences in geographical distribution further characterize
some of the species, but increased sampling is necessary to confirm
these differences. Recently, using a four-gene phylogeny, Houbraken
and Samson [20] showed that all the species of Penicillium could be
divided well identified and separated into two subgenera ( Penicillium
and Aspergilloides) and 25 sections. Unfortunately, characters fre-
quently used in subgeneric and sectional classification systems, such
as the branching of the Penicillium conidiophore and growth rates
on agar media [17, 18, 30], did not correspond well with the phy-
logeny. Currently, it is not possible to recognize all sections without
employing DNA sequence data. Ideally, a system should be formu-
lated including morphological, phenotypical and molecular charac-
ters, which is called polyphasic approach.

However, in general, an important preliminary work of molecu-
lar taxonomy is required in mycology to define intraspecies variability
and boundaries of the species, prior to suggesting diagnostic tools.
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4 Subgenus Penicillium: Principal Taxa and Mycotoxins

4.1 Sect.
Brevicompacta (ex
Coronata)

4.2 Sect.
Roquefortorum (ex
Roqueforti)

4.3 Sect. Chrysogena

4.4 Sect. Fasciculata
(ex Lanata-Typica or
Viridicata)

This subgenus as described before comprises species with terverti-
cillate conidiophore, often fasciculate with heavily sporulation, the
species of this group are mainly related to animal and man nutri-
tion, plant raw or processed materials [7]. Using a combination of
micro and macro—morphological characters, physiological, extro-
lites, and molecular data the following classification in different
sections has been set:

Includes species producing compact, multiramulate penicilli and
velutinous colonies, all species produces asperphenamate, seven
species belongs to this section the most important and diffuse are
P. brevicompactum, P. binlowiezense, and P. olsonii; they are able to
grow at very low water activity and low temperatures. P. brevicom-
pactum and P. bialowiezene produced the mycotoxin mycopheno-
lic acid [7]. This section is distributed worldwide in soil and in
plants growing in greenhouse, but are also common in indoor
environments.

The main important species are P. roqueforti, P. panenm, and P.
carnenms;, these species are peculiar for their rapid growth and for-
mation of velutinous colonies; they are unique for the high toler-
ance to propionic acetic and lactic acid. The production of
mycotoxin roquefortine C is common among this section, and P,
carnenm and P. panenwm are able to produce patulin. Unless P
roqueforti is well known for cheese production like Roquefort,
Stilton and Gorgonzola, it is an important spoilage microorganism
of airtight-stored grain and relevant accumulation of roquefortine
C in grains [33].

It is an important section for the presence of species producing
Penicillin, colonies have a velvety texture and species are halotoler-
ant and growth very well at 30 °C, this is the only group of species
belonging to subgenus Penicillinmable to grow at 37 °C. Chysogine
is common in this section, but P. chrysogenum is also able to pro-
duce roquefortine C [34].

It is the most important Section for extolites and mycotoxin produc-
tion. Species have generally globose and rough walled conidia, fas-
ciculate colony texture and grow rather fast except species in series
Verrucosa. All species are psychrotolerant and could be found on vari-
ous foods; P, verrucosum and P. nordicum are very important species
for ochtratoxin A contamination of grains and meat products, respec-
tively. The combination of citrinin and ochratoxin A production is
present in P, verrucosum, while P. crustosum, P. melaconidinm, and P,
tulipae produced penitrem and roquefortine C [7].
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Most of the species are very competitive, with smooth-walled
conidia with fasciculate to corenimorfm colonies; they produces
important metabolites /mycotoxins like patulin, griseofulvin, fulvic
acid, roquefortine C. All species are psychrotolerant, several spe-
cies are plant pathogens like P expansum in pomaceous fruits,
responsible of patulin contamination of apple juice; or P. italicum
and P, ulaiense producing rot on citrus fruits, and P. sclerotigenum
producing rot in yams [7].

Other minor sections not relevant for the mycotoxins produc-
tion and belonging to Subgenus Penicillium are Digitata,
Paradoxa, Ramosa, and Turbata [32].

5 Main Penicillium Mycotoxins (See Table 1)

5.1 Ochratoxin A

5.2 Patulin

Ochratoxin A (OTA) is a mycotoxin produced by several species of
Aspergillus and Penicillinm fungi that structurally consists of a para-
chlorophenolic group containing a dihydroisocoumarin moiety that
is amide-linked to I-phenylalanine. OTA is a nephrotoxin, affecting
all tested animal species, though effects in man have been difficult to
establish unequivocally. It is listed as a probable human carcinogen
(Class 2B) [35]. Links between OTA and Balkan Endemic
Nephropathy have long been sought, but not established [35].
However, studies show that this molecule can have several toxico-
logical effects such as nephrotoxic, hepatotoxic, neurotoxic, terato-
genic and immunotoxic. Regarding the Penicillium genus P
verrucosum is the major producer of ochratoxin A in stored cereals
[36-38], while P. nordicum [39] is the main OTA producer found
in meat products such as salami and ham. These two species have
been found on cheese also, but have only been reported to be of
high occurrence on Swiss hard cheeses but erroneously recognized
as Penicillium cases; in fact the ex type culture of P. cases was demon-
strated to be P verrucosum [39]. In general, P. nordicum prefers
tfood rich in NaCl and protein, like cheeses and dry cured meats
[40], while P. verrucosum usually contaminates cereals and occasion-
ally was found on dry cured ham [41 ] and brined olives [42]. Unless
the Penicillium species diffusely proved to be OTA producer are
only P, verrucosum and P. nordicum, some reports claimed the pro-
duction of OTA by other Penicillium species, but they need confir-
mation data. In particular, Chen et al. [43] reported that species like
P. chrysogenum, P. glycyrrhizacoln, and P. polonicum were able to syn-
thesize OTA on fresh or dry liquorice; and Vega et al. [44] reported
OTA production from P. brevicompactum, P. crustosum, P. olsonii,
and P. oxalicum isolated as endophytes in coffee plants.

Patulin, a genotoxic mycotoxin produced by several species of
Aspergillus, Penicillium and Byssochlamysis the most common myco-
toxin in apples and apple-derived products [45]. It contaminates
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Table 1
Penicillium mycotoxins occurring on plant products and associated producing species
Mycotoxins Agricultural products Species?
Major
Ochratoxin A Cereals, stored grains, P. vervrucosum, P. novdicum
cured meat (ham,
salami, etc), cheese,
and brined olives
Patulin Apple, apple juice, P. expansum, P. cavneum, P. paneum, P. clavigevum, P.

Some minor

Citreoviridin

Citrinin

Cyclopiazonic
acid

Penicillic acid

mixed fruit juice,
silage, yams

Yellow rice, cereals

Cereals, foods,
feedstuffs

Long stored cereals,
pasta, meat and
cheese

Cereals, silage, onions,
carrots, potatoes

Roquefortine C Farm silage, cheese,

meat products

gladioli, P. griseofulvum, P. sclevotigneum

P. islandicum, P. citreonigrum, P. smithii, P. manginii, P,
miczynskii

P. citrinum, P. verrucosum, P. expansum, P. odoratum, P.
westlingii

P. commume, P. camamberti, P. palitans, P,
dipodomyicola, P. griseofulvum

P. aurantiogviseum, P. cyclopium, P. melaconidinm, P.
vividicatum, P. polonicum, P. radicicoln

P. roqueforti, P. cavnenm, P. chrysogenum, P. crustosum,
P. expansum, P. paneum, P. albocoreminm, P. allii, P.
griseofulvum, P. hordei, P. melanoconidium, , P.
radicicoln, P. sclerotigenum, plus other 13 Penicillinm
species

sSpecies in bold represent the main occurring on the relevant product

further fruits, such as grapes, oranges, pears and peaches. Cellular
effects of patulin include formation of reactive oxygen species
(ROS), cell cycle arrest, and cytochrome c¢ release from mitochon-
dria; patulin causes DNA damage and is mutagenic, carcinogenic
and teratogenic [406].

Penicillinm expansum is by far the most important source of
patulin; it is the major species causing spoilage of apples and pears,
and is the major source of patulin in apple juice and other apple
and pear products. Patulin-producing strains of P. expansum have
been isolated from a variety of fruits including apples, apricots,
black mulberries, cherries, kiwis, lingon berries, nectarines, plums,
strawberries, and white mulberries [46]. Several countries in
Europe and the USA have now set limits on the level of patulin in
apple juice. In addition, Penicillium griseofulvum is a very efficient
producer of high levels of patulin in pure culture, and it may
potentially produce patulin in cereals, pasta and similar products.
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P. carnenm may produce patulin in beer, wine, meat products, and
rye bread as it has been found in those substrates [7], but there
are no reports yet on patulin production by this species in those
foods. P. panenm occurs in rye-bread [7], but again actual pro-
duction of patulin in this product has not been reported. P
sclerotigenum is common in yams and has the ability to produce
patulin in laboratory cultures. Other source at laboratory level of
patulin are the coprophilous fungi P. concentricum, P. clavigerum,
P. coprobium, P. formosanum, P. glandicola, and P. vulpinum.
Penicillivm novae-zeelandine, P. marinum, P. melinii, and other
soil-borne fungi may produce patulin in pure culture, but are less
likely to occur in any foods [34].

6 Minor Mycotoxins (Not Regulated)

6.1 Citreoviridin

6.2 Citrinin

Citreoviridin (CTV) was reported as a cause of acute cardiac beri-
beri [47]; it occurs naturally in rice and corn and is considered as a
neurotoxic mycotoxin [48] and a potent inhibitor of mitochondrial
ATPase [49]. It has been associated with yellow rice disease, but
this disease has also been associated with P, islandicum and its toxic
metabolites cyclic peptides cyclochlorotine and islanditoxin, and
anthraquinones luteoskyrin and rugulosin [50]. Eupenicillinm cin-
namopurpurenm has been found in cereals in USA and in Slovakia
[51] and is an efficient producer of citreoviridin. CTV was origi-
nally isolated from P. citreonigrum responsible for CTV occurrence
in yellowed rice. Minor producers are P. smithii, P. miczynskis, and
P. manginii [52] found mainly in soil and only rarely in foods. In
particular, CTV interferes with the metabolism of nerve and mus-
cle tissues causing deficiency of vitamin B1, known as beriberi. The
occurrence of beriberi in Japan and Asian countries is attributed to
the consumption of moldy and yellow rice [53].

Citrinin is a nephrotoxin, but probably of less importance than och-
ratoxin A; toxicity studies showed its action in animals as a nephro-
toxin by damaging the proximal tubules of the kidney [54 ], together
with OTA, it was implicated as a potential causative agent in human
endemic Balkan nephropathy [55]. It is produced by several fila-
mentous fungi of the genera Penicillium, Aspergilius, and Monascus,
which has been encountered as a natural contaminant in grains,
foods, feedstufts, as well as biological fluids. It was first isolated from
filamentous fungus Penicillinm citrinum that is an efficient and con-
sistent producer of citrinin worldwide in foods [24]. Other impor-
tant Penicillium species producer are P verrucoswm mainly in
cereal-borne in Europe, P. expansum in fruits and other foods, and
P, radicicoln is in onions, carrots, and potatoes [56]. Finally, P. odo-
ratum and P, westlingii have been reported as producers of citrinin,
but are not likely to occur often in foods [34].
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6.3 Cyclopiazonic
Acid

6.4 Penicillic Acid

6.5 Roquefortine C

Cyclopiazonic acid (CPA) is a potent mycotoxin that produces
focal necrosis in most vertebrate inner organs in high concentra-
tions. It was demonstrated to be responsible of severe effect on the
muscle and bones of turkeys affected by the Turkey X disease in
association with aflatoxin contamination of peanuts [57]. It could
be produced by Aspergillus and Penicillium species, within
Penicillinm genus P. commune, together with its domesticated spe-
cies P. camamberti and P. palitans are major producers of CPA and
could be found on meat and cheese products [7]. CPA could be
contaminant of long stored cereals and cereal products like pasta
caused by the occurrence of P. griscofulvum [24].

An important minor producer is P. dipodomyicola reported
from rice in Australia and in a chicken feed mixture in Slovakia [9].

Penicillic acid and dehydropenicillic acid are small toxic polyketides,
but they have no important toxicity, in fact their major role in
mycotoxicology could be related to their possible synergistic toxic
effect with OTA [58]. Penicillic acid is likely to co-occur with OTA
by members of the Penicillium series Viridicata (which often co-
occur with P, verrucosum). The main species producer of penicillic
acid are P. aurantiogriseum, P. cyclopium, P. melanoconidinm, and
P. polonicum [7].

Penicillic acid is also produced by P. tulipae and P. radicicoln,
occasionally found on onions, carrots, and potatoes [56].

Roquefortine C is a mycotoxin with neurotoxic (paralytic) proper-
ties [59] but is acute toxicity of roquefortine C is not very high;
then it has often been questioned as mycotoxin [34]. However it is
a very widespread fungal metabolite, studies on its occurrence indi-
cate a high frequency in farm silage contaminated by P. roqueforti
[60]; and itis produced by a large number of species like Penicillinm
albocoveminm, P. atramentosum, P. allii, P. carneum, P. chrysoge-
num, P. crustosum, P. expansum, P. griseofulvum, P. hirsutum, P. hor-
dei, P melanoconidium, P. paneuwm, P. vadicicola, P. voqueforti, P.
sclevotigenum, P. tulipae, and P. venetum. In addition, the following
species are minor source of roquefortine in food: P. concentricum,
P. confertum, P. coprobium, P. coprophilum, P. flavigenum, P. glandi-
cola, P. mavinum, P. persicinum, and P. vulpinum [9].

7 Other Minor Mycotoxins of Penicillium

Some less important metabolites produced by Penicillium species
and reported as mycotoxins are:

Chaetoglobosins are toxic compounds that may be involved
in mycotoxicosis. They are produced by common foodborne
Penicillium expansum and P. discolor, and have been found to
occur naturally [9].
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Mycophenolic acid has low acute toxicity, but could be a very
important indirect mycotoxin as it highly immunosuppressive
activity. It is produced primarily by P. brevicompactum and could
occur in foods, other producers are P. roqueforti and P carneum
[34]. It has been found to occur naturally in blue cheeses [61].

Penitrem A is a highly toxic tremorgenic indol-terpene mainly
produced by P. crustosum [62]. It has primarily been implicated in
animal mycotoxicoses [63], but has also been suspected to cause
tremors in humans [64].

Rubratoxin is a potent hepatotoxin that was implicated in a
severe liver damage in three Canadian boys, who drank rhubarb
wine contaminated with Penicillium crateriforme, only known as
major producer [65].

PR toxin is a mycotoxin that is acutely toxic and can damage
DNA and proteins, but it is unstable on cheese and this is impor-
tant because its major source is P. roqueforti [66].

Verrucosidin is a mycotoxin from species in Penicillium series
Viridicata that has been claimed to cause mycotoxicosis in animals
[67]. Itis produced by Penicillium polonicum, P. aurantiogriseum, and
P melanoconidinm are the major known sources of verrucosidin [7].

Xanthomegnin, Viomellein, and Vioxanthin: These toxins
have been reported to cause experimental mycotoxicosis in pigs
and have been found to be naturally occurring in cereals. The main
producing species are P. cyclopium, P. freii, P. melanoconidium, P.
tricolor, and P. viridicatum. But also some species of the genus
Aspergillus are able to produce them [34].
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Targeting Conserved Genes in Alternaria Species
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Abstract

Real-time polymerase chain reaction (PCR) is a molecular biology technique based on the detection of the
fluorescence produced by a reporter molecule, which increases as the reaction proceeds proportionally to
the accumulation of the PCR product within each amplification cycle. The fluorescent reporter molecules
include dyes that bind to the double-stranded DNA (i.e., SYBR® Green) or sequence-specific probes (i.c.,
Molecular Beacons or TagMan® Probes). Real-time PCR provides a tool for accurate and sensitive quanti-
fication of target fungal DNA. Here, we describe a TagMan real-time PCR method for specific detection
and quantification of Alternaria spp. The method uses Alternaria-specific primers and probe, targeting
the internal transcribed spacer regions I'TS1 and ITS2 of the rRNA gene, and a positive amplification con-
trol based on 18S rRNA gene.

Key words TaqgMan real-time PCR, Internal transcribed spacer, Alternaria spp.

1 Introduction

Alternaria is a cosmopolitan fungal genus that includes sapro-
phytic, endophytic, and pathogenic species, widely distributed in
soil and organic matter in decomposition [1, 2]. There are about
300 accepted Alternaria species, many of which are also capable of
producing mycotoxins, and they can contaminate raw or manufac-
tured plant products like juices, sauces, and preserves, constituting
a potential health hazard for humans [3]. Exposure to Alternaria
toxins has been related to a range of pathologies, from hematologi-
cal disorders to esophageal cancer [2-6].

Culture-based identification and quantification of Alternaria
spp. require a lot of expertise in morphology-based taxonomy, and
it is a tedious and time-consuming procedure, whereby it takes at
least days to weeks to obtain a diagnostic result [5]. In contrast,
DNA methods, mainly those based on PCR, are fast and sensitive
alternative approaches for the detection of food spoilage and
pathogenic microorganisms.
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A crucial requirement for successfully detecting specific micro-
organisms with a PCR assay is to choose adequate genetic markers
during the primer design process that allow a high degree of specific-
ity [7]. The genetic markers used with this purpose are the internal
transcribed spacers, I'TS1 and ITS2 [8-10], intergenic spacer region
(IGS) [11], mitochondrial small subunit (mt SSU) rDNA [12], pro-
tein-coding genes such as glyceraldehyde-3-phosphate dehydroge-
nase (ypd) [13], endopolygalacturonase (endoPG) [14], translation
elongation factor-1la (zef) [15], or f-tubulin (&enA) [16].

The internal transcribed spacer (ITS) regions are highly diver-
gent between fungi (in sequence and in length), and they are often
sufficiently different to classify fungi at the species level. Thus,
these regions have been used to study the phylogeny of Alternaria
species [8, 17-20]. DNA-based methods were previously described
for the detection of Alternaria spp. [20, 21]. However, fungal
accurate quantification using these protocols is not possible. As an
alternative, real-time PCR provides a tool for sensitive detection of
target fungal DNA in foodstuffs. Furthermore, because real-time
PCR does not require electrophoresis, it is less laborious than con-
ventional PCR, and it is therefore suitable for automation and
high-throughput testing [22].

In this chapter, we describe a TagMan real-time PCR method
for the detection and quantification of Alternaria spp. in food-
stufts. The method uses Alternaria-specific primers and probe tar-
geting the ITS regions ITS1 and ITS2 of the rRNA gene, and a
positive amplification control based on 18S rRNA gene.

2 Materials

2.1 Alternaria spp.
Gulture

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to attain a resistivity of 18 M MQ cm at 25 °C)
and analytical grade reagents. Prepare and store all reagents at
room temperature (unless indicated otherwise). Dispose of all used
reagents as well as any other contaminated disposable materials in
accordance with any applicable regulations.

1. Potato dextrose agar (PDA): 4 g/1 Potato extract, 20 g/L
dextrose, and 15 g/ agar, pH 5.6 +0.2.

2. Malt extract agar (MEA): 30 g/1. Malt extract, 5 g/I. myco-
logical peptone, and 15 g/L agar, pH 5.4 +£0.2.

3. Potato carrot agar (PCA): 250 g/L Potato extract, 250 g/L
carrot extract, and 15 g/L agar, pH 6.5+0.2.

4. Malt extract broth: 17 g /1. Malt extract, and 3 g/ mycologi-
cal peptone, pH 5.4 +0.2.

5. Sabouraud-chloramphenicol agar (Sabouraud-CAF): 40 g/L
Dextrose, 10 g/L. mycological peptone, 0.05 g/ chloram-
phenicol, and 15 g/L agar, pH 5.6+0.2.



2.2 DNA Extraction
Components

2.3 Real-Time PCR
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1. Extraction buffer: 10 mM Tris, 150 mM NaCl, 2 mM EDTA,
and 1% SDS, pH 8.0. Weigh 1.21 g Tris and add about 400 mL
water to a 1 L glass beaker. Weight 8.77 g NaCl and transfer to
the glass beaker. Weight 0.74 g 2,227 2"-(ethane-1,2-
diyldinitrilo)tetraacetic acid (EDTA) and transfer to the glass
beaker. Weight 10 g sodium dodecyl sulfate (SDS) and add to
the glass beaker (se¢ Note 1). Add water to a volume of
900 mL. Mix and adjust pH with HCI (see Note 2). Make up
to 1 L with water.

2. Sodium acetate: 3 M Sodium acetate. Weight 4.9 g sodium
acetate. Add about 15 mL water to a glass beaker. Mix until
complete dissolution. Make up to 20 mL water.

3. Proteinase K: 2 mg/mL Proteinase K. Dissolve 3 mg protein-
ase K in 1.5 mL water. Homogenize tube contents using a
mixer such as vortex (see Note 3).

4. Sodium chloride: 1.5 M NaCl. Weight 4.9 g NaCl. Add about
40 mL water to a glass beaker. Mix until complete dissolution.
Make up to 50 mL water.

5. Phenol/chloroform/isoamyl alcohol: Phenol/chloroform/
isoamyl alcohol (25:24:1, v/v), pH 8.5.

6. Isopropanol.
7. Ethanol 70 %: 70 % Solution in water (see Note 4).

8. TE buffer:10 mM Tris, 1 mM EDTA, pH 8.0: Weigh 1.21 g
Tris and add about 400 mL water to a 1 L glass beaker. Weight
0.37 g EDTA and transfer to the glass beaker. Add water to a
volume of 900 mL. Mix and adjust pH with HCI (see Note 2).
Make up to 1 L with water.

1. Alternaria-specific primer pair: Oligonucleotides Dirl ITSAlt

Components and Inv1ITSAlt (see Note 5).
2. AltTMTagMan probe (see Note 6).
3. Universal primers (18Sfweu/18Srveu) and 18STM probe (see
Note 7).
4. TagMan Master Mix.
3 Methods

3.1 Alternaria spp.
Culture Conditions

Carry out all procedures at room temperature unless otherwise
specified.

Inoculate the Alternaria strains selected on PDA medium, MEA,
and potato carrot agar. Incubate the inoculated plates for 7 days at
25 °C.
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3.2 DNA Extraction

3.3 Real-Time PCR

DNA was extracted from the fungal cultures grown in MEA, PDA,
potato carrot agar, and malt extract broth.

1.

2.

Transfer 200 mg of the mycelial mat harvested from the sur-
face of the agar with a sterile disposable loop into a 2 mL
microcentrifuge tube.

Resuspend the mycelium in 500 pl of extraction buffer and
300 pL sodium acetate.

Add 100 mg of 150-212 pm glass beads acid-washed, and agitate

11.
12.
13.

vigorously using a mixer such as vortex for 10 min.

. Treat the resultant lysate with 50 pL of 2 mg/mL proteinase K

solution. Incubate for 30 min at 37 °C in a water bath.

. Add 100 pL of 1.5 M NaCl and mix (se¢ Note 8). Keep the

mixture for 5 min at room temperature.

. Centrifuge the mixture at 16,000 x g (see Note 9).

. Transfer the supernatant into a new 2 mL microcentrifuge

tube and add an equal volume of phenol /chloroform /isoamyl
alcohol (25:24:1) (see Note 10). Mix the tube gently.

. Centrifuge the mixture at 13,000 x 4.

. Collect the supernatant and add an equal volume of phenol /

chloroform/isoamyl alcohol (25:24:1). Mix the tube gently.

. Centrifuge the mixture at 13,000 x 4.
10.

Transfer the supernatant in a new tube and precipitate the
DNA adding 0.6 volume of isopropanol.

Incubate the DNA solution at =20 °C for 1 h.
Centrifuge at 13,000 x4 for 10 min.

Discard the supernatant and wash the pellet with 70 % ethanol.
Allow to air-dry, and finally resuspend in 100 pL of TE buffer
(see Note 11).

. Add 2 pL. TagMan Master Mix, 200 nM of each TagMan

probe, and 300 nM forward primers and 900 nM reverse prim-
ers to a microcentrifuge tube (see Note 12).

. Mix gently and add 100 ng of DNA from commercial food

samples or 2 pL DNA from A. alternata culture dilutions and
inoculated tomato samples. Make up to 10 pL. water PCR
grade (see Note 13).

. Transfer the 10 pL to a glass capillary tube.

. Run the real-time amplification reactions on the real-time PCR

thermal cycler with the following program: 10 min at 95 °C
(denaturation and Taq polymerase activation), an amplification
program of 45 cycles at 95 °C for 10 s, 60 °C for 60 s, and
72 °C for 1 s. Samples were then cooled to 40 °C for 30s (see
Note 14).
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4 Notes

. Having water at the bottom of the cylinder helps to dissolve Tris

and EDTA relatively easily, allowing the magnetic stir bar to go
to work immediately. If using a glass beaker, Tris and EDTA can
be dissolved faster provided that the water is warmed to about
37 °C. However, the downside is that care should be taken to
bring the solution to room temperature before adjusting
pH. Wear a mask when weighing SDS. The extraction buffer
and guanidine hydrochloride can be prepared in large batches.

. Concentrated HCI (12 N) can be used at first to narrow the

gap from the starting pH to the required pH. From then on it
would be better to use a series of HCI (e.g., 6 and 1 N) with
lower ionic strengths to avoid a sudden drop in pH below the
required pH.

. Wear a mask when weighing the proteinase K. We recommend

to prepare the proteinase K fresh each time.

4. We find that it is best to prepare this fresh each time.

10.

11.

. The primers DirlITSAlt and InvlITSAlt were designed by

Pavon et al. [20] on the basis of rDNA sequences from various
tungal, animal, and plant species available in the NCBI
(National Center for Biotechnology Information) database.
These primers hybridize on the I'TS regions (ITS1 and I'TS2)
of Alternaria spp., and delimit a DNA fragment of approxi-
mately 370 bp in all the Alternaria spp. analyzed.

.Alt TM TagMan probe (5° FAM-AACACCAAGCAA

AGCTTGAGGGTACAAAT-TMR 3’) was designed by Pavon
etal. [23] based on alignment and comparison of the fragment
generated by amplification of the corresponding Alternaria
target, and was labeled on the 5’ end with the fluorescent
reporter dye 6-carboxyfluorescein (FAM), and on the 3" end
with 6-carboxy-tetramethyl-rhodamine (TAMRA).

. Universal primers (18Sfweu/18Srveu) and probe (18STM)

designed by Martin et al. [24] were used as positive amplifica-
tion control of the assay. These primers were expected to
amplify a conserved region of 99 bp of the 18S rRNA gene in
all the eukaryotic species.

. Agitate the tube vigorously until a homogenous mix is

observed.

. The centrifugation condition is very important in order to sep-

arate out insoluble cell debris.

Use a fume hood and wear a mask when adding the phenol/
chloroform /isoamyl alcohol.

DNA concentration should be measured with a
spectrophotometer.
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12.

13.

14.

The optimum PCR concentrations of primers yielding the
highest endpoint fluorescence and the lowest crossing point
value (Cp) should be experimentally determined for each set of
primers: in both cases, the optimum concentrations were
300 nM for forward primers and 900 nM for reverse primers.

Sensitivity assays were carried out on A. alternata culture dilu-
tions and artificially inoculated tomato pulp. To analyze the
influence of thermal treatments on the assay performance,
20 mL of the A. Alternata culture, grown in malt extract broth
after incubation at 25 °C for 4 days, was heated at 90 °C for
5 min. Tomato pulp samples (0.9 mL) were inoculated with
0.1 mL of 10° to 10~ CFU/mL (either viable or heat treated),
corresponding to theoretical DNA concentrations ranging
from 3x10° to 3x10~* ng per reaction. DNA concentrations
were estimated from DNA measurements of the first two cul-
ture dilutions (1x10°-1x10° CFU/mL), assuming that the
DNA isolation yield was the same for each extraction. After
DNA isolation of the A. alternata culture dilutions and inocu-
lated tomato samples, the PCR reactions were carried out in
triplicate in three independent experiments. One milliliter non-
inoculated tomato pulp was included as a negative control.

Standard curves should be built in each run for detection/
amplification of Alternaria spp. DNA. Standard curves were
plotted as the Cp values against the logarithm of the counts of
A. alternata dilutions plated in Sabouraud-CAF.

In case to analyze commercial food samples, add 100 ng of
DNA extracted with the same protocol described to extract DNA
from Alternaria species growth on the prepared plated media.

The same program was used to amplify the Alternaria specific
PCR system, and the positive amplification control. Real-time
PCR reactions were carried out in triplicate for each DNA
extract. The crossing point value (Cp), which refers to the
cycle number where the sample’s fluorescence significantly
increases above the background level, was calculated
automatically by the real-time PCR thermal cycler software as
the first maximum of the second derivative of the curve.
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Chapter 7

Targeting Conserved Genes in Aspergillus Species

Sandor Kocsubé and Janos Varga

Abstract

The genus Aspergillusis among the economically most important fungal genera, which contains about 350
species. They occur worldwide, and have both beneficial and harmful effects on humans, animals, and
plants. Several molecular sequence-based approaches have been tested to identify Aspergiliusisolates at the
species level. In this chapter, we give an overview of the methods which proved to be most suitable in our
experience.

Key words Aspergillus, Ribosomal RNA gene cluster, Calmodulin, f-Tubulin

1 Introduction

The Aspergillus genus was originally described by Micheli, and today
comprises about 350 species [1]. This genus contains several species
which are economically important. Some species produce various
mycotoxins including aflatoxins, ochratoxins, fumonisins, patulin,
gliotoxin, and others [1], while others are used in Oriental food
fermentations (e.g., A. oryzae, A. sojae, A. luchuensis), or as sources
of pharmaceutically important compounds like lovastatin (A. ter-
reus) or penicillin (A. nidulans). Species assigned to this genus are
also able to cause food spoilage in various agricultural products [1].

The traditional infrageneric classification of the genus
Aspergillusis based on morphological characters. Raper and Fennell
[2] divided the genus into 18 groups. The phenotype-based clas-
sification of subgenera and sections largely corresponds with the
current published phylogenies. Recently, 4 subgenera (Aspergillus,
Civcumdnti, Fumigati, and Nidulantes) and 20 sections have been
proposed in this genus [3-5] (see Table 1).

Recently, a proposal to revise article 59 of the former botanical
code was accepted, and the principle of “one fungus:one name” was
established [6]. These new nomenclatural rules have large implications
for Aspergillus and several options were considered by a meeting of the
International Commission of Penicillium and Aspergillus (ICPA) in

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
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Table 1

Subgeneric classification of the Aspergillus genus

Number of species
Previous name of the (species described since
Subgenus  Section sexual stage 2006) References
Aspergillus — Aspergillus Eurotinm 17 [10]
Restricti Eurotinm 2 Work in
progress
Fumigati Fumigati Neosartorya 33 (5) [11]
Clavyati Neocarpenteles 5(1) [12]
Cervini = 8 (4) Work in
progress
Circumdnti  Circumdati Neopetromyces 24 (4) [13]
Nigri = 26 (7) [14, 15]
Flayi Petromyces 22 (4) [16]
Cremei Chaetosartoryn 17 (6) Work in
progress
Terres Fennellin 14 (7) [17,18]
Flavipedes Fennellin 7(7) [19]
Jani = 2 (1) [19]
Candidi = 5(1) [20]
Nidulantes  Nidulantes Emericelln 4 Work in
progress
Versicolores = 14 (9) [21]
Aenei Emericella 9(2) [22]
Usti Emericelln 21 (5) [23]
Sparsi = 9(1) [24]
Raperi = 2 [4,25]
Silvati = 1 [4, 25]
Ochraceoroser = 2 [4,25]
Bispori = 1 [4,25]

Section Ornati was excluded from the Aspergillus genus recently [26]

April 2012. At this meeting, the option to keep the name Aspergillus
and treat other (teleomorph) names like Neosartorya, Emericella,
Eurotium, Fennellin or Petromyces as synonyms of Aspergillus has been
accepted (http://www.aspergilluspenicillium.org,/images /download /
minutes.pdf). This option is supported by the results of phylogenetic
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analyses indicating that the genus is monophyletic with minor modifica-
tions to the classical concept needed [2, 5].

The internal transcribed spacer region (ITS1-5.8S-ITS2) of
the ribosomal RNA gene cluster was chosen as the official DNA
barcoding region for fungi [7], because it is the most frequently
sequenced marker in fungi and has primers that work universally.
However, the I'TS region sometimes does not contain enough vari-
ation for distinguishing among all species [7]. According to previ-
ous studies [8], ITS sequences can be used in many cases only to
assign isolates to species complexes. For correct species identifica-
tion, a secondary DNA barcode is needed to identity an Aspergillus
isolate at the species level. Recently, two genes, calmodulin (CaM)
and p-tubulin (BenA), were chosen as possible targets [2]. BenA is
easy to amplify, but has been reported to vary in the number of
introns, and PCR sometimes results in the amplification of paralo-
gous genes [4, 9]. On the other hand, CaM is easy to amplify, and
distinguishes among almost all Aspergillus. Besides, calmodulin
sequences are available for almost all Aspergillusspecies [2]. Primers
and thermal cycle protocols commonly used for PCR amplification
of these genes are summarized in Tables 2 and 3 (see Note 1).

2 Materials

Table 2

Prepare all solutions using ultrapure water and analytical grade
reagents. Prepare and store all reagents at room temperature
(unless indicated otherwise).

The sequences of the most frequently used primers in phylogenetic studies of Aspergilli

Locus Primer (reference)  Primer sequence (5'-3’)
Internal ITS1 [27] TCC GTA GGT GAA CCT GCG G
transcribed
Spacer (ITS)  ITS4 [27] TCC TCC GCT TAT TGA TAT GC
B-Tubulin Bt2a [28] GGT AAC CAA ATC GGT GCT GCT TTC
(Bend) Bt2b [28] ACC CTC AGT GTA GTG ACC CTT GGC
Calmodulin CMDS5 [29] CCG AGT ACA AGG ARG CCT TC
(CaM) CMDG6 [29] CCG ATR GAG GTC ATR ACG TGG
CF1 [4] GCC GAC TCT TTG ACY GAR GAR

CF4 [4]

TTT YI'G CAT CAT RAG YTG GAC
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Table 3

The components of the PCR reaction mixture

Component 20 pL Reaction  Final concentration
10x Standard Tagq reaction buffer 2 pL 1x
1 mM dNTPs 4 pL 200 pM
1 uM Forward primer 4 pL 0.2 pM
1 pM Reverse primer 4 pL 0.2 pM
Template DNA Variable <1.000 ng
Tng DNA polymerase 0.2 uL 1 unit/20 pL PCR
25 mM MyCI2 (if the polymerase supplied with separate 2 pL 2.5 mM
MyCi2)
Nuclease-free water to 20 pL

2.1 Isolation
and Cultivation

For the isolation of Aspergilli from different habitats several media
can be used. In our laboratory we use dichloran rose bengal chlor-
amphenicol (DRBC) agar for isolation of molds from food matri-
ces, and dichloran 18% glycerol agar for the isolation from indoor
environments [1].

1

5.

. Rose bengal: 5% Solution in bidistilled water.
2. Dichloran: 0.02 % Solution in ethanol.

3.

4. DRBC agar (m/V): 2% Agar, 0.5% bacteriological peptone,

Chloramphenicol solution: 1% Solution in bidistilled water.

0.1% KH,PO,, 0.05% MgSO, 7H,0, 0.5 mL of rose bengal
solution, 1 mL of dichloran solution.

Add all ingredients to approximately 800 mL of bidistilled
water. Heat to dissolve agar, then make up to 990 mL with
bidistilled water, and sterilize by autoclaving. After sterilization
cool down the medium and complete it with 10 mL of chlor-
amphenicol solution. The prepared medium should be pro-
tected from light, to prevent the formation of toxic
photoproducts of rose bengal, which can inhibit fungal growth.

Dichloran 18 % glycerol agar (DG18): 2% Agar, 0.5 % bacterio-
logical peptone, 1% dextrose, 0.1% KH,PO,, 0.05% MgSO,
7H,0, 1 mL of dichloran solution.

Add all components to approximately 800 mL of bidistilled
water, heat to dissolve agar, and then bring the volume to
990 mL with bidistilled water. Add 220 g glycerol and sterilize
by autoclaving. After sterilization cool down the medium and
add 10 mL of chloramphenicol solution.
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6. Malt extract agar (MEA): 2% Agar, 3% malt extract, 0.5%
bacteriological peptone, which can be used for maintaining
strains.

7. Yeast extract peptone dextrose (YPD) broth: 1% Yeast extract,
2% bacteriological peptone, 2% dextrose, used for cultivation
for DNA isolation.

Recently, the ITS region of the nuclear rRNA locus was chosen as
the official barcode for fungi [7]. This region is suitable for the
identification of fungi on the genus level, but in several cases it
does not contain enough information to assign an isolate at species
level. Among Aspergilli, several other loci were tested for their suit-
ability in species delineation including part of the p-tubulin (BenA),
calmodulin (CaM), putative ribosome biogenesis protein (7s71),
putative chaperonin complex component TCP-1 (Cct8), and RNA
polymerase II genes (RPB2) [5, 26]. Based on the criteria for bar-
coding sequences the calmodulin and/or p-tubulin sequences can
be the choice as a secondary barcode region (see Table 2, Fig. 1).
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Fig. 1 Schematic representation of the loci and primer locations used routinely for the amplification and
sequencing of the ITS (a), benA (b), and CaM (c) loci in Aspergilli
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2.2.1 Preparing Stock
Solutions of Primers

2.2.2 Preparing
the Working Solution

2.2.3 Preparing the dNTP
Working Solution

Dissolve the primers using sterile ultrapure water. Add the same
amount of water in pL as the primer concentration in nmol (e.g.,
for a primer with a concentration of 25 nmol, add 25 pl. water).
This will give 1 mM stock solutions.

Make a 1000 times dilution by adding 1 pL of the stock solution
to 999 pL of ultrapure water. The final concentration of the work-
ing solution will be 1 pM. For the PCR reaction apply 4 pL from
this solution.

The packaging and the concentration of deoxynucleotides can vary
depending on the supplier. The concentration of the working solu-
tion depends on the users, but we prefer to use 1 mM solutions of
each of dATP, dCTP, dGTP, and dTTP, in sterile ultrapure water
(e.g., 10 pL from a 100 mM solution of each dNTP diluted in
960 pL ultrapure water).

3 Methods

3.1 Cultivation

3.2 DNA Extraction

Inoculate the isolates into a microcentrifuge tube containing
700 pL of YPD broth and incubate at 25 °C in dark for 2 days (see
Note 2). To increase the amount of mycelia, the tubes can be tilted
slightly (see Note 3).

Several DNA extraction kits are available commercially for the
extraction of DNA from different fungi. In our laboratory we rou-
tinely use the MasterPure™ Yeast DNA Purification Kit (Epicentre)
for the extraction of fungal DNA with slight modifications of the
protocol recommended by the manufacturer. The steps of the
extraction protocol are the following;:

1. After the incubation period the broth can be easily removed by
pipetting it from below the mycelial disk. If small mycelial balls
are present instead of a compact pad, the culture must be fil-
tered using a vacuum filtration apparatus to remove the culture
medium.

2. In the next step wash the mycelium twice with original culture
volume of 0.1 M MgCl,. Remove the MgCl, solution by pipet-
ting or by vacuum filtration.

3. Add a small volume of sterile washed sand and 300 pL of yeast
cell lysis solution (see Note 4) and grind the mycelia with a
micropestle.

4. Incubate the samples at 70 °C for 20 min.
5. Cool down the samples on ice for 5 min.

6. Add 150 pL of MPC protein precipitation reagent and vortex
the samples for 10 s.
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3.3.1 Amplification
Conditions for the ITS
Region

3.3.2 Amplification
Conditions for the CaM
Gene

10.

11.

12.
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. Pellet cellular debris by centrifugation in a microcentrifuge for

10 min at ca. 10,000 x 4.

. Transfer the supernatant to a sterile microcentrifuge tube, add

500 pL of isopropanol, and mix thoroughly by inversion.

. Pellet the DNA by centrifugation in a microcentrifuge for

10 min at ca. 10,000 x g and remove the supernatant by pipet-
ting and discard.

Wash the pellet containing the DNA with 500 pL of 70 % etha-
nol. Centrifuge the samples for 10 min at ca. 10,000 xg and
remove ethanol by pipetting. Optionally repeat this step one
more time.

Caretully remove the ethanol by pipetting and discard. Briefly
centrifuge the DNA pellet and remove any remaining ethanol
by using a vacuum concentrator.

Resuspend the DNA pellet in 35 pL of sterile bidistilled water
and store the samples at —20 °C.

Several premade PCR mixtures are available commercially which
only need the addition of primers and the template DNA. In most
cases they perform well; however if problems occur during the
PCR we prepare the reaction mixture by using the above-mentioned
protocol (see Table 3).

Step Temperature Time Number of cycles
1. Initial 95 °C 2 min 1
denaturation
2.  Initial 95 °C 20s
denaturation
3.  Anncaling 52-55 °C 20s
(see Note 5)
4.  Extension 72 °C 50s Back to step 2. 35x
Final extension 72 °C 2 min 1
Step Temperature  Time Number of cycles
1. Initial denaturation 95 °C 2 min 1
2. Initial denaturation 95 °C 20's
3. Annecaling 56 °C 20's
4. Extension 72 °C 40s Back to step 2. 35x
5. Final extension 72 °C 2 min 1
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3.3.3 Amplification
Conditions for the benA
Gene

3.4 Species
Identification

Step Temperature Time Number of
cycles

Initial denaturation 95 °C 2 min 1
Initial denaturation 95 °C 20s

Annealing 58 °C (see Note 6) 20 s

= S 1 B

Extension 72 °C 40s Back to step 2.
35x

5. Final extension 72 °C 2 min 1

The amplified DNA fragments are usually sequenced by a company
providing such services.

Sequence analyses are usually performed by nucleotide-nucleotide
BLAST similarity search at the website of the National Center for
Biotechnology  Information  (http://www.ncbi.nlm.nih.gov/
BLAST), and sequences are also compared with our own sequence
database. Species identification is usually carried out from the low-
est expected value of the BLAST output. A good reference data-
base containing ITS, BenA, and CaM sequences for most of the
valid species from the genus Aspergillus has been published recently
[3] and it is also available on the ICPA of the International Union
of Microbiological Societies (IUMS) website (http://www.asper-
gilluspenicillium.org/).

4 Notes

1. Other targets have also been used for species identification in
Aspergilli. The studies by Houbraken and Samson [26] and
Houbraken et al. [5] used a four-gene phylogeny (RPBI,
RPB2, Tsrl, and Cct8). Other gene sequences like those of
actin [23], RPB2[4], or mitochondrial cytochrome b [30, 31]
have also been used for phylogenetic studies in this genus.

2. Aspergilli can be isolated from various agricultural products
after surface sterilization using DRBC medium [1], from
indoor air using DG18 [1], or from clinical samples (e.g.,
Sabouraud agar). Purification of the isolates is usually made on
MEA or CYA media [1].

3. In general 2 days are enough to get sufficient amount of myce-
lia, but in special cases (e.g., Aspergillus inflatus, A. candidus,
xerophilic species assigned to Aspergillus section Aspergillus)
more time is needed to have enough mycelia. If the incubation
period is longer than 2 days, check the cultures regularly to
prevent heavy conidiogenesis, because components released
from conidia during DNA extraction can act as strong inhibi-
tors in the PCR reaction [32, 33].
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4. The MPC protein precipitation reagent can be replaced with

5 M sodium acetate solution adjusted to pH 5.5 with glacial
acetic acid, while the yeast cell lysis solution can be replaced by
10% of N-lauroylsarcosine sodium salt solution. Optionally
0.5 pL of 2-mercaptoethanol can be added to the sample to
increase the efficacy of the DNA extraction. Pay attention on
not to transfer the whole supernatant, because the lower layer of
the supernatant can contain small cellular debris which can affect
the subsequent PCR. Approximately 300 pL is safe to use.

. If no product is present after amplification, decrease the anneal-

ing temperature to 48 °C.

. If unspecific bands can be detected during gel electrophoresis

the annealing temperature can be increased to 65 °C.
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Chapter 8

Targeting Conserved Genes in Fusarium Species

Jessica Gil-Serna, Belén Patiio, Miguel Jurado, Salvador Mirete,
Covadonga Vazquez, and M. Teresa Gonzalez-Jaén

Abstract

Fumonisins are important mycotoxins contaminating foods and feeds which are mainly produced by F.
verticillioides and F. proliferatum. Additionally, both are pathogens of maize and other cereals. We describe
two highly sensitive, rapid, and species-specific PCR protocols which enable detection and discrimination
of these closely related species in cereal flour or grain samples. The specific primer pairs of these assays were
based on the intergenic spacer region of the multicopy rDNA unit which highly improves the sensitivity of
the PCR assay in comparison with single-copy target regions.

Key words Fusarium verticillioides, Fusarvium proliferatum, Fumonisins, Polymerase chain reaction
(PCR), Detection, rDNA intergenic spacer (IGS)

1 Introduction

Fusarium is a worldwide distributed fungal genus and includes dit-
ferent phytopathogenic species which are able to infect cereals
among other crops [1]. Additionally, certain Fusarium species can
produce fumonisins, a group of mycotoxins that contaminate food
and feed products and represent a risk for human and animal health
[2]. Fumonisins are the most abundant toxins in infected maize
kernels, with F. verticillioides and F. proliferatum being the most
important producing species [3].

Detection of fumonisin-producing fungal species by conventional
methods is a labor- and time-consuming task that requires highly
qualified expertise and it is particularly difficult in the case of the genus
Fusarium [3]. These methods are increasingly being replaced by
DNA-based detection assays, basically PCR. These are rapid and
highly sensitive, they can even be directly applied to agrofood prod-
ucts, and they allow discrimination at species level. Several PCR pro-
tocols have been developed and applied successfully to detect
mycotoxigenic Fusarium species in food products although the high-
est sensitivity is achieved when they are based on multicopy target

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_8, © Springer Science+Business Media LLC 2017
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sequences [4-8]. In this chapter, we present a detailed PCR protocol
based on multicopy sequences of a region with high variability (IGS of
rDNA units) for specific detection of F. verticillioides and F. prolifera-
tum. These assays allow rapid, highly efficient, and sensitive diagnosis
and discrimination of these closely related fungal species.

2 Materials

2.1 DNA Extraction

2.2 PCR Reactions

2.3 Agarose Gel
Electrophoresis

1. DNeasy Plant Mini Kit (Qiagen, Valencia, Spain): The kit can
be stored at room temperature (15-25 °C). Store RNase stock
solution for up to a year also at room temperature. We recom-
mend keeping the RNase A stock solution at 2-8 °C for longer
storage or if ambient temperatures often exceed 25 °C.

2. Ethanol (96-100%): Store at room temperature.

1. Molecular biology-grade water.

2. Primer pairs VERT-1 (5’-GTCAGAATCCATGCCAGAACG
-3")/VERT-2 (5’-CACCCGCAGCAATCCATCAG-3") [6]
and PRO-F (5-CGGCCACCAGAGGATGTG-3")/PRO-R
(5’-CAACACGAATCGCTTCCTGAC-3") [7] (IDT, Haverhill,
UK): Prepare aliquots of each primer at 20 pM in sterile molec-
ular biology-grade water and store at —20 °C.

3. 10x PCR bufter, MgCl, solution (50 mM), and Taq DNA poly-
merase (5 U/mL) (Biotools, Madrid, Spain): Store at —20 °C.

4. dNTP mix solution (100 mM) (Biotools, Madrid, Spain):
Store at =20 °C.

5. Template DNA (10-200 ng): Store at —20 °C.

1. TAE 1x buffer: Tris—acetate 40 mM and EDTA 1.0 mM. Store
at room temperature.

2. Agarose d-1 Low EEO (Pronadisa, Madrid, Spain): Store at
room temperature.

3. Ethidium bromide solution 1% (Applichem, Darmstadt,
Germany): Store at room temperature.

4. Loading bufter: 0.25% Bromophenol blue, 4% (w/v) sucrose,
distilled water to adjust volume. Store at 4 °C.

5. 100 bp and 1 kb DNA molecular weight markers (Biotools,
Madrid, Spain): Store at 4 °C.

3 Methods

3.1 DNA Extraction

1. These instructions assume the extraction of total DNA from
fungal pure culture (see Note 1), contaminated plant material,
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10.

11.

12.

13.

14.

or food matrix (se¢ Note 2). The DNeasy Plant Mini Kit includes
RNase A enzyme, buffers, columns, and collection tubes.

. Prepare in advance all the materials required for the protocol:

sterilize all material (tips, mortar and pestle, microcentrifuge
tubes ...); add the appropriate amount of ethanol to buffers
AWI1 and AW2, as indicated on the bottle, to prepare a work-
ing solution; preheat a water bath to 65 °C; label each micro-
centrifuge tube and column.

. Buffer AP1 and buffer AW1 concentrate may form precipitates

upon storage. If necessary, warm to 65 °C to redissolve (before
adding ethanol to buffer AW1). Do not heat buffer AW1 after
ethanol has been added.

. Grind the plant, food matrix, or fungal tissue under liquid

nitrogen using a sterile mortar and pestle (see Note 3). Transfer
the tissue powder (a maximum of 100 mg) to 1.5 mL micro-
centrifuge tube.

. Add 400 pL bufter AP1 (lysis buffer) and 4 pL. RNase A stock

solution (100 mg/mL) and vortex vigorously.

. Incubate the mixture for 10 min at 65 °C to lysate cells. Mix

two or three times during incubation by inverting the tube.

. Add 130 pL of buffer P3 (precipitation buffer, sec Note 4) to

the lysate, mix, and incubate for 5 min in ice to precipitate
detergent, proteins, and polysaccharides present in the sample.

. Centrifuge for 6.5 min at 16,000 x g.
. Transfer the supernatant into the QIAshredder Mini spin col-

umn (lilac) placed in a 2 mL collection tube, and centrifuge for
2.5 min at 16,000 x g.

Transfer the flow-through fraction (usually about 430 pL)
from step 8 into a new tube without disturbing the cell debris
pellet.

Add 1.5 volumes (usually about 645 pL) of bufter AW1 (bind-
ing buffer) to the cleared lysate, and mix immediately by
pipetting.

Pipet 650 pL of the mixture from step 10, including any pre-
cipitate that may have formed, into the DNeasy Mini spin col-
umn placed in a 2 mL collection tube. Centrifuge for 1 min at
6000 x g, and discard the flow-through. Reuse the collection
tube in step 12.

Repeat step 11 with the remaining sample. Discard the flow-
through and collection tube.

Place the DNeasy Mini spin column into a new 2 mL collec-
tion tube, add 500 pL of buffer AW2 (wash butffer), and cen-
trifuge for 1 min at 6000x4. Discard the flow-through and
reuse the collection tube in step 14.
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15.

16.

17.

18.

3.2 PCR 1.

Amplification

Add 500 pL buffer AW2 to the DNeasy Mini spin column, and
centrifuge for 2.5 min 16,000 x 4 to dry the membrane.

Transfer the DNeasy Mini spin column to a 1.5 or 2 mL micro-
centrifuge tube and add 100 pL of molecular degree water
directly onto the DNeasy membrane. Incubate for 5 min at
room temperature (15-25 °C), and then centrifuge for 1 min
at 6000 x g to elute.

Measure the amount of template DNA spectrophotometri-
cally. The concentration and purity of DNA can be determined
by measuring the absorbance at 260 nm (A260) and 280 nm
(A280). Purity is determined by calculating the ratio of absor-
bance at 260 nm to absorbance at 280 nm. Pure DNA has an
A260,/A280 ratio of 1.8-2.0.

Store the DNA at —20 °C.

Mix the following components in a 0.2 mL microcentrifuge
tube: 2 pL of template DNA (10-200 ng total DNA amount, see
Note 5) (see Note 6), 2.5 pL. of 10x PCR buffer, 1 pLL of MgCl,,
0.2 pL of dNTDs, and 0.15 L of Taq DNA polymerase (se¢ Note
7),and 1 pL of each primer VERT-1 and VERT-2 for F. verticil-
lioides and PRO-F and PRO-R for amplifications of F. prolifera-
tum. Add molecular biology-grade water up to 25 pL.

2. Itis recommended to perform control PCR assays (sez Note 8).

3.3 Agarose Gel 1.

Electrophoresis

. The Fusarium verticillioides PCR amplification protocol is as

follows: 1 cycle of 1 min 25 s at 94 °C; 25 cycles of 35 s at
95 °C (denaturalization), 30 s at 64 °C (annealing), and 2 min
at 72 °C (extension); and finally 1 cycle of 5 min at 72 °C. The
Fusarvium proliferatum PCR amplification protocol is exactly
the same except for the annealing temperature that is 69 °C.

. Store the PCR products at 4 °C.

These instructions assume that you are making a 10 x 15 cm
1% agarose gel using a Bio-Rad Wide Mini-Sub Cell GT gel
system.

. Weigh out 0.6 g of agarose into a 250 mL conical flask. Add

60 mL of 1x TAE. Swirl to mix.

. Microwave for about 1 min to dissolve the agarose.

. Leave it to cool down to about 60 °C (just too hot to keep

holding in bare hands).

. Add 1 pL of ethidium bromide (10 mg/mL) and swirl to mix

(see Note 9).

. Pour the gel slowly into the tray. Insert the comb and check

that it is correctly positioned. The gel should polymerize
within 20 min.
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7. Pour 1x TAE butffer into the gel tank to submerge the gel to
2-5 mm depth. This is the running buffer.

8. Prepare the samples adding 5 pL of loading bufter to 15 pL of
each PCR reaction into the appropriate labeled tube.

9. Once the gel has set, remove carefully the comb and load
20 pL of each sample in a well. Reserve one well for the DNA
molecular weight marker.

10. Complete the assembly of the gel unit and connect to a power
supply. Run the gel at 80 V during about 45 min monitoring
the progress of the gel by reference to the marker dye.

11. The gelis then placed in a UV light box to visualize the PCR prod-
ucts. An example of the results produced is shown in Figs. 1 and 2.
The presence of an amplification band of the corresponding size
(700 bp for E. verticillioides and 200 bp for E. proliferatum) indi-
cates a positive result for fungal DNA on the sample tested.

Fig. 1 PCR amplification using primers VERT-1/VERT-2 and lanes 7—7: DNA from
maize flour (samples 7, 4, 5, and 7 were positive for £ verticillioides); lane 8: F.
verticillioides DNA (positive control); lane 9: non-template control. M: 1 kb DNA
molecular size marker

Fig. 2 PCR amplification using primers PRO-F/PRO-R and lanes 7-7: DNA from
maize flour (samples 7, 2, 3, 4, and 7 were positive for £ proliferatum); lane 8: F.
proliferatum DNA (positive control); lane 9: Non-template control. M: 100 bp DNA
molecular size marker
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4 Notes

. Fungal DNA can be obtained from isolates cultured in 100 mL

Erlenmeyer flasks containing 20 mL liquid Sabouraud medium
(Scharlau Chemie, Barcelona, Spain) and incubated at 28 °C
and 150 rpm. Fusarium mycelia from 3-day-old cultures can
be harvested by filtration through Whatman No. 1 paper and
frozen in liquid nitrogen. Mycelia can be stored at —80 °C
until DNA extraction.

. In the case of maize flour or other food samples, fungal DNA

can be obtained from cultures prepared in 250 mL Erlenmeyer
flasks with 50 mL of Sabouraud chloramphenicol broth
(Scharlau Chemie, Barcelona, Spain) and 1 g of the sample
incubated at 28 °C and 150 rpm for 24 h. Cultures are subse-
quently harvested by filtration through Whatman No. 1 and
frozen in liquid nitrogen. The sample can be stored at —80 °C
until DNA extraction. In case of grains or coarse matrices,
thorough grinding and homogenization are required.

. The primary disruption of the tissue for DNA extraction is an

essential step that must be performed carefully. It can be per-
tormed with another disruption method, such as commercially
available homogenizers or micro beads.

. Phenolic compounds present in some food matrices such as

maize, grapes, or paprika might interfere in DNA extraction
procedure or inhibit PCR assay. In these cases, polyvinylpyr-
rolidone (0.33%) (Sigma-Aldrich, Steinheim, Germany) can
be added to P3 buffer in order to remove these compounds.

. When the assay is performed from a fungal pure culture, DNA

concentration for PCR might be between 10 and 100 ng.
When the PCR assay is performed with DNA from a food
matrix or a plant tissue, the total amount of DNA per reaction
should be between 150 and 200 ng.

. Positive (with 2 pL of corresponding F. verticillioides or F. pro-

liferatum pure DNA) and negative (with 2 pL of molecular
biology-grade water instead of DNA template) controls must
be included in every PCR assay.

. Use filter tips to prepare PCR reaction. Taq polymerase must

be maintained on ice during its manipulation.

. It is highly recommended to test DNA integrity using a

control PCR reaction with the universal fungal primers
ITS1 (5'-TCCGTAGGTGAACCTGCGG-3’) and ITS4
(5’-TCCTCCGCTTATTGATATG-3’) following the amplifi-
cation program described previously [9].

. Ethidium bromide is a potent mutagenic agent. Handle with care;

always wear a suitable lab coat and disposable gloves. All ethid-
ium bromide waste must be disposed in appropriate containers.
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Chapter 9

Targeting Conserved Genes in Penicillium Species

Stephen W. Peterson

Abstract

Polymerase chain reaction amplification of conserved genes and sequence analysis provides a very powerful
tool for the identification of toxigenic as well as non-toxigenic Penicillinm species. Sequences are obtained
by amplification of the gene fragment, sequencing via capillary electrophoresis of dideoxynucleotide-
labeled fragments or NGS. The sequences are compared to a database of validated isolates. Identification
of species indicates the potential of the fungus to make particular mycotoxins.

Key words ITS, Barcode, Housekeeping genes, DNA sequencing, Identification

1 Introduction

Identification of toxigenic Penicillium species has historically been
a difficult task. The problematic nature of identification is rooted
in two major areas, species concepts and species recognition. Thom
[1] defined species as organisms displaying a correlated set of mor-
phological and physiological characters, allowing for variation of
those characters in different isolates but having a majority of char-
acters within the limits of the species. Raper and Thom [2] recog-
nized a species as having a largely fixed morphology, culturally and
microscopically, and fixed common reactions. Pitt [3] agreed with
prior authors [1, 2] adding more physiological criteria to his spe-
cies concept. Monographic treatments of Penicillium based on
morphology and physiology however [ 1-3] resulted in very differ-
ent appreciations of the number of species in the subgenus based
on each author’s species concepts. The phylogenetic species con-
cept [4] has resolved many species concept issues encountered
using morphological taxonomy. Polymerase chain reaction (PCR)
was first described by Mullis and associates [5] and with the purifi-
cation of thermostable DNA polymerases PCR has become a low-
cost, powerful, and standard laboratory technique. This discovery
enabled the routine addition of genetic characters to the phenotypic

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_9, © Springer Science+Business Media LLC 2017
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characters previously used to identify toxigenic Penicillium
species.

Single-locus phylogenetic studies of Penicillium [6, 7] pro-
vided an assessment of the genetic variability among isolates of
morphologically identified species and sometimes guided taxo-
nomic decisions in toxigenic species [8]. Multilocus studies with
phylogenetic and concordance analysis provide a firm basis for
defining the limits of variation within species [9] and can be used
to resolve some of the disputes over the synonymy of species in
subgenus Penicillium. Much of the sorting out of subgenus
Penicillium was resolved by Samson and Frisvad [8].

Seifert and associates [10] tested the ability to distinguish the
species in Penicillium subgenus Penicillium using sequences from
the mitochondrial cytochrome oxidase gene (CO1). However, that
gene fragment distinguished only 38 of 58 species in the subgenus.
Schoch and associates [11] proposed the I'TS region as a universal
barcode for fungi, but in some Aspergillus and Penicillium species
ITS does not have sufficient discriminatory power [12, 13]. Samson
and Frisvad [8] found that they were able to distinguish the species
using a p-tubulin gene fragment, BT2. Databases such as GenBank
(http://www.ncbi.nlm.nih.gov/) provide quick and easy compari-
son of DNA sequences. GenBank often contains sequences from
isolates that are not well characterized, or sequences are listed under
species names that are invalid or synonyms of others, which can be
confusing. Currently more narrow databases containing well-char-
acterized and ex-type cultures are becoming available for identifica-
tions(e.g.,ARSTrichocomaceaedatabasehttp: //199.133.98.43/;
MycoBank identification database, http://www.mycobank.
org/). These databases are not as inclusive as GenBank but are
highly reliable for the taxon range they cover. To guard against
sequencing failures or unexpected sequence variation in any single
locus, sequencing of three loci is recommended.

2 Materials

2.1 Pure Cultures

Prepare all solutions using ultrapure water (18 MQ cm at 25 °C)
and analytical grade chemicals. Contamination of cultures, DNA
samples, and reagents must be guarded against at all times [14].

1. Malt extract agar (ME3): 30 g Malt extract, 20 g agar, 1 L
water. Mix components and heat sterilize for 20 min at 121 °C.

2. Antibiotic solution: 1 g Penicillin-G, 1 g streptomycin, 100 mL
water. Filter sterilize and store at 4 °C.

3. Melt ME3 agar and cool to 50 °C in a water bath. Add 2.5 mL
of antibiotic solution per liter molten ME3 agar prior to pour-
ing plates.


http://www.ncbi.nlm.nih.gov/
http://199.133.98.43/
http://www.mycobank.org/
http://www.mycobank.org/

2.2 DNA Isolation

2.3 Amplification

2.4 Electrophoresis

2.5 Sequencing

Table 1

—

PCR Identification of Mycotoxigenic Penicillia 151

. CTAB buffer: 2 g Hexadecyltrimethyl ammonium bromide

(CTAB), 8.18 g NaCl, 10 mL of 1 M Tris-HCI pH 8.4, 5 mL
of 0.5 M EDTA pH 8.0, water to make 100 mL. Heat to
55 °C to promote dissolution of the CTAB.

. Hot start Tag polymerase with amplifying buffer.
. Amplification tubes or 96-well amplification plates depending

on the number of samples.

. Primers (see Table 1).

4. Pipets capable of delivering 1-10, 10-100, and 100-1000 pL

volume.

. Pipet tips, sterile and with anti-aerosol filters.

. Tris-acetate-EDTA (TAE —50x) buffer: 242 g Tris base,

57.1 mL glacial acetic acid, 100 mL 0.5 M EDTA, water to
1L.

. Agarose: 1 g Low EEO agarose, 100 mL 1x TAE, boil to dis-

solve agarose.

. DNA stain: Low-toxicity alternatives to ethidium bromide are

available and recommended.

. Gel electrophoresis mechanism and power supply.

. UV transilluminator.

. Reagent kit for sequencing system being used.

Primer pairs most commonly used for DNA-based identification of Penicillium spp.

Anticipated Primer forward

Locus length (nt) direction Primer reverse direction
B-Tubulin 400-500 BT2a—5-GTT AAC BT2b—5'-
(BT2) [15] CAA ATC GGT ACCCTCAGTGTAGTGACCCTTGGC-3’
GCT GCT TTC-3’
Calmodulin ~ 450-550 Cmd5—5’-CCG AGT Cmd6—5'-CCG ATA GAG GTC ATA ACG
[16] ACA AGG AGG TGG-3’
CCT TC-3’
Internal 500-800 ITS5—5'-GCA ATGT ITS4—5'-TCC TCC GCT TAT TGA TAT
transcribed AAA AGT CGT GC-3'
spacer AAC AAG-3’
(ITS) [17]

Annealing temperature for all amplifications is 51 °C. If double bands occur in the amplification, the annealing tempera-
ture can be increased by 1-2 °C; if no band appears, the annealing temperature can be reduced by 4-5 °C to account

for partial primer mismatch
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3 Methods

3.1 CGulture Isolation 1.
and Purification

3.2 DNA Isolation 1.

Place a loop of spores from a culture plate (or natural sub-
strate) in a 1.5 mL sterile microfuge tube with 1 mL of sterile
water, and vortex (see Notes 1 and 2).

. Serially dilute 0.5 mL of suspension with 4.5 mL of sterile

water to obtain 1074 10°) and 10-¢ dilutions of the original
spore suspension.

. Place 1 mL of 10~* spore suspension in a 9 cm petri plate, add

15 mL of molten (50 °C) ME3, and swirl the contents to mix.
Use ME3 with antibiotics for natural substrates. Make three
replicate plates. Repeat with 10 and 10-¢ spore dilutions.
Allow the agar to solidify.

. Incubate the plates at 25 °C and check for growth each day.

Transfer individual colonies to separate ME3 plates (see Note 3).

Collect biomass by centrifugation from liquid cultures (e.g.,
1 min at 5000 xg) or by scraping the surface of agar cultures.

. Add 100-200 mg biomass to a 1.5 mL microfuge tube, freeze,

and freeze-dry (ca. 24 h).

. Pulverize the dried biomass with a sterile pipet tip.

4. Add 450 pL. CTAB buffer, vortex to mix thoroughly, and use

10.

11.

12.

3.3 PCR 1.
Amplification

a sterile pipet tip to suspend clumps.

. In a chemical hood add 450 pL chloroform, cap, and shake the

tube vigorously to form an emulsion.

. Centrifuge for 10 min at maximum speed in a

microcentrifuge.

. Remove 350 pL of the upper, aqueous phase to a clean micro-

centrifuge tube.

. Add 350 pL isopropanol, and invert the tube several times to

mix and precipitate nucleic acids.

. Centrifuge at maximum speed for 2 min, and pour oft the

supernatant.

Rinse the pellet with 100-200 pL 70 % ethanol, centrifuge for
2 min, and gently discard the supernatant.

Dissolve the pellet in 100 pL. TE buffer (10 mM Tris-HCI,
1 mM EDTA, pH 8.0). Dissolve by heating at 55 °C for
10-60 min with vortex mixing or stirring with a sterile pipet
tip.

Store DNA at —20 °C.

Place 10 pL of hot start Tag reagent premix in each amplifica-
tion tube or amplification plate well (see Note 4).



3.4 Gel

Electrophoresis

3.5 DNA Sequencing

3.6 Data Quality

Analysis

3.7 Databases

3.7.1

GenBank
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. Add 1 pL of forward and 1 pL of reverse primer to each tube.
. Add 10-50 ng DNA to each tube.

. Negative control: Add all reagents to a tube except the DNA.
. Bring reaction volume to 20 pL using ultrapure water.

. Mix the reaction by gently pipetting the mixture several times.

. Place tubes/plate in a thermal cycler with thermal profile of

2 min at 94 °C; 35 cycles of 30 s at 96 °C, 30 s at 51 °C, and
60 s at 72 °C; 5-min hold at 72 °C; and hold indefinitely at
4°C.

. Agarose stock: 1 g Agarose, 100 mL 1x TAE buftfer. Melt in

microwave or autoclave, and cool to ca. 50 °C in a water bath.

. Add low-toxicity DNA stain to agarose, pour agarose into cast-

ing mold, place the well-forming comb, and cool to solidity
(see Note 5).

. Remove comb, place gel in electrophoresis tray, flood with 1x

TAE, and add 2 pL of sample to each well.

. Attach power cords and electrophorese the sample for 10 min

at 200 V.

. Place gel on a UV transilluminator, view results, and photo-

graph to record results.

. Follow the sequencing kit instructions provided for your par-

ticular DNA sequencing environment.

. Sequencing center provides chromatogram files from the

sequencer along with files of the base sequences in Fasta for-
mat. The chromatograms need to be examined using programs
to visualize the sequences, to trim off primer sequences and
remove poor-quality data that often exist at the beginning and
end of reads.

. Compare the forward and reverse reads, correcting any dis-

agreement between the strands.

. The corrected Fasta-format DNA sequence is submitted to a

database for species identification.

. Navigate to http://blast.ncbi.nlm.nih.gov/Blast.cgi in your

Internet browser.

. Select nucleotide blast.

. Paste the DNA sequence (Fasta format) into the box.
. Select Others (nr etc.) from the databases.

. Accept the default search (Megablast).

. Check the “show results in new window” box and press Blast.


http://blast.ncbi.nlm.nih.gov/Blast.cgi
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7. Blast reports sequences with high similarity, how well the
query and reference agree in length, and the percent identity.

8. 99-100 % similarity with full-length coverage of the query nor-
mally indicates identification, but several different names may
be returned (see Note 6).

3.7.2  MycoBank 1. Navigate to http://www.mycobank.org/BioloMICSSequences.
aspx’expandparm=f&file=allin in an Internet browser.

2. Paste a sequence (Fasta format) into the alignment box.
3. Press the start alignment button.

4. A list of percent similarity is returned. The 99-100 % similarity
list may contain multiple species (see Note 7).

373 ARS 1. Navigate to http://199.133.98.43 (Fig. 1) in an Internet
Trichocomaceae MLSA browser.

. Choose Trichocomaceae tab.
. Choose sequence database link (Fig. 2).

. Choose sequence query.

[SLNN SIS I 8]

. Place your sequences into the query box and press submit.
Single or multiple sequences can be entered.

6. The database either returns the perfect match genotype and
species name or, if no perfect match is found, the most similar
genotype and the name associated with that genotype (Fig. 3)
(see Note 8).

4 Notes

1. DNA isolated from natural substrates will give uninterpretable
results if significant amounts of contaminating species are
present. Pure cultures are crucial to correct identifications
using Sanger sequencing. NGS techniques work with mixed
cultures, but current NGS techniques use only the ITS
sequence [18, 19].

2. Not all fungi grow on ME3, but Penicillium subg. Penicillinm
species grow well on this medium. Low-water-activity-loving
spoilage fungi (e.g., Aspergillus section Restricti species)
require high-sugar or high-salt media to thrive. Media with
20-60% sucrose may be necessary to obtain good growth.

3. Transferring colonies early from isolation plates is important
with subg. Penicillium isolates because they usually sporulate
prolifically and early in growth. Cross-contamination of colo-
nies is likely shortly after sporulation is apparent.

4. Hot start Tag polymerases are important to prevent nonspe-
cific primer binding and amplification. Aliquoting primer solu-


http://www.mycobank.org/BioloMICSSequences.aspx?expandparm=f&file=allin
http://www.mycobank.org/BioloMICSSequences.aspx?expandparm=f&file=allin
http://199.133.98.43/
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" ARS

Strain G

Enter Keywords

© Advanced Search

o Streptomyces Strains
MLST Sequence
Database

© Trichocomaceae
(Aspergillus /
Penicilfium) MLST
Database

© ARS Culture Collection
Website

© Collaborator Private
Access (username and
password required)

© BIGSdb software at
Oxford University

ARS Home | About ARS | | Contact Us
Email this page

ARS Microbial Genomic Sequence Database
NCAUR Trichocomaceae MLSA Databases

The NCAUR Trichocomaceae MLSA website contains two linked databases - one for allelic profiles and sequences,
the other for lsolate mfon'natmn The data are held using the Bacterial Isolate Genomic Sequence Database
(BIGSdb) ped by Keith Jolley and Martin Maiden at Oxford University and this structure
offers advantages over a single database system. Further details can be found here.

« Information

o Primers and protocol used for amplification and sequencing - coming soon
= Access main databases

o Sequences and sequence definitions database

o ]solates database

Fig. 1 Home page screenshot of the ARS microbial genomic sequence database. The “sequences ...” link
leads to the query input page

r

ARS Trichocomaceae locus/sequence definitions database

The ARS Aspergillus and Penicillfium MLST database contains data for a subset of the collection of Aspergilius and Peniciliium isolates that are held in
the ARS Culture Collection. Many cultures are ex-type and represent the system of Raper & Fennell 1965 along with more modern treatments. Every
new ST deposited in this database should have a corresponding record in the the isolate database.

O% Query database

" Downloads ' Option settings

= Sequence query - query an allele sequence. = Allele sequences = Set general options
= Batch sequence query - query multiple sequences in FASTA format. = BCI profiles

= Sequence attribute search - find alleles by matching attributes.

» Browse BCI profiles
» Search BCI profiles

6 General information

« List - find BCI profiles matched to entered list. Number of ences: 7277

» Search by combinations of BCI alleles - including partial matching. : Nmber o\‘:mlu (BCI): 0

 Batch profile query - lookup BCT profiles copied from a spreadsheet. » Last updated: 2015-05-28
* About BIGSdb

Fig. 2 Links to single sequence query, batch query, and downloads of the DNA sequences in the database

tions helps prevent cross-contamination of the solutions. Pipet
tips with aerosol barrier plugs are very useful for prevention of
contamination of pipets and solutions.

5. DNA stains can be incorporated into the agarose prior to auto-
claving or after autoclaving, or as a post-run stain. It is most
convenient to add the stain post-autoclaving.

6. The oldest and most inclusive DNA sequence database is the
National Center for Biotechnology Information (GenBank).
You normally get the top 100 hits against your query sequence.
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§equence query - ARS Trichocomaceae locus/sequence definitions

Please paste in your sequence to query against the database. Query sequences will be checked first for an exact match against the chosen (or all) loci - they
do not need to be trimmed. The nearest partial matches will be identified if an exact match is not found. You can query using either DNA or peptide

sequences.
Please select locus/scheme Order results by
Enter query sequence (single or multiple contigs up to whole genome in size) Alternatively upload FASTA file

3 exact matches found.

|_Translate EE ]

Select FASTA file:
Choose File o file selected
Action
Reset Submit

[ e uanat] i otion vk dota vauss

ITS: 380 547 1406 1952 IEOETLrErricared species: Penicillium crustosum [n=1]

beta tubulin 432 94 525
(BT2): 759

species: Penicillium crustosum [n=11]; Penicillium
crustosum~ [n=2]; Penicillium farinosum=crustosu [n=1]

calmodulin 711 695 1405 species: Penicillium crustosum [n=4]; Penicillium

(cf): 583

farinosum=crustosu [n=1]

Fig. 3 DNA sequences of B-tubulin, calmodulin, and ITS region from a fungal isolate. The program identifies
each allele and reports that the isolate is Penicillium crustosum

8.

The list often includes several 100% matches under different
names. Unless the type isolate is identified and present in the
results, the taxonomic identification is in doubt.

. MycoBank includes very good coverage in the Trichocomaceae,

but sometimes produces a list of several species with 100%
similarity to the query. The status of the listed species must be
examined in the literature to determine the current name.

ARS Trichocomaceae MLSA has imperfect coverage of the
family. However, species assignments of isolates in the database
are based on type isolates, genealogical concordance analysis of
3-7 genes, and phylogenetic species concepts [4]. Older syn-
onym names are not included in the results returned. Using all
three databases will give the best coverage of available DNA
reference sequences.
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Chapter 10

Targeting Aflatoxin Biosynthetic Genes

Ali Y. Srour, Ahmad M. Fakhoury, and Robert L. Brown

Abstract

Chemical detoxification and physical destruction of aflatoxins in foods and feed commodities are mostly
unattainable in a way that preserves the edibility of the food. Therefore, preventing mycotoxins in general
and aflatoxins in particular from entering the food chain is a better approach. This requires early detection
of the aflatoxin-causing organisms. Detection and quantification of aflatoxin-producing fungi has always
been a challenge, especially within species of Aspergillus and Penicillium. Culture-based methods require
a high level of expertise and a list of sophisticated equipment. Furthermore, even for a trained taxonomist,
species that are identical in morphology, physiology, and nutritional aspects can be challenging to classify.
Fungal taxonomy has changed over the past few decades; more species are being reclassified, and new spe-
cies are being described due to advances in sequencing and genome assembly. These developments make
the use of PCR-based approaches practical, rapid, and more reliable for the identification of fungi to the
species level. This chapter presents a variety of protocols to detect and quantify aflatoxin-producing fungi
using mycotoxin biosynthesis pathway genes.

Key words Mycotoxins, Fungi, Aflatoxins, Aspergillus, Penicillium, Biosynthesis, PCR, qPCR

1 Introduction

Mycotoxin contamination is a major concern for food and feed
producers worldwide. According to the FAO, one-fourth of har-
vested crops were contaminated with mycotoxins to levels that ren-
der them unsuitable for consumption [ 1, 2]. Aflatoxins are some of
the most harmful mycotoxins [ 3]. These secondary metabolites are
mainly produced by filamentous fungi in the Aspergilius genus sec-
tion Flavi, especially Aspergillus flavus and Aspergillus parasiticus
[4, 5]. Other minor aflatoxin producers include species within the
genera Emericelln, Rhizopus, and Penicillium [6, 7]. The most
common aflatoxins present on a wide range of commodities include
aflatoxins B1, B2, GI1, and G2. A. parasiticus produces all four
toxins whereas A. flavus can only produce aflatoxins B1 and B2
[8]. Aflatoxin Bl can be metabolized to M1, which is excreted in

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_10, © Springer Science+Business Media LLC 2017
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the milk of humans and animals following ingestion of foods
contaminated with aflatoxin B1. Sterigmatocystin (ST is a precur-
sor of aflatoxin B1, and is a mycotoxin [9].

Aflatoxins are considered potent naturally occurring carcino-
gens and mutagens capable of causing acute and chronic diseases
(liver cancer, hemorrhagic necrosis, jaundice, hepatitis, cirrhosis,
Reye’s syndrome) that threaten human and animal health.
Aflatoxins have been reported on a wide range of commodities
including nuts (peanuts, pistachio, and almonds), cereals (corn,
wheat, sorghum, oat, rye, and barley), soybean, rice, milk, cheese,
dried fruits, culinary herbs, and spices [3, 7, 10]. Given the carci-
nogenic potency of aflatoxins and the extent of human and animal
exposure to these compounds, aflatoxins may pose a greater dan-
ger to human health than pesticide residues and food additives
[11]. In addition, most aflatoxin-producing fungi infect crops
prior to harvest and can cause economic losses due to reduced
yield [12]. These fungi can impact food staples from preharvest to
after harvest including storage, processing, and transport [13].

Aflatoxins are low-molecular-weight difuran coumarin deriva-
tives (Fig. 1) that can be secreted in amounts in the magnitude of
micrograms per kilogram (pg/kg). Hence, there is a need for reli-
able methods to rapidly assess food and feed stuft contamination
by aflatoxins through the detection of aflatoxins and aflatoxin-
producing fungi. Polymerase chain reaction (PCR)-based methods
offer sensitive and rapid molecular diagnostic tools for the early
detection of fungi. In fact, the accurate identification of aflatoxin-
producing fungi that contaminate food and feedstuffs can be dif-
ficult, labor intensive, and time consuming when using traditional
culture-based methods [14]. Moreover, detection with conven-
tional methods is often only effective after toxins have accumu-
lated, which may be too late to safeguard the food chain. In this
chapter we focus on methods used to detect and quantify aflatoxin-
producing fungi using PCR-based methods. These methods per-
mit an early, rapid, and sensitive detection of these
mycotoxin-producing species, which is crucial to prevent mycotox-
ins from entering the food chain [10, 15].

OCH, OCH,

Aflatoxin B1 Aflatoxin G1

Fig. 1 Structure of major aflatoxins
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The use of PCR-based assays has been bolstered in the past
decades by the sequencing of numerous housekeeping genes and
ribosomal DNA as well as the discovery of genes involved in the
biosynthetic pathways of mycotoxins. Several PCR assays designed
and successfully used to detect single or multiple species of
aflatoxin-producing fungi have been described in the literature.
The majority of these assays target genes involved in the aflatoxin
biosynthesis pathway, whereas few are based on conserved DNA in
hypervariable genomic regions. Methods using techniques such as
restriction fragment length polymorphism (RFLP), denaturing
gradient length polymorphism (DGGE), loop-mediated length
polymorphism (LAMP), and single-strand conformational poly-
morphism (SSCP) are typically good for detection but less useful
for the quantification of fungi; they can also be somewhat compli-
cated to use. Hence, the focus in this chapter is on simple PCR, as
well as on real-time PCR assays (qPCR) that do not require any
downstream applications for the detection and quantification of
aflatoxin-producing fungi. These assays are rapid and practical and
do not require extensive expertise to be used.

2 Materials

2.1 DNA Extraction

2.2 Polymerase
Chain Reaction

. Sterile nanopure water.

. Filter pipette tips: 0.1-10, 10-100, 100-1000 pL (see Note 1).
. EZNA Fungal DNA Mini Kit (Omega Bio-Tek).

. PowerLyzer Microbial DNA kit (MoBio).

. Filter bags BagPage.

. 10 mg/mL Proteinase K solution.

. 10 mg/mL Lyticase solution or zymolyase.

. 10 mg/mL RNase A solution.

. 1 mg/10 mL Chelex-100 resin.

10. TBE buffer: 50 mM Tris, 50 mM boric acid, 1 mM EDTA.
11. 0.5 mg/mL Gel Red dye.

12. Gel-loading mixture: 60 % Glycerol, 60 mM EDTA, 0.3 % bro-
mophenol blue, 0.3 % xylene cyanol, 10 mM Tris—-HCI, pH 7.6.

O 0 N N Ul R W N

. dANTP mix: 10 mM.

. 10vx PCR buffer.

. MgCl,: 25 mM.

. Template DNA.

. Taq DNA polymerase: 5 u/pL.

. Oligonucleotide primers (Table 1).

QN UL W N~



[0. T2

WG D, 8S “dds sndozipy
Je UIW 7 D, 76 (DJ Teuonuaauod)  pue dds wniypasua g ST
e W ] Jo $9pA g dq 18¢ ODIHVOVOODLODIOOVYDO €IV (1-1m0) dud3 uonsop “dds suypiadsy 9ION 99§
(1] MO ABus  8d s1 o1 ODOHVODODIOILVOOVOOLLO ‘TAIV  serysuenidypuw-O dypads-saadg  “Supnpoid-umxoreyy F

DLODLLLODIODD VOVOVYD
ATAV “DOOHOOHVVOOLOLOD LVOVIVY A-d1dV

[Do T W T DIVVOD
D099 W T D, F6 3d00S-01 AOT DOVODLYOOVIODIOVVVVOOD ‘16 1-4HA
e w ] Jo sophd /¢ dq zs¢ ‘ODDIVD VLLIODOVOIVV.LVOODDIOLY ‘967-ddA AP (dOdJ [PUORUIAUOD ) F1
NOd dq 68  DOLODLLODIVOVOILOVOIOID ‘TECT-LINO (T 1) Jfe uonINIP snagasvand 910N 9§
[¢ez01] xordnmu pue o[3urg da$szr  ‘OOVVILOOLOODLLODLLIODDDODD B0T-LINO (1 3wo) g/ oypads-somadg v puesnavyf Y ¢

,£00DV.LLLIOOVODLOLVIVYD
NA-PIO VVVOVOVYDIOOVYVOOIDOVD
“8-PIO “DVVOV.IVVODOIOVOOODVVLL AS-PIO

VLLLOLODLOODDLVOVVID
NM-PWO ‘DILVOOVVVODLVOVOLLOOD A-PwWwO
[06 T2 W T D5 S dq /8% DO.LVOVOLLOVOODOVOOVID
W T D, 7618 dq 665 “N-10N “OVODOVOIOV.LLOVOLVODOV H-ION
w ] 3o sapid og 4q dq rett HOVOODOILLOLOOVOOIVOL ‘1d-dBV O
PaMO[[Of [D, T4 W T dq z18 ‘DHOVOVOHDLOVOIOVOVOVOILOOD U-UPV onr
Do 093 W T D, 76 dq 00¢ DD LLODOVODIODDOHDDLOVO v (4Od [eUOnUAU0) eI
e w 1] 30 s9pAd g dq 865 WPV ‘ODVVILOVLIOLYVOOVOIODD AWy uon’”Iop 910N] 79§
[cz] NOJxo[dmuendy dq 9zt N1B-[BY “DODLYVOODLLYOLODOVYD ‘A3-(BV sty oyads-sapdg snavyf "y z

HHOVOVOHDLOVOIODVOVOVILOOD
N2 9191010 10N FON 7019191101010 1010 IO NFON AA TN B! (E1-
HHHH LLODDILOVODIVOODIDDOILD
‘WO ‘HYDLVOVOHOOLOVIOOVODIVHOLD ‘[Iwo

[0.Tss 08 dq 0001 DODHYOVIOVOHODHIDOLOV.ILV.ILVOODD (ca/rayy) qayv (unsf>0rewS1LIIs)
“D0 §9 78S 0€ Do $6 dq 6/  ‘TAIDDIOVVVOVOIHOIDDIODOVOIDDDD ‘T4A (¢/11m0) qfr (OJ [eUORUIAUOD ) 4070315434 "y 41
s 0g] Jo sopAd g¢ dq 009 HOOLOVOVOHOLLOOVOODIOODLL (¢/1434) Wifw uond>1p  (UIXOIRYe) s72923250404 "y SION 998
[oz-81] MOd xodnipend) dq 0¥ ‘zrou ‘“OVOHHOLOIOVODDDODOVILODDOV ‘Tiou (¢/110u) apfv oypads-sowads  (urxorege) suawf y I
LLRITEIETE a|yoid jewsdyl  9zis uodydwy (,e< .9 uoibai pajabiep Ressy sa10ads  qu Aessy
/(007) Anamsuag aqoudyared Jawig

16uny Buionpo.id-uixojejje Jo uonaa}ap ay} 10} pasn shesse Yod
I 3|qeL



uond3I9p JO NWI[ (JO'Te

(uewbe ) YOI sndoziy
[00 0938 w 1D, 6 dq ezt IDIVOVOOVOHVIODLOVOD 2qo1d N0 uonesynuenb pue ‘Wi g LT
3e's GT] Jo sapAd oF 8/ [1010191010191010)%910) /010 ) A Ll pue uon’a3op ‘sn[[i8adsy 9JON 77§
[£] MOdb 80 ¢-1=a01T DOVIOLYOLLLODOODHDODD Iwo-7 QU3 7-guto yads-sopadg OIUITIXOILY 9
[0o T2 e 0T (uewber) YOJ-1X
D0 €585 0€ *Do S6 dq 99 HDOODODOOIVOLIOIOL uonesynuenb 91
e S ()¢ ] JO SIPLd 0F wnipruod ‘9qoidiou { 1HO TYOIOHOLIOILVOODIODL pue uonsd319p SnagIsvang ION] 79§

[# ¢l MOdb 1dOT ‘g-burou {1HyyOOHOVOVVODVVOOLD ‘I-beriou QU3 [-tou dypads-sopadg v puesnavif Y S



164 Ali Y. Srour et al.

2.3 Real-Time PCR

7. TBE buffer: 50 mM Tris, 50 mM boric acid, 1 mM EDTA.
8. Thermal cycler, real-time PCR.

9. Gel-loading dye: 60% Glycerol, 60 mM EDTA, 0.3 % bromo-
phenol blue, 0.3 % xylene cyanol, 10 mM Tris—-HCI (pH 7.6).

10. 100 bp Molecular marker.

1. Gene-specific oligonucleotides and/or Tagman probes (see

(qPCR) Quantification Notes 2 and 3).

2. 2x TagMan Universal PCR Master Mix.

3. Optical 96-well PCR plate.

4. PCR clear adhesive seal.

5. SYBR Green reagent.

6. Molecular biology-grade water.

7. Centrifuge.

8. RT-qPCR thermocycler.

9. Quantification program.
3 Methods
3.1 Nucleic Acid Prior to performing PCR, it is crucial to have adequate and good-
Extraction from Food quality DNA to detect and/or quantify mycotoxin-producing
Matrices fungi. A wide variety of methods to extract DNA from different
Contaminated food matrices have been reported in the literature. However, only
with Aflatoxins a few have proven to be efficient and reproducible for the detection

of mycotoxin-producing fungi. The components of fungal cell
walls such as chitin, glucans, and other polymers make them resis-
tant to lysis resulting in low DNA vyield and inefficient DNA puri-
fication. Quality is another concern when extracting DNA from
complex food matrices. In some cases, lysis results in the release of
matrix-associated inhibitors that interfere with cell lysis, degrade
DNA, and reduce PCR sensitivity and efficiency. There is no single
nucleic acid purification method adequate for all food matrices and
all mycotoxin-producing genera. We found the method developed
by Rodriguez et al. [16] to be adequate for the extraction of fungal
DNA in terms of quality and recovery of nucleic acid. This method
can be used to prepare DNA from a wide variety of food matrices
such as ripened foods (ripened cheese), nuts, and grapes. It involves
a combination of thermal disruption of conidia, enzymatic treat-
ment, incubation with Chelex-100 resin, and final extraction with
the EZNA fungal DNA Mini kit.

The steps are as follows:

1. Take 5 g of contaminated foods.



3.2 PCR-
Based Assays

3.2.1 Conventional PCR
Setup Protocol

3.2.2 Quantitative (qPCR)
or Real-Time (RT) PCR
Assays
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2. Homogenize with 10 mL of Tris—-HCI buffer (pH 8.0) in a fil-
ter bag BagPage using a homogenizer for 5 min (see Note 4).

. Transfer the filtrate to a sterile tube.

. Incubate at 95 °C for 10 min (see Note 5).

. Add 50 pL of proteinase K solution.

. Add 40 nL of lyticase solution (see Note 5).

. Incubate at 65 °C for 15 min (see Note 6).

. Add 20 pL of RNase A solution.

. Incubate at 37 °C for 15 min.

10. Add Chelex-100 resin (see Note 7).

11. Incubate at 40 °C for 5 min with shaking (~4 x 4).

O 0 N O Ul W

12. Centrifuge for 5 min an aliquot (1 mL) of each sample at
15,000 x 4.

13. Transter as much as possible of the top aqueous layer to a clean
tube.

14. Proceed to use the EZNA Fungal DNA Mini kit starting by
applying the sample to a HiBind DNA column (step 10, pro-
tocol B).

15. Elute DNA from the EZNA column with 50-100 uL of elu-
tion buffer.

16. Check quality and quantity of DNA (see Notes 8, 9, and 10).
17. Store DNA at —20 °C.

For general PCR and/or qPCR, the DNA to be tested needs to be
quantified and its quality assessed using a nanophotometer. Gel
electrophoresis can also be used to check the quality of the
DNA. For qPCR experiments DNA samples should conform to
MIQE guidelines [16] (see Note 11). The general thermal cycling
profile varies with the type of assay, primers used, and their anneal-
ing temperatures (se¢ Notes 12-17).

Prepare a master mix (for 50 pL reaction) combining the following
(see Notes 18 and 19):

5 pL 10x PCR bulfter, 6 pL. of MgCl,, 4 pL. ANTP mix, 0.5 pL.
of Taq DNA polymerase, 10 pL of 10 mM primer pair mix, and
5 pL containing 10-20 ng template DNA. Finally add up to 50 pL
sterile nanopure water.

This method can be used to prepare standard DNA curves using
known amounts of fungal DNA in qPCR. Fungal DNA from both
aflatoxin- and non-aflatoxin-producing strains of fungi need first to
be extracted from pure cultures. We use a modified protocol with the
PowerLyzerUltraClean Microbial DNA Isolation Kit (see Note 20).
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1. Scrape mycelia off the agar and collect 250 mg of tissue for the
extraction of genomic DNA.

2. Resuspend mycelia in 300 pL. of Micro Bead solution and
transfer to a 0.1 mm glass MicroBead tube.

3. Add 50 pL of lysis solution and heat at 70 °C for 10 min.

4. Secure tubes horizontally on a vortex adapter. Disrupt cells by
vortexing at maximum speed for 10 min (see Note 21).

5. Follow the Power Lyzer DNA kit protocol and elute DNA
with 50 uL. of TE bufter.

6. Adjust extracted DNA to the same concentration for qPCR
assays.

7. For the standard DNA extracted from the reference aflatoxin-

producing fungi, make tenfold dilution series from 1/10 to
1/107 (see Note 22).

For the detection and quantification of aflatoxin producers
belonging to different species and genera of fungi, the assay devel-
oped by Rodriguez et al. [7] is recommended. For species-specific
detection and quantification of A. flavus and/or A. parasiticus,
assays developed by Passone et al. [3] are a good choice (Table 1).
Prepare the qPCR assay for the samples to be analyzed in triplicates
of 25 pL reactions. The no-template control (NTC) (just water),
negative control (aflatoxin non-producer), and standard curve (afla-
toxin-producing fungus) reactions are also prepared in triplicate.
The following qPCR protocol can be used with Tagman probes:

1. Prepare a TagMan master mix (20 pL reaction) which contains
1x TagMan Universal PCR Master Mix, primer, and probe mix
(see Note 23). Vortex and spin down the tube.

2. Add 20 pL aliquot into each well of the 96-well reaction plate.

3. Add 5 pL. of DNA samples, standard DNA (tenfold dilution
series), NTC, and negative control to the appropriate wells (see
Note 24).

4. Seal the plate and centrifuge briefly.
5. Load the plate in the real-time PCR machine.

6. Edit the plate by entering the names of each sample and stan-
dard curve including the concentrations of each standard.

7. Select the right wavelength for the fluorophore of the probe.

8. Run the thermal cycling which includes an initial denaturation
step for 3 min at 95 °C, followed by 40 cycles ot 95 °C for 15 s
and 60 °C for 1 min (se¢ Notes 15 and 17).

9. Use default parameters for Ct determinations (see Notes 25

and 26).

10. Export the quantification data in Excel or csv format.



3.2.3 Target Genes
for Specific Detection
and Quantification

of Aflatoxigenic Strains
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Mycotoxin biosynthesis genes offer a great advantage for the detec-
tion of mycotoxin-producing fungi since many of these genes are
conserved and present within gene clusters that appear to have
undergone horizontal transfer between several species producing
the same toxin. Thus, it the major concern is to identity the pro-
ducers of a specific mycotoxin, regardless of species identity, these
genes would be of great use to design primers and probes specific
to the particular mycotoxin. Many PCR and q-PCR assays were
developed to target aflatoxin-producing fungi and were proven to
be specific and efficient (Table 1). Most assays use a multiplex PCR
in which 3—4 biosynthetic genes are amplified in order to differen-
tiate between aflatoxin- and sterigmatocystin-producing fungi
[17]. Geisen et al. [18] developed an assay (assay 1 in Table 1)
targeting the norsolorinic acid reductase (#zor-1)-encoding gene,
the versicolor in A dehydrogenase (ver-1) encoding gene, the sterig-
matocystin O-methyltransferase (omt-1) encoding gene, and the
aflatoxin regulatory (afIR) gene. The omt-1 gene converts sterig-
matocystin to O-methylsterigmatocystin, and its amplification dif-
ferentiates aflatoxin producers from aflatoxin non-producing
species. Similar assays (assays 1, 2, 3) were developed by Shapira
et al. [10], Criseo et al. [19], and Chen et al. [20]. These assays
were successful in detecting A. flavus and A. parasiticus from other
fungi. Recently Luque et al. [21] developed a uniplex assay (Assay
4) targeting theomst-1 gene for the detection of aflatoxin-producing
Aspergillus spp., Penicillinm spp., and Rbizopus spp. The first real-
time PCR assay (assay 5) to detect aflatoxin-producing fungi was
developed by Mayer et al. [4]. However, this protocol has not been
tested against non-aflatoxin producers. A more reliable qPCR assay
(assay 6) has recently been reported by Rodriguez et al. [7] based
on the omi-1 gene, which is an adequate target for the differentia-
tion between sterigmatocystin and aflatoxin producers.

4 Notes

1. Filter tips are recommended to be used to avoid cross
contamination.

2. Primers and probes should preferably be dissolved in 10 mM
Tris-HCI, pH 7.5 or 0.1x TE.

3. Fluorescent probes are light sensitive and tend to degrade with
repeated freeze-thawing cycles. It is a good practice to make
aliquots of your probe in smaller volume (50-100 pL).

4. Homogenizing in Tris bufter helps release the fungal cells from
food matrices and results in higher fungal DNA recovery,
whereas in methods grinding the total food matrix (in liquid
nitrogen, or dried specimens) the fungal DNA will be under-
represented by DNA coming from food matrix.
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10.

11.

12.

13.

. Incubation at 95 °C helps weaken cell walls and disrupts

conidia. Enzymatic treatment with lyticase is crucial to degrade
fungal cell walls by cleaving the glycosidic bonds of the water-
insoluble cell wall polymer. In addition, proteinase K which is
a serine protease is used to digest contaminating proteins
mainly nucleases which attack nucleic acids.

. Incubation at 65 °C is essential in part to help dissolve the

DNA; on the other hand it is required to inactivate lyticase and
proteinase K.

. Chelex resin is made from polystyrene-divinylbenzenei

minodiacetate material and is used to chelate heavy metals
which inhibit polymerase activity in PCR.

. DNA needs to be quality and quantity assessed using a nano-

drop or a nanophotometer. The ratio of absorbance at 260 and
280 nm is used to assess the purity of DNA. A ratio of ~1.8 is
generally regarded as pure for DNA. A lower ratio may indi-
cate the presence of protein, phenol, or other contaminants.

. Sheared DNA will give higher readings than intact DNA. It is

good to check DNA integrity on a gel to make sure that yields
obtained on nanophotometer (or a spec) are accurate. DNA
can be checked using a standard agarose gel (1% agarose in 1x
TAE gel) stained with GelRed dye and run at 70 V.

Low-yield DNA may be due to extensive shearing or degrada-
tion. Therefore, avoid using contaminated solutions and ali-
quot nanopure water in 1.5 mL tubes instead of using large
containers.

It is recommended to test for PCR inhibition after DNA
extraction since inhibitors affect amplification efficiency and
may result in false negatives or inaccurate measurements of
analyzed samples. To test for inhibition, samples can be spiked
with standard fungal DNA (positive control). PCR efficiency
of samples with and without added fungal DNA can be com-
pared in order to deduce the presence of inhibitors. In case of
significant reduction in efficiency there may be no need to re-
extract or repurify DNA. An alternative would be to dilute
samples to reduce the effect of inhibitors.

Assay 1 is a multiplex conventional PCR using a set of four
primer pairs targeting aflR, aflD, aflM, and Aflp genes of the
biosynthetic pathway in order to differentiate between
aflatoxin-producing and non-producing Aspergillus flavus.
Afla+ strains of A. flavus give a quadruplet banding pattern
marking the presence of all four genes of the aflatoxin biosyn-
thesis pathway.

Assay 2 is a multiplex PCR that was applied to A. flavus iso-
lated from corn grains. The assay targets five genes of the afla-
toxin pathway; when used on both genomic DNA and cDNA
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14.

15.

16.

17.

18.

19.

20.

21.

it can provide a correlation between genes and their expres-
sion. PCR conditions are the same for genomic DNA; ratio of
aflR and aflS is recommended at 1:10 with respect to aflD,
aflO, and AflQ primer sets. Ord-cR and AflJ-cR primers selec-
tively amplify ¢cDNA only. This is the only assay that might
require RNA extraction using TRIZOL (sigma) and ¢cDNA
synthesis.

Assay 3 was designed to detect Afla+ strains of A. flavusand A.
parasiticus on maize kernels; the assay targets three genes in
the aflatoxin biosynthesis cluster (omtl, verl, and AfIR genes).
A complete banding pattern is a marker of Afla+ strains. For
higher sensitivity single PCR can be used to increase the detec-
tion threshold.

Assay 4 is a simple, sensitive, and reliable PCR assay for detect-
ing Afla+ of various species contaminating various food matri-
ces. The assay targets O-methyltransterase gene (omt-1) of the
aflatoxin biosynthetic pathway.

Assay 5 is a high-throughput real-time PCR (qPCR) assay tar-
geting the nor-1 gene of the aflatoxin pathway. It is a sensitive
and rapid assay which was initially developed for stored pea-
nuts but can be used for other food matrices. Recommended
tPrimer/probe ratio is 2:1 for optimal amplification.

Assay 6 is a real-time PCR (qPCR) protocol designed to detect
and quantify Afla+ contaminating a variety of food matrices.
The assay is highly sensitive and specific enough to discrimi-
nate Afla+ from Afla— strains. The assay can be run with Sybr
green as well by using just the primers.

Thaw PCR reagents and DNA prep and keep on ice all the
time.

When setting up a PCR reaction, always start pipetting with
the negative control followed by your samples to analyze and
finish with the positive control to avoid amplicon carryover.

PowerLyzerUltraClean Microbial DNA Isolation Kit from
MoBio is suitable for the extraction and purification of fungal
DNA and can yield high-quality DNA by removing PCR
inhibitors. While other methods and kits are widely used and
available (such as CTAB), this kit provides a rapid, clean, and
high-yield DNA

It is important not to exceed 250 mg of tissue used as it will not
result in more DNA yield. This method combines physical, ther-
mal, and chemical disruption by using glass beads (with vortex-
ing), heating at 70 °C, and using a lysis buffer. Vortex uses less
force in comparison to high-powered bead-beating instruments;
therefore it yields high DNA quality with less shearing.



Tenfold serial dilution of the reference aflatoxigenic producer
can be prepared from 1 ng/pL stock to produce the following
concentrations: 1 ng/pl, 100 pg/pL, 10 pg/uL, 1 pg/pL,
100 tg/pl, 10 fg/pl, and 1 fg/pl.

Optimum primer/probe ratio in qPCR assays varies with type
of fluorophore and quencher used; therefore it is recom-
mended to test a matrix of combinations to find the best work-

Make sure to run all reactions in triplicates including the stan-
dard curve, unknowns, and controls.

The threshold value can be set manually within the exponential
phase of amplification to maximize the efficiency and R?%. A
perfect assay will have a slope of —3.3, meaning that every ten-
fold dilution is 3.3 cycles higher. This is 100% doubling in

PCR efficiency is calculated based on the standard curve; efficien-
cies in the range of 85-115% are considered acceptable, but
90-110% is ideal. In case PCR efficiency falls below these values
consider re-optimizing primer,/probe ratios, changing reaction

conditions, and running a secondary cleaning of your DNA.
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23.
ing ratio.
24,
25.
each cycle.
26.
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Targeting Trichothecene Biosynthetic Genes

Chapter 11

Songhong Wei, Theo van der Lee, Els Verstappen, Marga van Gent,

and Cees Waalwijk

Abstract

Biosynthesis of trichothecenes requires the involvement of at least 15 genes, most of which have been
targeted for PCR. Qualitative PCRs are used to assign chemotypes to individual isolates, e.g., the capacity
to produce type A and/or type B trichothecenes. Many regions in the core cluster (consisting of 12 genes)
including intergenic regions have been used as targets for PCR, but the most robust assays are targeted to
the #743 and #7712 genes. Quantitative PCRs, that work across trichothecene-producing members of the
Fusarium head blight complex, are described along with procedures to quantify the amount of fungal
biomass in wheat samples. These assays are directed to the chemotype(s) present in field samples and quan-
tify the total fungal biomass of trichothecene-producing fungi, irrespective of their genetic identity.

Key words Trichothecenes, PCR, Quantitative PCR

1 Introduction

Fusarium species produce two types of trichothecene mycotoxins,
namely type A trichothecenes, like T-2 and HT-2, and type B
trichothecenes such as deoxynivalenol (DON) and nivalenol
(NIV). In the toxin profile of most Fusarium strains also acetylated
versions of both DON (3ADON and 15ADON) or a di-acetylated
version of NIV (4,15-diANIV) can be found. The biochemical
pathways leading to these compounds have been the subject of

multiple studies over several decades (e.g.

,[1-3]). Most enzymatic

steps have been elucidated in the pathways leading to the final
products, T2-toxin and HT2 toxin (type A), and deoxynivalenol
and nivalenol (type B) and the corresponding genes have been
identified. The genes concerned with trichothecene production are
largely clustered in the genome of producing organisms. These
genes and corresponding transcription factors are located at three

different regions in the genome [1, 4, 5]:

a tr¢101 locus is situated

on chromosome IV in the reference genome of F. graminearum
strain PH-1; a two-gene locus consisting of #7421 and #7216 located

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,

DOI 10.1007/978-1-4939-6707-0_11, © Springer Science+Business Media LLC 2017
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on chromosome I and a 12-gene cluster, also known as the core
trichothecene cluster, that encodes most of the enzymatic steps
leading to the final mycotoxins (se¢ Table 1 and Fig. 1) is found on
chromosome II.

Individual isolates are typically capable of producing only one
of these trichothecenes, either type A or type B, and only one of the
acetylated derivatives, ¢.g., 3ADON or 15ADON [6]. Because of
the different toxicological properties of each of these mycotoxins,
there is demand for assays that can identity which toxins are pro-
duced. Hence, many of these core cluster genes have been targeted
for PCR-based identification of the chemotype of the fungal isolate.

Table 1
Genes of the core trichothecene cluster and their function

Cluster gene Predicted function

TRI8 Trichothecene-3- O-esterase

TRI7 Trichothecene-4-O-
acetyltransferase

TRI3 Trichothecene-15-O-
acetyltransferase

TRI4 Trichodiene oxygenase

TRI6 Transcription factor

TRI5 Trichodiene synthase

TRI10 Regulatory gene

TRI9 Unknown

TRI11 Isotrichodermin 15-oxygenase

TRI12 Trichothecene efflux pump

TRII13 Calonectrin 4-oxygenase

TRI14 Virulence factor

Fig. 1 Structural organization of the core trichothecene cluster, containing 12 Tri
genes. The predicted function of each of these genes is listed in Table 1. In NIV-
producing isolates all genes are functional, but several deletions and/or inser-
tions in tri7 and tri13 (indicated by the symbols A and y at these loci) lead to
functional inactivation of these genes and 3ADON or 15ADON are the final pro-
ductions on the mycotoxin synthesis
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The genes 77 and tril3 were targeted because their gene products
are involved in production of DON vs. NIV [7-9]. Both genes
encode functional enzymes in NIV-producing strains, while in
DON producers multiple mutations and /or deletions occur in #7:7
and in #7413, rendering the gene products nonfunctional, which
ultimately leads in a failure to produce NIV. These Tri7 and Tril3
PCRs work well in most strains of F. graminearum, but results from
other species were less conclusive. Therefore many other genes in
the trichothecene core cluster have been used as target for chemo-
type discrimination in Fusarium; for example Zhang et al. [10]
developed a discriminatory PCR based on #7211 sequences that
could discriminate NIV, 3ADON, and 15ADON producers within
the Fusariwm graminearum species complex. However the most
frequently used chemotype-specific PCRs are based on the #7743
gene and the #7212 gene [11, 12]. The primers in these assays always
generate a PCR product with DNA from any of the type B-producing
Fusarium species. The size of the product will indicate the chemo-
type of the isolate (see also Table 2). A combination of both genes
will also make the assay more robust as the results from the #7:3
gene must be in agreement with the results from the #7712 gene (as
demonstrated in Fig. 2). The #7i12 gene was also targeted for qPCR
based on TagMan technology that allowed detection of several of
the tested B-clade species [13]. This assay allowed for the detec-
tion/quantification of 3ADON, 15ADON, and /or NIV producers
in single wheat seeds, which showed reasonable correlation with
quantity of fungal biomass [13].

However, independent analyses on two different targets also
add to the robustness of the assay, because both reactions should
deliver the same outcome.

Table 2
Primers used for the generation of Tri3- or Tri12-specific amplicons

Primer Sequence Amplicon length*
3_CONS TGGCAAAGACTGGTTCAC n.a.

3_NIV_F GTGCACAGAATATACGAGC 840 bp
3_15ADON_F ACTGACCCAAGCTGCCATC 610 bp
3_3ADON_F CGCATTGGCTAACACATG 243 bp
12_CONS CATGAGCATGGTGATGTC n.a.

12_NIV_F TCTCCTCGTTGTATCTGG 840 bp

12_15ADON_F TACAGCGGTCGCAACTTC 670 bp
12_3ADON_F CTTTGGCAAGCCCGTGCA 410 bp

“Length of the amplicon after PCR in combination with the conserved primers 3_
CONS or 12_CONS
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Fig. 2 Differentiation of isolates according to chemotype. PCR fragments of specific sizes are generated,
depending on the chemotype of the isolate. In a Tri3-specific PCR, 3ADON, 15ADON, and NIV producer frag-
ments of 243, 610, or 840 bp, respectively, are obtained. In a PCR directed to the Tri12 alleles, PCR fragments
of, respectively, 410, 610, or 840 bp are generated (see Note 10)

2 Materials

2.1

2.2

2.3

24

Fungal Cultures

Freeze-drying

Grinding

DNA Extraction

All solutions should be prepared using ultrapure water, ¢.g., MilliQ
water. Pre-PCR reagents should be handled in a clean room well
separated from any post-PCR activities. To avoid cross-
contamination use “PCR-grade water” when for dilution of stocks
and working solutions of oligonucleotides. PCR reagents and oli-
gonucleotides should be stored at —20 °C and butffers at 4 °C.

Monospore cultures of Fusarium strains (sec Note 1).

Potato dextrose agar and potato dextrose broth for cultivation of
isolates.

Christ Epsilon 1-4 LSC.

Chrome steel beads of 3.2 mm.
TissueLyser II.
TissueLyser adapter set for 96-well plates.

Home-made press to ensure that caps do not open during
handlings.

Sbeadex Maxi Plant.
RNase A (8 mg/mL).



2.5 Seed Inoculation
of Wheat Seeds
with Fungal Spores

2.6 DNA Extraction
from Wheat

2.7 Quantification
and Quality Control
of DNA

2.8 Amplification

2.9 Primers

2.10 Gel
Electrophoresis

2.11 Software/
Websites
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Ultrapure water.

KingFisher Flex

KingFisher Flex MicrotiterDeepwell 96 plate, V-bottom.
KingFisher 96 tip comb for DW magnets.

KingFisher 96 KF microplate (200 pL).

Sealing tape.

Seeds of a organically grown wheat cultivar.

Inoculum suspension of fungal spores.

Grinding Machines

1. Peppink model 200AN milling machine with 1 mm sieve
(http://peppink.com/en/grinders/peppink-an-grinders/
peppink-200-an/).

2. Retsch MM200 with 25 mL stainless steel grinding jars http: //
www.retsch.com /products/milling /ball-mills /mixer-mill-
mm-200 /function-features/) and 15 mm stainless steel balls;
this machine is also available from Qiagen as TissueLyser 11
(https://www.qiagen.com/nl/products/catalog/
automated-solutions/sample-disruption /tissuelyser-ii).

TecanInfinite M200PRO.
PicoGreen assay (cat. no: P7589).

Prepare 1x TE buffer (10 mM Tris—-HCIL, 1 mM EDTA, pH 7.5)
from the 20x TE stock, which is supplied in the PicoGreen kit (to
make 50 mL, add 2.5 mL of 20x TE to 47.5 mL sterile distilled
DNase-free water). 50 mL is sufficient for 250 assays.

Black microplate 96 wells (cat. no: 655076 Greiner Bio-One).

PCR machine: Applied Biosystems Verity 96-well Thermal Cycler.

qPCR machine: Applied Biosystems 7500 Real-Time PCR System
(96 wells); BioRad CFX 384 (384 wells).

Primers used for the chemotype determination are listed in Table 2
and the primers for the real-time qPCR can be found in Table 3.

Tris borate buffer (TBE) as running buffer 10x bufter.

Visual OMP http://www.dnasoftware.com/.

CLC main workbench http://www.clcbio.com/products/
cle-main-workbench /.

NCBI http://www.ncbi.nlm.nih.gov/.
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https://www.qiagen.com/nl/products/catalog/automated-solutions/sample-disruption/tissuelyser-ii
https://www.qiagen.com/nl/products/catalog/automated-solutions/sample-disruption/tissuelyser-ii
http://www.dnasoftware.com/
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Table 3

Primers and probes for quantification of chemotypes

1 Fw_TRI3_F AAGAACCTGAGCCCTCCAGTC
2 NIV TRI3_R GGCCACAAGAGCGCTCG
3 NIV TRI3 probe TGCCAAGAGTACTCACGTC
4 3ADON_TRI3_R GCCGGAACATCAACTCACATAG
5 3ADON_TRI3probet AGTTGGACATCAGCACTCT
6 15ADON_TRI3_R ATGAAGTCGGAATATCAACTCACATAA
7 15ADON_TRI3probe? AGTTGGACGTAAGCACTCT
12 NIV_TRI12_F TGTGCCTGATGAGATGGAACAC
13 NIV_TRI12_NIV GGATGACAGCGACTGCCTC
14 NIV_TRI12probe? CCCAGAATCATCACACCAGT
15 3ADON_TRII2_F CCACAGAGCCCCGACGA
16 3ADON_TRII12_R ATGGATGACAGCAACTGCCTC
17 3ADON_TRII2probe AGATGAAACACGTTGCC
18 15ADON_TRI12_F GCAAGTATTTGCCAGCGGATAT
19 15ADON_TRII2_R ATGACAGCGACTGCCGC
20 15ADON_TRI12probe® ATGGAACAAGTTTCCCAGAAC
“Probes have minor groove binding properties (MGB probes) and are labeled with both FAM dye and non-fluorescent
quencher
3 Methods

3.1 DNA Extraction
from Fungal Tissue

3.1.1  Mini Method
Sbeadex Kit for DNA
Extraction in KingFisher

Mycelium is grown in liquid medium and harvested on sterile filter
paper.

Small amounts of mycelium are put in the Qiagen strips and
freeze-dried.

Put 10 mg freeze-dried mycelium per collection microtube and
add two chrome steel beads. Close the tubes with the caps. Place
the rack (without the lid) in the TissueLyser adapter, balance a
second rack, and bead beat both racks during 20 s at a frequency
of 30 strokes/s. Change the orientation of the racks and bead beat
again. Spin the powder in the racks down in the centrifuge.

Add 300 pL lysis buffer with 0.5 pl. RNase (2 mg/mL) using a
dispenser and close the caps.

Bead beat for 30 s at a frequency of 30/s. Then change the orien-
tation of the plate and bead beat another time. Close the tubes



3.1.2 DNA Extraction
from Wheat

3.1.3  Mini Method
Sbeadex Kit for DNA
Extraction in KingFisher
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with the caps. Place the rack (without the lid) in the TissueLyser
adapter, balance a second rack, and bead beat both racks during
20 s at a frequency of 30/s. Change the orientation of the racks
and bead beat again (if necessary, spin the tubes in the centrifuge
(1 min at 1650x4)).

Place the tubes, rack in the “flower” press, and tighten the nuts to
prevent popping off the caps during incubation at 65 °C in a water
bath for 30 min (see Note 2).

Fill the plates as follows:

Plate 1  Deepwell plate 120 pL Binding buffer
Plate 2 Deepwell plate 200 pL. Wash buffer 1
Plate 3  Deepwell plate 200 pL Wash buffer 2
Plate 4  Deepwell plate 200 pL. MQ water
Plate 5 96-Well plate 70 pL Elution buffer

After 30-min incubation at 65 °C in a water bath spin the tubes in
the centrifuge (5 min, 1650 xg).

Then take 50 pL supernatant from the tubes and pipette it to plate 1.

Finally add 10 pL Sbeadex particle suspension in plate 1. Make
sure that the particles are very well suspended before pipetting.

Switch on the KingFisher machine.

Select the second tab (person icon) in the screen, OK, select DNA/
RNA (protocol selection), OK, and select the mini protocol. Press
START (several times) and the machine tells you which plate you
have to place on each position. When all plates are in their right
position the machine starts automatically with the DNA isolation.
It takes about 30 min.

Freeze-dry the kernels in Christ Epsilon.

Grind kernels using sieve mesh 1 mm (200AN mill) or Retsch
MM200 with 2 balls/jar.

Put 20 mg milled seeds per collection tube and add two chrome
steel beads.

Add 10-20 mg freeze-dried wheat material into the Qiagen tube.

Put the 96 collection microtubes in the blue rack.

Add 300 pL lysis buffer with 0.5 pL. RNase (2 mg/mL) using a
dispenser and close the caps.

Bead beat for 30 s at a frequency of 30 strokes/s. Then change the
orientation of the plate and bead beat another time. Close the
tubes with the caps. Place the rack (without the lid) in the
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3.2 (Quantification
and Quality Control
of DNA

TissueLyser adapter, balance a second rack, and bead beat both
racks during 20 s at a frequency of 30 strokes/s. Change the ori-
entation of the racks and bead beat again (if necessary, spin the
tubes in the centrifuge (1 min 1560x4)).

Place the tubes and rack in the “flower” press and tighten the nuts
to prevent popping off the caps during incubation at 65 °C in a
water bath for 30 min (see Note 2).

Fill the plates as follows:

Plate 1 Deepwell plate 120 pL Binding buffer
Plate 2 Deepwell plate 200 pL. Wash buffer 1
Plate 3 Deepwell plate 200 pL Wash buffer 2
Plate 4 Deepwell plate 200 pL MQ water
Plate 5 96-Well plate 70 pL Elution buffer

After 30-min incubation at 65 °C in a water bath spin the tubes in
the centrifuge (5 min, 1650 x4).

Then take 50 pL supernatant from the tubes and pipette it to plate
1. Finally add 10 pL Sbeadex particle suspension in plate 1. Make
sure that the particles are very well suspended before pipetting.

Switch on the KingFisher machine.

Select the second tab (with the person) in the screen, OK| select
DNA/RNA (protocol selection), OK, and select the mini proto-
col. Press START (several times) and the machine tells you which
plate you have to place on each position. When all plates are in
their right position the machine starts automatically with the DNA
isolation. It takes about 30 min.

Turn on the fluorescence plate reader at least 10 min before read-
ing results. Use the following settings to read the PicoGreen
results:

Wavelength /bandwidth
Excitation ~480 nm
Emission ~520 nm

Dilute DNA standards from 100 to 0.1 pg/mL with 1x TE.

Prepare the standard curves in [part of] a microtiter plate as shown
in the scheme below:



3.3 Chemotype PCR
on Tri3 (and Tri12)
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Standards Unknown samples

A B

1 100 Sample A
2 10 Sample B
3 1 Sample C
4 0.1 Sample D
5 Water Sample E
6 = Sample F
7 - Sample G
8 = Water

For each unknown, add 1 pL of sample to 99 pL of 1x TE in the
black microplate well. Mix by pipetting up and down.

Prepare a 1:200 dilution of the PicoGreen reagent in 1x TE. For
each standard and each unknown sample, a volume of 100 pL will
be needed. For examples, two standard curves with eight points
each will require 1.6 mL. To calculate the total volume of diluted
PicoGreen reagent needed, determine the total number of samples
and unknowns you will be testing and multiply this number by
100 pL (if using a multichannel pipet, make extra reagent). The
PicoGreen reagent is light sensitive and should be kept wrapped in
foil while thawing and in the diluted state. Vortex well.

Add 100 pL of diluted PicoGreen to every standard and sample.
Mix by pipetting up and down.

Cover the microtiter plate with foil and allow to incubate at room
temperature for 2-5 min.

Read the plate (without cover) in the Tecan (Infinite M200 pro).

Generate a standard curve using the values of the standards and
determine the concentrations of DNA in the unknown samples.

Prepare PCR mixes for either Tri3 or Tril2 amplification. These
mixes contain 1 pL. each of all for Tri3 primers, dNTPs, and Taq
polymerase.

Pipetting Schedule
PCR reaction (25 pL): Master mix 23 and 2 pL target (10 ng/pL).

Mastermix per reaction 1 reaction (pL) Final conc.
Roche PCR buffer (2x) 2.5 1x
dNTDPs (5 mM) 0.25 50 uM

Common primer (3CON or 12 CON) 1.0 200 nM
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3.4 Primer Design

3ADON primer (3D3A or 12D3F) 1.0 200 nM
15ADON primer (3D15A OR 12D15F) 1.0 200 nM
NIV primer (3NA OR 12NF) 1.0 200 nM
Roche Taq polymerase 5U /pLL 0.15 0.75U
Water 16.1
Subtotal 23
DNA solution 2
Total 25
PCR conditions
Stage/step Temp. (°C) Time Repeat
1 95 2:00
2/1 95 0:30 25x%
2/2 52 0:30
2/3 72 1:00
3 10 S

Run 5 pL (or 20% of the sample) of the amplification mix on aga-
rose gel (1%, bufter) along with size markers, or amplicons of iso-
lates with known chemotype (see Fig. 2).

1.

Retrieve DNA sequences from NCBI http://www.ncbi.nlm.
nih.gov/ by using the advanced search option using trichot-
hecene gene cluster[ Title] as query (on April 21st, 2015 this
resulted in 41 hits). These accessions contain the majority of
the genes in the core trichothecene gene cluster (see Fig. 1).

. Import the sequences in CLC main workbench http://www.

dnasoftware.com/ and trim the sequences for #7:3 according
to the annotations in the NCBI accessions.

. Group the sequences according to the chemotype of the cor-

responding strain (see Note 3).

. Scan the sequences for SNPs that are present in ALL15ADON-

producing isolates AND absent in both ALL 3ADON and
ALL NIV producers (see Fig. 3).

. Among 15ADON producers the sequence variation is very

low, 3ADON producers show some variation in the #43
sequence, and NIV producers show the highest degree of vari-
ation (see Note 4).

. Primers and probes should be designed on the basis of the

observed SNDPs.
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Fig. 3 Alignment of [part of] the i3 gene of accessions AY102567-AY102605 from NCBI (http://www.nchi.nim.
nih.gov/) arranged according to the chemotype of these isolates from the Fusarium graminearum species

complex (see Note 9)

7.

10.

11.

3.5 Protocol 1.

for Real-Time
(TagMan) PCR

Several additional criteria must be considered for primer and
probe design:

(a) Limited spacing between forward and reverse primer
(preferably less than 100 bp).

(b) (Absence of) secondary structure formation.

(c) (Absence of) cross-hybridization with non-targets (see
Note 5). Generally this will mean that primers and probe
should be designed to work optimally at 60 °C (see Note 6).

. Forward primer, 5'-AAGAACCCTCCAGT-3’, is common to

all three chemotypes and can be used for all trichothecene-
producing Fusarium isolates (see Fig. 3).

. Design reverse primers to accommodate specificity between

3ADON, 15ADON, and NIV  producers, e.g.,
5’-ACTGACCCAAGCTGCCATC-3’" tfor 15ADON produc-
ers, 5'-CGCATTGGCTAACACATG-3’ for 3ADON produc-
ers, and 5-GTGCACAGAATATACGAGC-3' for NIV
producers (see Note 7).

Use OMP software http://www.dnasoftware.com/ to scan
primer and probe combinations for melting temperature and
hybridization efficiency.

Table 4 illustrates that the probe p_TRI3_NIV has almost tull
hybridization at 60 °C with NIV target, while the same probe
shows no hybridization with the 3ADON target and very lim-
ited hybridization with 15ADON targets.

Select isolates from the Fusarium graminearum species com-
plex, FGSC, with known (se¢ Notes 3 and 4) or unknown
chemotype.


http://www.dnasoftware.com/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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Table 4

Hybridization properties of primers and probe as predicted by Visual OMP

Probe

p_ TRI3_NIV
p_ TRI3_3ADON
p_ TRI3_15ADON

Tri3 target

NIV 3ADON 15ADON

Tm (°C) Hyb (%) Tm (°C) Hyb (%) Tm (°C) Hyb (%)
68 98.3 15 0 33 1

27 1 70 97.3 55 12

23 2 59 48.2 68 97.3

2. Prepare reaction mixes for 96-well format or 384-well format
(see Note 8).

3. To detect Fusarium use 1 pL. DNA in 96-well format. AB7500
Machine.

Pipetting Schedule

Real-time (TagMan) PCR reaction (25 pL): Mastermix 24 and
1 pL target.

Mastermix per reaction 1 reaction Final conc.
TaKaRa mastermix (2x) 12.5 uL 1x

ROX II 0.25 uL.

Forward primer (5 pM) 1.5 L 300 nM
Reverse primer (5 pM) 1.5 pL 300 nM
Probe (5 pM) 1.5 pL 100 nM
Water 7.75 pL

Subtotal 24 L

DNA solution 1 pL

Total 25 pL

ROX IT is included for normalization (see Note 10)

PCR conditions:
Stage/step Temp. (°C) Time Repeat
1 95 5:00
2/1 95 0:15 40x

2/2 60 1:00
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Ct
16D1(NIV) ND
31F1(3ADON) 20.92
68D2(15ADON) ND
bfb0082_1(3ADON) | 20.56
bfb0982_1(NIV) ND
CHO024b(15ADON) ND
SVP 8906(3ADON) | 20.63

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Cycle

Fig. 4 Amplification curve of 3ADON-producing £ graminearum, F. asiaticum, and F. culmorum isolate, using a

3ADON-specific primer/probe combination based on the #ri3 gene (see Notes 11 and 12)

Start Applied Biosystems 7500 software, click Experiment
Properties, and enter the experiment name. Click Plate Setup, and
assign targets (dye) and samples. Click Run Method, and edit reac-
tion volume and thermal profile. Load the reaction plate into the
instrument and start the run after saving.

Analyze the data by opening the 7500 software and click Analysis.
The analysis is performed automatically using the threshold (see

Fig. 4).

To detect Fusarium in plant material use 5 pL in 384-well format.
CFX384 Machine (BioRad) Replace ROX II with additional water
when working with equipment from BioRad (see Note 10).

Pipetting Schedule

Real-time (TagMan) PCR reaction (15 pl): Mastermix 10 and

5 pL target.

Mastermix per reaction
TaKaRa mastermix (2x)
ROX II

Forward primer (5 pM)
Reverse primer (5 pM)

Probe (5 pM)

Water

Subtotal

DNA solution

Total

1 reaction (pL)
7.5

0.15

0.9

0.9

0.3

0.25

10

5

15

Final conc.

1x

300 nM
300 nM
100 nM
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3.6 Preparation
of Mung Bean Medium

3.7 Preparation
of Spore Suspensions

3.8 Protocol
for Real-Time
(TagMan) PCR
on Wheat Samples

PCR conditions
Stage/step Temp. (°C) Time Repeat
1 95 2:00
2/1 95 0:10 40x
2/2 60 0:30

Open Bio-Rad CEX Manager software, select required protocol,
and make necessary changes for volume, cycling steps, and plate
read. Choose the scan mode, and quick plate 384 SYBR/FAM
only or all channels. Save plate file and start run. Analyze the data
automatically using Cq Determination mode Regression starting
from cycle 5 (see Note 13).

40 g of mung beans are added to a beaker with 1 L of water, pre-
heated to 100 °C. Continue heating this mixture for an additional
period until the first skins are released from the beans. Pour the
mixture over a funnel coated with cheesecloth to collect the fil-
trate. Aliquot the liquid into smaller vessels and autoclave for
15 min at 121 °C.

Inoculated mycelium plugs into mung bean medium and incubate
for several days at 25 °C in a rotary shaker at 120 RPM. Add spores
to the wheat kernels in a Erlenmeyer flask and rotate flask to mix
spores and kernels well. Continue incubation for 2—4 days at 25 °C
and rotate flask to mix kernels daily.

Grind wheat samples (artificially infected with Fusarium isolates of
different chemotypes in Peppink milling machine with a 1 mm
mesh sieve).

Also grind another batch of seeds by bead beating for 3 min at
maximal intensity using 2 balls of 15 mm.

Both methods will result in powders with different levels of coarse-
ness, the Peppink milling results in a fine powder, while the ball
beating leads to a very fine powder.

Prepare qPCR mixes for 16 reactions as above, using DNA
extracted from 8 x 20 mg of each powder, and perform reactions as
above in TagMan machine.

With the fine powder from the Peppink machine milling amplifica-
tion curves will be obtained that show some variation in the CT,
while the very fine powders from the bead beating show almost no
variation in CT (see Fig. 5).
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Detection of Fusarium in wheat seeds with TagMan

Amplification Plot

CT~28-32 . CT~30-32

 £r

Coarse powder: more variation Fine powder: less variation

Fig. 5 Reproducibility of amplification curves obtained with DNA extracted from powders generated by milling
in a Retch milling machine resulting in coarse powders (leff) or by bead beating at full speed with two beads
(3 mm) for 3 min that generates fine powders

4 Notes

. Test isolates used in this study are listed in Table 5.

. Mark the position of the collection tubes in the rack on the

tubes so that you will never be puzzled about the original
order of the samples.

. PCR costs can be calculated via worksheets available at http: //

splice-bio.com/costs-of-your-next-qpcr-experiment,/.

. NRRL strains can be obtained at ARS Culture collection

http://nrrl.ncaur.usda.gov/cgi-bin /usda/process.html?mv_
doit=return&mv_nextpage=mold%2fnrrl&mv_
click=nrrl&query_type=nrrl or at the CBS-KNAW Fungal
Biodiversity Centre (http://www.cbs.knaw.nl/Collections/
Biolomics.aspx?Table=CBS%20strain%20database).

. Chemotype of NRRL isolates can be found in O’Donnell et al.

[14].

. The high sequence variation found in NIV producers suggests

that NIV producers form the ancestral chemotype. This is in
agreement with the notion that NIV-producing isolates form
the endogenous population in China, while DON producers
(both 3ADON and 15ADON) are displacing this original pop-
ulation [10, 15].

. Note that the reverse primers for 3ADON, 15ADON, and

NIV are designed to detect these three genotypes, irrespective
of the species that harbors these alleles.


http://splice-bio.com/costs-of-your-next-qpcr-experiment/
http://splice-bio.com/costs-of-your-next-qpcr-experiment/
http://nrrl.ncaur.usda.gov/cgi-bin/usda/process.html?mv_doit=return&mv_nextpage=mold/nrrl&mv_click=nrrl&query_type=nrrl
http://nrrl.ncaur.usda.gov/cgi-bin/usda/process.html?mv_doit=return&mv_nextpage=mold/nrrl&mv_click=nrrl&query_type=nrrl
http://nrrl.ncaur.usda.gov/cgi-bin/usda/process.html?mv_doit=return&mv_nextpage=mold/nrrl&mv_click=nrrl&query_type=nrrl
http://www.cbs.knaw.nl/Collections/Biolomics.aspx?Table=CBS strain database
http://www.cbs.knaw.nl/Collections/Biolomics.aspx?Table=CBS strain database
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Table 5

Chemotypes of the isolates used in this study

Isolate

code Species Toxin? TRI3® TRI12° Origin Year Host

16D1 E. graminearum NIV NIV NIV The 2000 Wheat
Netherlands

31F1 E. graminearum 3ADON 3ADON 3ADON  The 2000 Wheat
Netherlands

68D2 E. graminearum 15ADON 15ADON 15ADON The 2001 Wheat
Netherlands

btb0082_1 F. asiaticum DON 3ADON 3ADON  China 2005 Barley

bfb0982_1 F. asiaticum NIV NIV NIV China 2005 Barley

CHO024b  F. asiaticum 15ADON 15ADON 15ADON China 2002 Wheat

SVP 8906 F. culmorum

Unknown 3ADON 3ADON  Switzerland Unknown Wheat

*Chemotype based on chemical analysis
*Chemotype according to PCR on #43 and #7412 genes

8.

10.

11.

12.

13.

Compatibility with other qPCRs is recommended, because this
decreases handling time in screening large numbers of
samples.

. The sequence variation of the NIV alleles is so high that it was

only possible to design a reverse primer in a target region
showing an SNP among NIV producers. The same is true for
the probes for 3ADON and NIV.

ROX Reference Dye is included in real-time quantitative PCR
or RT-PCR equipment from Life Technologies. It normalizes
for non-PCR-related fluctuations in fluorescence and provides
a stable baseline for multiplex quantitative PCR and RT-
PCR. See TagMan® Protocol (https://www.lifetechnologies.
com/order/catalog/product,/12223012).

The patterns for Tri3 (upper panel) and Tril2 (lower panel)
are nearly identical. The only difference between both gels is
the distance between the different bands.

Positive or negative result is based on the cycle threshold (CT)
value, e.g., the number of cycles needed for the sample gener-
ate a signal that exceeds the threshold. The CT value is calcu-
lated by an algorithm that is integrated in the software of the
PCR machine.

A positive or negative result is based on the regression starting
at cycle 5. The Cq value is calculated by an algorithm that is
integrated in the software of the PCR machine.


https://www.lifetechnologies.com/order/catalog/product/12223012
https://www.lifetechnologies.com/order/catalog/product/12223012
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Chapter 12

Targeting Ochratoxin Biosynthetic Genes

Antonia Gallo and Giancarlo Perrone

Abstract

The pathway of ochratoxin A (OTA) biosynthesis has not yet been completely elucidated. Essentially, two
kind of genes have been demonstrated to be involved in the biosynthesis of OTA. One of them is the nrps
gene encoding a non-ribosomal peptide synthetase (NRPS) which catalyzes the ligation between the iso-
coumarin group, constituting the polyketide group of OTA molecule, and the amino acid phenylalanine.

Here we describe a conventional PCR method developed for the detection of OTA-producing molds
belonging to Penicillium and Aspergillus genera by Luque et al. (Food Control 29:270-278, 2013). This
method is based on the OTA n#ps gene of Penicillium novdicum. It produces a specific amplicon of 459 bp
and its functionality in naturally infected samples was also demonstrated.

Key words Ochratoxin A, PCR detection, Biosynthetic gene, n7ps, Food commodities, OTA-
producing molds, Aspergillus and Penicillium genera

1 Introduction

Polymerase chain reaction has been widely applied in diagnosis of
OTA-producing molds in food raw material and in processed food
and feed. A great number of PCR primers have been developed in
conventional and real-time PCR applications for detection of OTA
producers. Most of them have been targeted to anonymous
genomic markers, such as AFLP and RAPD markers, or genetically
defined sequences, such as ribosomal RNA, calmodulin, and
B-tubulin genes [1-3].

For a complete quality control and a quantitative estimation of
contamination in order to rate the hazard associated to a food sam-
ple, the availability of molecular assays developed on OTA biosyn-
thetic pathway genes seems to be more appropriate and convenient
for their direct relation to the hazard. Diagnostic assays based on
the presence of mycotoxin biosynthetic genes support the risk
assessment linked to the presence of fungi responsible of myco-
toxin production. For this purpose, a detailed knowledge of the
molecular aspect of biosynthesis pathway is necessary.

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_12, © Springer Science+Business Media LLC 2017
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Until recently, the OTA biosynthetic pathway was almost com-
pletely unknown. Initially, a polyketide synthase (PKS) was postu-
lated to be involved in the biosynthesis of OTA at the first step of
the pathway for the formation of isocoumarin portion as penta-
ketide moiety of toxin molecule. Firstly, the gene encoding the
PKS responsible of this biosynthetic step was identified in P. nordi-
cum [4] and A. ochracens [5]. Thereafter, OTA PKS have been
characterized also in other producing fungi such as A. westerdijkine
[6], A. niger [7], P. verrucosum [8], and A. carbonarius [9]. With
the identification of this key gene, there has been a rapid develop-
ment of PCR assays based on primers designed on pks sequences.
As most of the secondary metabolite biosynthetic genes in fungi
are organized in cluster, for example aflatoxins, fumonisins, and
trichothecenes, also OTA genes are grouped in defined genomic
region which have been identified in A. carbonarius and A. niger,
following their genome sequencing. Also in P. nordicum the group
of Geisen [4, 10] has identified a partial cluster containing genes
coding proteins likely involved in the biosynthesis process. Another
important key enzyme is the peptide synthetase catalyzing the
bond between the polyketide residue and the phenylalanine to
result in OTA as the toxic end product. Non-ribosomal peptide
synthetases (NRPS) involved in the biosynthesis of OTA have been
identified in P. nordicum [4] and A. cavbonarius [11]. At the
moment, OTA pksand »n»psare the most important genes on which
investigation has been focused because of their strategic roles in
the biosynthetic mechanism that is not yet completely clarified.
Other genes are likely to be involved such as an oxidase, a chloro-
peroxidase, maybe genes coding transporters, other than regula-
tory genes and fungal transcription activators; all of them are under
investigation or are to be yet identified.

Polyketide synthases and NRPSs are multidomain enzymes
consisting of characteristic functional domains, which are usually
present in the structure of the enzymes of different origins. Most
of the filamentous fungi present a great number of pks and nrps
genes that are involved in the biosynthesis of several fungal second-
ary metabolites, as has become clear from the recent genome
sequencing studies. Because of this, primers targeting functional
domains always present in the protein structures of these enzymes,
like B-ketosynthase (KS) and acyl-transterase (AT) domains in PKS
and adenylation (A) and condensation (C) domains in NRPS,
require special attention in the design in order to avoid amplifica-
tion of unspecific PKSs and NRPSs. These could be related to the
production of other secondary metabolites different from the toxin
under investigation.

Since the first elucidation of molecular aspects of OTA biosyn-
thesis, several PCR diagnostic assays targeting OTA biosynthetic
genes have been developed. Most of them were species specific or
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able to detect species belonging to the same genus, such as
Penicillium in the case of systems described by Geisen et al. [12]
and Bogs et al. [13] based on the OTA pks and /or nrps of P. nor-
dicum, or A. nigeraggregate in the real-time PCR system described
by Castella and Cabanes [14] based on the OTA pks of A. niger. A
method capable of detecting OTA-producing organisms regardless
of their genus and species could be more helpful and convenient
for the assessment of contamination risk in the field of food safety.
In this regard, Rodriguez and coworkers [15] developed two pro-
tocols of real-time qPCR based on SYBR Green and TagqMan,
whose primers and probes were designed from OTAnpsPN, the
nrps gene involved in OTA biosynthesis in P. nordicum. They
allowed detection of all the tested OTA-producing strains from
genera Penicillium, Aspergillus, and Emericelln. The same research
group realized a simple, specific, and sensitive method based on
conventional PCR able to detect ochratoxigenic molds in foods
[16], with an approach more rapid and less laborious than other
molecular methods. In particular, by using a primer pair designed
on the sequence of OTAnpsPN by Bogs et al. [13], amplified prod-
ucts were obtained in some OTA-producing strains (Aspergillus
and Penicillium). The sequences of these amplicons showed a simi-
larity upper than 99 % with the OTAnpsPN sequence. A primer pair
(F1OT/R10OT) designed on the conserved regions of the aligned
sequences was able to produce a single specific amplicon of the
expected size of 459 bp in all the tested OTA-producing strains,
while none of the non-ochratoxigenic reference strains gave a posi-
tive result with this primer pair. Sensitivity of this protocol in the
detection of OTA-producing molds was established in pure culture
(25 pg of mold DNA), and on artificially inoculated food matrices
with a detection limit ranging between 10% and 10* cfu/g, depend-
ing on the tested food matrix, with the lowest value of sensitivity
found in almond and walnut. The capacity of the designed PCR
protocol for detecting ochratoxigenic molds in naturally infected
food sample (dry-cured ham, paprika, and wheat semolina) was
also evaluated. An assay about the inhibition from the food com-
ponents was carried out showing that they had a low influence on
the method sensitivity. This chapter describes the abovementioned
PCR method using primer pair F1OT/R10OT; this method also
contemplates a parallel amplification of the universal fungal
B-tubulin gene with primers pairs Bt2a and Bt2b [17] to test the
presence of mold DNA. The visualization of results is produced by
electrophoresis analysis on agarose gel which reveals the presence
of the amplified product, that is, the presence of OTA-producing
mold in the extracted DNA from the tested sample, as a single
band of 459 bp in length.
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2 Materials
2.1 PGR Reagents
for Amplification

of OTAnps and
B-Tubulin Genes

2.2 PCR Reactions

Table 1

[\

6.

. Taq DNA polymerase: 5 U/pL.
. A specific PCR butffer usually supplied by the manufacturer of

the DNA polymerase in a concentrated solution (10x or 5x).

3. MgCl, if'it is not included in the supplied PCR buffer.
4.
5. DNA template extracted from samples to be analyzed.

10 mM Deoxynucleotides (dANTDs).

The two primer sets F10T /R1OT and Bt2a,/Bt2b (see Table 1).

Concentrations of stock reagents may vary depending on the sup-
plier or the use in laboratory.

The final concentrations of reagents for a final reaction volume of
50 pL as described in Luque et al. [16] (see Note 2):

1.
2.
3.

1x PCR bulffer.
200 uM dNTDs.

2 mM MgCl, for the reaction with F10T/R1OT, while the
final concentration of MgCl, in the reaction for amplification
of f-tubulin is 1.5 mM as described in Glass and Donalsdon
[17]. Add only if it is not present in the 10x buffer at the
requested concentration.

4. 0.4 mM (20 pmol) of both the two primer pairs.

. Around 10 ng of DNA template.
. 0.5-2.5 units of DNA polymerase per 50 pL reaction (see

manufacturers recommendations).

. Sterile distilled water Q.S. (see Note 3) to obtain a 50 pL final

volume per reaction as predetermined in the table of reagents.

When setting up several PCR reactions using the same reagents,

you can scale appropriately and combine reagents together in a
master mixture (Master Mix). This step can be done in a sterile
1.5/2 mL microcentrifuge tube (see Note 4).

Primers used in this PCR protocol

Primer Expected PCR Targeted
name Sequence nucleotides (5'-3’) product gene References
F1I0T GCCCAACGACAACCGCT 459 bp OTAnps [16]

R10OT GCCATCTCCAAACTCAAGCGTG
Bt2a GGTAACCAAATCGGTGCTGCTTTC Approx. 453 bp  p-tubulin  [17]

Bt2b ACCCTCAGTGTAGTGACCCTTGGC

(see Note 1)
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Electrophoresis
Components
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To analyze the amplicons resulting from PCR experiment, the aga-
rose gel electrophoresis requires TAE (Tris-acetate-EDTA) buffer
1x: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA.

This buffer is used as running bufter but also for preparation of
agarose gel. It is commonly prepared as a 50x stock solution for
laboratory use. A 50x stock solution can be prepared by dissolving
242 g Tris base in water, adding 57.1 mL glacial acetic acid, and
100 mL of 500 mM EDTA (pH 8.0) solution, and bringing the
final volume up to 1 L. This stock solution can be diluted 50:1
with water to make a 1x working solution.

3 Methods

3.1 PCR Reactions

When setting up PCR experiments, wear gloves to avoid contami-
nating the reaction mixture or reagents.

Determine the number of samples to be analyzed. False posi-
tives may occur as a consequence of carryover from another PCR
reaction which would be visualized as multiple undesired products
on an agarose gel after electrophoresis. Therefore, it is prudent to
use proper technique, including negative and positive controls. For
the negative control, add all the reagents with the exception of
template DNA which is replaced by the same volume of water; an
additional negative control from DNA extracted from a non-OTA-
producing strains is also advisable in this case. A positive control is
constituted by DNA template of a known OTA-producing strain.

Arrange all reagents needed for PCR experiment in a freshly
filled ice bucket, and let them thaw completely before setting up
reactions. Keep the reagents on ice throughout the experiment.

Reaction volumes will vary depending on the concentrations
of the stock reagents.

1. Start by making a table of reagents that will be added to the
reaction mixture (see Table 2).

2. Next, label PCR tubes with the ethanol-resistant marker.

3. Place a 96-well plate into the ice bucket as a holder for the
0.2 mL thin-walled PCR tubes. Allowing PCR reagents to be
added into cold 0.2 mL thin-walled PCR tubes will help pre-
vent nuclease activity and nonspecific priming.

4. Pipette the following PCR reagents in the following order into
a 1.5/2 mL tube: Sterile water (se¢ Note 9), 10x PCR butffer,
dNTPs, MgCl,, primers, and template DNA (see Table 2, in
which the stock concentrations used by authors of the protocol
are reported to give an example).

5. Set the 100 pL pipettor to deliver a volume of 45.0 pL. Transfer
45.0 pL from each reaction cocktail into each PCR reaction
tube (to give a final reaction volume of 50 pL. with 5 pLL DNA
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Table of reagents for PCR reaction mixture

Reagents

Sterile H,O

PCR buffer
dNTDPs
MgClz

Forward primer
Reverse primer
Template DNA

Taq DNA
polymerase (see
Note 8)

Concentration of 13x Master mix
stock solution Volume (see Note 5) Final concentration
32.5/33 pL (see  422.5/429 pL

Note 6)

10x 5 pL 65 pL 1x

10 mM 1 pL 13 pL 200 pM

50 mM 2 uL/1.5 pL (see 26 pL,/19.5 pL (see 2.0 mM /1.5 mM
Note 6) Note 6)

10 mM 2 uL 26 pL 20 pmol

10 mM 2 uL 26 pL 20 pmol

2 ng/pL 5 pL (see Note 7) 10 ng

2 Units/pL 0.5 pL 6.5 pL 1 Unit

50 pL/reaction

3.2 Agarose Gel
Electrophoresis

sample or water). Lock the caps across the tops of the tubes
and place the finished reactions on ice.

. Set the 20 pL pipettor to deliver 5 pL. Place a sterile pipette tip

on the end of the pipettor. Transfer 5 pL of the diluted DNA
sample (2 ng/pl) (or water) for a final amount of 10 ng to
each 200 pL PCR tube. Change pipette tips between DNA
samples to avoid cross-contamination of sample DNAs.

. Spin down the contents of the tubes in the microcentrifuge

and transfer them in the thermocycler. Once the lid of the
thermal cycler is firmly closed start the programs as described
in Tables 3 and 4.

8. When the PCR program has finished, the 0.2 mL tubes may be

removed and stored on ice or at 4 °C. There should be ~50 pL
of reaction in each tube. Gently open the lids of the tubes and
use an aliquot (5-50 pL) of each reaction to check PCR prod-
uct amplification by electrophoresis analysis on agarose gel.

This step allows to determine whether PCR amplifications were
successful, whether the resulting products are of the correct size,
and whether other unspecific products were amplified as well.

To visualize PCR products obtained by using the current pro-

tocol, DNA samples are separated in a gel made with 1.5-2% (w/v)
agarose and 1x TAE buffer containing 5 pL/100 mL of a stock
solution (10 mg/mL) of ethidium bromide (EtBr) (se¢ Note 10).
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Table 3
PCR cycling for OTAnps gene
Cycle step Temperature (°C) Time Number of cycles
Initial denaturation 94 5 min 1
Denaturation 94 30s 34
Annealing 57 40s
Extension 72 1 min
Final extension 72 5 min 1
Hold 4 1
Table 4
PCR cycling for p-tubulin gene
Cycle step Temperature (°C) Time (min) Number of cycles
Initial denaturation 94 5 1
Denaturation 95 1 33
Annealing 68 1
Extension 72 1
Final extension 72 5 1
Hold 4 1

3.2.1 Mixing, Melting,
and Pouring the Gel (See
Note 11)

|92 W= NS B NS T

. Add 1.5/2 g ot agarose powder to Erlenmeyer flask.
. Add 100 mL of 1x TAE to Erlenmeyer flask.

. Swirl vigorously to thoroughly mix agarose.

. Put agarose and 1x TAE slurry into microwave.

. Heat on HIGH for 30—45 s at a time, remove from microwave

and swirl, and repeat heating and swirling; if the mixture begins
to boil, stop and remove the agarose. Swirl until the mixture is
clear (see Note 12).

. Let agarose solution cool down and add fluorescent dye (Sybr

Green, ethidium bromide) in the concentration normally used
in your lab (see Note 13).

. Pour the cooled melted agarose solution in the tray cast for

electrophoresis gel, equipped with the casting for the wells,
according to the number of samples to analyze.

. Let the agarose gel to polymerize until it has completely solidi-

fied and appears opaque.
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3.2.2 Loading Samples
and Running the Gel

3.2.3 \Visualization
of the Gel

1.

Carefully remove combs by pulling them upwards firmly and
smoothly in a continuous motion. The remaining depressions are
the wells into which your samples will be loaded (see Note 14).

. Transfer the gel in the electrophoresis box in which the gel will

be run. Add sufficient 1 x TAE buffer to fill the reservoirs at
both ends of the gel box and to cover the gel completely.

. Add loading buffer to each sample (se¢ Note 15).
. Load the samples into the well by using a pipette, carefully to

avoid the cross loading (see Note 16).

. Load a molecular size standard with reference into one well

before or after the samples to be analyzed.

. Put gel box cover into place, and hook up the electrodes for

each gel. DNA molecules are negatively charged at neutral pH
and will migrate to the positive electrode. Turn the power sup-
ply on and adjust to 80-150 V. Let the gel run for 45 min to
an hour until the dye line is approximately 75-80 % of the way
down the gel. The electric field will move the negatively
charged DNA toward the positive electrode.

. Turn off the power, unhook the electrodes, and with gloved

hands gently lift the gel and gel mold out of the gel box.

. Place the gel and gel mold (made of UV transparent plastic) on

a UV light transilluminator. Turn off the room lights, put the
plexiglass shield down to protect yourself from the UV radia-
tion, and turn on the blue background. Pictures of the gel may
be taken at this time to record the results of the experiment.

4 Notes

. The length of f-tubulin amplicon varies depending on the fun-

gal species tested.

. In the original paper of Glass and Donaldson [17], f-tubulin

PCR reaction is performed in a volume of 100 pL, whereas
here we consider the volume of reagents for a PCR reaction in
a 50 pL final volume.

. Q.S. is a Latin abbreviation for quantum satis meaning the

amount that is needed.

. The master mix should be prepared in excess. A surplus of mas-

ter mix volume (10 %) is suggested. For instance you can prepare
a master mix for 11 (10+1) reactions. The reagents in the mas-
ter mix are mixed thoroughly by gently pumping the plunger of
a micropipettor up and down. Aliquot the master mix in each
PCR tube using the volume including all reagents except the
DNA template, which will be added later separately.



10.

11.

12.

13.

14.

15.

16.

Detection of OTA-Producing Molds by PCR 199

. To give an example, the master mix depicted in Table 2 is cal-

culated for 11 reactions plus 2 extra reactions to accommodate
pipette transfer loss ensuring that there is enough to aliquot to
each reaction tube.

. The first number is referred to the F10T /R1OT reaction, and

the second number is referred to the f-tubulin reaction.

. DNA template is different for each PCR tube, so it is added as

last reagent in each single PCR tube after that master mix has
been dispensed. After isolation, the concentration of fungal
DNA from pure cultures or from contaminated sample was
determined and the genomic DNA extract diluted in sterile
double-distilled H,O (if needed) to a working concentration
of' 2 ng/pL, in this case.

. Taq DNA polymerase is typically stored in a 50 % glycerol solu-

tion and complete dispersal in the reaction mix requires gentle
mixing of the PCR reagents by pipetting up and down. The
micropipettor should be set to about half the reaction volume
of the master mix when mixing, and care should be taken to
avoid introducing bubbles.

. Water is added first but requires initially making a table of

reagents and determining the volumes of all other reagents
added to the reaction.

While ethidium bromide is the most common stain for nucleic
acids, there are several safer and less toxic alternatives including
methylene blue, crystal violet, SYBR Safe, and Gel Red.

Always wear glass. This is essential to limit the spread of PCR
products around the lab as well as protect against intercalating
dyes.

Watch carefully to ensure that agarose mixture DOES NOT
boil over in the microwave.

Ethidium bromide is a known mutagen; wear a lab coat, eye
protection, and gloves when working with this chemical.

When pouring the gel, avoid creating bubbles as this will pre-
vent current from flowing through the gel. Do not pull comb
out too quickly as wells will form holes, resulting in the loss of
samples.

The loading buffer is a 50:50 (v:v) glycerol:H,O mixture con-
taining a tracking dye (xylene cyanol, cresol red, bromophenol
blue) which helps with gel loading and assesses DNA migration
during electrophoresis, and glycerol which makes the sample
denser than the running bufter so that when loaded the sample
will settle to the bottom of the well instead of diffusing.

Insert pipette tip into well at an angle to avoid putting a hole
in the bottom of the well.
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Chapter 13

Targeting Fumonisin Biosynthetic Genes

Robert H. Proctor and Martha M. Vaughan

Abstract

The fungus Fusarium is an agricultural problem because it can cause disease on most crop plants and can
contaminate crops with mycotoxins. There is considerable variation in the presence /absence and genomic
location of gene clusters responsible for synthesis of mycotoxins and other secondary metabolites among
species of Fusarium. Here, we describe a quantitative real-time PCR (qPCR) method for distinguishing
between and estimating the biomass of two closely related species, F. proliferatum and F. verticillioides,
that are pathogens of maize. The qPCR assay is based on differences in the two species with respect to the
genomic location of the gene cluster responsible for synthesis of fumonisins, a family of carcinogenic
mycotoxins. Species-specific qPCR primers were designed from unique sequences that flank one end of the
cluster in each species. The primers were used in qPCR to estimate the biomass of each Fusarium species
using DNA isolated from pure cultures and from maize seedlings resulting from seeds inoculated with F.
proliferatum alone, F. verticillioides alone, or a 1:1 mixture of the two species. Biomass estimations from
seedlings were expressed as the amount of DNA of each Fusarium species per amount of maize DNA, as
determined using maize-specific QPCR primers designed from the ribosomal gene L17. Analyses of QqPCR
experiments using the primers indicated that the assay could distinguish between and quantify the biomass
of the two Fusarium species. This finding indicates that genetic diversity resulting from variation in the
presence/absence and genomic location of SM biosynthetic gene clusters can be a valuable resource for
development of qQPCR assays for distinguishing between and quantifying fungi in plants.

Key words Fusarium proliferatum, Fusarium verticillioides, Fumonisin, Secondary metabolite,
Maize, Quantitative PCR

1 Introduction

Fusarium is a species-rich genus of fungi that is of concern to agri-
culture because it can cause disease on many crops and can pro-
duce mycotoxins, including three (fumonisins, trichothecenes, and
zearalenone) that are among the mycotoxins of greatest concern to
food and feed safety [1, 2]. Some crops are affected by multiple
Fusarium species. For example, the closely related species F. pro-
liferatum, F. subglutinans, and F. verticilliosdes and the more dis-
tantly related species F. graminearum occur on maize and can
cause seedling blight as well as ear rot [2]. Although these diseases
are well documented, the degree to which the Fusarium species

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_13, © Springer Science+Business Media LLC 2017
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interact with one another in maize tissue is not well understood.
Nevertheless, several studies indicate that interactions between
species within the same plant can affect crop diseases and myco-
toxin contamination [3, 4].

Fungi produce low-molecular-weight metabolites that are
referred to as secondary metabolites (SMs), because they are not
required for growth or development, but instead can provide a
selective advantage under certain conditions, such as during patho-
genesis or interactions with other microorganisms. Thousands of
such metabolites have been described, and they are diverse in
structure and biological activity [5]. For example, some fungal
SMs are pigments, others are plant hormones, and still others are
toxins, including mycotoxins [6, 7]. In fungi, biosynthesis of SMs
typically requires the activity of multiple enzymes, and the genes
encoding the enzymes are usually located next to one another in a
biosynthetic gene cluster. Such clusters can also include genes
encoding SM transport proteins and transcription factors that reg-
ulate expression of genes in the cluster. Gene clusters responsible
for synthesis of many Fusarium SMs have been identified, includ-
ing those required for synthesis of the pigments aurofusarin, bika-
verin, and fusarubins [8-10], the plant hormones gibberellic acids
[11], multiple mycotoxins [12-15], and other [16-18].

Fusarium is reported to produce over 50 structurally distinct
families of SMs [2, 19]; however, there is marked variation among
species in the ability to produce a given SM family [1, 2, 11]. For
example, F. proliferatum and F. verticillioides produce fumonisins,
whereas F. subglutinans and F. graminearum do not [2, 20]. In
many cases, the ability versus inability to produce a particular SM
family results from the presence versus absence of the correspond-
ing biosynthetic gene cluster (see Fig. 1). For example, Southern
blot, PCR, and genome sequence analyses indicated that within the
Fusarium fugikuroi species complex (FFSC), a lineage of closely
related Fusarium species that includes F. proliferatum, F. subgluti-
nans, and F. verticillioides, some species have the gene clusters
responsible for synthesis of fumonisins (FUM cluster) and gibberel-
lic acids (GA cluster) whereas other species do not have one or both
clusters [11, 20-24]. Such variation in the presence and absence of
SM clusters can exist even among closely related species. For exam-
ple, the FUM cluster is present in F. verticillioides but absent in its
closest known relative F. musae [25, 26]. In addition, the genomic
location of some SM biosynthetic gene clusters can vary among
species, as is the case for the FUM cluster among different lineages
within the FESC [21, 23]. Recent analyses of genome sequences of
two or more strains of the same species of Fusarium indicate that
strains within a species can vary in the presence and absence of
genes encoding polyketide synthases, a class of enzymes required
for the synthesis of numerous SMs [23, 27]. Thus, variation in the
genomic location as well as the presence versus absence of SM
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Fig. 1 Variation in the presence and absence of selected SM biosynthetic gene clusters in a subset of Fusarium
species. SM gene cluster abbreviations are AUR, aurofusarin; BIK; bikaverin; FSL, fusareilin; FUB, fusaric acid;
FUM, fumonisin; FUS, fusarin; GA, gibberellic acid; TRI, trichothecene; ZEA, zearalenone. “+” indicates that a
gene cluster is present; “~” indicates that a cluster is absent; “+/-" indicates that the cluster is present in
some strains of a species but absent in others; and “*” indicates that only part of the cluster is present. The
phylogenetic tree to the left was inferred by maximum likelihood analysis from the full-length coding region
sequence of RPBT, the gene that encodes the largest subunit of RNA polymerase. The alignment length was
5370 bases. Numbers near branches are bootstrap values generated from 500 pseudoreplications. Information
on presence/absence SM biosynthetic genes was obtained from published PCR, Southern, and genomic
sequence data [21, 23, 29, 30, 32, 43] as well as unpublished genome sequence data

biosynthetic genes represents a source of genetic diversity among,
and in some cases within, species of Fusarium. Identitying differ-
ences in the presence /absence and genomic location of SM biosyn-
thetic gene clusters has been determined empirically by PCR,
Southern blot, and genome sequence analyses [11, 20, 21, 23,
28-30]. However, identification of such differences can be done
most effectively by comparing whole genome sequences of
Fusarium species. There are currently genome sequences for 15
described species of Fusarium available from the Broad Institute,
Joint Genome Institute (JGI), Munich Information Center for
Protein  Sequences (MIPS), and the National Center for
Biotechnology Information (NCBI), and more species are added to
these databases each year [23, 29, 31-34].
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Studies of the interaction of fungal species i planta often
require a method that can distinguish between and quantify bio-
mass of each species. Multiple PCR assays have been developed to
distinguish between and, in some cases, quantify Fusarium species.
Such assays have exploited variation in sequences of orthologues of
genes involved in primary or secondary metabolism [3, 35-37].
Despite the fact that differences in the presence/absence or
genomic locations of SM gene clusters constitute a significant
source of interspecies genetic diversity within Fusarium, they have
been underutilized in PCR-based experiments to detect and quan-
tify different species. Here, we have developed a PCR assay to dis-
tinguish between and quantify the fumonisin-producing species F.
proliferatum and F. verticillioides in maize based on variation in the
genomic location of the FUM cluster in the two species (see Fig. 2).
The successful development of the method demonstrates that
sequence variation associated with SM biosynthetic gene clusters
among fungi is a valuable source of genetic diversity among fungi
that can be exploited for quantitative analysis of interactions
between fungal species.

2 Materials

2.1 DNA Sequences

A previous study indicated that the sequences flanking the FUM
cluster in F. proliferatum and F. verticillioides are different (see
Fig. 2) [21]. Sequence data exhibiting this variation are available
from the GenBank database at the NCBI): accessions for FUM clus-
ter sequences in F. proliferatum (strain ITEM 2287) and F. verticil-
lioides (strain FRC M-3125) are KF482467 and AF155773,
respectively. We used these sequence data to design PCR primers
for an initial qualitative PCR assay to assess sequence variation
among multiple strains of both species (see Note 1) as well as for the
quantitative real-time PCR (qPCR) assay to distinguish between
the two Fusarium species. The qualitative PCR primers were as fol-
lows: primer 2270 (5'-CTSAGCTYCTGGAAKCGAAAGAG-3') is
a forward primer within the FUMI19 coding region and is comple-
mentarytosequencesinbothspecies; 2271 (5'-CCTGCGCAATGTC
TAGAATAATG-3') is a reverse primer that is complementary to
the FUM19 3’ flanking region in F. proliferatum but not F. verticil-
lioides, and 2276 (5-TAGGCCTGTTCAGAGTCTTATCC-3') is
a reverse primer that is complementary to the FUM19 3’ flanking
region in F. verticillioides but not F. proliferatum. The relative loca-
tions and other information for the qPCR primers specific to F.
proliferatum ( Fp-F and Fp-R) and F. verticillioides (Fv-F and Fv-R)
are presented in Fig. 2 and Table 1. In addition to these primers, we
also designed primers based on the maize ribosomal protein L17
(NCBI accession NM_001111420).
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Fig. 2 Variation in the genomic locations of the FUM cluster in F. proliferatum and F. verticillioides as indicated
by differences in genes flanking the cluster in each species. The enlarged area (shaded grey) depicts the
region downstream of cluster gene FUM79 that was used to design PCR primers that could be used to distin-
guish between the two Fusarium species. Arrows indicate the positions and orientation of genes. White arrows
represent FUM cluster genes; numbers within the white arrows are FUM gene numbers (e.g., 2, 3, 719 corre-
spond to genes FUM2, FUM3, and FUM19, respectively). Grey and black arrows indicate FUM cluster flanking
genes in F. proliferatum and verticillioides, respectively. The numbers above the black arrows correspond to
gene model designations (e.g., 00313 corresponds to FVEG_00313) in the F. verticillioides genome sequence
databases at the Broad Institute, NCBI, and the Munich Information Center for Protein Sequences (MIPS). The
four-character notations above the grey arrows correspond to previously described gene designations [21]

2.2 Additional While the approach described here may represent a unique combi-
Materials nation of methods, the individual methods described are well
established. As a result, it is likely that other reagents (e.g., DNA
isolation and PCR reagents) and equipment (e.g., growth chamber
and thermal cycler) could be substituted for those described below.

1. Maize seeds: Sweet corn variety Silver Queen.

2. V8 juice agar medium: 200 mL Original V8 Juice (Campbell
Soup Company), 3 g calcium carbonate, and 15 g agar, water
to 1 L. Ingredients are combined and autoclaved for 20 min.

3. Mung bean medium: 40 g Dried mung beans, 1 L of boiling
water. Boiling water and mung beans are combined and boiled
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for an additional 10 min; mung beans are removed by filtra-
tion, and resulting medium is autoclaved for 20 min.

4. 50 mL Conical propylene tubes with caps for Fusarium
cultures.
5. Rotary shaker incubator for liquid cultures of Fusarium.

6. Substrate: Turface clay substrate (PROFILE Products LLC)
(see Note 2).

7. Planting box: GD GasPak EZ clear plastic container (Becton,
Dickinson & Co): dimensions 33 cmx16 cmx10 cm,
width x height x depth.

8. Plant growth chamber.

9. 2010 Geno/Grinder (SPEX SamplePrep, Metuchen, New
Jersey, USA) for plant tissue maceration.

10. DNA isolation: ZYMO Research (ZR) Fungal DNA Kit.

11. Qualitative PCR Reagents: Platinum PCR SuperMix High
Fidelity.

12. qPCR Reagents—SsoAdvanced SYBR Green SuperMix.

13. Standard thermal cycler and qPCR machine (e.g., CEX-
Connect Real Time System (BioRad).

14. Equipment and reagents for standard agarose gel
electrophoresis.

3 Methods

3.1 Primer Design
and Validation

qPCR assay based on variation in the genomic location of the FUM
cluster to distinguish between and quantify F. proliferatum and F.
verticillioides in maize seedlings.

Analysis of FUM cluster flanking regions indicated that the regions
in F. proliferatum and F. verticillioides do not consist of homolo-
gous sequences and, therefore, could be used to design a qPCR
strategy to detect and quantify these species in experiments aimed
at studying their interactions in plants and other environments.

1. Suitability of DNA target region—The suitability of the FUM19
flanking region as a target for qPCR analysis was first evaluated
by standard qualitative PCR of ten isolates each of F. prolifera-
tum and F. verticillioides (see Note 1). For this PCR we used
reagents of the platinum PCR SuperMix and the protocol spec-
ified by the manufacturer. DNA of each species was prepared by
growing strains of the fungi on V8 juice agar media and then
isolating DNA from the resulting growth using the ZR Fungal
DNA Kit. The initial qualitative PCR employed a three-primer
combination consisting of primers 2270, 2271, and 2276.
Based on the published sequence data for the FUM cluster
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F. proliferatum F. verticillioides
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Fig. 3 Image of agarose gel showing the results of qualitative PCR analysis with
primers 2270, 2271, and 2276 to assess sequence variation within the 3 flank-
ing region of FUM19 orthologues among ten field isolates each of F. proliferatum
and F. verticillioides. Each lanes has the PCR product amplified from genomic
DNA of a unique isolate of £ proliferatum (leff) or F. verticillioides (righ?). The
values to the left of each gel image are base pairs (bp) of amplicons as deter-
mined by Sanger sequence analysis, which indicated that the size variation in £
proliferatum amplicons resulted from a 78 bp insertion/deletion

flanking regions [21, 38], primers 2270 and 2271 were pre-
dicted to amplify a 300 bp fragment from the 3’ flanking region
of FUM19 of F. proliferatum; whereas primers 2270 and 2276
were predicted to amplify a 380 bp fragment from the 3’ flank-
ing region of FUMI19 in F. verticillioides. The PCR analysis
indicated uniformity of the region in F. verticillioides, but vari-
ability in F proliferatum (see Fig. 3). Subsequent Sanger
sequencing revealed that the polymorphism was due to a 78 bp
insertion/deletion located 36 bp downstream of the FUM19
stop codon. Given the sequence variability in F. proliferatum,
qPCR primers for this species were designed from sequences
downstream of the insertion/deletion.

2. qPCR conditions—DPrimer pairs for qPCR were designed using
standard criteria [39] so that both primers in the pair were
complementary to sequences that are unique to each species
(see Table 1). Primers specific to maize were also employed so
that the level of Fusarium DNA could be expressed relative to
maize DNA (see Table 1). To confirm the specificity of the
primers, each primer pair (Fp-F/Fp-R, Fv-F/Fp-R, and
Zm-F/7Zm-R) was assessed separately in qPCR with genomic
DNA of F. proliferatum, F. verticillioides, or maize and in mix-
tures of the three genomic DNAs.

(a) PCR setup: qPCR was performed in a 20 pL volume with
10 pL of 2x SsoAdvanced SYBR Green Supermix, 300 nM
of each primer, and 1 pL of template. Sample reactions
were performed in triplicate. Genomic DNA samples were
diluted tenfold before being used as template in PCR.

(b) Thermal cycler conditions: initial denaturation at 98 °C
for 2 min; 40 cycles each of 98 °C denaturation for 15 s
and 60 °C annealing/elongation for 1 min; and a final dis-
sociation curve from 65 to 95 °C.

3. Primer specificity—The ability of the primer pairs to amplify
single, specific products for which they were designed and from
only the appropriate template was assessed using both a visual
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Maize 100 ng 1179ng 10ng 13.1ng 1ng 13ng
F. proliferatum 10ng 14.7 ng ing 1.2ng 0.01ng 0.009 ng
F. verticillioides 10ng 9.8ng ing 16ng 0.01ng 0.012 ng

Fig. 4 Assessment of specificity of qPCR primers to distinguish between F. proliferatum and F. verticillioides.
(a) Standard gel electrophoresis analysis of PCR products amplified with maize-specific primers Zm-F and
Zm-F (=Zm—F/R), F. proliferatum -specific primers Fp-F and Fp-R (=Fp-F/R), and F. verticillioides-specific
primers Fv-F and Fv-R (=Fv - F/R). Amplification products were observed only when PCR primers were com-
bined with the genomic DNA for which they were designed. Template DNA abbreviations Zm, Fp, and Fv cor-
respond to maize, F. proliferatum, and F. verticillioides genome DNA, respectively. (b) Melt curve analysis to
assess the specificity of the maize (Zm), F. proliferatum (Fp) and F. verticillioides (Fv) primers. The presence of
a peak at one location along the x-axis is indicative of amplification of one PCR product. (¢) Verification of abil-
ity of gPCR primers to estimate known levels of genomic DNA

assessment and melt curve analysis. Both methods indicated
that each primer pair exhibited a high level of specificity.

(a) Visual assessment: PCR samples were analyzed by standard
agarose gel electrophoresis. In this analysis, PCR products
matched expected sizes and were observed only when
primers matched the genomic DNA templates for which
the primers were designed (e.g., E. proliferatum primers
and F. proliferarum DNA, Fig. 4a).

(b) Melt curve analysis: Following qPCR a melt curve analysis was
performed [39, 40]. The result of this analysis indicated that
each primer pair amplified a single PCR product from the
DNA of the organism for which the primers were designed,
but not from DNA of the other organisms tested (see Fig. 4b).
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3.2 Maize Seedling
Infection Assay

3.3 PCR Analysis
of Infected Maize
Seedlings

4. DNA quantification—The utility of the primer pairs for quan-

tifying genomic DNA was assessed by generating a standard
curve from a sixfold dilution series (from 100 to 0.001 ng) of
genomic DNA from each organism. The standard curve was
generated by plotting quantitation cycle (Cq) values against
the log of the DNA concentration (log[ DNA]). The R?, slope,
and y-intercept values for each primer pair are shown in Table 1.
The standard curve was validated by running samples of known
genomic DNA concentration as determined by spectropho-
tometry. The values obtained from the standard curve were
then compared to the known genomic DNA template concen-
trations added to the sample (see Fig. 4c).

The assessment of the qPCR primers indicated that they could

effectively distinguish between and quantity F. proliferatum and F.
verticillioides genomic DNA isolated from pure cultures. Given
this, we then used the qPCR assay to estimate the biomass of the
two species in maize seedlings.

1.

Fusarium cultures were prepared by adding approximately
30 pL of a frozen glycerol stock of either species to 30 mL of
mung bean medium in a 50 mL conical polypropylene tube.
Tubes were loosely capped to allow air exchange, and incu-
bated at 28 °C with shaking at 200 rpm.

. Maize seeds were surface sterilized by soaking in 0.8 % sodium

hypochlorite solution and then rinsed twice with sterile water
for 1 min each time.

. In a 30 mL conical tube, 30 surface-sterilized seeds were

soaked for 48 h without shaking in 30 mL of mung bean
medium (control), or 30 mL of a 4-day-old mung bean culture
of (a) F. proliferatum, (b) E. verticillioides, or (¢) a 1:1 mixture
of F. verticillioides and F. proliferatum (15 mL aliquots of cul-
tures of each species were mixed immediately before adding
maize seeds).

. Seeds were then sown on the surface of 1 L of Turface clay

substrate contained in a GD GasPak EZ box. The lid of the
box was fitted loosely onto the base of the box to allow for air
exchange.

. The box was incubated in the growth chamber under the fol-

lowing conditions: 50 % relative humidity, a 12-h photoperiod,
and a temperature of 25 °C during the light period and 20 °C
during the dark period.

. After a 7-day incubation period in the growth chamber, the

resulting seedlings were uprooted (see Note 2), immediately
frozen in liquid nitrogen, and then stored at -80 °C until they
were processed for biomass determination.
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. For each replicate, the roots and shoots of two frozen seedlings

were pulverized in a 2010 Geno/Grinder. Five replicates were
analyzed for each treatment (i.e., control, F. proliferatum
alone, F. verticillioides alone, and F. proliferatum and F. verti-
cillioides combined).

. DNA was isolated from the pulverized tissue as specified in the

ZR Fungal DNA extraction Kit.

. The resulting DNA preparations were then used to estimate

the biomass of F. proliferatum and F. verticillioides in the seed-
lings using the qPCR assay described above in Subheading 3.1.

. Each DNA sample was subjected to qPCR with the three

primer pairs listed in Table 1, and the resulting Cq value from
each reaction was used to determine the concentration of
genomic DNA for each organism based on the previously
determined standard curve. The biomass of F. proliferatum
and F. verticillioides was expressed as a ratio of the amount of
Fusarium DNA relative to the amount of maize DNA [41,
42]. The results of the analysis indicated that maize seedlings
resulting from seed inoculated with a single species were
infected only with the species used as inoculum (see Fig. 5),
providing further evidence that the qPCR assay can distinguish
between the two Fusarium species.

400
350 -
300
250 +
200
150 F
100 |

50

Maize DNA

Control = Fp Fp + Fv Fv

Maize seed treatment

Fig. 5 Results of gPCR analysis to assess biomass of F. proliferatum and F. verti-
cillioides in maize seedlings. Biomass is expressed as weight (pg) of Fusarium
DNA per weight (ng) of maize DNA. Dark grey bars indicate biomass value
obtained with F. proliferatum-specific primers Fp-R and Fp-R, and light grey bars
indicate biomass values obtained with £ verticillioides-specific primers Fv-F and
Fv-R. X-axis labels indicate data resulting from the following treatments: Control,
seeds soaked in mung bean medium; Fp, seeds soaked in . proliferatum culture;
Fv, seeds soaked in F. verticillioides culture; and Fp+ Fv, seeds soaked in a 1:1
mixture of F. proliferatum and F. verticillioides cultures
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1. We have provided a simplified example of a qPCR assay to dis-

tinguish between and quantify two species of Fusarium in
maize seedlings based on interspecies variation in the genomic
location of a SM biosynthetic gene cluster. Similar assays could
be developed for other species combinations based on difter-
ences in the presence and absence of SM biosynthetic gene
clusters among species (see Fig. 1). When developing qPCR
methods based on SM gene clusters, care should be taken
when designing primers from published sequences, because
such sequences can vary among individuals of the same species.
As a result, primers designed based on sequence data for one
strain may not yield a PCR product from genomic DNA of a
different strain of the same species. Thus, if strains used in an
experiment are different from those used to generate the pub-
lished sequence, a preliminary analysis should be done to
determine whether intraspecies variation exists in the target
sequence and to take any variation into account when design-

. Removal of intact roots from standard peat moss-based soils

can be difficult. Use of Turface clay substrate as soil facilitated
removal of intact roots. Although we did not compare Fusarium
biomass in roots versus shoots in the method described above,
the ability to remove intact roots from the soil substrate would
have facilitated such a comparison.

4 Notes
ing qPCR primers.
5 Notice
Jennifer Teresi.
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Chapter 14

Targeting Other Mycotoxin Biosynthetic Genes

Maria J. Andrade, Mar Rodriguez, Juan J. Cordoba, and Alicia Rodriguez

Abstract

Real-time PCR (qPCR) methods are adequate tools for sensitive and rapid detection and quantification of
toxigenic molds contaminating food commodities. Methods of qPCR for quantifying zearalenone (ZEA)-,
sterigmatocystin (ST)-, cyclopiazonic acid (CPA)-, and patulin (PAT)-producing molds have been designed
on the basis of specific target genes involved in the biosynthesis of these mycotoxins. In this chapter reliable
qPCR protocols to detect and quantify such toxigenic molds are described. All of these methods are suitable
when working with mold pure cultures and mold contaminated foods. For ZEA-producing molds, two
qPCR using the SYBR Green fluorochrome and based on two polyketide synthase (PKS) genes are detailed.
qPCR protocols relied on the fIuG and the idh genes able to quantify ST- and PAT-producing molds, respec-
tively, which can be performed by both SYBR Green and TagMan methodologies are described. Regarding
CPA-producing molds a TagManq PCR method including a competitive internal amplification control is
detailed. Since DNA extraction is a critical step in the detection and quantification of toxigenic molds by
qPCR, a protocol for extracting DNA from mold pure cultures and food is also described.

Key words Molds, Zearalenone, Sterigmatocystin, Cyclopiazonic acid, Patulin, Biosynthesis pathway
genes, qQPCR

1 Introduction

Accurate methods to detect and quantity toxigenic molds in raw
materials as well as in pre-processed foods are necessary to avoid
accumulation of mycotoxins in the final products. Polymerase
chain reaction (PCR)-based methods are adequate tools for this
purpose. To precisely detect toxigenic molds by these methods the
correct selection of the target sequence is crucial. One of the best
available options consists of using the genes related to the biosyn-
thesis of each mycotoxin given that these genes are only present in
molds with the ability to produce the corresponding mycotoxin.
Thus the evaluation of the absence or presence of these genes
allows detecting potentially toxigenic molds (but not their identi-
fication), being of great usefulness for food safety programs.
However, it has to be taken into account that the detection of the
presence of the mycotoxins biosynthesis pathway genes by PCR

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_14, © Springer Science+Business Media LLC 2017
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1.1 DNA Extraction

does not assure the metabolite production since several factors
(pH, water activity, temperature, etc.) can inactivate such genes [1]
and their expression is necessary for mycotoxin generation.

Furthermore, since PCR-based methods, particularly the
quantitative real-time PCR (qPCR) ones, are rapid and sensitive
they are of great importance for food routine analysis.

Several qPCR methods to detect and quantify zearalenone
(ZEA)-, sterigmatocystin (ST)-, cyclopiazonic acid (CPA)-, and
patulin (PAT)-producing molds have been designed on the basis of
genes associated with the mycotoxin production. Despite the fact
that the biosynthesis pathway of PAT is well known and the
sequences of the involved genes are published, there is less available
information about genes related to ZEA, ST and CPA biosynthesis.
The qPCR methods reported for such toxigenic molds are able to
detect and quantity the potentially toxigenic molds in pure cultures
and even in food commodities. This allows taking quick and appro-
priate corrective actions throughout food processing to avoid the
growth of toxigenic molds, such as the removal of contaminated
batches from the food chain or processing in special conditions of
temperature or relative humidity, and consequently the hazard of
mycotoxin accumulation in the final products.

Moreover it has to be taken into account that the success of a
PCR method depends on the protocol used for mold DNA extrac-
tion, especially when working with potentially contaminated foods.
A suitable DNA extraction procedure and the subsequent qPCR
methods to detect and quantity ZEA-, ST-; CPA-, and PAT-
producing molds are detailed in this chapter.

DNA extraction is a critical step in the detection and quantification
of toxigenic molds by PCR since the lysis of their walls is not easy
which may decrease the recovery of the DNA. Besides the presence
of inhibitor compounds of DNA polymerase, specially derived
from food matrices, can decrease the PCR sensitivity and conse-
quently can provoke false negative results. Thus the availability of
suitable procedures for extracting mold DNA is of great impor-
tance mainly when working with food commodities.

Mold DNA can be extracted from pure cultures or food using
conventional protocols relied on lysis steps such as mechanical dis-
ruption (grinding in liquid nitrogen, sonication, bead milling, etc.)
and enzymatic digestion (lyticase, proteinase K). Several chemicals
(cetyltrimethylammonium bromide (CTAB), p-mercaptoethanol,
chloroform, isopropanol, etc.) are also used in such protocols.
Alternatively, different commercial kits are available for mold DNA
isolation and have been reported as useful for this purpose. A DNA
extraction method based on the combination of different reagents
and a commercial kit is detailed in this chapter because of its reli-
ability for using in food matrices potentially contaminated with
different toxigenic molds [2].
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ZEA is a mycotoxin produced by certain species of Fusarium/
Gibberelln, primarily E. graminearum (telecomorph G. zeae) and F.
culmorum [3-5]. PCR detection and quantification of ZEA-
producing Fusarium have been scarcely described. The reported
methods are relied on the genes involved in the biosynthesis path-
way of the mycotoxin. Concretely two polyketide synthase (PKS)
genes have been described as responsible for ZEA synthesis [ 3, 6, 7.
Reliable PCR primers have been designed for both genes by using
the sequence available in the GenBank database (accession number
DQO019316) [8, 9]. Thus the primer sets F1/R1 and ZEA-F/
ZEA-R based on the PKS4 [8] and PKS13 [9] genes, respectively,
have been used for detecting and quantifying ZEA-producing
Fusavium species (Table 1). Both methods have been described as
suitable for mold cultures as well as for potentially mold contami-
nated food (specifically maize and maize flour). They are qPCR
methods which use the SYBR Green fluorochrome.

Primers and probes used for detecting and quantifying zearalenone (ZEA)-, sterigmatocystin (ST)-,
cyclopiazonic acid (CPA)-, and patulin (PAT)-producing molds by using the quantitative real-time PCR

methods described

Primer/

Mycotoxin Gene probe name Sequence (5'-3')

PCR
product
size (bp) References

ZEA PKS4 Fl1 CGTCTTCGAGAAGATGACAT 279 [8]
Rl TGTTCTGCAAGCACTCCGA
PKS13 ZEA-F CTGAGAAATATCGCTACACTACCGAC 192 [9]
ZEA-R CCCACTCAGGTTGATTTTCGTC
ST finG  FluGF1 GAGTGCCACCGTGATGACC 172 [13]
FluGR1 TGATGGGTCGGTGGTTGG
FluGp [FAM]-CTCAACATAAACAACAAAC-
[TAMRA]
CPA dmaT dmaTF TTCACGCTCGTGGAACTTCT 64 [22]
dmaTR GGGTCACAAAGATCGCAAGAT
dmaTp [HEX]-TACTGCCTCCCCCCGAC-
[BHQI]
IAC  IACp [FAM]- 105
CGCCTGCAAGTCCTAAGACGCCA-
[TAMRA]
PAT idh  F-idhtrb GGCATCCATCATCGT 229
Ridhtrb  CTGTTCCTCCACCCA [28]

IDHprobe

[FAM]-CCGAAGGGCATCCG-[TAMRA]
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1.3 Sterigmatocystin
Biosynthesis Pathway
Genes

1.4 Cyclopiazonic
Acid Biosynthesis
Pathway Genes

1.5 Patulin
Biosynthesis Pathway
Genes

ST is a polyketide secondary metabolite mainly produced by spe-
cies of Aspergillus genus, but it has been reported for species
belonging to Penicillium, Emericella, Bipolaris, and Chaetominm
genera too [10-12]. For the detection and quantification of these
toxigenic molds, two qPCR methods have been reported [13]. In
these methods specific primers and probe have been designed from
the sequences of the fluG gene (Table 1) encoding a cytoplasmi-
cally localized protein involved in the biosynthesis of ST [14, 15].
The qPCR methods, which can be performed by both SYBR Green
and TagMan methodologies, have been described as sensitive and
specific to be used with mold pure cultures as well as with poten-
tially mold contaminated food matrices.

CPA is a potent mycotoxin classified as nephrotoxin [16] produced
by ditterent Penicillium species including P. camemberti, P. chrys-
ogenum, P. commune, P. crustosum, P. griseofulvum, P. hivsutum, P.
melanoconidium, and P. viridicatum [17-19]. In addition, some
Aspergillus species including A. oryzae, A. tamarii, and A. versi-
color and the aflatoxigenic mold species A. flavus may also produce
CPA[20,21]. PCR detection and quantification of CPA-producing
molds have been scantily reported. Therefore only a unique qPCR
protocol to detect and quantify those toxigenic molds has been
published [22]. This method is relied on specific and effective
primers targeted the dmaTl gene (Table 1) which encodes the
enzyme dimethylallyl tryptophan synthase (DMAT) involved in
the CPA biosynthesis [23, 24]. This qPCR method uses the
TagMan methodology and includes a competitive internal amplifi-
cation control (IAC) to avoid false-negative results (Table 1). It is
suitable for both mold pure cultures and foods usually contami-
nated with these toxigenic molds.

PAT is a mycotoxin produced by some Penicillum species, particu-
larly P. expansum and P. griseofulvum [25, 26]. Species belonging
to Aspergillus, Emericella, Paecilomyces, and Byssochlamys genera
have been also reported as PAT producers [25-28]. Detection and
quantification of PAT-producing molds by qPCR have been
scarcely reported. Concretely only two qPCR protocols able to
detect and quantify these toxigenic molds have been developed
[28]. Such methods are based on reliable primers and probes
designed from the sequence of the #dh gene encoding the
isoepoxydon dehydrogenase (IDH) enzyme (Table 1) involved in
the PAT biosynthesis [27, 28]. These methods, which can be per-
formed by both SYBR Green and TagMan methodologies, have
been described as sensitive and specific to detect this kind of toxi-
genic molds in pure cultures and also in potentially contaminated
food matrices.
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2 Materials

2.1 DNA Extraction

2.2 Real-Time
Quantitative PCR

Prepare all reagents and stock solutions using ultrapure water and
analytical grade chemicals. Unless indicated otherwise, store at
room temperature after the preparation. Consult the safety data
sheet provided for each supplier. Follow the official waste disposal
regulations.

1.
2.

N

10.

11.
12.
13.
14.
15.

1 M Tris—HCI bufter, pH 8.0.

CTAB lysis buffer: 140 mM D-sorbitol, 34 mM N-
lauroylsarcosine, 4.4 mM CTAB, 1.4 M NaCl, 20 mM Na,EDTA,
2 g PVPP, 0.1 M Tris—-HCI, pH 8.0.

B-Mercaptoethanol. Store at 4 °C.

. 10 mg/mL Proteinase K solution. Store at =20 °C.
. Chloroform (HPLC grade).
. 10 mg/mL RNAse solution: before use, the enzyme can be

heat treated according to the manufacturer’s instructions.
Store at -20 °C.

. Cold isopropanol. Store at -20 °C.
. 70% (v/v) ethanol.
. Tris-EDTA (TE) buffer, pH 8.0: 1 M TrissHCI, pH 8.0,

0.1 M EDTA.

EZNA® Fungal DNA Mini Kit (Omega Bio-Tek Inc., Norcross,
GA, USA).

Liquid nitrogen.

Mortar and pestle.

Homogenizer stomacher.

Microcentrifuge with temperature control.

Biophotometer.

. SYBR Green Master Mix or TagMan Master Mix. Store SYBR

Green reagent at —80 °C for long storage or 4 °C for short storage
(less than 6 months). Store TagMan Master Mix at -20 °C.

2. Oligonucleotide primers and probes (Table 1). Store at -20 °C.

w

N O\ Ul W~

. Sterile PCR tubes (with optical caps) or PCR plates with opti-

cal adhesive films.

. PCR workstation.

. qPCR system.

. Centrifuge for 96-well plates.
. 96-Well tray for centrifuge.
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3 Methods

3.1 DNA Extraction

3.1.1 Extraction
Procedure

The DNA extraction method optimized by Rodriguez et al. [2] for
moldy food matrices and the slight modifications proposed by
Mohale et al. [29] for extracting DNA from mycelium is described
below. This method is suitable for extracting DNA from pure cul-
ture of toxigenic molds and directly from mold-contaminated food
but several steps show some differences depending on such types
of analyzed sample (Fig. 1). These differences are specified below.

Some initial considerations have to be taken into account

before extracting DNA:

1.

Switch on the microcentrifuge, water baths, and block heaters
at the adequate working temperatures before starting the DNA
extraction procedure.

. Lysis and elution buffer and enzyme solutions should be kept

at pH value 8.0 for stabilizing the DNA for longer time.

. When working with pure cultures, remove the mycelial bio-

mass from toxigenic molds grown on an adequate solid culture
media for 7 days at 25-30 °C (depending on the optimal
growth temperature of the tested mold strain). After taking the
mycelium, it should be kept at -80 °C until DNA extraction.

. When working with mold contaminated foods, store them at

—80 °C until DNA extraction.

. When working with pure cultures, grind the mycelium by

using mortar and pestle for 2 min after adding liquid nitrogen
(see Note 1). When working with moldy foods, add 5 g of
them together with 10 mL of Tris-HCI buffer (pH 8.0) to a
stomacher bag with filter and homogenize for 5 min by using
a Stomacher machine.

. Transfer the powder from the ground mycelium or the filtrate

obtained from the food to a clean 2 mL safe-lock tube and add
500 pL of CTAB buffer (se¢e Note 2) containing 5 pL of
B-mercaptoethanol (see Note 3). Shake tube by hand for 15 s.

. Add 10 pL of proteinase K solution (10 mg/mL) and vortex

for 30 s before incubation at 65 °C for 1 h (see Note 4).

4. Centrifuge the sample at 15,000 x g for 5 min at 4 °C.

. Transfer the supernatant by pipetting to a clean 2 mL safe-lock

tube and add 500 pL of chloroform.

. Vortex for 30 s and centrifuge the sample at 15,000 x4 for

20 min at 4 °C.

. Transfer the upper layer to a fresh 2 mL safe-lock tube and add

10 pL of RNase solution (10 mg/mL).
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Mold pure cultures Food samples
Lo Food
Liquid nitrogen 1M Tris-HCI (pH 8.0
@ T L q g 59 T L (pH 8.0)
Ci{:‘_/./g Grind Homogeneization
“— (2min) (Stomacher 5 min)
Powder Filtrate

e 500 pL CTAB+B-mercaptoethanol

Shake by hand (15 s)
e 10 pL proteinase K (10 mg/mL)

A<

Vortex (30 s)

Incubation
(65°C, 1h)

Centrifugation (15,000 x g 5 min 4 °C)

I

—> Pellet
<~ 500 pL chloroform

Vortex (30 s) + Centrifugation (15,000 x g 20 min 4 °C)
—> Bottom layer

e 10 pL RNAse (10 mg/mL)

< A<—a <

Incubation ﬁ
(37°C, 1h)

N <~ 500 pL chloroform

Vortex (30 s) + Centrifugation (15,000 x g 5 min 4°C) \L

——> Bottom layer
éf— 500 pL cold isopropanol

Vortex + Centrifugation (9000 x g 2 min 4 °C)
e < /\
1 mL 70 % ethanol
EZNA Fungal DNA Mini Kit

(protocol B, start in step 4)
Vortex + Centrifugation (15,000 x g 2 min 4°C

Supernatant <

100 UL TE buffer (pH 8.0)/Elution buffer
(kit)

¢

DNA (Store at -20 °C)

Fig. 1 Flowchart depicting a protocol for DNA extraction from pure cultures of toxigenic molds and from poten-
tially mold-contaminated foods to be used in real-time PCR methods. The differences based on such types of
samples are indicated
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3.1.2 Measurement
of DNA Quality
and Quantity

3.2 Zearalenone
Biosynthesis Pathway
Genes

10.

11.
12.
13.

14.
15.
16.

17.

. Incubate at 37 °C for 1 h (see Note 4).
. Add 500 pL of chloroform, vortex for 30 s and centrifuge at

15,000 x g for 5 min at 4 °C.

Transfer the aqueous phase to a clean 2 mL safe-lock tube and
add 500 pL of cold isopropanol. Mix them properly. When
working with pure cultures, continue with steps 11-17 above
(see Notes 5 and 6). When working with moldy foods, such
mix (aqueous phase-isopropanol) must be processed according
to the instructions of the commercial DNA extraction kit
“EZNA Fungal DNA Mini Kit” starting in step 4, protocol B
[2]. Continue with steps 16 and 17 above.

Centrifuge at 9000 x g for 2 min at 4 °C (see Note 7).
Remove the supernatant using a pipette (see Note 8).

Wash the pellet with 1 mL of 70% (v/v) ethanol and vortex
the sample briefly.

Centrifuge at 15,000 x4 for 2 min at 4 °C.

Discard the supernatant (see Note 8).

Resuspend the obtained DNA in 100 pL of TE bufter or elu-
tion buffer provided by EZNA Fungal DNA Mini Kit (see
Note 9) by passing the solution up and down several times
through a pipette tip.

Store at -20 °C until use (see Note 10).

. Switch on the biophotometer at least 10-15 min before mea-

suring quality and quantity of DNA samples.

2. Thaw DNA samples on ice and vortex for 5 s.

. Pipette an appropriate amount of buffer (see Note 11) into the

cuvette shaft of the biophotometer according to the user
guide’s instrument and close the cuvette shaft cover.

4. Measure blank.

. Mix DNA samples by passing the solution up and down several

times through a pipette tip.

. Pipette an appropriate volume of DNA sample into the cuvette

shaft of the biophotometer according to the user guide’s
instrument and then close the cuvette shaft cover.

. Measure DNA sample. Quality and quantity of DNA are dis-

played by the biophotometer (sec Notes 12-15).

The qPCR protocols described by Meng et al. [8] and Atoui et al.
[9] based on the PKS4 and PKS13 genes, respectively, for the
detection and quantification of ZEA-producing molds are detailed
below (see Note 16).

1.

Thaw all the PCR components (SYBR Green Master Mix, prim-
ers, and DNA) on ice (see Notes 17-19). All the reagents have
to be prepared according to the manufacturer’s instructions.
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2. Switch on the qPCR equipment and open the software of

qPCR. The run method should be set up according to the user
guide’s instrument (se¢ Notes 20-23). Program the thermal
cycler with the temperature and time conditions (see Note 24)
detailed in Table 2.

. Prepare template DNA by diluting the stock solution using

sterile ultrapure water (see Note 25). It should be performed
on ice.

. Prepare the PCR mix (Table 3), including the reagents for all

samples excepting template DNA (or non-template samples),
in 1.5 mL microcentrifuge tubes to maximize uniformity, min-
imize the possibility of pipetting errors, and optimize labor
when working with multiple tubes (se¢ Notes 26-29). Before
use resuspend all the reagents by vortexing and centrifuge
briefly. Each sample is performed by triplicate. Non-template
samples should be also prepared by triplicate (see Note 30).
Pipet all the components on ice. Mix the PCR mixture thor-
oughly and dispense equal aliquots (18 pL for the PKS4 gene
method and 23 pL for the PKS13 one) into sterile PCR tubes
or PCR plates (see Note 31).

. Add the template DNA (or non-template sample; 2 pL) into the

corresponding PCR tubes or plate wells (see Notes 32 and 33).

. Briefly centrifuge (15 s at maximum speed) the PCR tubes or

plate before inserting into the qPCR system (se¢ Note 34).
After centrifuging, check that the mixture is at the bottom of
cach well or tube. If not, centrifuge again for a longer time.
The absence of bubbles should be also checked since they can
negatively affect the qPCR results.

. Load the plate or the tubes on the qPCR instrument (se¢ Notes

35 and 36) and run the qPCR protocol.

Amplification conditions of the SYBR Green qPCR protocols for detecting and quantifying
zearalenone-producing molds [8, 9]

Method

Thermal cycling conditions

PKS4 gene

PKS13 gene

95 °C/6 min
45 cycles: 94 °C/30's, 60 °C/30's, 72 °C/30 s, 80 °C/10 s
72 °C/7 min
Melting curve analysis. 65-95 °C at the rate of 0.5 °C per s

95 °C/4 min
40 cycles: 94 °C/45 s, 60 °C/45 s, 72 °C/45 5,80 °C/10 s
72 °C/7 min
Melting curve analysis: 65-95 °C at the rate of 0.5 °C per s
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Table 3

PCR mixture composition of the SYBR Green qPCR protocols for detecting and quantifying
zearalenone-producing molds [8, 9]

Volume (pL) per reaction

PCR components PKS4 gene method PKS13 gene method
SYBR Green Master Mix (2x) 10 12.5

F1 (10 pM) 1 -

R1 (10 pM) 1 -

ZEA-F (10 pM) - 1

ZEA-R (10 pM) - 1

DNA 2 2

Sterile ultrapure water 6 8.5

Total volume 20 25

. Analyze the data by using the software of the qPCR instru-

ment according to the user guide (see Note 37). The amplifica-
tion of the DNA is observed at the channel whose fluorescence
emission is about 520 nm (fluorophore SYBR). In the qPCR
method for the PKS4 gene, the expected amplification product
of 279 bp gives only one melting peak at 89 °C in the gener-
ated melting curve. In the case of the method for the PKS13
gene, the expected PCR product of 192 bp produces a unique
melting peak at 85 °C (see Note 38). Quantification values
(Cq), also called threshold cycle (Ct), are automatically deter-
mined by the qPCR instrument.

. A standard curve by using standards should be also generated in

order to quantify an unknown sample. These standards may be
prepared using ten-fold dilutions of a template DNA aliquot of a
known concentration (see Note 39). The curve is a plot of the Cq
versus log DNA concentration. The curve is used for quantifying
an unknown sample. The correlation coefficient (R?) of the stan-
dard curve should be calculated. Ideally this parameter should be
1, although 0.999 is generally the maximum value [30]. The effi-
ciency based on the slope of such curve (efficiency=10 -1/spe) 1)
should be also calculated. The efficiency range of a well-designed
qPCR method should range between 90 and 110%, which cor-
responds to a slope of between —-3.58 and -3.10 [30]. The con-
centration values of the unknown samples should be extrapolated
from the standard curve by using the Cq values obtained for such
samples.
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The qPCR protocols described by Rodriguez et al. [13] relied on
the fluG gene for the detection and quantification of ST-producing
molds are detailed below.

1. Thaw all the PCR components [SYBR Green Master Mix or

TagMan Master Mix, primers, probe (when TagMan used)
and DNA] on ice (see Notes 17-19, 40 and 41). All the
reagents have to be prepared according to the manufacturer’s
instructions.

. Switch on the qPCR equipment and open the software of

qPCR. The run method should be set up according to the user
guide’s instrument (see Notes 20-23). Program the thermal
cycler with the temperature and time conditions (see Note 24)
indicated in Table 4.

. Prepare template DNA by diluting the stock solution up to

about 1 ng using sterile ultrapure water (see Note 25). It
should be performed on ice.

. Prepare the PCR mix (Table 5), including the reagents for all

samples excepting template DNA (or non-template samples),
in 1.5 mL microcentrifuge tubes to maximize uniformity, min-
imize the possibility of pipetting errors, and optimize labor
when working with multiple tubes (see Notes 26-29). Before
use resuspend all the reagents by vortexing and centrifuge
briefly. Each sample is performed by triplicate. Non-template
samples should be also prepared by triplicate (see Note 30).
Pipet all components on ice. Mix the PCR mixture thoroughly
and dispense equal aliquots (20 pL) into sterile PCR tubes or
PCR plates (see Note 31).

. Add template DNA (or non-template sample; 5 pL) into the

corresponding PCR tubes or plate wells (see Notes 32 and 33).

. Briefly centrifuge (15 s at maximum speed) the PCR tubes or

plate before inserting into the qPCR system (see Note 34).
After centrifuging, check that the mixture is at the bottom of
each well or tube. If not, centrifuge again for a longer time.

Amplification conditions of the SYBR Green and TagMan qPCR protocols for detecting and quantifying
sterigmatocystin-producing molds [13]

Method Thermal cycling conditions
SYBR Green 95 °C/10 min
40 cycles: 95 °C/15 s, 60 °C/1 min
Melting curve analysis: 60-99 °C
TagMan 95 °C/10 min

40 cycles: 95 °C/15 s, 59 °C/30 s, 61 °C/30 s
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;%l:en?ixture composition of the qPCR protocols for detecting and quantifying sterigmatocystin-
producing molds [13]
Volume (pL) per reaction

PCR components SYBR Green method TagMan method

SYBR Green Master Mix (2x) 12.5 -

TagMan Master Mix (2x) - 12.5

FluGF1 (10 pM) 0.75 0.5

FluGR1 (10 pM) 0.75 0.5

FluGp (10 pM) - 0.5

DNA 5 5

Sterile ultrapure water 6 6

Total volume 25 25

8.

The absence of bubbles should be also checked since they can
negatively affect the qPCR results.

. Load the plate or the tubes on the qPCR instrument (se¢ Notes

35 and 36) and run the qPCR protocol.

Analyze the data by using the software of the qPCR instru-
ment according to the user guide (see Note 37). When SYBR
Green is used, the expected amplification product of 172 bp
gives only one peak at 83.9-84.5 °C in the generated melting
curve (see Note 38). Cq values are automatically determined
by the software of the qPCR instrument. The amplification of
the DNA is observed at the channel whose emission wave-
length is about 520 nm (both fluorophores SYBR and FAM).

. Generate a standard curve as previously described (see

Subheading 3.2, step 9) for obtaining the concentration val-
ues of unknown samples.

3.4 Cyclopiazonic The TagMan-based qPCR protocol including an IAC described by
Acid Biosynthesis Rodriguez et al. [22] designed on the basis of the dmaT gene for
Pathway Genes the detection and quantification of CPA-producing molds is

detailed below (see Note 42).

1.

2.

Thaw all the PCR components (TagMan Master Mix, primers,
probes, IAC, and DNA) on ice (see Notes 18, 40 and 41). All
the reagents have to be prepared according to the manufac-
turer’s instructions.

Switch on the qPCR equipment and open the software of
qPCR. The run method should be set up according to the user
guide’s instrument (se¢e Notes 20-23). Program the thermal
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cycler using the following temperature and time conditions:
50°C/2 min; 95 °C/10 min; 40 cycles: 95 °C /155,60 °C/1 min.
. Prepare template DNA by diluting the stock solution up to
about 1 ng by using sterile ultrapure water (see Note 25). It
should be performed on ice.

. Prepare the PCR mix (Table 6), including the reagents for all
samples excepting DNA template (or non-template samples),
in 1.5 mL microcentrifuge tubes to maximize uniformity, min-
imize the possibility of pipetting errors, and optimize labor
when working with multiple tubes (see Notes 26-29, and 43).
Before use resuspend all the reagents by vortexing and centri-
fuge briefly. Each sample is performed by triplicate. Non-
template samples should be also prepared by triplicate (see
Note 30). Pipet all components on ice. Mix the PCR mixture
thoroughly and dispense equal aliquots (20 pL) into sterile
PCR tubes or PCR plates (see Note 31).

. Add template DNA (or non-template sample; 5 pl.) into cor-
responding PCR tubes or plate wells (sec Notes 32 and 33).

. Briefly centrifuge (15 s at maximum speed) the PCR tubes or
plate before inserting into the qPCR system (sec Note 34).
After centrifuging, check that the mixture is at the bottom of
each well or tube. If not, centrifuge again for a longer time.
The absence of bubbles should be also checked since they can
negatively aftect the qPCR results.

. Load the plate or the tubes on the qPCR instrument (se¢ Notes
35 and 36) and run the qPCR protocol.

Table 6
PCR mixture composition of the TagMan qPCR protocol for detecting and
quantifying cyclopiazonic acid-producing molds [22]

PCR components Volume (pL) per reaction
TagMan Master Mix (2x) 12.5

dmaTF (10 pM) 0.75

dmaTR (10 pM) 0.75

dmaTp (10 pM) 0.5

IAC (10 pM) 0.5

TACp (100 copies) 0.5

DNA 5

Sterile ultrapure water 4.5

Total volume 25
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8. Analyze the data by using the software of the qPCR instru-

ment according to the user guide (see Notes 37 and 44). Cq
values are automatically determined by the software of the
qPCR instrument. The fluorescence signal for the expected
64 bp PCR product determined at the channel whose emission
wavelength is about 556 nm (fluorophore HEX) whilst the
signal for the amplification of the competitive IAC (105 bp
amplicon) is measured at the channel whose emission wave-
length is about 520 nm (fluorophore FAM) (se¢ Note 38).

. Generate a standard curve as previously described (see

Subheading 3.2, step 9) for obtaining the concentration val-
ues of unknown samples.

The qPCR protocols described by Rodriguez et al. [28] relied on
the zdh gene for detecting and quantifying PAT-producing molds
are detailed below.

1. Thaw all the PCR components [SYBR Green Master Mix or

TagMan Master Mix, primers, probe (when TagMan used)
and DNA] on ice (see Notes 17-19, 40 and 41). All the
reagents have to be prepared according to the manufacturer’s
instructions.

. Switch on the qPCR equipment and open the software of

qPCR. The run method should be set up according to the user
guide’s instrument (se¢ Notes 20-23). Program the thermal
cycler with the following temperature and time conditions (see
Note 24) indicated in Table 7.

. Prepare template DNA by diluting the stock solution up to

about 0.5 ng (for the SYBR Green method) and 1 ng (for the
TagMan method) using sterile ultrapure water (se¢ Note 25).
It should be performed on ice.

. Prepare the PCR mix (Table 8), including the reagents for all

samples excepting template DNA (or non-template samples),
in 1.5 mL microcentrifuge tubes to maximize uniformity, min-
imize the possibility of pipetting errors, and optimize labor
when working with multiple tubes (se¢ Notes 26-29). Before
use resuspend all the reagents by vortexing and centrifuge
briefly. Each sample is performed by triplicate. Non-template
samples should be also prepared by triplicate (see Note 30).
Pipet all components on ice. Mix the PCR mixture thoroughly
and dispense equal aliquots (22.5 pL) into sterile PCR tubes or
PCR plates (see Note 31).

. Add template DNA (or non-template sample; 2.5 pL) into the

corresponding PCR tubes or plate wells (see Notes 32 and 33).

. Briefly centrifuge (15 s at maximum speed) the PCR tubes or

plate before inserting into the qPCR system (se¢ Note 34).
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Table 7
Amplification conditions of the qPCR protocols for detecting and quantifying patulin-producing
molds [28]
Method Thermal cycling conditions
SYBR Green 95 °C/10 min
40 cycles: 95 °C/15 s, 60 °C/1 min
Melting curve analysis: 60-95 °C
TagqMan 95 °C/10 min
40 cycles: 95 °C/15 s, 60 °C/1 min
Table 8

PCR mixture composition of the qPCR protocols for detecting and quantifying patulin-producing

molds [28]

Volume (pL) per reaction

PCR components SYBR Green method TagMan method
SYBR Green Master Mix (2x) 12.5 =

TagMan Master Mix (2x) = 12.5

F-idhtrb (10 pM) 1 1.15

R-idhtrb (10 pM) 1.75 1.15

IDHprobe (10 pM) = 1.15

DNA 2.5 2.5

Sterile ultrapure water 7.25 6.55

Total volume 25 25

After centrifuging, check that the mixture is at the bottom of
each well or tube. If not, centrifuge again for a longer time.
The absence of bubbles should be also checked since they can
negatively affect the qPCR results.

. Load the plate or the tubes on the qPCR instrument (see Notes

35 and 36) and run the qPCR protocol.

. Analyze the data by using the software of the qPCR instru-

ment according to the user guide (see Note 37). When SYBR
Green is used, the expected amplification product of 229 bp
gives only one melting peak ranging from 86.9 to 88.5 °C in
the generated melting curve (see Note 38). Cq values are auto-
matically determined by the software of the qPCR instrument.
When both methodologies are used, the fluorescent signal of
expected PCR product is observed at the channel whose emis-
sion wavelength is about 520 nm (both fluorophores SYBR
and FAM).
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9.

Generate a standard curve as previously described (see
Subheading 3.2, step 9) for obtaining the concentration val-
ues of unknown samples.

4 Notes

10.

11.

. Mortar and pestle have to be pre-frozen at —-80 °C in order to

avoid the use of high amounts of liquid nitrogen to cool down
them before starting. Previously mortar and pestle may be ster-
ilized at 121 °C for 20 min. Between samples mortar and pes-
tle have to be deeply cleaned and disinfected with 70% (v/v)
ethanol.

. Pre-heat the CTAB lysis buffer in a water bath at 65 °C before

using.

. Add B-mercaptoethanol into the tube in a fume cupboard and

always wear globes since it is toxic by inhalation, ingestion and
skin absorption. Its smell is also quite unpleasant. Consult the
safety data sheet provided by the supplier.

. The incubation could be performed in a water bath or in a

block heater.

. Ethanol or isopropanol:ethanol (1:1) could be also used as

DNA precipitation solvents. Isopropanol is normally added at
0.7-1 volumes of sample and ethanol at 2-2.5 volumes of
sample.

. Sample may be processed immediately or after being stored

overnight at =20 °C. Sometimes sample storage for few hours
helps DNA precipitation.

. The DNA precipitate is often invisible before centrifugation.

After centrifuging, it forms a white or see-through pellet that
may be observed on the side or at the bottom of the safe-lock
tube.

. When the pellet is still wet, it is necessary to dry it more thor-

oughly. For this, put the tube open on a liquid soaking paper
in upside down. Wait for few minutes and be very careful to
avoid any losing of pellet. If the pellet remains wet, air-dry the
DNA pellet for additional 5-10 min.

. DNA can be also resuspended in other elution buffers pro-

vided by commercial extraction kits or sterile ultrapure water.

Aliquot the extracted DNA into three to four tubes to avoid
DNA denaturalization because of numerous freeze and thaw
cycles.

The bufter (TE buffer or the elution buffer from the extraction
kits) or sterile ultrapure water used for resuspending the
obtained DNA is used to measure the blank.
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Amount of DNA is normally shown in ng/pL.

DNA is a molecule which absorbs at 260 nm. Therefore, to
assess the purity of the extracted DNA, the ratio of absorbance
at 260 and 280 nm (A260,/280) is determined. A ratio of
about 1.8 is generally accepted as “pure” for DNA. If the ratio
is lower, it may indicate the presence of protein, phenol or
other contaminants that absorb strongly at or near 280 nm.

The ratio of absorbance at 260 and 230 nm (A260,/230) may
be used as a secondary measurement of DNA purity. A ratio of
about 2.0-2.2 is generally accepted as “pure” for DNA. If the
ratio is lower, it may indicate the presence of contaminants
which absorb at 230 nm.

The quantity and quality of DNA samples may be also checked
in agarose gel electrophoresis by comparison to DNA stan-
dards [31]. To prepare the gel and carry out the electrophore-
sis check Sambrook et al. [32].

Alternatively, the primers F1 and R1 have been also used in a
conventional PCR method for detecting potentially ZEA-
producing molds [33].

The SYBR Green mix (and the later prepared PCR mixture)
has to be protected from an excessive exposure to light since
the fluorescent dye is light sensitive.

Store the primers (and probes when used) in small aliquots to
avoid contamination and multiple freeze and thaw cycles.

If the SYBR Green Mix does not have passive reference dye
(normally ROX), it should be added as additional PCR com-
ponent. ROX reference dye normalizes signal and ensures data
integrity.

Make sure that the instrument is calibrated for the dyes (e.g.,
SYBR Green, FAM, and HEX) used in the protocol.

A quantification assay must be selected. Normally, when DNA
is used as target, absolute quantification using the standard
curve method is performed.

In most qPCR software at least three types of samples can be
selected: (a) non-template samples consisting of a sample
which does not contain template; (b) standard which consists
of a sample with known concentration used to construct a
standard curve. By running standards of several concentrations,
a standard curve is created for extrapolating the quantity of an
unknown sample; (¢) unknown sample consisting of a sample
containing an unknown quantity of template to be quantified.

If the used SYBR Green mix (or TagMan mix when used) con-
tains uracil DNA glycosylase (UDQG) for preventing non-
template DNA amplification an optional short incubation at
50 °C is performed prior to the PCR cycling [30]. After this
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24.

25.

26.

27.

28.

29.

30.

31.

32.

step necessary for the cleaving of the enzyme to the uracil resi-
dues from any contaminating DNA, the UDG is inactivated in
the ramp up to 95 °C in the initial denaturation step [30].

When carrying out a SYBR Green method, a melting curve
(also called dissociation curve) has to be included immediately
following the thermal cycling protocol [30]. The melting
curve is generated for checking the specificity of the amplifica-
tion products.

DNA can be also diluted using the elution buffer provided by
commercial extraction kits or TE buffer.

The PCR mixture must be prepared in a UV-equipped PCR
workstation (also called PCR hood) to prevent cross contami-
nation of samples. The working surface of the PCR worksta-
tion should be cleaned with 70% (v/v) ethanol before and
after use. Besides UV light of the equipment should be switched
on before use for its decontamination.

Sterile gloves and filter pipette tips should be used for prevent-
ing the introduction of contaminating nucleases or DNA. The
gloves must be changed whenever there is a suspicion of being
contaminated. Additionally, all sample and reagent tubes
should be opened and closed carefully and kept capped as
much as possible for avoiding contamination.

When preparing the PCR mix including the reagents for all
samples excepting DNA, an extra volume has to be considered
for the calculations because of losses during transfer of reaction
components. Take into account the number of all unknown
and non-template samples to calculate the number of the
reactions.

Total volume per reaction could be decreased up to 12.5 pL. For
this, the volume of all PCR components should be decreased
proportionally in relation to the final reaction volume.

It is recommended to include the following non-template sam-
ples (or negative controls): (a) non-template control
(water+SYBR Green/TagMan Master Mix + primers); (b) non-
primer/non-template control (water+SYBR Green/TagMan
Master Mix); and (¢) non-template DNA control (water + SYBR
Green/TagMan Master Mix + primers + non-template DNA).

The PCR mixture can be loaded in different formats: PCR
plates (48-, 96-, or 384-well plates depending on the neces-
sity) or PCR tubes (single tubes or eight-strip tubes). When
using the plates, they have to be sealed by using adhesive films
after filling in the wells with the PCR components.

When qPCR plate or PCR tubes are loaded, prevent cross con-
tamination. Thus avoid passing hand above the samples when
pipetting template DNA (or non-template DNA) and trying
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40.
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42.

43.
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to keep reactions and components capped as much as possible.
Open and close tubes carefully too.

Avoid open the PCR tubes containing template DNA (or non-
template DNA) once it has been added.

If PCR tubes are used, they should be previously inserted into
a 96-well tray for centrifuging.

If the plate or tubes are not going to be loaded into the qPCR
instrument immediately, place them at refrigeration in dark
conditions.

Avoid touch the optical surface of the cap or sealing film with-
out gloves, as fingerprints may interfere with fluorescence
measurements.

Make sure that the non-template samples did not amplify in
order to ratify that the qPCR run was adequate.

When optimizing the qPCR protocol the presence or absence
of the expected PCR product should be checked in a 1.5%
(w/v) agarose gel stained with ethidium bromide and visual-
ized under UV illumination. Since ethidium bromide is a haz-
ardous compound (consult the safety data sheet provided by
the supplier), safer commercially available alternatives to this
can be used for staining the agarose gels. The gels stained with
them can be visualized and photographed with the same equip-
ment used for those stained with ethidium bromide. For a
more precise verification of the adequate amplification, the
obtained PCR product can be sequenced and its sequence is
then compared with the available sequences in GenBank
(http://www.ncbi.nlm.nih.gov/genbank/).

The standard curve could be also generated by using serial
dilutions of a PCR product of the corresponding gene (larger
than the expected qPCR fragment). The concentration of such
amplicon has to be previously determined to calculate the
number of copies. In this case the standard curve consists of a
plot of the Cq versus log gene copy number.

The TagMan probes (and the later prepared PCR mixture) are
light sensitive. They have to be stored and processed away
from light.

If the TagMan Master Mix does not have passive reference dye
(normally ROX), it should be added as additional PCR com-
ponent. ROX reference dye normalizes signal and ensures data
integrity.

Other competitive IAC could be used provided that the non-
target DNA fragment is flanked by the same primer sites.

This procedure could be performed without IAC replacing the
volume of IAC and IACp from the PCR mix with sterile ultra-
pure water.
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44. Check that the IAC is amplified in all the samples to test the
validity of the qPCR run. This is necessary to evaluate the
absence of false-negative results.
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Chapter 15

Evaluating Aflatoxin Gene Expression in Aspergillus
Section Flavi

Paula Cristina Azevedo Rodrigues, Jéssica Gil-Serna,
and M. Teresa Gonzalez-Jaén

Abstract

The determination of aflatoxin production ability and differentiation of aflatoxigenic strains can be assessed
by monitoring the expression of one or several key genes using reverse transcription polymerase chain reac-
tion (RT-PCR). We herein describe the methods for RNA induction, extraction, and quality determina-
tion, and the RT-PCR conditions used to evaluate the ability of a given Aspergilius strain to produce
aflatoxins.

Key words Aspergillus flavus, Mycotoxins, Aflatoxigenic fungi, RNA extraction, RT-PCR, Gel
electrophoresis

1 Introduction

Aflatoxins (AF) are the most widely studied of all mycotoxins pro-
duced by Aspergillus species. Although aflatoxin production ability
has been detected in various species, A. flavus Link:Fr. and A. par-
asiticus Speare (belonging to Aspergillus section Flavi) remain the
most important and representative aflatoxin producers occurring
naturally in food commodities. Molecular techniques have been
widely applied in order to discriminate between aflatoxigenic and
non-aflatoxigenic strains, through the correlation of presence/
absence of genes involved in the aflatoxin biosynthetic pathway
with the ability /inability to produce aflatoxins. However, AF bio-
synthesis is based on a highly complex pathway which requires at
least 25 structural and 2 regulatory genes [1], with possible alter-
native pathways. Additionally, there are reports on genes that are
present but not expressed, even under highly aflatoxin-inductive
conditions [2]. Furthermore, it is important to highlight that some
genes are not exclusive of the aflatoxin biosynthetic pathway, which
could create false positives in the case of sterigmatocystin-producing
fungi [3] such as Aspergillus nidulans. More recently, aflatoxin

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
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production and aflatoxigenic strain differentiation are being
assessed by monitoring the expression of one or several key genes
using reverse transcription polymerase chain reaction (RT-PCR).
Such systems have been applied to monitor AF production and
biosynthetic gene expression based on various regulatory and
structural AF pathway genes in A. parasiticus and /or A. flavus[2,
4-7]. Although with different levels of success, they were found to
be rapid, sensitive, and reliable.

2 Materials

2.1 Mycotoxin Safety
Precautions

2.2 Media
Preparation

2.3 RNA Extraction

Prepare all solutions using ultrapure water and analytical grade
reagents. Prepare and store all reagents at room temperature
(unless indicated otherwise). All materials and solutions involved
in RNA-handling procedures must be RNase-free. Wear gloves
during the whole process when working with RNA to protect sam-
ples from degradation by RNases.

All the necessary safety precautions must be taken into account
when handling mycotoxin solutions or other potentially contami-
nated materials since they are highly toxic and potent carcinogenic
compounds. Handle contaminated material with protective gear;
decontaminate all disposable materials by autoclaving before being
disposed; decontaminate reusable materials by immersion in 10%
commercial bleach overnight, followed by immersion in 5% ace-
tone for 1 h and washing with distilled water several times.

1. Malt extract agar (MEA): Malt extract 20 g/L, glucose
20 g/L, peptone 1 g/L, agar 20 g/L. Mix the components,
autoclave (121 °C, 20 min), and plate in 90 cm Petri dishes.

2. Yeast extract sucrose (YES) broth: Yeast extract 20 g/L,
sucrose 150 g/L.. Mix the components, autoclave (121 °C,
20 min). Distribute 25 mL of YES in 50 mL Falcon tubes.

3. Yeast extract peptone (YEP) broth: Yeast extract 20 g/L, pep-
tone 150 g/L. Mix the components, autoclave (121 °C,
20 min). Distribute 25 mL of YES in 50 mL Falcon tubes.

1. Paper towels: Cover a stack of paper towels by aluminum foil
and sterilize in a sterilization oven at 160 °C, overnight.

2. Spatula, mortar, and pestle: Cover by aluminum foil, sterilize
in a sterilization oven at 160 °C, overnight, and refrigerate
(=20 °C) before use.

3. Eppendorf tubes, PCR tubes, pipette tips: Sterilize by auto-
clave (121 °C, 1 h). Whether possible, use RNase-free filter
pipette tips.
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4. Liquid nitrogen.

2.4 RNA Analysis 1.

by Gel Electrophoresis

2.5 RNA Analysis 1.

by Spectrophotometry

. RNeasy Plant Mini Kit (Qiagen) (se¢ Note 1).

RNase-free water: Treat ultrapure water with 0.1% diethyl
pyrocarbonate (DEPC) (v/v), mix thoroughly, and store over-
night. Autoclave at 121 °C for 1 h to eliminate DEPC. Prepare
all solutions with DEPC-treated water (see Notes 2 and 3).

. EDTA 0.5 M: pH 8.0: Weigh 93.05 g EDTA-Na, (FW=372.2).

Dissolve in 400 mL RNase-free water and adjust to pH 8.0
with NaOH. Make up to a final volume of 500 mL with water
(see Note 4).

. Tris-acetate-EDTA (TAE 50x): 2 M Tris-acetate, 0.05 M

EDTA. Weigh 242 g Tris base (FW=121.14) and dissolve in
approximately 750 mL of RNase-free water (see Note 5).
Carefully add 57.1 mL glacial acetic acid and 100 mL of 0.5 M
EDTA (pH 8.0) previously prepared. Adjust the solution up to
a final volume of 1 L. The pH of this buffer does not need to
be adjusted and should be about 8.5. Store in the dark at room
temperature.

. Tris-acetate-EDTA (TAE 1x): Dilute the stock solution TAE

50x in RNase-free water. For example, to prepare 1 L of TAE
1x, dilute 20 mL of TAE 50x in 980 mL of water. Final solu-
tion contains Tris—sHCI (40 mM), glacial acetic acid (40 mM),
and EDTA (1 mM).

. SDS washing solution (SDS 10%): Weight 50 g of sodium

dodecyl sulfate (SDS) and dissolve in RNase-free water to a
final volume of 500 mL (see Note 6).

. DNA/RNA dye (se¢ Notes 7 and 8).
. Non-denaturing agarose gel (se¢ Note 9): Prepare a 1.2 % aga-

rose gel in TAE 1x and add the recommended amount of
DNA/RNA dye.

. RNA loading buffer (6x): 30% (v/v) glycerol; 0.25% (w/V)

bromophenol blue. Store at 4 °C.

. RNA molecular weight marker.
10.
11.

Horizontal electrophoresis apparatus (see Note 10).

Ultraviolet (UV) transilluminator (preferentially coupled to a
gel image analysis software).

Tris-EDTA (TE) buffer: 10 mM Tris—-HCI, 1 mM EDTA
(pH 8.0). Add 1 mL ofa 1 M Tris—HCI (pH 8.0) stock solu-
tion and 0.2 mL of 0.5 M EDTA (pH 8.0) stock solution to
98.8 mL of RNase-free water. Store at room temperature.

2. Spectrophotometer.

. Quartz cuvette.
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Table 1
Details of the target genes, primer sequences and expected product length in base pairs (bp) for PCR
and RT-PCR
Primer PCR product RT-PCR product
pair Gene Primer sequence (5’ — 3') size (bp) size (bp) Reference
Tubl-F  tubl GCT TTC TGG CAA ACC ATC TC 1406 1198 [5]
Tubl-R GGT CGT TCA TGT TGC TCT CA
Ordl-gF afIQ TTA AGG CAG CGG AAT ACA AG 719 599 [4]
Ordl-gR GAC GCC CAA AGC CGA ACA CAA A

2.6 Analysis of Gene
Expression

|9 2 B S B S

. One-Step RT-PCR Pre-Mix (see Note 11).

. Primers for f-tubulin and aflQ genes (Table 1).
. RNase-free water.

. RNase-free filter tips.

. Agarose gel and electrophoresis apparatus (as described for

RNA analysis).

. DNA molecular weight marker (100 pb ladder or similar).

3 Methods

3.1 Biological
Material Preparation

3.2 RNA Extraction

. Grow the isolates under both AF inductive and noninductive

conditions (see Note 12). For that, inoculate a loop full of
spores from a 7-day-old culture in MEA into 25 mL of YES
(AF inductive) and YEP (noninductive) broths (in 50 mL
Falcon tubes).

. Incubate the cultures horizontally for 4 days at 28 °C, in the

dark, with slight agitation (100 rpm).

. Collect the mycelium with a sterilized spatula, dry the myce-

lium in sterilized absorbent paper, and rapidly divide it into
aliquots of 100 mg.

. Preserve the mycelium at —80 °C until use or proceed with the

RNA extraction protocol immediately (see Note 13).

. The Qiagen RNeasy Plant Mini Kit is used for RNA isolation

according to the manufacturer’s protocol. Grind 100 mg of
mycelium to a fine powder with liquid nitrogen (N,) in a cold
mortar and pestle (see Note 14).

. Transfer the powder with a residual amount of N, into a 2.0 mL

Eppendorf tube previously refrigerated by immersion in N,.



3.3 RNA Analysis

3.3.1 Native (Non-
denaturing) AgaroseGel
Electrophoresis

(See Note 9)

3.3.2 Spectrophotometry
(See Note 18)

3.

4.
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Leave the N, to evaporate completely and immediately follow
the extraction protocol as described by the manufacturer (see
Notes 15-17).

Store RNA at -70 °C in 5 pL aliquots, to avoid repeated freeze
and thaw that would damage RNA.

Determine general quality and yield of extracted RNA, as well as
contamination with genomic DNA, by native agarose gel
electrophoresis.

1.

Thaw a 5 pL aliquot of each RNA sample (at all times kept on
ice) and add 1 pL of 6x loading buffer. Gently mix by reflux
and load into the gel (on native gels, the samples are loaded
directly without heating).

. Make sure to include an RNA marker and/or a positive con-

trol RNA (commercial RNA or one of your samples known to
be intact) in the gel to rule out unusual results due to gel arti-
facts and to aid in yield determination.

. Run the gel in TAE butffer, at constant voltage of 5 V/cm

(measured between the electrodes) for approximately 1 h.

. Observe the gel under UV light. Compare fluorescence inten-

sities between samples and standards, and estimate RNA con-
centration. Even though you might want a more accurate RNA
quantitation (see below), the gel is still essential to determine
RNA quality in terms of degradation and contamination (with
protein or genomic DNA) (Fig. 1).

. Place the sample in a quartz cuvette. Zero the spectrophotom-

eter with the solvent. For accurate readings, dilute the sample
with TE (se¢e Note 19) to obtain absorbance (optical density,
OD) values between 0.1 and 1.0.

. The OD at 260 nm (OD260) equals 1.0 for a 40 pg,/mL solu-

tion of RNA. For RNA concentration apply the following cal-
culation: RNA concentration=40 pg/mLxOD260 x dilution
factor.

. For an indication of RNA purity, calculate the OD260,/0D280

and OD A260,/A230 ratios. For pure RNA, both ratios should
be very close to 2.0 in TE (see Note 20) [8]. Lower or higher
ratios could be caused by protein, salts, or ethanol
contamination.

. Dilute some aliquots of RNA in water to obtain a working

solution of approximately 1 pg/mL and retain others at the
original concentration (stock solution).

. Store RNA at -70 °C in 5 pL aliquots.
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3.4 Analysis of Key
Aflatoxin Gene
Expression

1 .23 E4°85
- S —— 28SrRNA
Lk —— 185 rRNA

5S rRNA, tRNA,
other small RNA

‘ . molecules

Fig. 1 Native (non-denaturing) agarose gel electrophoresis of RNA samples
obtained by different maceration and extraction methods, showing various types
of RNA molecules: 1—N,, RNeasy Plant Mini Kit (RLT buffer); 2—N,, RNeasy
Plant Mini Kit (RLC buffer); 3—N2, Trizol method (Invitrogen); 4—Glass Beads,
RNeasy Plant Mini Kit (RLC buffer); 5—TissueRuptor (Qiagen), RNeasy Plant Mini
Kit (RLC buffer)

1.

Perform a Multiplex RT-PCR with the obtained RNA (1 pg/
mL) using a One-Step RT-PCR Premix (e.g., iNtRON
Biotechnology) (see Note 11).

. Prepare the mix as described in Table 2, or adjust to the manu-

facturer’s instructions.

. Prepare a multiplex reaction by using both primer pairs Ord1-gF/

gR and Tubl-F/R (Table 1) in the same tube. Primer pair
Ordl-gF/gR will amplify the aflatoxin-related gene af/Q (for-
merly o7d1) gene (see Note 21). The pair Tubl-F/R will amplify
a part of the housekeeping p-tubulin gene #u#b1, which will be
used as internal control of amplification (see Note 22).

. Set the amplification program in the thermal cycler as described

in Table 2.

. Check for contamination with genomic DNA. Carry out a

PCR as described for the amplification step of RT-PCR
(Table 2), using the same primers and 1 pg of total RNA as
template (see Note 16). Use the following PCR mix: Taq buf-
fer 1x, MgCl, 1.5 mM, dNTPs 0.2 mM, each primer 0.2 pM,
Taq 1 U (e.g., GoTaq® Flexi DNA Polymerase, Promega),
1 pg of RNA, make up to 20 pL. with ultra pure water.

. Prepare a 1.2% agarose gel in TAE 1x (not necessary to be

cautious such as in the case of gels to run RNA). Confirm that
you have amplification for the internal control (Fig. 2). The
absence of a band at the internal control position (Fig. 2, lane
4) reflects a failed reaction, potentially due to bad RNA quality
or amplification inhibitors (false negative). The presence of a
product with the expected RT-PCR size confirms aflatoxin
gene expression (Fig. 2, lanes 2 and 3) whereas its absence
implies no expression (Fig. 2, lanes 1 and 5). The presence of
a band with the PCR expected size confirms genomic DNA
contamination, but that will not interfere with your analysis,
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RT-PCR conditions used for the multiplex amplification of genes fub7 and aflQ

Reaction mix (20 uL)

One-step RT-PCR pre-mix

Each primer forward
Each primer reverse
Total RNA
Amplification program
Reverse transcription
Initial denaturation
Denaturation
Annealing

Extension
Denaturation
Annealing

Extension

Final extension

8 uL
0.2 M
0.2 M

Ipg

45 °C, 30 min

94 °C, 4 min

94 °C, 1 min 5x
60 °C, 1 min

72 °C, 1 min

94 °C, 1 min 30x
55 °C, 1 min

72 °C, 1 min

72 °C, 6 min

1406 bp (gDNA — tub1)
1196 bp (cDNA — tub1)

719 bp (gDNA - afiQ)
— 599 bp (cDNA - afiQ)

Fig. 2 Electrophoretic pattern of RT-PCR products for Aspergillus flavus and
Aspergillus parasiticus isolates. Lanes: M—100 bp DNA ladder (Promega); 7 and
5—A. flavus AF non-producing strain; 2and 3—A. parasiticus AF producing-strain;
4—false negative result for A. parasiticus, 6—A. parasiticus DNA-PCR control

because primers have been constructed in such a way that
genomic DNA and ¢cDNA amplification products will have dif-

ferent sizes (see Note 16).

4 Notes

1. The R Neasy Plant Mini Kit (Qiagen) is one of the most cited
methods for fungal RNA extraction and it seems to show the
best results for RNA extraction from Aspergillus mycelium
and conidia. It is, though, more expensive than other routine
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protocols. An alternative protocol using the TRIzol reagent
(Invitrogen) is also available (Fig. 1) [9].

. Diethylpyrocarbonate (DEPC) treatment is the most com-

monly used method for eliminating RNase contamination
from water, buffers, and other solutions, as it destroys enzy-
matic activity by modifying -NH, —-SH, and -OH groups in
RNases. Solutions containing Tris and EDTA cannot be
DEPC-treated. Solutions that cannot withstand autoclaving
also cannot be DEPC-treated since autoclaving is essential for
inactivating DEPC. It is thus preferable to prepare all solutions
with DEPC-treated water instead of treating the solutions
themselves. DEPC will dissolve some plastics; glass should be
used whether possible.

. DEPC is highly toxic (oral, dermal, and inhalation), so take

special care while handling the reagent. DEPC must be always
handled at the fume hood wearing high-protection gloves.
When mixing DEPC with water, take special care to avoid
spilling; make sure that the flask is tightly closed and even
cover the flask with absorbent paper. After the treatment, auto-
clave the gloves and any other material that has been in contact
with DEPC. After being autoclaved, DEPC-treated water is
safe to be handled without special care.

. EDTA solutions must be prepared ahead of time since EDTA

dissolution only takes place when the pH is about 8.

. Tris will dissolve better if you already have ca. 100 mL of water

and a magnetic stirrer in the cylinder before you add the salt.

. Wear face mask or use the fume hood when preparing SDS

solutions to avoid inhalation of SDS dust. SDS is synonymous
to sodium lauryl sulfate. 10% SDS solution will precipitate at
room temperature and this solution has to be kept at 37 °C.

. There are numerous new generation fluorescent DNA and

RNA dyes designed to replace the highly toxic ethidium bro-
mide (EtBr) such as SYBR Green I, Gel Red, or Green Safe.
The amount of dye recommended by the manufacturer is usu-
ally excessive, and you can try to reduce it by one-half or
one-third. However, depending on the sample a loss of sensi-
bility might occur using these dyes.

. If you are not able to avoid EtBr, it is preferable to add it directly

to the gel (0.5 pg/mL) to avoid the additional step of gel stain-
ing (potentially RNase-prone). EtBr is highly toxic and poten-
tially carcinogenic; make sure that you wear protective gear
(highly protective gloves and goggles) when handling it and that
you use it in a confined and appropriately identified area.

. A denaturing gel system (which involves the use of acrylamide,

TEMED and formamide) is sometimes suggested because



10.

11.

12.

13.

14.

Aflatoxin Gene Expression 245

RNA might form secondary structures. Denaturing conditions
prevent RNA from migrating strictly according to its size.
Native agarose gel electrophoresis is sufficient to judge the
integrity and overall quality of a total RNA preparation by
inspection of the 28S and 18S rRNA bands (Fig. 1). Bands are
generally not as sharp as in denaturing gels, but native gels are
safer and easier to prepare.

Use electrophoresis equipment (tank, trays, and combs) exclu-
sively for RNA analysis, and wash it regularly with 10% SDS
and RNase-free water.

You may choose between one-step RT-PCR or two-step RT-
PCR procedures. Both have pros and cons. Using sequence-
specific primers, it might be better the former since it allows
easier processing of large numbers of samples and helps mini-
mize carryover contamination (all steps happen in the same
tube). However, in some situations two-step procedures are
the best option. Independent PCR reactions need to be per-
formed if: (i) you want to test in the same cDNA sample the
expression of several genes which require different amplifica-
tion conditions; (ii) the amplification products are similar in
size or; (iii) some interference or cross reaction might be
suspected.

In order to confirm that AF genes are only expressed under
inductive conditions, some isolates should also be tested on
YEP (non-AF inductive) broth. It is important to perform this
analysis in a wide range of isolates. While testing your method,
the presence or absence of AF must be checked by HPLC in
both YEP and YES broths used for fungal growth to confirm
the correlation between expression of the test gene and AF
production. Because AF production is extremely dependent on
growth conditions, it is important to determine aflatoxigenic
ability under the same test conditions as gene expression. The
description of the HPLC method for AF analysis is not within
the scope of this text.

RNA extraction should be performed on freshly produced
material immediately after harvest to avoid RNA degradation.
If you are not able to carry out RNA isolation immediately,
you must store the harvested mycelium either at =70 °C or at
4 °C after immersion in an RNA-stabilizing solution (e.g.,
R NAlatter, Ambion) until use.

The maceration of biological material for RNA extraction is
probably the most important and critical step of the procedure.
Maceration with liquid nitrogen will result in higher RNA
yield and quality (Fig. 1), but requires extra care and skills to
avoid RNA contamination and degradation.
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References

Using the Qiagen protocol, we found RLC extraction buffer
to work slightly better than RLT buffer for Aspergillus myce-
lium and conidia (Fig. 1).

A DNase treatment is recommended to avoid contamination
with genomic DNA but it is not mandatory if you choose
primers that differentially amplify genomic DNA (gDNA) and
complementary DNA (cDNA). Make sure to select primers
that span a part of the gene containing at least one intron. That
way, you can easily differentiate gDNA from ¢cDNA on the
basis of the amplification product size (Fig. 2; Table 1).

At the final step of the procedure, elute the RNA in water
instead of Elution Buffer to avoid buffer interferences in sub-
sequent reactions.

RNA analysis can be performed using a NanoDrop spectro-
photometer (ThermoScientific), which is simpler to use and
requires smaller amounts of sample than classic
spectrophotometers.

OD ratios will vary depending on the solvent. While RNA con-
centration is independent of the solvent you use, OD260,/230
and OD260,/280 ratios are more reliable it TE is used as sol-
vent (turning pH-dependent variations in the OD230 and
OD280 readings null). RNA samples are eluted with water for
optimal subsequent reactions, but for spectrophotometer anal-
ysis it is better to dilute the samples in TE.

In water, OD260,/230 and OD260,/280 ratios are expected
to be 1.8-2 [8].

Besides aflQ, other key genes in the aflatoxin pathway have
been used, e.g., aflD, aflO, afiP, and afIR [2,4-7]. We recom-
mend afIQ, since it is the last known gene in the pathway nec-
essary for aflatoxin production and the only one specific for
aflatoxin producers.

When testing isolates for presence/absence of specific genes,
you must include an internal control, which consists of a
housekeeping gene, universally expressed in all isolates tested
regardless of aflatoxin production ability and culture condi-
tions. Make sure that you choose control primers that work
exactly under the same conditions as your test primers. The
detection of expression of this internal control is mandatory to
rule out false negatives.
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Chapter 16

Evaluating Fumonisin Gene Expression in Fusarium
verticillioides

Valeria Scala, Ivan Visentin, and Francesca Cardinale

Abstract

Transcript levels of key genes in a biosynthetic pathway are often taken as a proxy for metabolite produc-
tion. This is the case of FUM1I, encoding the first dedicated enzyme in the metabolic pathway leading to
the production of the mycotoxins Fumonisins by fungal species belonging to the genus Fusarium. FUM]I
expression can be quantified by different methods; here, we detail a protocol based on quantitative reverse
transcriptase polymerase chain reaction (RT-qPCR), by which relative or absolute transcript abundance
can be estimated in Fusarin grown in vitro or in planta. As very seldom commercial kits for RNA extrac-
tion and ¢cDNA synthesis are optimized for fungal samples, we developed a protocol tailored for these
organisms, which stands alone but can be also easily integrated with specific reagents and kits commercially
available.

Key words F. verticillioides, FUM pathway, FUM1, mRNA, RT-qPCR

1 Introduction

Several fungal species belonging to the Fusarium genus are known
to synthesize health-hazardous Fumonisins, the most common
producer being Fusarium verticillioides in infected maize kernels
[1]. All Fumonisin producers will coordinately express several
Fumonisin-related (FUM) genes to generate toxin molecules and
extrude them in the environment. The first dedicated biosynthetic
gene in the pathway is FUM1, encoding a crucial polyketide syn-
thase involved at an early step in the assembly of the Fumonisin
backbone. Its transcript levels in the cell are often taken as an indi-
cator of activity in the whole FUM pathway and of Fumonisin
accumulation in fungal biomass or in different matrices [2]. While
this is generally true, conditions do exist that are known to disrupt
coordinated transcription of the FUM cluster as a whole [3];
because of this, caution should be exerted in inferring metabolite
production from transcript quantification data.

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_16, © Springer Science+Business Media LLC 2017
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Real-time polymerase chain reaction (PCR), also called quan-
titative PCR (qPCR), and reverse transcriptase qPCR (RT-qPCR)
are PCR-based techniques used to amplify and simultaneously
detect or quantify target DNA or cDNA molecules, respectively.
The detection range spans six orders of magnitude, which confers
both sensitivity and a wide dynamic range upon these techniques.
qPCR allows quantification of the desired product at any point in
the amplification process by measuring fluorescence in the reaction
sample. The alternatives for amplicon detection/quantification in
qPCR are (1) nonspecific fluorescent dyes that intercalate into any
double-stranded DNA, or (2) sequence-specific DNA probes
labelled with a fluorescent reporter. No probes of the latter type
have been reported yet for genes in the FUM cluster at present,
while several primer pairs have been designed to work in conven-
tional PCR [4] and in qPCR reactions followed by detection with
intercalating dyes such as SYBR Green. The protocols described
here will allow rather straightforward quantification of FUM1 tran-
script abundance in F. verticillioides grown in different matrices.

2 Materials

2.1 Media
and Solutions

2.2 RBNA Extraction
and Quantification

1. Czapek medium amended with yeast extract (CDY; not induc-
tive for Fumonisin production, useful as a negative control):
ZnS0O, 5 mg/L; NaMoO, 1 mg/L; yeast extract 0.5% w/v;
NaNO;2 g/1; KH,PO, 1 g/1; MgSO, 0.4 g/1; KCl1 0.5 g/L;
FeSO, 0.016 g/L; sucrose 3 g/L.

2. Czapek medium amended with yeast extract and 2% w/v
cracked maize (CDYM) [5] (se¢e Note 1): ZnSO, 5 mg/L;
NaMoO, 1 mg/L; yeast extract 0.5% w/v; NaNO; 2 g/L;
KH,PO, 1 g/L; MgSO, 0.4 g/L; KCl 0.5 g/L; FeSO,
0.016 g/L; sucrose 3 g/L. Strongly inducing Fumonisin syn-
thesis. Cracked maize is prepared from sterilized (autoclaved)
and lyophilized maize kernels subsequently homogenized and
powdered in a blender at maximum speed for 2 min.

3. Hoagland solution: NHHSO, 463.0 mg/L, H;BO;
1.6 mg/L, CaCl, 125.33 mg/L, Na,-EDTA 37.25 mg/L,
FeSO,x7H,O 27.85 mg/L, MgSO, 90.37 mg/L,
MgSO,xH,0 3.33mg/L, K[ 0.8 mg/L, KNO;2830.0 mg/L,
KH,PO, 400 mg/L, ZnSO,x7H,0 1.5 mg/L.

Prepare all solutions using ultrapure water, made DNase and
RNase free by DEPC treatment (see item 1 below). Several solu-
tions and buffers can be purchased as ready to use (see below). All
the devices and consumables used for RNA, mRNA, and cDNA
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manipulation must be purchased DNase and RNase free, and fur-
ther sterilized in aliquots for more convenient use.

1.

10.

11.

Diethylpyrocarbonate water (DEPC water): 0.1 % v/v. Prepare
a solution of DEPC in ultrapure water, mix thoroughly and let
sit at room temperature overnight. Then autoclave.

. Extraction buffer: 2% w/v Hexadecyltrimethylammonium

bromide (CTAB), 2% w/v polyvinylpyrrolidone K 30 (PVP),
100 mM Tris—-HCI pH 8.0, 25 mM EDTA, 2.0 M NaCl,
0.5 g/L spermidine. Mix well (may need overnight stirring)
and autoclave. Add 2% v/v p-mercaptoethanol just before use.

. SSTE buffer: 1 M NaCl, 0.5% w/v SDS, 10 mM Tris—HCI

(pH 8.0), 1 mM EDTA (pH 8.0).

. Ethanol 70%: Mix 70 mL of ethanol (>99.8% pure) and

30 mL of DEPC water.

. Dithiothreitol (DTT): Prepare a 100 mM solution in DEPC-

treated water.

. DNase enzyme with related reaction buffer and stop solution.

Can be conveniently purchased from any commercial source.

. dNTP solutions: Dilute the dATP, dCTP, dGTP, and dTTP

stocks from 100 mM (the concentration at which they are nor-
mally sold) to 10 pM with DEPC water. To do so, add 5 pL. of
each ANTP to 30 pL of DEPC water.

. RNase inhibitor, reverse transcriptase and its reaction buffer

can be purchased from any commercial source.

. The primers for the housekeeping gene (f-TUB, coding for

B-tubulin) are designed on the FVEG_05512.3 accession in
NCBI:  ptub_F (ACATTCGTCGGAAACTCCAC) and
ptub_R (CAGCATCCTGGTACTGCTGA). Efficient primers
for FUM1 amplification in qPCR are Fuml_for (GAGCCGA
GTCAGCAAGGATT)andFuml_rev(AGGGTTCGTGAGCC
AAGGA) [3, 6]. For RNA extraction from F. verticillioides-
infected maize cobs an additional primer pair must be used to
normalize samples onto total RNA including plant-derived
RNA. Several options are available, but we find the primer pair
Zm_actin_for (TCCTGACACTGAAGTCCCGATTG) and
Zm_actin_rev  (CGTTGTAGAAGGTGTGATGCCAGTT)
designed on a—ACTINfrom Zea mays(accession DQ492681.1)
to work well [7].

Polysaccharide precipitation solution: Prepare a 4 M solution
of ammonium acetate in ultrapure water, and then autoclave.

SYBR Green dye: It is available as a pure dye or as a ready-to-
use PCR mix from several commercial sources.
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3 Methods

3.1 F verticillioides
Culture

3.2 RNA Extraction

3.2.1 Starting
from In Vitro-Grown F.
verticillioides Pure Culture

. Grow the F. verticillioides strains for spore production in

potato dextrose agar at 25 °C. Wash spores off the plate with
sterile water and under sterile conditions to prepare a stock
conidia suspension of 1x107 conidia/mL of F. verticillioides
(see Notes 2 and 3).

. With a cut tip, inoculate CDY or CDYM medium (usually,

50 mL in 100 mL Erlenmeyer flasks work fine) and grow in the
dark and at 25 °C under shaken conditions (150 rpm). An
initial inoculum of 10 spores in 50 mL should allow appropri-
ate amounts of mycelia and spores being produced within 10
days by most F. verticillioides strains.

. Harvest at different time points after inoculation, depending

on the hypothesis being investigated and your experimental
setup. Mycelia is easily harvested as a more or less compact disk
floating over liquid medium; it should be washed thoroughly
on filter paper with distilled water, then excess water should be
dried away with clean absorbing paper.

. Quantify fungal growth by weighing freeze-dried mycelium

(lyophilized at 0.1 hPa/-100 °C for 24 h). Alternatively, sam-
ples can be deep-frozen with liquid nitrogen and kept at
-80 °C until use; in this case, be careful to dry away most water
quickly and without damaging the cells.

To inoculate maize cobs, proceed as follows:

. Produce and quantify an inoculum as at Subheading 3.1, step 1.

Adjust concentration to 10° spores/mL.

. Collect maize cobs at dough stage (i.e., R4: when kernels are

about 50% their final size, usually around 24-28 days after
silking).

. Infect them with the pin bar technique. To do so, wound with

a pin bar all around the middle area of the cob, without leaf
removal, obtaining three portions with visible holes. Place
100 pL of the spore suspension in each hole.

. Place cobs in plastic bottles containing 50 mL of Hoagland’s

solution at the bottom as nutritional source and incubate at room
temperature (around 25 °C). Include non-inoculated cobs.
Harvest at the desired time after inoculation (usually, symptoms
are visible within a few days) and store at —20 °C until analysis.

. Grind 20 mg of freeze-dried mycelium with liquid nitrogen in

clean and sterilized mortar and pestle.

. Warm 5 mL of extraction buffer to 65 °C in a water bath, then

add the ground mycelium, and mix by inverting the tube and
vortexing (see Note 4).
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. Add an equal volume of chloroform:isoamyl alcohol (24:1,

v/v), vortex, and centrifuge at 13,680 x4 and 4 °C for 10 min
(extend centrifugation time if phases are not well separated).

. Recover the aqueous phase, being careful not to pick the

interphase.

. Repeat the extraction step with chloroform:isoamyl alcohol.

6. Add 1/4 volume 10 M LiCl to the supernatant, mix gently,

10.

11.

12.

13.

14.

and store samples at 4 °C overnight (see Note 5). This step
allows precipitation of RNA, so most genomic DNA will be
eliminated in the following steps.

. Centrifuge at 18,620x 4 for 20 min and 4 °C. Discard the

supcernatant.

. Dissolve the pellet in 1 mL of SSTE pre-warmed to 65 °C.

. Add an equal volume of chloroform:isoamyl alcohol, vortex,

and centrifuge for 10 min at 13,680 x4 and 4 °C.

Recover the aqueous phase, being careful not to pick the
interphase.

Add 0.7 volumes of isopropanol and 0.1 volumes of 3 M Na
acetate (pH 5.2).

Centrifuge for 20 min at 18,620 x4 and 4 °C and discard the
supernatant.

Add 1 mL of 70% ethanol (DEPC) and centrifuge for 10 min
at 18,620 xg and 4 °C.

Discard the supernatant and dissolve the pellet in 20-50 pL of
DEPC water.

. Lyophilize (at 0.1 hPa and -100 °C for 24 h) 100 g of kernels

trom F. verticillioides-infected maize cobs, and grind it with
liquid nitrogen in clean and sterilized mortar and pestle.

. Take an aliquot (30 mg) of the homogenized kernels and

transfer into a DEPC-treated, sterile 2 mL tube.

. Warm 5 mL of extraction buffer (see step 2) to 65 °C in a water

bath, then add the ground sample, and mix by inverting the
tube and vortexing.

. Put the sample in ice for 10 min and then centrifuge at

13,680 x g or 15 min and 4 °C to allow polysaccharide precipi-
tation. Recover the aqueous phase and transfer into a DEPC-
treated, sterile 2 mL tube.

. Add 0.3 volumes of ammonium acetate solution and put the

tube in ice for 30 min. Then centrifuge at 13,680 x g for 15 min
and 4 °C. Recover the aqueous phase and then put it in DEPC-
treated, sterile 2 mL tubes. From this point on, the protocol
follows steps 3—14 above (see steps 3-14).
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3.3 Total RNA
Quantification

3.4 cDNA Synthesis

3.5 Real-Time
Amplification of FUM1
Transcript

in F. Verticillioides

The extracted RNA is quantified spectrophotometrically. For RNA
quantification, readings should be taken at wavelengths of 260 and
280 nm (see Note 6). For most samples, 1000-fold dilutions will
be in the right absorbance range (dilute 1 pL of total RNA in 1 mL
of DEPC water, mix by shaking without forming bubbles and mea-
sure). Please be aware that poor RNA integrity might cause serious
problems to reverse transcription and amplification steps down-
stream (see Note 7).

Reverse transcriptase reactions are usually performed on 1 pg of
total RNA per sample.

1. Add 1 pg of total RNA to 1 pL of 10x buffer, 1 pL. of DNase
(1 enzymatic unit/plL) and DEPC-treated water to the final
volume of 8 pL. Run the reaction for 25 min at 25 °C, and
then stop it by heating at 70 °C for 10 min (se¢ Note 8).

2. Add 1 pL of oligo-dT solution (5'-TTTTTTTTTTTTTTT-3',
10 pM in DEPC water) and 1 pL of each individual ANTP solu-
tion (all 10 mM) to the samples; incubate at 65 °C for 5 min.

3. Incubate the samples at 4 °C for 5 min. During this incubation
add to each sample 8 pL of the following mix: 4 pL of buffer
5%, 2 pL of 100 mM DTT, 0.5 pL of reverse transcriptase
enzyme, 0.5 pLL of RNase inhibitor, 1 pLL of DEPC water.

4. Incubate at 42 °C for 30 min, and then at 70 °C for 15 min.
Store at -20 °C.

FUM]1 transcript is quantified based on a relative standard curve
(see Note 9) on a real-time PCR system with SYBR Green dye.
This method allows analyzing the transcript level of the target gene
(FUMI) by normalizing its transcript onto the transcript of a
housekeeping gene (f-TUB) and onto its value in another sample
named the “calibrator” (see Note 10). A calibrator is a sample used
as the basis for comparing results and all other quantities are
expressed as an n-fold ratio relative to the calibrator; for instance in
a time course experiment, the time of inoculation is typically taken
as the calibrator [7, 8].

1. Use fivefold dilutions of a reverse transcription product
(cDNA) or plasmid to prepare the standard curve; the units
used to express the dilutions are not important (se¢ Note 11).

2. RT-gPCR reactions: Set up in 10 pL (final volume) of SYBR
Green PCR Master Mix, with primers (500 nM each) and
c¢DNA (10 ng). Transcripts from the target and reference gene
are quantified in each of three independent biological repli-
cates per experimental condition, in analytical triplicates.

3. PCR cycling conditions consist of 10 min at 95 °C (1 cycle)
and 15 s at 95 °C followed by 1 min at 60 °C (40 cycles).
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Transcript abundance values for FUMI1 and p-TUB are the
means from three biological replicates and three analytical rep-
etitions (se¢ Note 9).

. Analyze the results by the software installed in the thermocy-

cler, which provides the values of the relative or absolute expres-
sion of the gene of interest (see Note 11). These values can then
be expressed as referred to the dry or fresh weight of the myce-
lium corresponding to the cDNA loaded in the reaction tube.
For in planta estimation of FUM1 expression, normalize over a
plant housekeeping gene as well, and /or to the fresh weight of
extracted tissue (the latter however is more error-prone).

4 Notes

. Other synthetic media are known to be inductive for Fumonisin

production and can be used instead of CDYM (see ref. [3]).

. E. verticillioides strains used for the production of conidia inocu-

lum can be grown also in potato dextrose liquid broth (26.5 g
of the commercial powder—e.g., Sigma catalogue number
P6685 in 1 L of distilled water) for 7 days at 25 °C. Then the
liquid culture is filtered on 0.45 pm Millipore filters (Millipore,
Billerica, USA) and the conidia are resuspended in water.

. To adjust your stock suspension to 1 x 107 conidia/mL, conidia

must be counted under an optical microscope and in a Burker
chamber. Initially the conidia suspension is serially diluted at
least thrice 1:1000, and then 100 pL of the least concentrated
aliquot are counted. Sterile water is then added to reach the
desired concentration.

. A commercial alternative to the CTAB method for RNA isola-

tion is the NucleoSpin RNA Plant kit (Macherey—Nagel, www.
mn-net.com) or the extraction by Trizol (Sigma-Aldrich). For
the latter method swap steps 2—12 of Subheading 3.2 with the
following:

— Add 1 mL of Tri-Reagent (Sigma-Aldrich) to the pow-
dered mycelia in a 2 mL Eppendorf tube and chill on ice.

— Vortex and incubate the samples for 10 min at room
temperature.

—  Centrifuge the samples for 10 min at 4 °C and 13,680 x g.

— Add 200 pL of chloroform to the supernatant, shake sam-
ples gently for 5 min and incubate for another 5 min at
room temperature.

—  Centrituge the samples for 15 min at 4 °C and 13,680 x g.

— Recover the aqueous phase, being careful to not pick the
interphase, and transfer to a 2 mL tube.
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— Add an equal volume of chloroform:isoamyl alcohol to
the recovered aqueous phase and shake gently.

—  Centrifuge the samples for 15 min at 4 °C and 13,680 x g.

— Recover the aqueous phase in a 2 mL tube and add an
equal volume of chloroform:isoamyl alcohol; shake gently.

—  Centrifuge the samples for 15 min at 4 °C and 13,680 x g.

—  Recover the aqueous phase in a 1.5 mL tube and add 500 mL
of isopropanol; mix for 5 min by inverting the tubes.

—  Centrifuge for 10 min at 4 °C and 13,680 xg4. Then con-
tinue from step 13.

. Shorter precipitation times may also be used, but with lower

yield: 1 h leads to ~30% yield of total input.

. The 260 nm reading allows calculation of the concentration of

nucleic acid in a given sample. Absorbance at 280 nm is affected
by the amount of protein in the sample, and will influence the
final OD,40/OD,g ratio. Pure preparations of RNA and DNA
will have OD,40/OD g values of 1.8-2.0, respectively. If the
nucleic acid is contaminated by protein or phenol, this ratio
will be significantly lower than the above values, and accurate
quantitation of nucleic acids will not be possible. In this case,
further purification is needed, for example by repeating the
phenol:chlorophorm extraction and washes, followed by pre-
cipitation. Yields will be lower but clean samples are needed for
reliable quantification and efficient amplification.

. Quality of extracted RNA can be visually checked by agarose

gel electrophoresis. For eukaryotic samples, intact total RNA
run on a denaturing gel will give sharp 28S and 18S rRNA
bands. A 2:1 (28S:18S) band intensity ratio is a good indica-
tion that the RNA is intact. The area between 1.5 and 2 kb
might show a smear due to the presence of abundant mRNAs,
depending on the sample. Partially degraded RNA will appear
smeared in a wider range of sizes, will lack the sharp rRNA
bands, or will not exhibit the 2:1 ratio of high-quality
RNA. Completely degraded RNA will appear as a very low
molecular weight smear.

. Add 1 pL of stop solution (provided together with DNase

solution by most producers) after the samples have been at
25 °C for at least 20 min.

. Relative standard curves are needed in case of different ampli-

fication efficiencies of the target and endogenous control
(which should anyway be comprised between 90 and 110 %).
The comparative Cr method (-224¢T) is a way of quantifying
the fold-change of a gene compared to a calibrator, and stan-
dard curves are not strictly required, although comparisons are
meaningful only if reactions are performed under the exact
same conditions (operationally, in the same run).



FUM Gene Transcript Quantification 257

10. Transcript levels of target gene should fall within the limits of

11.

standard curve. If the sample Cy value is outside of the stan-
dard curve, dilute the sample so that the Cr value falls between
the most and the least diluted points of your standard curve.

For relative quantitation, any stock cDNA or DNA containing
the appropriate target sequence can be used to prepare stan-
dards; for example, plasmids in which the target sequence was
cloned. In this latter case, amplification could become absolute
and lead to an estimate of the number of target sequences in
your samples. To do so, pure plasmid DNA preps should be
quantified spectrophotometrically to obtain the concentration
in ng/mlL. Purity will be easily obtained by column chroma-
tography; commercial kits are available to this purpose from
several producers. Knowing the molecular mass of the whole
plasmid, the number of molecules and therefore of target
sequences can be accurately estimated in your plasmid solu-
tion. Thereby, the calibration curve can be prepared starting
from that stock solution, and its measure unit converted to

number of transcript molecules /volume unit (usually, mL).
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Multiplex Detection of Aspergillus Species

Pedro Martinez-Culebras, Maria Victoria Selma, and Rosa Aznar

Abstract

Multiplex real-time polymerase chain reaction (PCR) provides a fast and accurate DNA-based tool for the
simultaneous amplification of more than one target sequence in a single reaction. Here a duplex real-time
PCR assay is described for the simultaneous detection of Aspergillus carbonarius and members of the
Aspergillus niger aggregate, which are the main responsible species for ochratoxin A (OTA) contamination
in grapes. This single tube reaction targets the beta-ketosynthase and the acyl transferase domains of the
polyketide synthase of A. carbonarius and the A. niger aggregate, respectively.

Besides, a rapid and efficient fungi DNA extraction procedure is described suitable to be applied in
wine grapes. It includes a pulsifier equipment to remove conidia from grapes which prevents releasing of
PCR inhibitors.

Key words Multiplex PCR, Aspergillus carbonarius, Aspergillus niger aggregate, Grapes, Mycotoxin,
Ochratoxin A, Polyketide synthase, Real-time PCR, Wine

1 Introduction

Several studies highlighted Aspergillus section Nigr:i (black asper-
gilli) as the fungal species responsible for ochratoxin A (OTA) con-
tamination of grapes, must and wine [1-3]. Among black
Aspergillus species, Aspergillus carbonarius and species belonging
to the Aspergillus niger aggregate are reported as the main ochra-
toxigenic species [1, 4-7]. A. carbonarius is considered the mayor
responsible for OTA contamination in grapes because the reported
percentages of OTA-producing strains in this species are higher
than those reported for members of the A. nmiger aggregate.
Nevertheless, the black aspergilli most frequently isolated from
grapes are species belonging to the A. niger aggregate, mainly A.
niger, Aspergillus tubingensis and A. tubingensis-like [4, 8-11].
These data indicates an important contribution to OTA contami-
nation in grapes by species belonging to the A. niger aggregate.
Therefore, quick assays capable of detecting and quantifying the
presence of both A. carbonarius and the A. niger aggregate in
grapes would improve OTA risk assessment.

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
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Real-time PCR (qPCR) assay methods are a good alternative
to traditional culturing techniques, and conventional PCR, since
they are rapid, automated, high throughput, and sensitive and
allow accurate identification and quantification of fungal species.
In addition, multiplex qPCR reactions can be arranged for the
simultaneous amplification of several target sequences in a single
reaction. The method here outlined allows the specific detection of
black ochratoxigenic Aspergilius species, A. carbonarius and spe-
cies belonging to the A. niger aggregate, in combination with a
rapid and efficient DNA extraction method [12, 13] that is suitable
for wine grapes monitoring. Fungal DNA extraction from grapes is
approached combining the use of a Pulsifier equipment for sample
homogenization and a commercial kit for DNA purification.
Instead of crushing the food sample, we introduced the use of the
Pulsifier equipment, which beats the sample bag very rapidly using
an oscillating metal ring. In this way, conidia are removed from
samples but there is minimal breakdown of the grapes, which pre-
vents releasing of PCR inhibitors. Following the procedure here
outlined, fungal DNA extraction from grapes is accomplished in
30 min, and the complete qPCR analysis in less than 2 h.

The duplex qPCR assay for the simultaneous detection of och-
ratoxigenic black Aspergilli targets the p-ketosynthase and the acyl
transferase domains of the polyketide synthase of A. carbonarius
and the A. niger aggregate, respectively. Results indicated no dif-
ferences in sensitivity when using either the two sets of primers and
probes in separate or in the same reaction. This qPCR procedure
provides a fast, automated, and accurate tool to monitor in a single
reaction the presence of OTA-producing species in grapes which,
to some extent, will facilitate OTA contamination surveys to guar-
antee food safety in the wine industry.

2 Materials

2.1 Fungal Strains
and Culture Media

Prepare and store all reagents at room temperature (unless indi-
cated otherwise).

1. Fungal strains: Aspergillus carbonarius CECT 2088 and
Aspergillus niger CECT 11380 are recommended as qPCR
amplification controls (CECT, Colecciéon Espanola de
CultivosTipo, Spanish Type Culture Collection).

2. Malt extract agar (MEA) plates: 2% (w/v) Maltose, 2% dex-
trose, 0.1 % peptone, 1.5 % agar in 1 L distilled water. Autoclave
at 121 °C, 15 min (see Note 1).

3. Dichloran rose-bengal chloramphenicol (DRBC) medium
(oxoid) (see Note 1): 0.5% (w/v) peptone, 1% glucose, 0.1%
potassium dihydrogen phosphate, 0.05% magnesium sulfate,
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0.0002 dichloran, 0.0025 rose bengal, 1.5% agar, 0.01 chlor-
amphenicol, in 1 L distilled water.

. Digralsky spreader, l-shaped stick with rounded corners to

avoid damaging solid medium surface while spreading.

. Buffered peptone water solution 0.1% (BPW 0.1%): 0.1%

(w/v) peptone, 0.05% sodium chloride, 0.035% disodium
phosphate, 0.015 % potassium dihydrogen phosphate.

. TE buffer solution: 10 mmol ! Tris-HCI, 1 mmol L* EDTA,

pH 8.

. Isopropanol.
4. Ethanol 100 %.
. EZNA Fungal DNA kit (Omega bio-teck, Doraville, USA):

FG1 Buffer, FG2 Buffer, FG3 Buffer, Equilibration Buftfer,
DNA Wash Buffer, Elution Buffer, RNase A, HiBind DNA Mini
Column, 2 mL Collection Tubes, Homogenizer Spin Column.

. Sterile nanopore water.
. Heating block.

. Homogenizer equipment (preferably, Pulsifier (Microgen bio-

products, Surrey, UK)).

. Primer and TaqMan probe for Aspergillus Nigri detection tar-

geted to a conserved region in the acyl transferase domain of
polyketide synthase gene [13]: AtNigl (5-GAC TGA GCC
CAG ATG ACC TAC A-3") AtNig2 (5'-CGC TGT CGC CGG
ATA CTG-3') (stock and final concentration of each primer
7.5 pM and 0.2 pM, respectively), AN probe (5’-VIC-TTG
ACT ATT GCA TGT TTT AAT AGC CCR AAG AAC
C-MGB-3’), Tagman (MGB) probe labeled at the 5’end with
VIC® and at the 3’end with a dark quencher (stock and final
concentration of probe 5 pM and 0.2 pM respectively).

. Primer and TagMan probe for Aspergillus carbonarius detec-

tion targeted to a conserved region in the P-ketosynthase
domain of a polyketide synthase gene [12, 13]: AcKS10R (5’-
CCC TGA TCC TCG TAT GAT AGC G-3’), AcKS10L (5'-
CCG GCC TTA GAT TTC TCT CAC C-3’) (stock and final
concentration of each primer 7.5 pM and 0.1 pM respectively),
AC probe (5'-FAM-AGA ACG CTG ATG GGT ATG CGC
GG-TAMRA-3’), Tagman probe labeled at the 5’end with
6-carboxy-fluorescein (FAM) and at the 3’end with 6-carboxy-
tetramethyl-rhodamine (TAMRA) (stock and final concentra-
tion of probe 5 pM and 0.15 pM, respectively).

. Master mix: TagMan Core Reagents from Applied Biosystems

containing: 1x TagMan Butffer A, 200 pM each dATD, dCTPD,
dGTP and 400 pM dUTP; Amperase uracil N-glycosidase (see
Note 2); MgCl,; AmpliTaqg Gold DNA polymerase.
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Real-time PCR equipment with color dye flexibility (i.e., FAM,
VIC®), e.g., ABI Prism 7000 Sequence Detection System
(Applied Biosystems).

Use purified DNA from Aspergilius carbonarius CECT 2088 and
Aspergillus niger CECT 11380 from

1.

Tenfold serial dilutions of purified DNA in sterile nanopure water

covering the range from 10 to 1x10°° ng per reaction. DNA

concentration determined fluorometrically using the Fluorescent

DNA quantitative kit (Bio-Rad, California, USA) and a

VersaFluor® Spectrofluorimeter (Bio-Rad, London, England).
or

. DNA extracted from tenfold serial dilutions of conidial suspen-

sions in sterile saline (0.8 % NaCl), covering the range from 1
to 1 x107 conidia mL-.

3 Methods

3.1 Fungal Strain
Culture Conditions
and DNA Extraction

3.2 Food Sample
Processing for Fungi
Detection

3.3 Conidial
Suspensions
for Calibration Curve

3.4 Fungal DNA
Extraction from Conidial
Suspensions or Plant
Material (i.e., Wine
Grapes)

. Grow black Aspergillus strains, A. carbonarius CECT 2088

and A. niger CECT 11380 in MEA plates at 25+ 1 °C for 5-7
days [14] (see Note 3).

. Collect mycelia from the surface of the agar with the aid of a

scalpel and put in an Eppendorf tube.

. Place the Eppendorf tube filled with mycelia in a metallic con-

tainer and cover with liquid nitrogen for 5 min to frozen.

. Place the frozen mycelia in a mortar and ground them to a fine

powder.

. Take 100 mg of powdered mycelia for DNA extraction.

6. Use the commercial EZNA Fungal DNA kit according to the

manufacturer’s instructions.

. Place grapes (approx. 25 g) in a plastic bag containing 100 mL

of sterile BPW and disaggregate for 1 min with the aid of a
Pulsifier equipment. Continue as indicated in Subheading 3.4
(see Note 4).

. Prepare conidial suspensions (see Note 5) of A. carbonarius

CECT 2088 and A. niger CECT 11380 in sterile nanopure
water at different concentrations (10-10° conidia mL™") (see
Note 6). Continue as indicated in Subheading 3.4.

. Centrifuge 1 mL aliquots of homogenized grape samples (see

Note 7) or conidial suspensions for 3 min at 13,000 x 4.

. Wash pellets in 0.5 mL of TE buffer solution, centrifuge at

13,000 x g for 3 min, and resuspend in 50 pL of sterile nano-
pure water.
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3. Boil (95 °C for 10 min) samples to break down conidia for
DNA release and cool on ice for 10 min.

4. Use the commercial EZNA Fungal DNA kit (Omega bio-teck,
Doraville, USA) according to the manufacturer’s instructions
for fresh or frozen specimens adding 600 pL of buffer FG1 to
50 pL of pellets re-suspended in sterile nanopure water. In the
final step, elute DNA in 100 pL of sterile nanopure water and
kept at —20 °C until use as template for PCR amplification (see
Note 8).

1. Amplification mixtures for qQPCR reactions with TagMan probe
(see Note 9): prepare 3xn+1 (z=number of samples plus posi-
tive and negative controls (se¢ Note 10) volume of master mix
containing in a final volume of 20 pL/sample, 1x TagMan
Buffer A, 200 pM each dATP, dCTP, dGTP and 400 pM dUTPD;
1 U of Amperase uracil N-glycosidase; 3.5 mM MgCl,; 0.9 U of
AmpliTag Gold DNA polymerase; 200 nM each AtNigl and
AtNig2 primers; 100 nM each AcKS10R and AcKS10L primers;
200 nM AN probe targeting A. niger aggregate and 150 nM
AC probe targeting A. carbonarius (see Note 11).

2. Distribute the master mix in 15 pL aliquots and add 5 pL of
template DNA, in triplicate, for each sample.

3. Standard curve: For quantitative purposes, include a set of
tubes, in triplicate, containing as template from 10 to
1x10° ng of purified DNA or DNA corresponding to 1 to
1x 107 conidia mL-!, per reaction.

Parameters correspond to an ABI Prism 7000 Sequence Detection
System. For multiplex real-time PCR reactions using TagMan
probes it is programmed to hold at 50 °C for 2 min (se¢ Note 2),
to hold at 95 °C for 10 min, and to complete 40 cycles of 95 °C
for 15 s and 60 °C for 1 min [13].

PCR results are given as the increase in the fluorescence signal of
the reporter dye detected and visualized by the software provided
with the real-time PCR equipment. Threshold cycle (Cr) values
represent the PCR cycle in which an increase in fluorescence, over
a defined threshold, first occurred, for each amplification plot.
Cr<40 corresponds to positive detection. Cr>40 indicates nega-
tive amplification (see Note 12).

Standard curves are generated by plotting the genomic DNA
and conidia suspensions from A. carbonarius and A. nigri against
the Cr values (see Note 13) exported from the sequence detection
system for each plate (see Note 14). The Cr values for unknown
samples are extrapolated from standard curves.
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4 Notes

1. DRBC agar is a selective medium for molds associated with

food spoilage. It has been optimized to inhibit bacterial growth
and spreading molds, such as Rbizopusand Mucor. After fungal
isolation, each fungal species has to be cultivated on the appro-
priate medium to achieve typical growth and sporulation. Malt
extract agar (MEA), Czapek yeast agar (CYA), and potato dex-
trose agar (PDA) are suitable media for most black Aspergillus
species. In general, fungal sporulated cultures can be achieved
after 4-8 days of dark incubation at 25 °C without the need to
stimulate sporulation. In the case of A. carbonarius, it is pos-
sible to observe fungal sporulation after 3 days.

. Amperase uracil N-glycosidase (UDG) is used in combination

with dUTP instead of dTTP in order to prevent PCR cross
contamination arising from PCR products. Amplicons will
contain dU instead of dT. Cleavage of contaminant PCR prod-
ucts is conducted by the UDG during the incubation step at
50 °C for 2 min programmed in the PCR run.

. The lyophilized fungal cultures must be open under a sterile

environment. Add 1 mL of sterile water or culture media and
let stand for 30 min (rehydration). After that, take a small
amount of the suspension and put on the Petri dishes with the
culture media. It is desirable to grow fungal cultures from the
same original stock. Thus, fungal cultures must be kept in glyc-
erol conidia suspensions to a final concentration of 40% at
-80 °C. Conidia obtained from stock tubes can be used to
inoculate agar plates. They must be homogeneously spread on
Petri dishes containing CYA or MEA medium and sub-cultured
in the dark at 25 °C.

. Qualitative approach to improve sensitivity of ochratoxigenic

fungi detection in environmental samples: prepare tenfold seri-
ally dilutions of the homogenized sample and plated 100 pL
onto DRBC agar plates. Incubate for 4-5 days at 25 °C to
allow black aspergilli to grow. Then recover the mycelia from
plates and proceed as indicated in 3.1 (step 2).

. To prepare conidia suspensions, due to the hydrophobicity of

fungal conidia, it is advisable to use a sterile solution 0.005 % v /v
Tween 80 or other surfactants, instead of distilled water. After
4-8 days of incubation, conidia can be harvested from the
plates by adding about 10 mL of sterile solution 0.005% v/v
Tween 80, and swirl handily and gently the surface of the agar
with a sterile inoculating loop to favor detachment of conidia.

. To prepare calibrated suspensions, transfer with a sterile pipette

the conidia suspension obtained to a sterile vial or Eppendorf
tube with sterile distilled water. Take an aliquot of this suspension
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and count conidia with a hemocytometer under the microscope
to estimate the conidia concentration. Adjust conidia suspen-
sions from different strains to the same final concentration.

. Higher volumes, i.e., 10 mL can be centrifuged to improve

sensitivity in detection from environmental samples. The
resulting pellet will be washed, resuspended and used for DNA
extraction as indicated.

. The DNA extraction method described shall be appropriate to

obtain the quality and quantity of nucleic acid required for the
subsequent PCR analysis. In case of low DNA recovery we
recommend the use of the method described by [15] for rapid
DNA extraction as modified by [16].

. In order to prevent cross-contamination in qPCR, the working

area for reaction assembly and materials should be separated
from other laboratory uses and they should be exposed to UV
light before handling reagents and DNA samples; positive dis-
placement pipettes or specialized barrier materials are
recommended.

Amplification Positive control is prepared using DNA from
reference strains as target DNA. Amplification negative control
contains all reagents used in the master mix and nanopure ster-
ile water instead of DNA template.

Additionally, PCR enhancers such as BSA (0.1-0.5 pg/pL final
concentration) can be added in case of low-quality DNA to
facilitate PCR amplification.

Negative results might be due to the presence of PCR inhibi-
tors. It can be overcome by diluting the DNA solution to get
enough DNA for amplification, but low inhibitors concentra-
tion. To check for the presence of PCR inhibitors in the sam-
ple, a small aliquot of the positive control (1-2 pL) can be
added to the PCR mixture as an internal amplification control.
No amplification will be obtained in case of PCR inhibitors.
Otherwise it would indicate DNA recovery was too low.

Discard Cr values with SD higher than 1, from triplicates.

Slope values should be around the theoretical optimum of
-3.32 [17] and R? values close to 1 for quantification pur-
poses. Preferential amplification of one of the targets in this
multiplex PCR can be obtained when they are present in very
different concentrations [13]. Therefore, the multiplex qPCR
reaction here described is suitable for the simultaneous detec-
tion of A. carbonarius and the A. niger aggregate but for an
accurate quantification of each, A. carbonarius or A. niger
aggregate species, the corresponding single qPCR reaction
should be used.
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Multiplex Detection of Fusarium Species

Tapani Yli-Mattila, Siddaiah Chandra Nayaka, Mudili Venkataramana,
and Emre Yoriik

Abstract

Multiplex PCR is a powerful method to detect, identify, and quantify the mycotoxigenic fungus by
targeting the amplification of genes associated with mycotoxin production and detection, identification,
and quantification of Fusarium species. As compared with uniplex PCR, it has several advantages such as
low cost, shortened time, and simultaneous amplification of more than two genes (in only one reaction
tube). Here, we describe multiplex PCR-based detection and identification of trichothecene-, zearale-
none-, fumonisin-, and enniatin-producing Fusarium species, the use of multiplex PCR in multiplex geno-
type assay and the use of multiplex TagMan real-time qPCR.

Key words Fusarium graminearum, F. culmorum, F. avenaceum, F. tricinctum, F. verticillioides,
Trichothecenes, Zearalenone, Fumonisins, Moniliformin, Enniatins

1 Introduction

PCR-based identification, detection, and quantification of myco-
toxigenic fungal species play a key role in development/improve-
ment of molecular plant pathology. Specific nucleic acid regions are
targeted and then amplified in order to characterize Fusarium spe-
cies by PCR [1-5]. Multiplex PCR has been introduced into several
DNA-based research areas from the year 1988, its first recovery [6].
The method provides simultaneously amplification of more than
two genomic DNA regions and it facilities the researches including
two or more aims/strategies and high number of samples [7, 8].
Moreover, multiplex PCR is fast, reproducible, and cost-eftective
method. Multiplex PCR presents qualitative and quantitative results.
Standard PCR-based multiplex PCR approach is involved in qualita-
tive and also semi-quantitative analysis, while real-time PCR-based
multiplex PCR can be used for quantitative analysis.
Trichothecenes and Fumonisins are a group of mycotoxins pro-
duced by genus Fusarium [9]. Trichothecenes are group of sesqui-
terpenoid mycotoxins produced by Fusarium species, which share

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_18, © Springer Science+Business Media LLC 2017
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the 12, 13-epoxytrichothecene skeleton as the common structural
feature. Presence or absence of an 8-keto moiety leads to differentia-
tion of group B and group A trichothecenes, respectively [10]. The
genetics and regulation of trichothecene biosynthesis have been elu-
cidated in much detail in F. sporotrichioides|11] and F. graminearum
[12]. Sequencing of parts of the trichothecene gene cluster was
done for species in the F. graminearum group, i.c., F. crookwellense,
E. culmorum, F. lunulosporum, and F. pseudograminearum.

The t7:5 gene, which codes for trichodiene synthase catalyzing
the first specific step in the biosynthesis of all trichothecene pro-
ducing fungi, was particularly well characterized in Fusarium spp.
A set of primer pairs developed by Niessen and Vogel [13] target-
ing t745 gene were used by many researchers to detect trichothe-
cene producing fungi from various food matrices [14, 15]. Besides
tri5, other genes from the trichothecene biosynthesis cluster were
used to design species- and group-specific PCR primers. A group-
specific PCR assay for the detection of trichothecene producing
Fusarium spp. involving primers binding to the #746 gene (tran-
scription factor), was set up by Bluhm et al. [16] and also used the
system together with primers for sensitive detection of fumonisin
producers. In order to differentiate DON and NIV producing che-
motypes in Fusarium, Lee et al. [17] designed primers hybridizing
adjacent to an inserted region present in the #7:7 gene. A genus
specific primer pair hybridizing to sequences within the #7713 gene
was published by Demeke et al. [15] and Ramana et al. [10].

F. verticillioides and F. proliferatum are the major fumonisin
producers among the genus Fusarium. Waalwijk et al. [18] studied
the fumonisin biosyntheses of F. proliferatum and identified 19
genes for its synthesis and regulation. It was speculated that the
principle ability of a F. verticillioides isolate to produce fumonisin
will depend on the presence or absence of the fum 1 gene, but addi-
tional factors, which regulate the concentrations of fumonisin finally
produced, may be necessary. Similar assay for detection of fumoni-
sin producers was published by Bluhm et al. [16] and Ramana et al.
[10]. These systems were based on the fumland fuml3 gene
sequences of F. proliferatum and F. verticillioides and were applied
for the detection of these fungi by multiplex PCR assay.

Multiplex PCR’s both strategies (standard and real-time PCR)
had been widely used in simultaneous detection and identification
of mycotoxigenic Fusarium species [18-25]. By this way, species-
specific identification, mycotoxin profile characterization, and
mating-type detection in Fusarium species have been adopted in
plant pathology. SCAR markers specific to several Fusarium species
including F. graminearum, F. culmorum, F. pseudograminearum,
E. poae, F. sporotrichioides, F. langsethine, and F. avenacenm, genes
including 725, tri7, tril3, tri3, and tri12 located in 745 gene clus-
ter responsible for trichothecene production and MAT-1/MAT-2
loci, are amplified in those studies.
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Here, we describe standard PCR-based multiplex PCR approaches
for characterization of phytopathogenic trichothecene-producing
Fusarium spp. In the first approach genomic DNA molecules were
isolated from diseased barley samples, non-diseased samples and
single-spore isolates of F. graminearum, F. culmorum, F. poae, and
E. pseudograminearum species. Before amplification of species-
specific SCAR markers and #45 gene essential in trichothecene
production, primer molecules were tested in terms of controlling
the self-dimer, hetero-dimer, and hairpin formation via nucleotide
sequence analysis of primers. AG values were in the range of “+2
and —6” presenting that no possible secondary structure formation
that could inhibit the efficiency of PCR strategies (see http://
eu.idtdna/calc/analysis/). Both uniplex and multiplex PCR were
performed in this studies. F. graminearum-, F. culmorum-, F. poae-
, and E. pseudograminearum-specific SCAR markers and partial
region of #7:5 gene which is targeted for detection of trichothecene
producing Fusarium spp. were amplified from genomic DNA of
diseased barley samples and monosporic isolates [2, 18, 26-28].
PCR bands are analyzed by agarose gel electrophoresis like in other
multiplex PCR approaches.

The monosporic isolates could be individually confirmed at
species level by amplification of 779, 472, 332, and 220 bp frag-
ments with F. pseudograminearum-, F. culmorum-, F. gra-
minearum-, and F. poae-specific primers (Table 1). Moreover, the
isolates could be characterized as trichothecene producers via
amplification of #745. In multiplex PCR analysis, these five bands
were amplified from monosporic isolates’ genomes. Consequently,
qualitative method comprising of multiplex PCR provided detec-
tion of toxigenic Fusarium spp. simultaneously from monosporic
and barley samples (Fig. 1).

In the second approach we describe PCR-based multiplex PCR
assays (Fig. 2) for identification of both trichothecene- or
zearalenone-producing  Fusarium  isolates and fumonisin-
producing F. verticillioides and F. proliferatum isolates, which are
the major fumonisin producers among the genus Fusarium. DNA
sequences were analysed and aligned by Clustal method [18].
Primers were designed using the aligned GenBank database
sequences of 76, tri7, tril3, and rDNA genes for the specific
detection of nivalenol- and deoxynivalenol-producing F. culmo-
rum. Total of four primer pairs were designed using Gene runner
software (http://www.generunner.com). Primer sequences are
listed in Table 1. Before standardizing mPCR protocol, all designed
primers were evaluated on to array of fungal species to check the
specificity and sensitivity.
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Fig. 1 From /eft to the right. First line (M): 100 bp DNA size marker; second line
(2: multiplex PCR assay of monosporic fungal isolates resulting with five bands
of 220, 332, 472, 620, and 729 bp specific to F. poae (24 F, Cankiri, Turkey), F.
graminearum (15 F, Kastamonu, Turkey), F. culmorum (Ankara, Turkey), fri5 gene,
and F. pseudograminearum (Corum, Turkey); third line (3): bands of 620, 220, and
472; and fourth line (4): 332, 620, and 779 bp amplified from genomic DNA of
diseased barley samples

IAC (900 bp)
Fuml (889 bp)
T7i6 (540 bp)

PKS4 (400 bp)

Fig. 2 Agarose gel representing a multiplex PCR-based strategy for concurrent
detection of major toxigenic Fusarium species. Lane 7—1 kb DNA marker. Lane
2—Mixed DNA. Lane 3—Sample contaminated with zearalenone-positive
Fusarium. Lane 4—Sample contaminated with trichothecene-positive Fusarium.
Lane 5—Sample contaminated with Fumonisin-positive Fusarium. Lane 6—
Non-toxigenic Fusarium species. Lanes 7 and 8—Negative controls
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1.3 Multiplex PCR
Detection and
Identification of
Moniliformin- and
Enniatins-Producing
Fusarium avenaceum,
F. arthrosporioides,
and F. tricinctum
Isolates

1.4 Multilocus
Genotyping

1.5 Multiplex qPCR

2176

653 |

Mw 1 2 3

In the third approach the F. avenaceum, F. arthrosporioides, and F.
tricinctum isolates could be divided to those producing a PCR
product with none, one (either 606 or 1071 bp fragment) or both
primer pairs (Table 1, Fig. 3).

The species and trichothecene chemotype composition of F. gra-
minearum species complex and closely related species, such as F.
culmorum and F. cerealis, can be analyzed by using multiplex PCR
with several primer pairs followed by probes of the gene sequences
produced by PCR in the MLGT assay. The products of the first
PCR are used as templates in the multilocus genotyping assay with
Luminex 100 flow cytometer (Luminex corporation) [29]. We
have studied the species and trichothecene chemotype composi-
tion of F. graminearum, F. ussurvianum, F. vorosii, F. culmorum,
and F. cerealisisolates by using multiplex PCR with six primer pairs
followed by a 37 probe version (Table 2, Fig. 4) of six gene
sequences of the MLGT assay [30]. Later it has been possible to
increase the number of probes, when the number of species in the
E. graminearum species complex has increased (e.g., [31, 32]).
Similar MLGT analyses should also be developed for other
Fusarium species complexes.

Finally, we demonstrate the use of multiplex TagMan real-time
qPCR for the simultaneous quantification of F. sporotrichioides/F.
langsethine/F. sibiricum and F. pore DNA and multiplex PCR in
multiplex genotype (MLGT) analyses, in which, e.g., SNPs of

4 5 6 7 g 9 10 1 12 13 14 15 16 17 18 19

Fig. 3 PCR products obtained with specific primer pairs Fa5f,r (upper band, 1071 bp) and Fa8f,r (lower band,
604 bp) from 19 isolates of £ avenaceum. MW is the molecular marker VI (Boehringer/Mannheim), whose
markers are 2176, 1766, 1230, 1033, 653, 517, 473, 394, 298, 234, 220, and 154 bp



Table 2

Primers used in multiplex MLGT [29]
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Primer  Sequence Size of the PCR product AG for hairpin structure

Red-f AGACTCATTCCAGCCAAG 702 0.83

Red-r TCGTGTTGAAGAGTTTGG 702 0.75

Tril10-f CAAGATACAGCTCGACACC 911 1.56

Tril10-r CTGGGTAGTTGTTCGAGA 911 1.25

EF-1f CGACCACTGTGAGTACCA 456 0.19

EE-1r GTCAAGAACCCAGGCGTA 456 0.98

MAT-f TTCTCAGGAACGACTCAAC 1040 0.23

MAT-r TGTCGGTTCAGAACGATCA 1040 -0.5

TRI13-f AACCTGAGCCCTCCAGT 912 -0.14

TRI13-r TGGCAAAGACTGGTTCAC 912 0.21

TRI12-f CATGAGCATGGTGATGTC 1163 -0.43

TRI12-r AAGCATCAGCCTCTGCTC 1163 -1.25
several loci are used for genotyping and species identification. We
have used this method for quantification of Fusarium DNA from
grain samples [25].

2 Materials

Use reagents of molecular biology or HPLC' grade. Prepare all
solutions by using ultrapure water at room temperature. However,
PCR mixture could be assembled on chilled ice. Store solutions at
room temperature unless it is mentioned that the temperature is
indicated as +4 °C or —20 °C. Use disposable pipette tips, auto-
clavable micropipettes, microtubes of 1.5 mL sterilized by auto-
claving, sterile 15 mL Falcon tubes, and remaining DNase/
RNase-free plastic material. Use glass material including Erlenmeyer
flask, beaker, and scalpel sterilized by dry heat sterilization.

Bioinformatic primer check: PCR primer secondary structure
formation test by OligoAnalyzer of Integrated DNA Technologies.
Nucleotide sequence of each primer and primer sets were tested for
secondary structure formation (including dimers and hairpin) pos-
sibility /potential. Primers with AG value between +2 and —9 kcal /
mol were used in PCR assays. See Table 1 for AG value matching
of each primers for hairpin formation possibilities.
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Fig. 4 An example of MLGT results of three 15ADON chemotypes and four 3ADON chemotypes

2.1 Multiplex PCR Double-sterilized water: Autoclaved water could also be provided

211 PCR Components from commercial trademarks.

1. PCR primers: Oligonucleotides with no tags such as radioac-
tive label or fluorescence tag. Primers could be in 15-26 bases
length. They should be at least 25 nmol of amount for
researches including more than 1000 tests. For 25 nmol of
lyophilized primer molecule; 250 pL of water should be added
to tube including primer and mixture should be kindly mixed
by finger vortex or inverting tube up and down. Thus, tube
including 100 pmol (see Note 1) of primer should be saved as
stock solution. Store it at —20 °C. For preparing working solu-
tion, dilute 100 pmol of primers as 10 pmol to new micro-
tubes. The number and volume of working solution could be
two or more and 100 pL, respectively (see Note 2). Store it at



2.1.2  Agarose Gel
Electrophoresis
Components
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—20 °C. Primers could be synthesized at HPLC grade instead
of PCR grade. We strongly recommend to use HPLC-grade
oligonucleotides to avoid from false-positive results.

. PCR butffer (5x buffer): The buffer could include agarose gel

loading dye or not (colorless buffer). The pH of buffer is 8.5
and it provides standard PCR conditions of 50 mM Tris—Cl
(pH 9.0), 50 mM NaCl. The buffer is ready to use (see Note 3).
It should be saved at —20 °C. However, in routine studies one
or more buffer tubes could be left at +4 °C.

. Genomic DNA: Diluted template DNA molecules (see Note 4).

DNA could be diluted as 5, 10, 25, 50 ng/pL in volume of
100 pL. General concentration range is 10-25 ng/pL. Store it
at =20 °C.

. Magnesium chloride: 25 mM of MgCl, in water. Ready-to-use

solution. Store it at —20 °C. In studies with high number of
samples, one or more tubes to be stored at +4 °C.

. Deoxyribonucleoside triphosphate (dNTP) mixture: 10 mM

of each dNTPs: dATP, dGTP, dCTP, dTTP. It is strongly rec-
ommended that ANTP mixtures to be aliquoted into small vol-
umes as 250 pL. Store it at =20 °C.

. Tag DNA polymerase: 5 U/pL DNA polymerase enzyme from

Thermus aquaticus in glycerol. Store it at —20 °C (see Note 5).

. PCR device: Thermal cycler machine heats samples between

+4 and 115 °C temperature ranges.

. Gel comb with 12 teeth in size of proper with horizontal gel

system.

. Horizontal gel system: Gel system of 24.5x18x9.5 c¢cm in

sizes. System is proper to work for general city voltage values
220 V. Maximum voltage and amper values are 220 V and
500 mA, respectively. Vessel bufter volume is 600-800 mL.

. Tris-acetic acid-ethylenediamine tetraacetic acid (EDTA)

(TAE) bufter of 50x: 2 M Tris—Acetate, 0.05 EDTA. It used
for electrophoresis. Weigh 242 g trisma base, 100 mL. EDTA
(0.5 M, pH 8.0) and measure 57.1 mL glacial acetic acids.
Transfer them to beaker including 500 mL of water. Mix well
by magnetic mixer. Adjust pH to 8.8 value. Volumeup to 1 L
and transfer solution lab bottle wrapped with aluminum foil.

. Electrophoresis work buffer: 1x TAE solution. Dilute 50x TAE

buffer in water as 1x concentration. Store it as mentioned before.

. Ethidium bromide (EtBr) solution: 10 mg,/mL EtBr (in water).

It can also be commercially provided (see Note 6). Weigh
500 mg EtBr and dissolve it in 50 mL water. Mix it well, transter
to lab bottle covered by aluminum foil. Store it at +4 °C.

. Agarose gel loading dye 6x: 10 mM Tris—Cl, 0.03% bromo-

phenol blue, 0.003% xylene cyanol FE, 60% glycerol, 60 mM
EDTA. Store it at =20 °C.
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2.1.3 Internal
Amplification Control

2.1.4  Amplification
Mixture for the Second
and Third Approach

2.2  Multiplex
Genotyping (MLGT)

2.2.1  Primers (Table 2)

7. DNA size marker 1: 100 bp DNA ladder of 50 pg,/500 mL. It
includes ten DNA bands ranging from 100 to 1000 bp. Mix
100 pL 6x loading dye, 100 pI. DNA ladder and 400 pL of
water well. Store it at =20 °C.

8. DNA size marker 2: Lambda/HindIIl (and/or 1 kb) DNA
size marker. Recommendations are same as for marker 1. These
markers for analyzing genomic DNA molecules are optionally

used since they do not correspond to real sizes of template
DNA molecules.

9. Agarose gels: 1% of agarose gel matrix. Weigh 0.8 g agarose
and transfer it to erlenmeyer flask including 40 mL (see Note 7)
of 1x TAE bufter. Incubate flask in microwave oven at medium
level of temperature for 2 min with occasional mixing, when it
starts to boil. Then, wait until the time that flask could be hold
by hand (30-35 °C) or that the temperature of the agarose is
below 60 °C. Add 2 pL of EtBr solution (10 mg,/mL) flask by
directly touching pipette tip to liquid agarose-TAE mixture.
Mix flask well. Spread liquid phase to electrophoresis gel cas-
settes including 12-teeth comb. When agarose becomes solid
phase, remove plastic liner from up and down sites of cassette
and introduce gel plate including solid gel into vessel system
including 600 mL 1x TAE solution.

10. Ultraviolet (UV) transilluminator: Transilluminator system
suitable for detecting DNA bands under UV light (220-
365 nm wavelengths). Integrated camera system of 2 mega-
pixel resolution is used to capture pictures under UV light.

An internal amplification control (IAC) was constructed by target-
ing pUC19 DNA with 5" overhanging ends of Tri6 primer pair.

IAC F (5- GATCTAAAGCACTATGAATCACCACATCG
AACTGGATCTCAACAGC-3’) and TAC R (5'- GCCTATAGTG
ATCTCGCATGTCTACGGGGTCTGA
CGCTCAGT-3") followed by the protocol of Kumar et al. [33].
Designing of IAC is shown in Fig. 5.

The amplification mixture consists of template DNA (1.0 pL), MgCl,
(2.0 mM), 1x PCR buffer, ANTP mix (200 uM), Tag DNA poly-
merase (1 unit), and primer pairs specific to the targeted genes #740,
pks13, and fuml are added at a concentration of 100 nM, 150 nM,
200 nM, and 50 nM, respectively. IAC is added at a concentration of
1000 copies per reaction. Total reaction volume is 30 pL.

1. REDf/REDr for reductase.

2. TRI101-f/TRI101-r for Tri-101.

3. EF1-f/EF1-r for elongation factor 1.
4. TRI3-f/TRI3-r for Tri-3.
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Multiple Detection of Toxigenic Fusarium 279

P

puUC

19
vector

-

W Tri6 + IAC
B Primers

B Tiic
B Primers

e  —————

[

[ SS—
Fig. 5 The schematic design of internal amplification control for multiplex PCR
assays
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. TRI12-f/TRI12-r for Tri-12.
. MAT-f/MAT-r for MAT.

o))

. ddH,O.

. 10x PCR buffer—MgSO, (50 mM).

. dANTP mixture (10 mM each).

. Each primer (10 pmol pL~) High Fidelity Taq DNA polymerase
(5 U pLL7!) (see Note 8).

. Dilute genomic DNA (about 100 ng).

. =>vortex master mix and spin down.

[ SIS T NS ]

. 96-Well polycarbonate PCR microplate (see Note 9).
. Microseal “A” Film (see Note 10).

o NN O »

Instead of separate PCR bufter, MgSO, polymerase, and nucle-
otides it is also possible to use Multiplex PCR master mix [31].

— Use either 1x TAE or TBE (Tris-borate-EDTA) bufter con-
taining 20 pL of ethidium bromide (1 mg/mL) in 100 mL of
agarose gel and running buffer. Run ca. 1 h at 100 V to sepa-
rate the PCR products. Place the gel on UV transilluminator
to scan in image.

—  Tris-borate-EDTA 10x: 1 M boric acid, 1 M Tris, and 0.02 M
EDTA in 1000 mL ddH,O.
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2.2.4 PCR Cleanup

2.2.5 Multiplex ASPE
(Allele-Specific Primer

1. ddH,O.

2. Millipore plate with a suitable pressure.

Alternatively multiplex PCR products can be purified using,
e.g., Sephadex column [31].

. 10x ASPE butfter (200 mM Tris—HCI, pH 8.4, 500 mM KClI).
. MgCl, (50 mM).

1
) . 2
B A 3. dATP, dCTP, and dGTP (100 uM of each).
4. Biotin-CTP (400 pM) (see Note 11).
5. Probe mix (all probes, 500 nmol each, Table 3).
Table 3
ASPE probes used in multiplex MLGT [29, 30, 34, 35]
ASPE probe? Target Probe sequence®
T12-15(59) 15ADON TCATCAATCAATCTTTTTCACT TTtacagecggtcgeaacttce
T3-15(76) 15ADON AATCTAACAAACTCATCTAAATACactgacccaagetgecate
T12-3(17) 3ADON CTTAATCCTTTATCACTTTATCActttggcaagcecgtgea
T3-3(12) 3ADON TACACTTTCTTTCTTTCTTTCTTTcgcattggcetaacacatg
T12-N(37) NIV CTTTTCATCTTTTCATCTTTCAAATtggtctectegttgtatctgg
T3-N(2) NIV CTTTATCAATACATACTACAATCAgacaagtgcacagaatatacg
EFsp(31) Fusarium sp. TTCACTTTTCAATCAACTTTAAT Cgtagtttcacatttccgatgta
ATsp(33) Fusarium sp. TCAATTACTTCACTTTAATCCTTTtgttcctegtcttgtage
ATb(30) B-FHB clade TTACCTTTATACCTTTCTTTTTACacggtgctatggatatgg
ATce(24) E. cerenlis TCAATTACCTTTTCAATACAATACgaggtagatcatcagattgtt
REDce(5) E. cerenlis CAATTCAAATCACAATAATCAAT Cgttgcagacactacacaa
REDcu(18) F. culmorum TCAAAATCTCAAATACTCAAAT CAgaagaaacgcttgtatcgaa
ATcu(19) E. culmorum TCAATCAATTACTTACTCAAATACaggacgttcctegtgtta
EF1(94) E. lunulosporum CTTTCTATCTTTCTACTCAATAATccctcettcccacaaaccattt
MATI(49) E. lunulosporum TCATCAATCTTTCAATTTACTTACgccctattcggtectgattat
ATp(44) E. pseudogrami TCATTTACCAATCTTTCTTTATACtgcagctcaacttcatcg
nearum
REDp(6) F. pseudogrami TCAACAATCTTTTACAATCAAAT Ccaagecgatgecaagtec
nearum
EFg(14) Ey complex CTACTATACATCTTACTATACT TTtcatcatcacgtgtcaac

(continued)
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ASPE probe? Target Probe sequence®

ATg(10) Ey complex ATCATACATACATACAAATCTACAccattcaccgaagaggaaat
EF5(54) F. acacine-mearnsii. ~ CTTTTTCAATCACTTTCAATTCATgtctcattttectcgatcgee
AT5(29) F. acacine-mearnsii.  AATCTTACTACAAATCCTTTCTTTggtcttaagegettcte
MAT6(65) F. asiaticum CTTTTCATCAATAATCTTACCTTTggctacttttctgagtactct
AT6(85) F. asiaticum ATACTACATCATAATCAAACAT CAaagctgggcgttcttcaa
EF1(60) E. austroamericanum AATCTACAAATCCAATAATCTCATgtcaaccagtcactaact
AT1(77) FE. austroamericanum CAATTAACTACATACAATACATACatccctctcaatatcecg
RED3(3) E. boothii TACACTTTATCAAATCTTACAAT Cattggtgttgecttegec
AT3(51) F. boothii TCATTTCAATCAATCATCAACAATaaggtcttaagegcttcg
MAT9(95) F. brasilicum TACACTTTAAACTTACTACACTAAcagatttcgatcgetgatgaa
RED9(64) F. brasilicum CTACATATTCAAATTACTACTTACggcttacaaaggtgagtg
EF8(39) F. cortaderine TACACAATCTTTTCATTACATCATgacacttggcggggtagttt
ATS8(80) F. cortaderine CTAACTAACAATAATCTAACTAACgggtatgagaaaggcgga
ATae(9) E. aethiopicum TAATCTTCTATATCAACATCTTACggccagtaccaggectg
REDae(66) E. aethiopicum TAACATTACAACTATACTATCTACcggaagaaacatgatgggt
RED10(55) E. gerlachii TATATACACTTCTCAATAACTAACgaactagaactagtcaatgec
AT10(40) F. gerlachii CTTTCTACATTATTCACAACATTAtgacgatgctctttcggec
EF7(28) E. graminearum CTACAAACAAACAAACATTATCAAactcgagegacaggegte
AT7(26) E. graminearum TTACTCAAAATCTACACTTTTTCAatagttccttaccttgaaaactat
EFLa(41) E. lowisianense TTACTACACAATATACTCATCAAT gcecteteccacaaaccac
ATLa(48) F. louisianense AAACAAACTTCACATCTCAATAAT aaacttcatcaagggeggactt
AT2(50) FE. meridionale CAATATACCAATATCATCATTTACctcgtgttgtagtgaaagat
RED2(69) F. meridionale CTATAAACATATTACATTCACAT Ccagtattgatcatgaggcta
RED4(35) F. mesoamericanum ~ CAATTTCATCATTCATTCATTTCAgttgtcattacgggtggt
AT4(1) F. mesoamericanum  CTTTAATCTCAATCAATACAAAT Ccgagggaaacacaggaat
EFnep(8) E. nepalense ATTCCTTTTACATTCATTACTTACcacgacgactcgatacgt
ATu(25) F. ussurianum CTTTTCAATTACTTCAAATCTTCAgatgtagctggtggtgat
REDu(27) F. ussurianum CTTTTCAAATCAATACTCAACT TTcatcacgtgtcaaccage
RED11(16) F. yorosii AATCAATCTTCATTCAAATCATCAcaaaggtgagtatgagtat
MAT11(100)  F. vorosii CTATCTTTAAACTACAAATCTAACtaagtccgaatgaagecccgg

*Probe locations in the PCR products produced by primers of Table 2 are indicated by two or three marks at the begin-
ning of the probe name. Luminex microsphere sets used for hybridization are indicated in parentheses
"The 5’ sequence tag portions of extension probes are capitalized, while the 3'-target-specific sequences are in lower case
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2.2.6 Hybridization

2.2.7 Hybridization
Cleanup

2.3 Multiplex
TagMan Real-Time
PCR [25]

2.3.1 TagMan Real-Time
qPCR Components

Nele RN BN

. Platinum GenoTYPE Tsp Taq (5 U/puL) (see Note 12).
. Multiplex product from PCR.
. 96-Well polycarbonate PCR microplate.

. Microseal “A” Film.

. Carboxylated fluorescent microspheres with covalently

attached anti-TAG sequences.

. Biotin-labeled targets with appropriate TAG sequence

modification.

. 2x Tm hybridization buffer—0.4 M MaCl, 0.2 M Tri, 0.16,

and Triton X-100, pH 8.0.

. 96-Well PCR plate and cover.

. 1x Tm hybridization buffer.

2. 1x Tm hybridization buffer containing 2 pg/mlL streptavidin-

3.

R-phycoerythin (see Note 13).
dH,O.

We have studied the presence and amount of T-2 /HT-2-producing
Fusarium species (E. sporotrichioides, F. langsethia, and F. sibiri-
cum) and NIV-producing F. poae in cereals by using multiplex
TagMan real-time PCR with ABI Prism® 7700 cycler. The R? (=
coefficient of determination) values of the standard curves are at
the same level as when the qPCR reactions were performed sepa-
rately, but more cycles are required for the threshold value with
multiplex PCR.

1.

Plates: 96-Well plate suitable for measurements processed at
492 /521 nm excitation/emission values.

. Real-time PCR device: Real-time machine works proper with

monocolor hydrolyze-dual-color probes, Sybr Green-Eva
Green dyes, melting curve-ending point genotyping.

. Genomic DNA templates. Genomic DNA solutions from bar-

ley and Fusarium samples diluted as standard series with 5 logs.

. Ultrapure water: PCR-grade water included in Sybr Green 1

PCR master mix.

. Primer and probe molecules: Oligonucleotide primers and

probes designed for TagMan real-time qPCR.

. qPCR mix: 2x real-time PCR master mix including PCR but-

fer, MgCl,, dNTP mix and 7a2g DNA polymerase. 10 pL of
mix provides 1x buffer, 2.5 mM MgCl,, 0.1 mM of dNTPs,
and 1 U of enzyme to 20 pLL PCR mix. It can also include pas-
sive control dye, Rox.
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7. Centrifuge device: Centrifuge device with rotors for 96-well

plates.

8. Sealing foil: Foil with proper sizes for 96-well plates. It covers

the surface of plate. Optical compression pad can be used for
improved film sealing.

E. poae-specific primers and probes [25]:

100 nM TMpoaef (5'-GCTGAGGGTAAGCCGTCCTT-3")
and TMpoaer (5-TCTGTCCCCCCTACCAAGCT-3") prim-
ers (stock solution 50 pmol pL™1).

1000 nM  Tmpoae probe (5’'ATTTCCCCAACTTC
GACTCTCCGAGGA-3') labelled at the 5’end with TET
(tetrachloro-6-carboxy-fluorescein) and at the 3’end with
3'Eclipse Dark Quencher (stock solution 20 pmol pL71).

E. sporotrichioides/F. langsethine/F. sibivicum-specific primers

and probe [25, 36, 37]:

300 nM TMLAN( (5'-GAGCGTCATTTCAACCCTCAA-3")
and TMLANTr (5'-GACCGCCAATCAATTTGGG-3") primers
(300 nM, stock solution 50 pmol pL™).

100 nM TMLAN probe (5-AGCTTGGTGTTGGGATC
TGTCCTTACCG-3") (stock solution 50 pmol pL™!) labeled
at the 5’ends with 6-FAM (6-carboxy-fluorescein) and at the
3’end with TAMRA (5-carboxytetramethylrhodamine) for the
quencher.

DNA sample containing 1-6 ng DNA.
Genomic DNA standards containing 1, 0.1, 0.01, 0.001,

0.0001 ng/pl. DNA of the FE poae or FE. sporotrichioides/F.
langsethine/F. sibiricum DNA.

3 Methods

3.1 Multiplex PCR
for Trichothecene-
Producing Species

3.1.1 Polymerase Chain
Reaction

. Take out PCR components but Tag DNA polymerase from

—20 °C and chill out components on ice up to 30 min.

2. All PCRs are conducted in reaction volume of 25 pL.

. Before starting the PCR process, dissolve all components. Mix

PCR buffer and MgCl, by using vortex device for 5-10 s.
Finger vortex dANTP mix, primers, and DNA tubes gently. The
order of PCR compounds is not significant but in general pro-
cess is started by adding sterilized water and adding PCR buf-
ter, MgCl, solution, dNTP mix, primers, DNA, and enzyme
follows it.

. For uniplex PCR of monosporic Fusarium spp. identification

with primers UBC85F /R, OPT18F /R, FPGF /R, FP82F /R
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3.1.2 Agarose Gel
Electrophoresis

and Tox5-1/2, PCRs were conducted as it follows: 50 ng of
template DNA (5 pL), 1.5 mM of MgCl, (1.5 pL), 1x PCR
Butffer (5 pL), 0.25 mM (1 pL) of each primer, 0.25 mM of
each dNTPs (1 pL), 0.5 U Taq DNA Polymerase (0.1 pl.) and
11.4 pL of water. PCR conditions were performed at 30 cycles
including 95 °C for 1 min and 57-65 °C for 1 min (Table 1).
Pre-denaturation and final extraction steps are maintained at
94 °C for 2 min and 72 °C for 5 min, respectively.

. For multiplex PCR of barley samples with primers given above,

PCRs were conducted as follows: 200 ng of template DNA
(4 pL), 2.5 mM of MgCl, (2.5 pL.), 1x PCR buffer (5 pL, see
Note 14),0.125 mM (0.5 pL) of each primer, 0.5 mM of each
dNTP (2 pL) and 1 U (see Note 15) of Taqg DNA polymerase
(0.2 pL). The volume was completed to 25 pL by adding
6.3 pL of water. PCRs were carried out by pre-denaturation at
95 °C for 1 min, 59 °C for 1 min and 72 °C for 2 min and final
extension at 72 °C for 10 min. For multiplex of monosporic
fungal samples conditions were used as 10 ng for each species
in PCR performing (Fig. 1). For negative control assays, no
template control samples are used.

. In PCR assays, mineral oils or heated lids are used generally to

avoid from loss in volume. Also, 5-10% volume of DMSO,
glycerol, and BSA could be used in increasing the efficiency of
PCR. The volume corresponds to 1.25-2.5 pL. (5-10% of
percentage).

. Store PCR tubes at 4 °C if samples would be analyzed in 1-3

days. On contrary, samples could be stored at —20 °C for 6
months.

. Transfer PCR and genomic DNA tubes to chilled ice for

30 min.

. Mix 10 pLL. DNA samples and 2 pL of agarose gel loading dye

in separate microtubes or on parafilm surface.

. Load 12 pL of mixed samples including loading dye to agarose

gel lines with micropipette.

4. Load 2 pL of DNA size markers to lines.

. Close vessel system and bind positive (black) and negative

(red) cables to power supply.

. Initiate the electrophoresis at 70 V, 200 mA for 1 h and 30 min

to separate all DNA bands well.

. Remove vessel buffer from agarose gel after finishing electro-

phoresis. Transfer gel to UV transilluminator and capture PCR
profiles under UV light.
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Primers used for group-specific detection of trichothecene- and fumonisin-producing Fusarium

species by mPCR [10, 18]

AG for

Primer Gene Tm  Amplicon hairpin
name Primer sequence (5’ to 3') targeted (°C) size (bp) structure
Its 1 GCA TGC CTG TTC GAG CGT rDNA 58 300 0.46
Its 2 CTG TTG CCG CTT CAC TCG C 0.59
Tri5f GAG AAC TTT CCC ACC GAA TAT tri5 56 450 0.3
Tri5r  GAT AAG GTT CAA TGA GCA GAG 1.24
Tri6 f  GAT CTA AAC GAC TAT GAA TCA CC  i6 58 546 0.8
Tri6 r  GCC TAT AGT GAT CTC GCA TGT 0.09
Fuml f ATT ATG GGC ATC TTA CCT GGA T Fuml 58 798 0.12
Fuml r ACG CAA GCT CCT GTG ACA GA —0.54
Fum 13 AGT CGG GGT CAA GAG CTT GT fuml3 58 988 -1.05

f
Fuml3 TGC TGA GCC GAC ATC ATA ATC 0.31

r
ZENF CATTCTTGGTCTTGTGAGGA PKS4 56 400 0.48
ZEN R GCAGCCGCCAACCGGAAAGT -2.95
FcuF  GATGCCAGACCAAGACGAAG rDNA 58 302 1.48
Fcu R GGTTAGAATCATGCCGACC 0.57
Tri7 F  ATAGGTACCGGATCGCAGG tri7 58 794 0.22
Tri7 R CCGAAAGCCTCTAATAGTGT 0.53
Tril3 F GTTGCAGTTCGCTTGATTTCG tril3 58 1000 -1.03
Tril3 R GTTGCAGTTCGCTTGATTCAG -1.03

3.2 Multiplex PCR
for Trichothecene-,
Zearalanone-,

and Fumonisin-
Producing Species

3.2.1 Specificity
Determination for Multiplex
PCR

The specificity of the mPCR primers can be determined against
different standard cultures shown in Table 4 by taking 1 pL of
genomic DNA from each of the organism. A minimum quantity of
6 pg of DNA for genus specific recognition, 150 pg for the tricho-
thecene producing Fusarium graminearum and 100 pg for the
fumonisin producing Fusarium verticillioides is needed to produce
a good visible band on ethidium bromide stained agarose gel [19].

The PCR cycling conditions are carried out with an initial
denaturation at 94 °C for 4 min, followed by 30 cycles ot 94 °C for
1 min, 58 °C for 1 min and 72 °C for 1.5 min, with a final exten-
sion of 72 °C for 8 min. Optimized mPCR representing agarose
gel image is shown in Fig. 2.
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3.2.2 Multiplex PCR
Assay on Artificially
Inoculated Food Grains

3.3 Multiplex PCR
for Moniliformin-
and Enniatins-
Producing Fusarium
Species

3.4 Multiplex
Genotyping

34.1 PCR
for One Sample

3.4.2 PCR Parameters

3.4.3 Gel Electrophoresis

3.4.4 PCR Clean Up

To determine the practical use of multiplex PCR assay, sterile rice
grains (5 g) can be experimentally spiked with the individual spore
suspensions at concentrations of 1 x 107, 1 x 10°and 1 x 10° CFU /g
of E. graminearum, F. culmorum, E. sporotrichioides, F. verticillioi-
des, and F. solani. One uninoculated sample is used as negative
control. All the samples are incubated for 2 days. DNA is isolated
from all the samples and subjected to multiplex PCR assay (Fig. 2).
This method also works with naturally contaminated grain
samples.

For multiplex PCR with monosporic F. avenaceum, F. arthrospori-
oides, and F. tricinctum isolates. PCRs were conducted as follows:
0.5-1 ng of template DNA (1 pL), 10x buffer (2 pL), 60 ng of
each primer Fa5f/r amd Fa8f/r (4x 1 puL), 150 pM of each dNTP
(0.8 pL), and 10x polymerase. The volume was completed to
20 pL by adding water. During the first cycle DNA was denatured
at 94 °C. The subsequent 30 cycles included 94 °C for 3 min,
58 °C for 1:30 min and 72 °C for 1:20 min, followed by an exten-
sion at 72 °C for 3 min [24].

1.2 pL ddH,O0.
1.0 uL. 10x PCR butfter 0.4 pL. MgSO, (50 mM).
0.2 pL ANTP (10 mM each).
0.2 pL each primer (10 pmol pL™")
0.1 pL. High-fidelity polymerase (5 U pL1).
4.7 pL dilute genomic DNA (about 100 ng).
Instead of separate PCR buffer, MgSO,, polymerase, and

nucleotides it is also possible to use, ¢.g., Qiagen Multiplex PCR
master mix [31].

94 °C tor 1:30 min.

94 °C tor 30 s.

50 °C for 30 s >40 cycles >4 °C hold.
68 °C for 1:30.

After PCR the PCR products (2 pL + 10 pL 6x loading buffer) are
run on the 1.5% agarose gel in order to check for the sizes of the
multiplex product together with 100 bp ladder (2 pL). Use either
1x TAE or TBE bufter containing 20 pL of ethidium bromide
(1 mg/mL) in 100 mL of agarose gel and running buffer. Run ca.
1 h at 100 V to separate the PCR products. Place the gel on UV
transilluminator to scan in image.

Add 150 pL of ddH,O to each sampled to be cleaned. Transfer the
samples to a Millipore plate and place on the manifold for 10 min



3.4.5 Multiplex ASPE
Reaction

3.4.6 Hybridization
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with a suitable pressure. After 10 min add another 150 pL of
ddH,O to the plate and place it back to the manifold for another
10 min. Next, add 60 pL. ddH,O to the plate and place it to the
plate shaker for 20 min. Then transfer contents into a clean plate.
If you are not using these samples in the near future, put a seal over
the top and place the plate in the freezer.

Alternatively multiplex PCR products can be purified using,
e.g., Sephadex column [31].

Each reaction with the volume of 20 pL:

— 2 pL 10x ASPE bufter.

— 0.5 pL MgCl,,

— 1.0 pL ATDP, dCTP, and dGTP.

— 0.25 pL biotin-CTP.

— 1.0 pL probe mix (500 nmol each) (Table 3).

— 0.15 pL Platinum GenoTYPE Tsp Taq (5 U/pL).
— 15.1 pLL Multiplex product from PCR.

Extension Reaction:

94 °C for 1:30 min.

94 °C for 30 s.

55 °C for 1:00 min >40 cycles >4 °C hold.
74 °C for 2:00 min.

Place the seal over the plate and put in the freezer.

Thaw and vortex the microspheres. Remember that they are light
sensitive and keep them in ice after thawing.

Combine the different microspheres into a mixture with 2x
Tm hybridization buffer (pH 8.0).

Add 20 pL. ddH,0O and 5 pL of the extension reaction to the
plate per reaction.

When the microspheres (see Note 16) are thawed, vortex
briefly and then combine all sets into the same tube. Next, spin at
2250 x g for 3 min after balancing. A pellet should be visible in the
bottom. Remove the supernatant without disturbing the pellet and
add 2x Tm hybridization buffer to aliquot 25 pL of the mix per
reaction. After 25 pL. of the microsphere mix is added to the
ddH,O +extension reaction (total volume 50 pL), mix
thoroughly.

Cover the plate to prevent evaporation and denature at 96 °C
for 1:30 min and then hybridize at 37 °C for 45 min. Do not spin
down the plate.

During hybridization the Luminex 100 is warmed up and set
up (see Notes 17 and 18) according to the user manual.
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3.4.7 Hybridization
Clean-Up

3.5 Multiplex
TagMan Real-Time
PCR

After hybridization is complete, centrifuge the samples at 2250 x g
for 3 min. Remember to balance. Remove the supernatant and
wash the microspheres in 70 pL. 1x Tm hybridization buffer. Mix
thoroughly with pipette. Centrifuge again at 2250 x4 for 3 min.
Remove supernatant and resuspend the microspheres in 70 pl 1x
Tm hybridization buffer containing 2 pg/ml streptavidin-R-
phycoerythin. Mix thoroughly with pipette. Incubate at 37 °C for
10 min inside the Luminex 100.

When the incubation is complete, the Luminex 100 (se¢ Note 19)
is started and the sampled are read.

- 10.88 pL ddH,O0.
— 0.15 pL TMlanf (50 pmol pL™).
— 0.15 pL TMlanr (50 pmol pL!).

3.5.1  PCR Mix - 0.125 pL. TMlanp (20 pmol pL™') labeled with 6-FAM
for One Sample (6-carboxy-fluorescein) and TAMRA
(5-carboxytetramethylrhodamine).

— 0.05 pL TMpoaef (50 pmol pL™).

- 0.05 pL TMpoaer (50 pmol pL™1).

— 0.0625 pL. TMpoae probe (20 pmol pl.71) labeled with TET
(tetrachloro-6-carboxy-fluorescein)  and  3’Eclipse  Dark
Quencher—12.5 pL. 2x real-time qPCR master mix.

— 1 pL dilute DNA (about 1 ng total DNA for grain sample).
PCR parameters

1. 50 °C for 2:00.

2. 95 °C for 10:00.

3. 95°C0:15 >40 cycles.

4. 60 °C 1:00.

Initiate the qPCR assay and save qPCR results as new file.
According to standard series, compare DNA amount of Fusarinm in
samples. Record Ct or Cp (cycle threshold or crossing point), draw
standard graphic, find your samples’ location at this graphic, and
then calculate the concentration value according to standard series.

4 Notes

1. If 25 nmol of lyophilized primers are diluted with 250 pL of
water, stock concentration of primers could also be defined/
calculated as 100 pM instead of 100 pmol pL~!. Tt depends on
researcher’s choice.

2. More than one primer working solutions could increase the
success in PCR studies since transferring stock solutions from
—-20 °C to +4 °C and/or 25 °C for several times would
adversely affect the storage time of primer stocks.
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. In general, more than two PCR buffers are involved in PCR

kits. They can be aliquoted (1:1 volume) to new microtubes.
Also you can stop to use the buffer tube when you consume

the half of it.

. Isolated DNA molecules should be quantitatively measured by

spectrophotometer and A 260,/280 ratio should be approxi-
mately 1.8 for pure DNA molecules.

. Since Tag DNA polymerase enzyme is involved in glycerol

solution, it does not become freeze at —20 °C. Thus, just take
it out from —20 °C refrigerator when you would use it and
immediately transfer it to —20 °C again (to avoid from short-
ened half'life process).

. Since EtBr has potential carcinogenic eftects, always use it by

separate gloves, and after electrophoresis work, do not use
these gloves again.

. The volume of Erlenmeyer used in agarose gel preparation

should be at least two times more than the volume of agarose
gel.

. Platinum Taq DNA Polymerase High Fidelity 5 U /pL.

. Thermowell 96-well polycarbonate pcr microplate model P,

nonsteril 25 /case.

Microseal “A” Film, Microseal “B” film or Wax seals 50 /box
to seal the plate.

Biotin-14-dCTP (0.4 nM).

Platinume Geno Type TSP DNA polymerase 5 U/pL,
250 Units.

Streptavidin, R-phycoerythrin conjugate (SAPE)-1 mg/mL.

Volume of PCR buffer could be increased as 2x concentration
in multiplex PCR assays.

Concentration of Tizg DNA polymerase could be adjusted as
2 U in multiplex PCR.

Luminex microsphere beads (1 mL/bottle).
Luminex Classification Calibration Beads.
Luminex Reporter Calibration Beads.

Instead of Luminex 100 it is also possible to use, e.g.,
FLEXMAP 3D.
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Chapter 19

Multiplex Detection of Toxigenic Penicillium Species

Alicia Rodriguez, Juan J. Cordoba, Mar Rodriguez, and Maria J. Andrade

Abstract

Multiplex PCR-based methods for simultancous detection and quantification of different mycotoxin-
producing Penicillin are useful tools to be used in food safety programs. These rapid and sensitive tech-
niques allow taking corrective actions during food processing or storage for avoiding accumulation of
mycotoxins in them. In this chapter, three multiplex PCR-based methods to detect at least patulin- and
ochratoxin A-producing Penicillia are detailed. Two of them are different multiplex real-time PCR suit-
able for monitoring and quantifying toxigenic Penicillium using the nonspecific dye SYBR Green and
specific hydrolysis probes (TagMan). All of them successfully use the same target genes involved in the
biosynthesis of such mycotoxins for designing primers and,/or probes.

Key words Multiplex, PCR, qPCR, Penicillinm, Patulin, Ochratoxin A, zdh, otanpsPN

1 Introduction

Ochratoxin A, patulin, citrinin, or cyclopiazonic acid are some of
the most important mycotoxins produced by Penicillium species
[1-3]. These mycotoxins are contaminants of a wide variety of
foodstufts such as cereals, fruits, cheeses, or cured meats as conse-
quence of toxigenic Penicillin growth [3-9]. The early detection
and quantification of toxigenic Penicillinm strains in foods seem to
be critical for the production of safe foods, since mycotoxins can-
not be removed from foods. For this purpose, PCR-based methods
appear to be an efficient tool compared to traditional culturing
methods to control the presence of mycotoxin-producing
Penicillium in foods [10-12]. For detection of potentially toxi-
genic molds by PCR, unique DNA sequences must be selected as
primer binding sites [3]. Most PCR methods for detecting or
quantifying of mycotoxin-producing Penicillinm are relied on tar-
get genes involved in the mycotoxin biosynthetic pathways since
such genes are exclusively present in the toxigenic molds. Although
some individual conventional PCR and real-time PCR (qPCR)
methods for detection of Penicillium producers of different
mycotoxins have been published [5, 13-21], the use of multiplex

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_19, © Springer Science+Business Media LLC 2017
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PCR and qPCR methods capable of monitoring such toxigenic
molds in a single reaction simplifies the detection procedure. Since
in this kind of PCR a simultancous amplification of several target
sequences is performed in a single PCR reaction by using more
than one primer pair, less reagents and time of analysis are required
[11]. Thus, multiplex PCR-based methods seem to be the best
alternative in the early detection and quantification of toxigenic
Penicillinm in foods.

In this chapter, one multiplex PCR and two multiplex qPCR
methods for detecting and/or quantifying patulin- and ochratoxin
A-producing Penicillium are detailed. The multiplex conventional
PCR assay and one of the multiplex qPCR protocols are able to
detect aflatoxigenic molds too [22-24]. In all the above methods,
the isoepoxydon dehydrogenase (idh) and the non-ribosomal peptide syn-
thetase (otanpsPN) genes involved in the patulin and ochratoxin A
biosynthesis, respectively, were used as target genes. In the case of
procedures capable of detecting aflatoxin-producing molds, the ste-
rigmatocystin O-methyltransferase (afIP) gene was also used as target.
The triplex TaqgMan-based qPCR described in this chapter is the only
one which allows simultaneous quantification of each desired target
gene separately. However, the duplex SYBR Green-based qPCR is
also of great utility since allows a quantification of both target genes
jointly. For routine analysis the duplex SYBR Green-based qPCR and
the multiplex conventional PCR methods may be more appropriate
than the triplex qPCR since they are cheaper. All multiplex proce-
dures described here have been validated in foods and they are useful
tools for taking preventive and/or correctives actions to avoid any
hazard associated with accumulation of the above mycotoxins in
foods. On the other hand, it should be noted that the success of
detection of toxigenic Penicillium species by PCR-based methods
depends on the mold DNA extraction from foods. An efficient mold
DNA extraction useful for extracting high-quality DNA from pure
cultures and mold-contaminated foods to be used in PCR methods is
described in Chapter 14 of this book (Targeting other mycotoxin
biosynthetic genes).

2 Materials

2.1 Multiplex
Gonventional PCR

Prepare all reagents and stock solutions using ultrapure water and
analytical grade chemicals. Unless indicated otherwise, store at
room temperature after the preparation. Follow the official waste
disposal regulations and consult the safety data sheet provided for
each supplier.

1. Oligonucleotides primers (Table 1). Store at —20 °C (see Note 1).

2. Deoxynucleotide triphosphates (ANTPs: dATP, dGTP, dCTP,
dTTP) mix (10 mM each dNTP). Store at —20 °C.
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. Taq DNA Polymerase (2 U/puL). Store at —20 °C (se¢ Note 2).
. 10x Mg free PCR bufter (usually supplied with the enzyme).

Store at =20 °C.

. 50 mM MgCl, solution (usually supplied with the enzyme).

Store at —20 °C (see Notes 3 and 4).

. Agarose for routine use.

. Sterile ultrapure water.
. TAE bufter 50x: 2 M Tris base, 1 M glacial acetic acid, 0.05 M

EDTA, pH 8.0. Store at 4 °C (see Notes 5 and 6).

. TAE butffer 1x: Prepare it from TAE buffer 50x by diluting in

ultrapure water. Store at 4 °C.

Loading dye bufter: 50 % glycerol, 0.25% bromophenol blue,
25 mM EDTA (see Notes 7 and 8). Store at 4 °C.

Table 1
Nucleotide sequences of primers and probes used for the multiplex PCR-based methods described in
this chapter
PCR
Primer/ product
probe size
Methods Gene name Sequence (5'-3') (bp) References
Multiplex idh FC2 CGATGTTGCTAGCAAAGACG 496 [22]
;‘E{CDUOH&I IDH2  ACCTTCAGTCGCTGTTCCTC
otanpsPN F20T GTGACTGGGTTGAACTTCTCGCC 373
R20T GGCGGTGGACCCCTCTCC
aflP AFF2 ATTCATGCCTTGGTTGGATT 289
AFR3 CGAACCTCGTCCACAGTGC
Multiplex idh F-idhtrb ~GGCATCCATCATCGT 229 [23,24]
Real-Ti
Péaf{ e Ridhtrb  CTGTTCCTCCACCCA
IDHprobe [FAM]-CCGAAGGGCATCCG-
[TAMRA]
otanpsPN F-npstr ~ GCCGCCCTCTGTCATTCCAAG 117
R-npstr  GCCATCTCCAAACTCAAGCGTG
NPSprobe [Cy5]-CGGCCGACCTCGGGAGAGA
[BHQ2]
aflP F-omt GGCCGCCGCTTTGATCTAGG 123

R-omt ACCACGACCGCCGCC
OMTprobe [HEX]-CCACTGGTAGAGGAGATGT-

[BHQI]
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11. DNA molecular marker. Store at —20 °C (see Note 9).

12. Ethidium bromide (or equivalent; see Note 10). Store at the
temperature specified by the supplier.

1. SYBR Green Master Mix. Store at —80 °C for long storage or
4 °C for short storage (less than 6 months) (se¢ Note 11).

2. TagMan Master Mix. Store at —20 °C (see Note 11).

3. Oligonucleotide primers and probes (Table 1). Store at =20 °C
(see Notes 1,12, 13).

4. Sterile ultrapure water.

3 Methods

3.1  Multiplex PCR

3.1.1 Reaction Setup

A multiplex PCR method reported by Luque et al. [22] for the
simultaneous detection of potentially patulin- and ochratoxin A-
producing Penicillium is below detailed as example of this method-
ology. Besides, such protocol allows detecting aflatoxigenic molds in
the same reaction. The multiplex PCR method uses three primer
sets based on the 4k (FC2-IDH2 primers), the otanpsPN (F20T-
R2OT primers), and the af/P (AFF2-AFR3 primers) genes able to
amplify patulin-, ochratoxin A-; and aflatoxin-producing molds,
respectively [22]. All of such genes are involved in the biosynthesis
pathway of the corresponding mycotoxin. The procedure described
below has been reported as suitable to detect the above mycotoxin-
producing molds in pure cultures and in food matrices.

1. Thaw all the PCR components (10x Mg free PCR buffer,
MgCl,, dNTPs, primers, Taqg DNA Polymerase, and DNA) on
ice (see Notes 14 and 15). Vortex and centrifuge briefly all the
reagents. They have to be prepared according to the manufac-
turer’s instructions.

2. Prepare the PCR mixture in a sterile safe-lock microcentrifuge
tube adding all the components of the reaction (Table 2; se¢ Notes
16-18). Each sample should be performed by triplicate. Negative
as well as positive controls should be included in each reaction (see
Notes 19-21). These samples should be also prepared by tripli-
cate. The PCR mixture should be performed on ice and option-
ally in a PCR workstation for avoiding cross contamination.
Always it should be performed in an area separated from nucleic
acid preparation and PCR product analysis.

3. Vortex the PCR mixture and dispense equal aliquots into PCR
tubes (19 pL). Next, add 6 pLL of DNA template into the cor-
responding PCR tubes. Centrifuge briefly the PCR tubes.
Check that the mixture is collected at the bottom of the tubes.
If not, centrifuge again for a longer time (se¢ Note 22).
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Table 2
PCR mixture composition of the multiplex PCR protocol for detecting
patulin-, ochratoxin A-, and aflatoxin-producing molds [22]

PCR components Volume (pL) per reaction

10x Mg free PCR buffer 2.5

MgCl, (50 mM) 0.75

dNTPs (10 mM) 2.5

FC2 (10 pM) 2.0

RC2 (10 pM) 2.0

F20T (10 pM) 2.0

R20T (10 pM) 2.0

AFF2 (10 uM) 2.0

AFR3 (10 pM) 2.0

Tag DNA Polymerase (2 U/pL) 1.25

DNA 6

Total volume 25

1Hold 1 35cycles 2 Holds
94.0 94.0

/ 200 100 72.0 72.0

58.0 1:00 5:00

1:00
4.0

Fig. 1 Amplification conditions of the multiplex PCR protocol for detecting patu-
lin-, ochratoxin A-, and aflatoxin-producing molds [22]

4. Place the PCR tubes on the thermal cycler and run the thermal
cycling program shown in Fig. 1 (see Note 23).

After PCR, keep amplification products at 4 °C if you are going to
visualize the amplification products the same day. If not, keep them
at —20 °C until use.

1. Prepare 2% (w/v) agarose gel by mixing 2 g of agarose with
100 mL of TAE bufter 1x on a flask (se¢ Note 24). Melt the
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agarose in a microwave oven until it dissolves (see Note 25).
The gel should be pour into the gel casting tray when cooled at
55-60 °C. Insert the comb immediately and wait until gel is
solidified (see Note 26). Pour enough TAE buffer 1x into the
electrophoresis tank (the surface should be higher than the top
of the gel and not overflow).

2. For preparing samples to be loaded into the gel, mix 5 pL of
each amplification product with 3 pL of a loading buffer by
passing the mixed solution up and down several times through
the pipette tip (se¢e Notes 27 and 28). Carefully load all the
volume of the PCR product/loading dye mixture into a well of
the gel. Make sure you keep track of what sample is being
loaded into each well.

3. For preparing DNA molecular size marker to be loaded into the
gel, mix 1-2 plL of the marker with the same volume of a loading
buffer (see Note 29). Carefully load all the volume of the DNA
molecular size marker/loading dye mixture into a well of the gel.

4. When all samples are loaded, attach the electrodes from the gel
box to the power supply. Run at 85 V for about 45 minto 1 h
using 1xTAE as electrophoresis running buffer (se¢e Notes
30-32).

5. After electrophoresis the gel is ready to be stained by immersion
in an ethidium bromide aqueous solution (0.5 mg/ml) for
about 20 min at room temperature with shaking (se¢ Note 33).

6. Visualize the stained agarose gel under UV light box and pho-
tograph. DNA bands are visible upon exposure to UV light.

7. Calculate the sizes of the PCR products by comparison against
the molecular marker. Confirm the presence of 496 and 373 bp
amplification products for patulin- and ochratoxin A-producing
Penicillium, respectively (Fig. 2). The 289 bp product because
of amplification of aflatoxigenic molds can be also observed.

Two multiplex qPCR protocols which use SYBR Green and
TagMan methodologies are below described as examples of such
methodologies. On the one hand, the duplex SYBR Green-based
qPCR method allows detecting patulin- and ochratoxin A-producing
Penicillin at the same time [24]. This method is designed on the
basis of the idh (F-idhtrb/R-idhtrb primers) and the otanpsPN
(F-npstr/R-npstr primers) genes involved in the patulin and ochra-
toxin A biosynthesis, respectively. On the other hand, the triplex
TagMan-based qPCR method detects and quantifies simultane-
ously patulin- and ochratoxin A-producing Penicillin, and in addi-
tion, aflatoxin-producing molds [23]. The target genes are the db
(F-idhtrb /R-idhtrb primers, IDH probe), the otanpsPN (F-npstr/
R-npstr primers, NPSprobe), and the af/P (F-omt/R-omt primers,
OMTprobe) genes involved in patulin, ochratoxin A, and aflatoxins
production, respectively. Both multiplex qPCR methods have been
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496bp —>
373bp ——>
289bp —>
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Fig. 2 Examples of PCR products generated by using the multiplex conventional
PCR developed by Luque et al. [22]. Line M: DNA molecular weight marker of
2.1-0.15 kbp (Roche Diagnostics, Indianapolis, USA); line 7: PCR product obtained
by using DNA from a patulin-producing Penicillium strain; line 2: PCR product
obtained by using DNA from an ochratoxigenic Penicillium strain; line 3: PCR prod-
ucts obtained by using DNA from an aflatoxigenic Aspergillus strain; line 4. PCR
product obtained by using DNA from the three types of toxigenic strains

reported as suitable to detect the above mycotoxin-producing
molds in pure cultures and in food matrices.

1.

Switch on the qPCR equipment and open the software of
qPCR. Make sure that the instrument is calibrated for the dyes
(e.g. SYBR Green, FAM, HEX or Cy5). The run method ought
to be set up according to the user guide’s instrument (see Notes
34-36). Program the thermal cycler with the specific temperature
and time conditions of the multiplex gPCR protocols shown in
Fig. 3 (see Notes 37 and 38).

. Thaw all the PCR components [SYBR Green or TagMan

Master Mix, primers, probes (when TagMan used), and DNA]
on ice (see Notes 14, 39-41). Gently vortex and briefly centri-
fuge all the reagents. They have to be prepared according to
the manufacturer’s instructions.

. Prepare DNA template (DNA template or non-template) by

diluting its initial concentration up to approx. 1 ng by using
sterile ultrapure water (see Note 42). It should be performed
on ice.

. Prepare tenfold dilutions of a PCR fragment (larger than the

expected qPCR product) of each #dh and otanpsPN genes
(standards), ranging from 10 to 1 log number of copies of each
gene. It should be performed on ice (see Notes 43-46).

. Prepare the PCR mix in a sterile safe-lock microcentrifuge tube

adding all the components of the reaction except DNA (stan-
dards, DNA template, or non-template) (Table 3; se¢ Notes 16
and 47). Briefly centrifuge components before adding to the mix
tube to force the solution to the bottom of the tubes and to
remove any bubbles. Each sample is performed by triplicate.
Positive and negative controls should also be prepared by tripli-
cate (see Notes 18-21, 48 and 49). Pipet all components on ice.

. Vortex the PCR mixture and aliquot the mixture into PCR

tubes or plates (see Note 50) and next add DNA (standards,
DNA template, or non-template) (see Notes 51 and 52).
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SYBR Green
1 1
1 Hold : 40 cycles : Dissociation curve
1 1
950 | 95.0 | 95.0 95.0
1 1
] I
10:00 | o0:15 015 0:30
| 60.0 1 60.0
1 1
1 1
\ 1:00 | 1:00
Data collection
TaqMan
1 1
2 Holds 1 40 cycles I 1 Hold
1 1
1 1
950 | 95.0 | 95.0 95.0
1 1
T i\ —
10:00 | 0:30 ,  1:00 0:30
| 58.0 1 58.0
50.0 ! !
! 2:00 . 2:00
2:00

Data collection

Fig. 3 Amplification conditions of the multiplex qPCR protocols for detecting and quantifying simultaneously
patulin- and ochratoxin A-producing Penicillia [23, 24]

3.2.2 Results Analysis

7.

Centrifuge briefly the PCR tubes. Check that the mixture is at
the bottom of the tubes and any bubble remains. If not, cen-
trifuge again for a longer time.

. Place the PCR tubes or plate into the qPCR system (see Notes

53 and 54) and run the corresponding qPCR protocol.

. Analyze the data by using the software of the qPCR instru-

ment according to the user guide (se¢ Note 55).

Threshold values (C;) values are automatically determined
by the software of the qPCR instrument. The amplification of
the DNA (standards, DNA template, or non-template) is
observed at the specific channel where each dye emits. In the
case of the duplex SYBR Green-based qPCR method, the
amplification of both target genes is observed at the channel
whose emission wavelength is about 520 nm (fluorophore
SYBR). When such methodology is used, it is also necessary to
check the generated melting curve (Fig. 4, see Note 56). In
case of using the triplex TagMan-based qPCR method, the
amplification of desired target genes (idh and otanpsPN) is
observed at the channels whose emission wavelengths are
about 520 nm (fluorophore FAM; idh) and 596 nm (fluoro-
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PCR mixture composition of the multiplex qPCR protocols for detecting and quantifying patulin- and
ochratoxin A-producing Penicillia [23, 24]

Volume (pL) per reaction

Duplex SYBR Green-based

PCR components qPCR Triplex TagMan-based qPCR
SYBR Green Master Mix (2x) 12.5 -
TagMan Master Mix (2x) - 12.5
ROX Reference Dye solution - 0.1
F-idhtrb (10 pM) 0.8 1.8
R-idhtrb (10 pM) 1.4 1.8
IDHprobe (10 pM) - 1.8
F-npstr (10 pM) 0.8 1.2
R-npstr (10 pM) 0.8 1.2
NPSprobe (10 pM) - 1.5
F-omt (10 uM) - 0.2
R-omt (10 pM) - 0.4
OMTprobe (10 pM) - 0.4
DNA 4 2.1
Sterile ultrapure water 47 =
Total volume 25 25

phore Cy5; otanpsPN) (see Note 57). The amplification of the
aflP gene can also be observed at the channel whose emission
wavelength is about 556 nm (fluorophore HEX).

. Build a standard curve relating C, values (standards) and log

number of copies of each gene. Extrapolate from this curve the
quantity of the unknown samples (see Note 58).

4 Notes

. Store the primers in small aliquots of working solutions to pre-

vent contamination and many freeze /thaw cycles.

. Other new enzymes are being developed. Some of them are

chemically modified forms of the thermostable recombinant
Taq DNA Polymerase for increasing the amplification effi-
ciency (AmpliTaq Gold, Hot Start, etc.).
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Fig. 4 Fluorescence melting curve resulting from the simultaneous amplification of the idh and ofanpsPN
genes in the duplex SYBR Green-based qPCR method described in this chapter using DNA from a patulin-
producing Penicillium strain and an ochratoxigenic Penicillium strain

3

10.

. MgSO, may be added in the PCR reaction as supplier of the

Mg?* divalent cation required as a cofactor for Type IT enzymes.
The choice of reagent depends on manufacturer’s instructions
of the enzyme.

. Commercial PCR master mix containing 7Tazg DNA poly-

merase, dNTPs, and all the other components required for
PCR, except DNA template and primers, is available.

. Mix Tris base with stir bar to dissolve in about 600 mL of

ultrapure water. Add the EDTA and glacial acetic acid. Bring
final volume to 1 L with ultrapure water. TAE bufter 50x is
also commercially available.

. TAE is the most commonly used electrophoresis buffer.

However, other electrophoresis buffer can be used such as

TBE buffer [25].

. Several commercial loading dye buffers are also available.

. Other loading dye bufters with different composition can be

prepared [25].

. Some DNA molecular markers are supplied with loading dye

for DNA sample (or PCR product).

The ethidium bromide is stored at room temperature and
shielded from light. Special precaution has to be taken when
working with ethidium bromide since it is a hazardous com-
pound (consult the safety data sheet provided by the supplier).
Safer alternatives to this are currently available and the gels



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Multiplex PCR for Toxigenic Penicillium 303

stained with them can be visualized and photographed by using
the same equipment for those stained with ethidium bromide.

A Core kit could be used instead of Master Mix. This kind of
kit contains all components in separate tubes, so you have to
mix them yourself. This allows optimizing the concentration of
each component of the assay as, e.g., it has been done by Mayer

et al. [26].

Design of primers and probes for multiplex detection of
mycotoxin-producing Penicillium species could be also based
onstructural genes, e.g., f-tubulin gene or I'TS region. However,
other non-toxigenic Penicillinm species could be detected too.
Normally, this kind of primers could be very useful to amplify a
non-competitive internal amplification control [19].

Design of primers and probes meets the criteria described by
Rodriguez et al. [27].

Be sure that all components are completely thawed before
using. Partial defrosting of PCR components could lead to a
further inefficient PCR amplification since compounds remain
in the frozen section.

An internal amplification control could be added in the reac-
tion to avoid false-negative results [28]. An extra optimization
step must be then performed.

Sterile gloves and filter pipette tips should be used for avoiding
the introduction of contaminating nucleases or DNA. The
gloves must be changed whenever there is a suspicion of being
contaminated. Additionally, all sample and reagent tubes
should be carefully opened and closed and kept capped as
much as possible for preventing contamination.

Add, if possible, Tzq Polymerase enzyme at the end, just before
PCR mix is dispensed into the PCR tubes.

Prepare sufficient PCR mixture, excepting DNA template, for
all the PCR reactions required. Adding at least two extra of
each PCR component to compensate for pipetting errors is
advisable. The replicates of each sample should be taken into
account for the calculations too.

When preparing the PCR mixture, negative and positive con-
trols must be also considered for the calculations.

It is recommended to include the following negative controls:
(1) non-template control (water + PCR Master mix + primers),
(2) non-primer/non-template control (water+PCR Master
mix), and (3) DNA non-template control (water + PCR Master
mix + primers + DNA non-template).

It is recommended to include a positive control based on a
known DNA containing target which will be detected in the
PCR.
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22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

When using a thermal cycler without a heated lid, overlay the
reaction mixture with 25 pL of mineral oil before placing the
PCR tubes on it.

Switch on the PCR machine at least 10—-15 min before starting
the PCR run.

The agarose solvent should be the same as used in the electro-
phoresis tank in order to avoid interferences in the mobility of
the amplification products. For this, the use of the same batch
for the gel and the tank is advisable.

Normally it takes 1-2 min, depending on the power of the
microwave. You should cover the flask containing the mix with
a small piece of tissue before heating in the microwave to avoid
any spillage when agarose starts to boil. Once the mix is see-
through you can take with care the flask using heat resistant
gloves.

Normally it takes around 20-30 min. The agarose gel is opaque
when solidified.

You can prepare the PCR product/loading dye mix in fresh
PCR tubes or on a piece of Parafilm®, being the last one the
most economic.

When quite faint PCR products are expected, 10-15 pL of
each one should be loaded into the gel. The amount of loading
dye should be increased too.

The selection of the DNA molecular weight marker should be
based on the size of the expected PCR products. A DNA
molecular size marker of 2.1-0.15 kbp was used by Luque

etal. [22].

Be sure that electrodes are attached in the proper place. Since
DNA is negatively charged, it will migrate in an electric field
towards the positive electrode (from the negative to positive
electrode).

The voltage and the running time depend on the percentage of
agarose in the gel as well as the size of the expected PCR prod-
ucts. When higher is the percentage of agarose, the pores cre-
ated in the gel matrix are smaller, and it is more difficult for
large PCR products to move through the matrix. In general,
shorter PCR products move at a faster rate than longer ones.

Run the gel until the dye line is approximately 75-80% of the
way down the gel.

The ethidium bromide (or other alternatives safe-view dyes)
could be also added to the gels before running. In this case,
before pouring agarose solution into the gel casting tray
(Subheading 3.1.2, step 1), add 5 pL of ethidium bromide
(0.5 mg/mL). Take care that agarose solution cool down up
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to 60 °C before the addition of ethidium bromide to prevent
its volatilization.

A quantification assay must be selected. Normally, when DNA
is used as target, absolute quantification using the standard
curve method is performed.

In most qPCR software at least three types of samples can be
selected: (a) Non-template control (NTC) consisting of a sam-
ple which does not contain template; (b) standard which con-
sists of a sample with known concentration used to construct a
standard curve. By running standards of several concentra-
tions, a standard curve is created for extrapolating the quantity
of an unknown sample; (¢) unknown sample consisting of a
sample containing an unknown quantity of template to be
quantified.

Make sure that the correct emission channel for each dye has
been properly selected. If not, you will not see your results
although the PCR is running.

If the used SYBR Green (or TagMan) mix contains Uracil
DNA glycosylase (UDG) for preventing non-template DNA
amplification an incubation step at 50 °C should be performed
prior to the PCR cycling to activate the enzyme [29]. After this
step necessary for the cleaving of the enzyme to the uracil resi-
dues from any contaminating DNA, the UDG is inactivated
when temperature increases up to 95 °C [29].

If SYBR Green methodology is used, a melting curve, also
called dissociation curve, must be included after thermal
cycling conditions. Specificity of amplification products must
be checked by analyzing the generated melting curves, since
the double-stranded DNA-binding SYBR Green dye can bind
to primer-dimers and other reaction artifacts producing a fluo-
rescent signal [30, 31].

The SYBR Green Master Mix and TagMan probes (and the
later prepared PCR mixture) are light sensitive. They have to
be stored and processed away from light.

If the SYBR Green Mix or TagMan Master Mix does not have
passive reference dye (normally ROX), it should be added as
additional PCR component. ROX reference dye normalizes
signal and ensures data integrity.

Other multiplex qPCR protocols for detecting toxigenic
Penicillium species use internal amplification controls (e.g.,
[19, 20, 32]).

DNA can also be diluted using the elution buffer provided by
commercial extraction kits or TE buffer.

The standard dilutions may also be prepared using tenfold dilu-
tions from a DNA template aliquot of a known concentration.
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44.

45.

46.

47.

48.

49.

50.

51.

For preparing standards for patulin-producing Penicillinm
strains, a 600 bp fragment of the 724/ gene amplified with prim-
ers IDH1 and IDH2 and the conventional PCR protocol
reported by Paterson [33] may be used as standard stock solu-
tion. After, the concentration of the PCR product in the stock
solutions is determined by a biophotometer and the number of
copies is then calculated as follows: Number of cop-
ies =wpcr/(660 g/mol) x (Lpcg) % (6.023 x10%%), where wpcg:
weight or amount of PCR product (g/pL); 660 g/mol: aver-
age weight of a base pair (dsDNA); Lpcx: length of PCR prod-
uct (bp); and 6.023 x 10%%: Avogadro’s number.

Later, the stock solutions are serially diluted by a factor of 10
and aliquots of these dilutions are used as a copy number stan-
dard during each setup of the qPCR reaction.

For preparing standards for ochratoxin A-producing
Penicillinm strains, a 750 bp fragment of the otanpsPN gene
amplified with primers otanps_for and otanps_rev and the con-
ventional PCR protocol reported by Bogs et al. [5] may be
used as standard stock solution. To obtain copy number stan-
dards of such gene, proceed as indicated in Note 44.

The quantification of aflatoxigenic molds by using the triplex
TagMan method could be performed by preparing the stan-
dard stock solution for aflatoxin-producing molds amplitying a
1254 bp fragment of the af/P gene by using primers OMT-
torward and OMT-reverse and the conventional PCR method
reported by Richard et al. [34]. To obtain copy number stan-
dards of such gene, proceed as indicated in Note 44.

The PCR mixture must be prepared in a UV-equipped PCR
workstation in order to prevent cross contamination of sam-
ples. Before and after use clean the surface of workstation with
70% (v/v) ethanol. In addition, UV light should be switched
on for decontamination before using for 10-15 min.

Reaction volumes can be scaled up or down as long as the final
concentrations of the reaction components remain the same.

When SYBR Green is used, a no amplification control (NAC)
tube that contains sample, but not the enzyme could be neces-
sary. If the absolute fluorescence of the NAC is greater than that
of the NTC after PCR, fluorescent contaminants may be present
in the sample or in the heat block of the thermal cycler [35].

The PCR mixture can be loaded in different formats: PCR
plates (48-, 96-, or 384-well plates depending on the neces-
sity) or PCR tubes (single tubes or eight-strip tubes). When
using the plates, they have to be sealed by using adhesive films
after filling in the wells with the PCR components.

Avoid open the PCR tubes containing DNA (or standards or
DNA non-template control) once it has been added.
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When qPCR plate or PCR tubes are loaded, prevent cross con-
tamination. Try to keep reactions and components capped as
much as possible. Open and close tubes carefully too.

If the plate or tubes are not going to be loaded into the qPCR
instrument immediately, place them at refrigeration in dark
conditions.

Avoid touch the optical surface of the cap or sealing film with-
out gloves, as fingerprints may interfere with fluorescence
measurements.

Make sure that the negative controls did not amplity and the
positive controls amplified to verify that the qPCR run was
adequate.

The expected amplicons (229 and 117 bp) give two melting
peaks (T,,) at 86.9 and 83.9 °C for patulin- and ochratoxin A-
producing Penicillium, respectively.

The choice of dyes which emit in different wavelengths allows
quantification of each target gene separately but simultane-
ously in the same multiplex qPCR reaction.

The criteria considered for reliability of the QPCR methods are
the correlation coefficient (R?) and the amplification efficiency
calculated from the formula E=[10¢-Y9]—-1 where S is the
slope of the standard curve. Generally slopes between —3.1
and —3.6 with PCR efficiency values in the range of 90-110%
are considered satisfactory. Furthermore, the optimal
correlation coefficient (R?) derived from the standard curve
has to be between 0.99 and 0.999 [27].
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Chapter 20

PCR-RFLP for Aspergillus Species

Ali Atoui and Andreé El Khoury

Abstract

Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) is the most simple
method for single-nucleotide change detection. It is widely used in the detection and differentiation
between mycotoxigenic species. It is based on PCR amplification of a target region containing the variant
site of the studied species followed by restriction endonuclease digestion and gel electrophoresis to visual-
ize the RFLP patterns. In this method primers are designed to flank the polymorphic site and positioned
in such a way as to create unequally sized fragments upon restriction endonuclease cleavage of the PCR
products. Here, we describe the protocol of PCR-RFLP developed for the detection and differentiation
between Aspergillus flavus and A. parasiticus by amplifying a 674 bp fragment of the afIR-afl] intergenic
region followed by restriction endonuclease analysis using Bg/II to obtain RFLD patterns.

Key words Aspergillus, PCR- RFLP, Detection, Differentiation

1 Introduction

Molecular methods have been widely applied in the detection and
differentiation of a large number of Aspergillus species. In this con-
text, several molecular approaches have been developed, including
species-specific diagnostic PCR, random amplified polymorphic
DNA (RAPD) analysis and restriction fragment length polymor-
phism (RFLP) analysis [1-3]. In recent years the combined PCR-
RFLP has been widely used for the detection and differentiation
between mycotoxigenic species. The first step in this method is to
select a target gene. This target gene must show interspecies vari-
ability between the studied species in order to have a RFLP pat-
terns. Internal transcribed spacer (ITS), intergenic spacer (IGS),
p-tubulin, as well as genes involved in mycotoxin biosynthesis
genes have been widely used as target gene to identify and differ-
entiate between different Aspergillus species using PCR-RFLP [2,
4-71]. The sequences of the target gene of each studied species are
then analyzed to identify the appropriate restriction enzyme. After
PCR, a portion of the reaction is subjected to restriction endonu-
clease digestion and gel electrophoresis to visualize the resultant

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_20, © Springer Science+Business Media LLC 2017

313



314 Ali Atoui and André El Khoury

bands representing the RFLP patterns. This approach of differen-
tiating these species seems to be simpler, less costly, and quicker
than conventional sequencing of PCR products and /or morpho-
logical identification.

This chapter describes the approach used in order to perform
a PCR-RFLP assay. We will explore an example of an assay used to
discriminate Aspergillus flavus and Aspergillus parasiticus using the
afIR—afl] intergenic region as a target gene.

2 Materials

2.1 Fungal Culture

2.2 DNA Extraction

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to attain a sensitivity of 18 MQ cm at 25 °C) and
molecular grade reagents. Prepare and store all reagents at room
temperature (unless indicated otherwise).

Czapek yeast extract agar (CYA) medium: 30 g/L Sucrose, 5 g/L
yeast extract, 1 g/L-K,HPO,, 0.01 g/L-ZnSO,-7H,0, 0.005 g/L
CuSO,4-5H,0, 10 mL/L Czapek concentrate, 15 g/L agar.

1. Lysis buffer: 400 mM Tris—-HCI [pH 8.0], 60 mM EDTA
[pH 8.0], 150 mM NaCl, 1% sodium dodecyl sulfate (SDS).

2. Potassium acetate buffer (pH 4.8): 60 mL of 5 M potassium
acetate, 11.5 mL of glacial acetic acid, 28.5 mL of H,O.

3. Isopropyl alcohol.

4. 70% Ethanol solution: Prepare 100 mL of solution by mixing
70 mL of absolute ethanol and water to reach the 100 mL

volume.
2.3 PCR-RFLP 1. Tag recombinant polymerase (Invitrogen, USA).
2. dNTP mix.
3. Agarose.
4. Loading dye.
5. Molecular marker.
6. Tris-acetate-EDTA buffer (TAE 1x): 40 mM Tris, 20 mM
acetic acid, 1 mM EDTA.
7. Restriction enzyme: It should be selected according to the
map restriction analysis described in Subheading 3.4.
3 Methods

3.1 Fungal Gultures

1. Select a number of aflatoxigenic and non-aflatoxigenic fungal
strains of Aspergillus flavus and A. parasiticus.



3.2 Identification
of RFLP Enzymes
and Primer Design

3.3 DNA Extraction
from Pure Fungal
Gultures
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2. Grow the isolates in Petri dishes containing CYA medium.

. Incubate the culture at 28 °C for 3 days in order to have a

young mycelium.

. The aflR-afl] intergenic region of A. flavus and A. parasiticus

is the selected target gene in this method. The following steps
describe the identification of the appropriate restriction enzyme
allowing discrimination between A. flavus and A. parasiticus
and the design of primers (se¢ Note 1).

. Obtain all available sequences of the selected target gene (or

gene fragment) from several isolates of both species using
GenBank search.

. Align the obtained sequence for each species separately using

Clustal X in order to show the absence of intraspecies variability.

. Align then all sequences for the two species using Clustal X

and show the interspecies variability (Fig. 1).

. Go to enzyme restriction site (Example: http: //bio.lundberg.

gu.se/cutter2 /).

. Enter the sequence of each species and make restriction analy-

sis by choosing all enzymes in the database.

. Choose the best enzyme by comparing the restriction maps of

the afIR-afl] intergenic region sequence of both species (see
Note 2, Fig. 2).

. After choosing the best enzyme showing RFLP patterns, design

a primer pair by one program such as Primer3, to amplify a frag-
ment containing the sequences variability. In the present proto-
col the designed primer pair amplifies the 674 bp afiR-afl]
intergenic region sequence in A. flavusand A. parasiticus.

. Examine the specificity of the primers. This can be assessed by

BLAST search and PCR (see Note 3).

. Select a rapid and suitable DNA isolation method for yielding

high quality of DNA. Here we describe the method performed
according to Lui et al. [8].

2. Add 500 mL of lysis buffer into 1.5 mL Eppendorf tube.

. Take a small lump of mycelia from young culture using a sterile

toothpick, with which the lump of mycelia is disrupted in to
the 1.5 mL containing the lysis buffer.

4. Leave the tube at room temperature for 10 min.

. Add 150 mL of potassium acetate buffer, vortex the tube

briefly, and centrifuge at 10,000 x4 for 1 min.

. Transfer the supernatant to another 1.5 mL Eppendorf tube

and centrifuge again as described above.
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Fig. 1 Alignment of aflR-aflJ intergenic spacer region sequences in ten strains of A. flavus and A. parasiticus
isolates. The location of selected primers is represented by bold arrows. The regions shadowed in pale gray
represent the restriction site for Bg/ll endonuclease enzyme
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362 572
674 pb
A. flavus
363
674 pb

A. parasiticus

Fig. 2 Schematic representation of restriction sites for Bglll on afiR-aflJ inter-
genic region sequence (674 bp) of A. flavus and A. parasiticus (not to scale).
According to the sequence analysis, there are two restriction sites for Bgllin the
sequence of A. flavus that should cleave the PCR products into three fragments
of 362, 210, and 102 bp. However, there is only one restriction site for this
enzyme in the sequence of A. parasiticus that should produce two fragments of
363 and 311 bp. The obtained RFLP patterns revealed substantial variability

7. Take the supernatant to a new 1.5 mL Eppendorf tube and
add an equal volume of isopropyl alcohol.

8. Mix the tube by inversion. Centrifuge the tube at 10,000 x4
for 2 min.

9. Discard the supernatant and wash the resultant DNA pellet in
300 pL of 70% ethanol.

10. Centrifuge the pellet 16,000x4 for 1 min and discard the
supernatant.

11. Leave the DNA pellet to be dried and dissolve the dried pellet
in 50 pL of deionised H,O.

1. Perform the PCR reaction for all isolated fungal DNA in dupli-
cate with the Tag recombinant polymerase (Invitrogen, USA)
in 50 pL reaction mixture containing 5 pL. of Tag polymerase
buffer 10x, 1.5 pL of 50 mM MgCl,, 1 pLL of ANTP 10 mM of
each (Promega), 1 pM of each primer, 1.5 U of Tag, about
1 pL of genomic DNA, H,O up to 50 pL (see Note 4). Reaction
conditions were 94 °C for 4 min, (94 °C for 40 s, T °C for 40 s
and 72 °C for t s) x 35 cycles followed by an incubation at
72 °C for 10 min (see Note 5).

2. Include negative controls (no DNA template) to test for the
presence of DNA contamination of reagents and reaction
mixtures.

3. Include positive control using f-tubulin gene (or actin gene) in
the same PCR conditions for all examined fungal DNA. Non afla-
toxigenic species should give positive result with positive control
and negative result with the designed target gene primers.
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4.

10.

11.

The amplified products are examined by 1% w/v agarose
(Promega) gel electrophoresis (Fig. 3)

. In a sterile 1.5 mL microfuge tube, prepare the restriction mix-

ture on ice (see Note 4) for digesting 10 pL of the PCR prod-
uct (see Note 6) as indicated in Table 1.

. Label sterile 0.5 mL microfuge tubes and dispense the appro-

priate volume of the restriction mixture in each tube (30 pL).

. Add the adequate amount of PCR product (10 pL) and mix.

Centrifuge the mixture shortly to settle down all the droplets
on the walls.

. Incubate at 37 °C for 2-3 h in water bath. Meanwhile, prepare

2% gel agarose.

. After incubation, mix maximal 20 pL of the digested samples

with 3 pL of loading dye. This can be done by adding the load-
ing buffer to the microfuge tubes.

Slowly load the sample mixture into the slots of the submerged
gel under TAE 1x using a disposable micropipette.

Run the agarose gel at a voltage of 4-5 V/cm (110-120 V) for
1 h 45 min.

<«——— 674bp

Fig. 3 0.8 % of agarose gel electrophoresis of PCR products with the designed
primers of different of A. flavus and A. parasiticus isolates (lanes 1-9); Lane
M—100-bp DNA marker (GeneRuler, Fermentas)

Table 1
Composition of restriction mixture for digesting 10 pL PCR product
Volume added (L)
10x buffer 4
H,O 24

BylII restriction enzyme 10 U/pL (see Note 7) 2

Total volume 30
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210 bp —>

102 bp —>
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1 2 383 4 M 5 6 7 8 9

363 bp
311 bp

Fig. 4 Electrophoretic analysis showing the restriction profiles of the afiR-aflJ
intergenic spacer PCR product (674 bp) digested with Bglll. Lanes 1-8 A. flavus
strains; lane M—100 bp DNA marker (GeneRuler, Fermentas); lane 9—A. para-
siticus strain

12.

When the dyes have migrated a sufficient distance through the
gel, turn off the electricity and remove the gel from the tank.
Examine the gel by UV light and photograph the gel showing
the RFLP patterns (Fig. 4).

4 Notes

. There are now several programs for the design of PCR-RFLP

in which the selection of primers and restriction enzymes has
been integrated [9].

. Restriction fragment sizes lesser than 100 bp should not be

taken into consideration because they are not clearly resolved
by electrophoresis on 2% agarose gel. The enzyme should be
reliable and inexpensive.

. The selected primer pairs should be highly specific, amplifying

only the studied species and yielding amplicons of the expected
size (in this protocol 674 bp) and no additional or non-specific
bands should be observed. In addition none of the other spe-
cies (i.e., non-aflatoxigenic species) should give a positive result
with this PCR primer set.

. Keep all reagents on ice. Vortex the restriction mixture care-

tully and centrifuge it shortly to settle down all the droplets on
the walls.

. The annealing temperature (T) is specific for primer pair used

and the extension time (t) is selected according to the expected
amplicon length (1 min per 1 Kb is recommended).

. Enzyme manufacturers provide lots of information about

restriction digestion. This is available both in the catalogue and
on the web.
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7. It is always good to add the buffer and water into the tube first.
Do not use more enzyme than 10 % of the final reaction volume.
This is because the enzyme storage buffer contains glycerol.
Excess quantity of glycerol will inhibit the digestion.
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Chapter 21

PCR ITS-RFLP for Penicillium Species and Other Genera

Sandrine Rousseaux and Michéle Guilloux-Bénatier

Abstract

Among numerous molecular methodologies developed for highly specific identification of filamentous
fungi isolates, here we describe restriction digestion analysis of the ITS products as an easy method to
identify isolates of filamentous fungi. This technique is a rapid and reliable method appropriate for routine
identification of filamentous fungi. This can be used to screen large numbers of isolates from various envi-
ronments in a short time. The use of different endonucleases allowed generating individual restriction
profiles. The individual profiles obtained were combined into composite restriction patterns characteristic
of a species. Eleven different genera can be differentiated and among them 41 different species.

Key words Filamentous fungi, PCR ITS-RFLP, Identification, Composite profiles

1 Introduction

Filamentous fungi are widely distributed in various habitats and
can be isolated from soil [1, 2], food [3, 4], or humans [5]. They
act as human pathogens [6], food spoilage organisms, mycotoxins,
or off-flavor producers [7-9]. Culture-dependent methods with
macroscopic and microscopic examination are traditionally used to
identify filamentous fungi, but may fail to identify the complete
diversity of fungi present. Morphological and physiological charac-
teristics are influenced by culture conditions and consequently this
approach can provide incomplete or ambiguous results. Moreover,
these methods are also time consuming and laborious. Therefore,
numerous molecular culture-dependent methodologies have been
developed for highly specific identification. Among these tech-
niques, random amplified polymorphisms DNA (RAPD) method
was applied to identify Penicillium starter cultures [10, 11] or to
study the intraspecific diversity of Geotrichum candidum isolated
from cheese [12]. Restriction fragment length polymorphism
(RFLP) technique was used to discriminate species among the
Aspergillus genus [13]. Polymerase chain reaction-restriction frag-
ment length polymorphism (PCR-RFLP) method was described to

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
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identify strains of the A. niger aggregate [14, 151, P. aurantiogri-
seum from foods [16], medically relevant fungi [17], and
Penicillium subgenus Bivertilillium [10]. Amplified fragment
length polymorphism technique (AFLP) analysis was used to detect
Aspergillus flavus in food samples [18] and was applied for difter-
entiating between Alternaria alternata and A. infectoria isolated
from wheat [19]. A multiplex PCR method has developed to iden-
tify Aspergillus versicolor, Cladosporium spp., Penicillium purpuro-
genum, and Stachybotrys chartarum [20].

Most of the developed methods are based on the analysis of
the internal transcribed spacer (ITS) region. ITS sequences includ-
ing the 5.8S rRNA gene (the coding region which is conserved)
and two flanking regions I'TS1 and I'TS2 (noncoding and variable)
(Fig. 1) show low intraspecific polymorphism and high interspe-
cific variability and have proved useful for identification of different
fungi and yeasts [ 14, 21, 22].

Most of the methods described in the literature have been used
for the identification of specific fungi present in different environ-
ments, but few techniques have been developed for describing and
identifying in a same time the different genera of filamentous fungi.

Here, we describe a PCR ITS-RFLP method that we have
developed to be a fast and easy method for identifying species of
fungal genera. By this method, we can differentiate eleven genera:
Acremonium, Alternavia, Aspergillus, Botrytis, Cladosporinm,
Fusarium, Epicoccum, Penicillium, Pilidielln, Thanatephorus, and
Trichoderma. Among the genus Penicillium, 22 different species
were differentiated: P. aurantiogriseum, P. bilnine, P. brevicompac-
tum, P. chrysogenum, P. commune, P. corylophilum, P. crustosum, P.
expansum, P. fellutanum, P. herques, P. italicum, P. islandicum, P.
miniolutenm, P. oxalicum, P. paneum, P. paxilli, P. raistrickii, P,
roqueforti, P. simplicissimum, P. spinulosum, P. verrucosum, and P,
verruculosum. Only the species P. thomii and P. glabrum were not
differentiating.

For the genus Aspergillus, all seven different species analyzed
were discriminated: A. aculeatus, A. cavbonarius, A. fumigatus, A.

ITS 1 ITS2

18SRNA  —— 58SRNA —— " {8SRNA

ﬁ &
Primer ITS 1 Primer ITS 4

Régions conservées

— Régions variables

Fig. 1 Schematic of the nuclear ribosomal RNA repeat. S svedberg sedimentation
coefficient, /TS internal transcribed spacer; universal primers [24]
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gJaponicus, A. niger, A. terreus, and A. wentii. Moreover, we can
discriminate Cladosporium cladosporioides ot Cladiosporium her-
barum and the three species Trichoderma havzianum, Trichoderma
koningiopsis and Trichoderma longibrachintsum.

The PCR ITS-RFLP method we describe facilitates rapid and
casy identification of fungal species isolated without sequencing.
This assay is a routine, sensitive, and reliable compared to morpho-
logical identification and can be used to screen vast numbers of
isolates in a short time. Consequently, it could be very useful for
studies comparing large samples of isolates where sequencing can-
not reasonably be undertaken.

2 Materials

2.1 Culture Media

2.2 Washing
and Dilution
Suspensions
for Sampling
Procedure

Prepare all media using sterile distilled water and all solutions using
ultrapure water.

1. Dichloran rose-bengal chloramphenicol (DRBC) agar medium:
1.5% agar, 1% d-glucose, 0.5% bacteriological peptone, 0.1%
KH,PO,, 0.05% MgSO,-7H,0, 0.5 mL of rose-bengal solu-
tion, 1 mL of dichloran solution, 0.01% chloramphenicol.
Final pH 5.6 +0.2 at 25 °C. Sterilize (see Note 1).

2. Malt extract agar (MEA) medium: 2% Agar, 2 % malt extract, 2%
d-glucose, 0.1 % bacteriological peptone. Sterilize (see Note 2).

3. Potato dextrose agar (PDA): 1.7% Agar, 1% d-glucose, 0.5%
potato extract. Sterilize.

4. Potato dextrose broth (PDB): 1% d-Glucose, 0.5% potato
extract. Sterilize.

These two media are used for the culture of filamentous fungi
(see Note 3).

1. Sterile bags and sterile disposable inoculating.

2. Plates of DRBC and MEA media.

3. Washing suspension: 0.9 % (w/v) NaCl; 0.2 % (v/v) Tween 80.
Make up to 1 L with distilled water and sterilize (sec Note 4).

4. Dilution suspension: 0.9% (w/v) NaCl. Make up to 1 L with
distilled water and sterilize (see Note 5).

5. Ultrasonic cleaner (Cleaning bath Ultrasons-Digit, Dutscher
Scientific).

6. An orbital shaker.

7. Rinse solution: 0.05% (v/v) Tween 80. Make up to 1 L with
distilled water and sterilize.
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2.3 DNA Preparation

2.4 DNA Extraction

25 PCR

. Solution for conservation of spores at =80 °C: 40 % (v/v) glyc-

erol. Make up to 200 mL with distilled water and sterilize (see
Note 6).

. Cryovial (2 mL).

. Plates of PDA medium or 6 mL of PDB.
2. Sterile disposable inoculating.
. Rinse solution: 0.05% (v/v) Tween 80. Make up to 1 L with

distilled water and sterilize.

4. Sterile water (aliquot of 2 mL).

. Malassez hematimeter cell: consists of a thick glass microscope

slide with a grid of perpendicular lines etched in the middle.
The grid has specified dimensions (1 mm?) so that the area
covered by the lines is known, which makes it possible to count
the number of cells in a specific volume of solution.

Total cells/mL=(Total cells countedx 10000 cells/mL)/
(dilution factor x number of squares).

. Liquid nitrogen.

. Commercial EZNA Fungal DNA Kit (Omega bio-tek,

Doraville, USA).

2. Cold absolute ethanol.
. Ultrapure water (aliquot 200 pL).
4. Biophotometer (Eppendorf, Le Pecq, France).

PCR reactions were performed using Taq polymerase (Promega
Corp., USA) (see Note 7).

1. MyClycler thermal cycler (Bio-Rad, Hercules, USA).
2. PCR program:

— Initial step: 94 °C, 3 min.

— Annealing step (34 cycles).

— Denaturation: 94 °C, 1 min 30 s.

— Hybridization: 55 °C, 1 min 30 s.

— Elongation: 72 °C, 2 min.

— Final elongation: 72 °C, 15 min (34 cycles).

. Submerged horizontal electrophoresis cells (Wide Mini-Sub

Cell GT Cell, 30 samples per comb, Bio-Rad, Hercules, USA).

. TAE: Tris-Acetate-EDTA (1x) (TAE): 40 mM Tris, 20 mM

acetic acid, and 1 mM EDTA. It is used as electrophoresis
buffer.

. DNA size markers (GeneRuler 100 bp DNA ladder, Fermentas,

France).
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. Agarose gel at 1.5% is recommended to control the amplica-

tion. Gels were stained with ethidium bromide (5 pL of ethid-
ium bromide at 10 mM to a final concentration 0.5 mM).

7. Migration in TAE 1x; 45 min at 90 V.

. DNA band visualization: computer program Quantity One

4.6.5 Bio-Rad.

. Endonucleases (Haelll, Hinfl, Msel Sdul, Bfml, Maell, and

Cf91, (Fermentas, France), Hpyl 881 and PspGI (New England
Biolabs, UK) (Fig. 2).

. Restriction mix (final volume 20 pL): 10 pL of PCR product,

7 pL of sterile ultrapure water, reaction buffer 2 pL and 1 pL
of endonuclease (10 U/puL) (see Note 8).

. Submerged horizontal electrophoresis cells (Wide Mini-Sub

Cell GT Cell, 30 samples per comb, Bio-Rad, Hercules, USA).

4. Electrophoresis bufter: Tris-acetate EDTA, 1x.
. DNA size markers (GeneRuler 100 bp DNA ladder, Fermentas,

France).

. Agarose gel at 3% is recommended to obtain restriction pro-

files. Gels were stained with ethidium bromide (5 pL of ethid-
ium bromide at 10 mM to a final concentration 0.5 mM) (see
Note 9).

. Migration in TAE 1x; 1 h-1 h 30 min at 90-100 V.

. DNA band visualization: computer program Quantity One

4.6.5 Bio-Rad.

Haelll: -Hinfl: -Msel: -Sdul:
5..GGACC...3' 5...GMNTC...3' 5. TATAA..3’ 5..GdGCh~C...3’
3..CCrGG..5' 3...CTNAG...5’ 3. AATAT..5 3...CPhCGdG...5

-Bfmil: -Maell: -Cfral:
5'..CATRYA G...3' 5'... ACGTA..3" 5825050(30(123
3'..G AYRTAC..5' 3. TGCA ..5' g —

-Hpy188l: -PspGl:
5..TCN'GA..3 5'... \CCWGG...3"
3..AGNCT...5' 3... GGWCCA ..5'

Fig. 2 Endonucleases used and their restriction sites
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3 Methods

3.1 Sampling
Procedure

and Isolation

of Filamentous Fungi

3.2 DNA Preparation

3.3 DNA Extraction

The three first steps are realized to release spores and/or mycelium
from the surface of the sample.

1. Collect samples aseptically (for example sterile bag) and con-

QN Ul W W

serve them at 4 °C during the transport and before use.

. Place the studied sample (for example 200 grape berries) in a

flask containing 200 mL of sterile washing suspension.

. Sonicate this mixture for 1 min and then stir on an orbital

shaker for 30 min to put the microorganisms in suspension.
Hold washing suspension in a sterile flask at 4 °C before use.

. Then serially dilute (1,/10) washing suspension and plate each

dilution (100 pL) on DRBC medium (three repetitions by
dilution). Plates were returned and incubated for 4-7 days at
25 °C.

. Pick and isolate on MEA medium from each plate single fungal

colony, considered representing different genera and species
(by macroscopic observations). Return and incubate plates for
4-7 days at 25 °C.

. After incubation, deposit 1 mL of rinse solution on the surface

of each MEA plate which is scraped using a sterile disposable
inoculating. Collect and deposit in a sterile cryovial the spore
suspension (~500 pL). Add 500 pL of glycerol 40 % (for a final
concentration 20%) and keep the cryovial at -80 °C.

. From the frozen stock, inoculate a PDA medium for each fun-

gal isolate.

. After a culture of 7 days or more (in function of the isolates),

add 5 mL of rinse solution and scrap gently the medium sur-
face using a sterile disposable inoculating. This step is repeated
to recover as much as possible spores.

. Count the spore using a Malassez cell.

. Collect the spores in a tube containing 2 mL of sterile water.

. Centrifuge the resulting suspension (10,000 xg, 10 min).

. Take up the pellet of spores containing between 150 and

200 mg in 2 mL of sterile water (se¢e Notes 10 and 11).

. Extract DNA from 2 mL of a suspension of spores or 2 mL of

crushed mycelium using DNA extraction kit fungi Miniprep
EZNA® (Omega Bio-tek, Doraville, USA) according to the
manufacturer’s instructions.

. Specifically, centrifuge 2 mL of suspension (10,000 xg for

20 min).
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. Incubate the pellet with 600 pL of buffer FG1 and 5 pLL RNase

(20 mg/mL) for 1 min.

. Add 10 pL of 2-mercaptoethanol and incubate the mixture at

65 °C for 5 min.

. Add then 140 pL of FG2 buffer and incubate on ice for 5 min.
6. Centrifuge for 10 min at 10,000 x g, transfer the supernatant

and add a ¥ volume of buffer FG3 and a volume of absolute
ethanol.

. Elute the DNA with 100 pL of ultrapure water H,O using

Hi-bond®spin columns.

. Control the quality of the DNA extracts before each use.

Determine the reports of the OD (260 nm/280 nm and
260 nm/230 nm) to assess the quality of the samples. The
DNA concentration should be from 100 to 150 ng/pL.

. Store the DNA at -20 °C before analysis (se¢ Note 12).

. PCR reactions were performed as described in Note 7 and

Table 1.

. To control amplifications, deposit 15 pL. of PCR products in

cach well of an agarose gel at 1.5% and 5-7 pL. of DNA size
markers in the two most outer wells.

. The size of the amplified PCR products differs between some

genera and allows to distinguish, for example, a strain of the
genus Aspergillus (580 bp) from a strain of the genus Botrytis
(540 bp) (Fig. 3a). However, a PCR ITS was unable to dis-
criminate different species among a same genera (Fig. 3b).

. Thus generate restriction profiles to allow discrimination

between species.

PCR reaction (final volume 50 plL)

Concentration of the

Final concentration in

stock solution Volume each PCR reaction
Ultrapure water 26.35 pL
Buffer 5 pL
MgClL,-6H,0 25 mM 3uL 1.5 mM
dNTP 25 mM (each) 0.4 pL 0.2 mM
Primer ITS1 10 pM 2.5 puL 0.5 pM
Primer ITS4 10 pM 2.5 puL 0.5 pM
Taq polymerase 5 U/pL 0.25 pL 0.025 U/uL
DNA 100-150 ng/pL 10 pL 20-30 ng/pL
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Fig. 3 PCR ITS amplification of DNA from different genera and species with primers ITS1 and ITS4 [24]. (a)
Lanes 1and 7: DNA ladder 100 bp. Lane 2: Saccharomyces cerevisiae (840 bp); lane 3: Penicillium expansum
(570 bp); lane 4: Aspergillus carbonarius (580 bp); lane 5: Botrytis cinerea (540 bp). (b) Lanes 1 and 70: DNA
ladder 100 bp. Lane 2: P. chrysogenun;, lane 3. P. crustosum; lane 4: P. glabrum; lane 5: P, frequentans; lane 6:
P aurantiogriseum; lane 7: Penicillium expansum; and lane 8: P. paneum

3.5 PCR ITS-RFLP 1.

Digest PCR products with the restriction enzymes Sdul, Hinfl,
Msel, and Haelll, separately.

. Use an additional endonuclease in some cases to complete dis-

crimination: Maell, Cfr91, Hpyl88I or PspGI. After electro-
phoresis visualize, DNA bands under UV light (se¢ Notes 8
and 9).

. Designate the profiles obtained with one restriction endonu-

clease with letters as follows: Sdul: 16 different profiles from
“a” to “r”; Hinfl: 6 different profiles from “a” to “£”; Msel: 9
different profiles from “a” to “i”; Haelll: 9 different profiles

from “a” to “i" (Table 2). The endonuclease Sdul is especially
discriminant, which generates 16 different profiles.

. Combine the individual profiles obtained into composite

restriction patterns characteristic of a species (Table 2).

. By this method, 41 different species among 11 genera can dis-

criminate. Only the species P. thomii and P. glabrum gave the
same composite profile. Only four endonucleases are necessary
to discriminate the majority of species [23].
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Table 2
ITS individual restriction patterns and composite restriction patterns for different species of
filamentous fungi
Species Individual restriction patterns by endonuclease Composite
. restriction
Sdul (pb) Hinfi (pb) Msel (pb) Other
pattern
enzymes (pb)
Acremoninm 576 (1) - - 290+168+85 1-d
alternatum (d, Haelll)
Alternaria 570 (1) - - 433+137 (e, l-e
alternatn HuellI)
Aspergillus 357+99 (j)  269+185+112 (f) - - it
aculeatus
Aspergillus 285+175 (b) 284+195+113 (e) - - be
carbonarins
Aspergillus 265+171 (a) 289+289 (b) - — ab
Sfumigatus
Aspergillus 362+99 (j)  283+283 (b) = = jb
Japonicus
Aspergillus niger 2914175 (b) 289+289 (b) - - bb
Aspergillus tervens  287+174+98 296+199+105 (e)  371+215(b) - geb
(8)
Aspergillus wentii  289+167+97 285+195+108 (e)  252+200+65 - geh
(8) (h)
Botrytis cineren 539 (k) - - 433+111 (a, k-a
Haelll)
Cladosporinm 418+126 (o) - - 5442 (c, o-c
cladosporioides HuellI)
Cladosporium 421+123 (o) - - 5100 (f, o-f
herbarum HuellI)
Epicoccum nigrum 545° (k) - - 545% (c, k-c
Huelll)
Fusarinm 540° (k) - - 340+110+90 k-b
0XYSpoTUIm (b, Haelll)
Pilidielln 299+138+96 - - 440+172 (i, n-i
diplodielln (n) Haelll)
Penicillinm 262+168 (a) 289+173+ 113 (a) 366+204 (b) 586° (a, Bfml) aab-a
AUTANLLOPVISEUI
Penicillium bilwine 279 +171 (b) 287 +287 (b) 368+207 (b) 328 +276 (d, bbb-d
PspGI)
Penicillium 348+164 (e) 287+287 (b) 352+186 (¢) - ebc
brevicompactum

(continued)
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Table 2
(continued)
Species Individual restriction patterns by endonuclease Composite
. restriction
Sdul (pb) Hinfi (pb) Msel (pb) Other
pattern
enzymes (pb)
Penicillivm 292+164 (b) 282+282 (b) 361+207 (b) 584 (c, PspGI) bbb-c
corylophilum
Penicillium 257+167 (a) 285+285 (b) 362+97+97 277+180+130 aba-a
chrysogenum (a) (a, Cfi9I)
Penicillium 263+169 (a) 293+293 (b) 362+98+98 191+174+174 aba-a
crustosum (a) (a, Hpyl88I)
Penicillium 260+164 (a) 285+285 (b) 353+101+101 178+178+143 aba-b
commune (a) (b, Hpyl88I)
Penicillium 257+164 (a) 285 +181+106 (a) 364+101+101 328+ 271 (a, aaa-a
expansum (a) Manell)
Penicillivm 294+173 (b) 272 +272 (b) 353+197 (b) 268+ 223+110 bbb-a
fellutanum (a, PspGl)
P. glabrum/P. 358+194 (¢) 290+139+139 (¢) 366+206 (b) - ccb
thomii
Penicillium herquei 295+170+95 290+ 290 (b) 293+203+72 - gbi
(8 (i)
Penicillium 320+72 (h)  185+185+120+95 365+211 (b) - hdb
islandicum (d)
Penicillinm 262+170 (a) 290+180+110 (a) 352+102+102 322+195+83 aaa-b
italicum (a) (b Maell)
Penicillinm 453 (f) 290+204+104 (e) 573 (f) - fef
miniolutenm
Penicillium 264+170 (a) 313 +313 (b) 316 +207 (e) - abe
oxalicum
Penicillivm 290+121 (d) 284+180+110 (a) 368+203 (b) - dab
paneum
Penicillium paxilli 259+170 (a) 297+ 297 (b) 247+133+74 - abg
(8)
Penicillium 259+164 (a) 306 +306 (b) 359+206 (b) - abb
raistrickii
Penicillium 285+165 (b) 273+171+101 (a) 359+99+99 - baa
roqueforti (a)
Penicillivm 290+172 (b) 278+278 (b) 361+203 (b) 336+213 (b, bbb-b
simplicissimum PspGI)
Penicillinm 350+165 (e) 290+136+136 (¢) 354+200 (b) - ecb
spinulosum

(continued)
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Table 2
(continued)
Species Individual restriction patterns by endonuclease Composite
, restriction
Sdul (pb) Hinfi (pb) Msel (pb) Other
pattern
enzymes (pb)
Penicillium 260+168 (a) 297+180+110 (a) 360+205 (b) 480+114 (b, aab-b
VEVIUCOSUM Bfml)
Penicillium 450 (f) 300+300 (b) 550 (d) - fbd
verruculosum

Thanatephorus 477+150 (p)

cucumeris

Trichoderma 620* (m)
harzianum

Trichoderma 6007 (r)
koningiopsis

Trichoderma 623* (m)
longibrachintum

507+119 (h, p-h
Haelll)

434+180 (i, m-i
Huaelll)

- - 437+168 (i,  r-i
Haelll)

- - 461+90 (g, m-g
HaeII)

*No enzyme restriction site

4 Notes

. The DRBC medium was used to isolate filamentous fungi. The

use of the antifungal agent, dichloran, restricts spreading of
mucoraceous fungi and restricts the colony size of other gen-
era. Rose bengal also assists in the reduction of colony sizes
and is selective against bacteria. Additional selectivity against
bacterial growth is achieved by the incorporation of the heat-
stable antibiotic Chloramphenicol. Plates were returned and
incubated for 4-7 days at 25 °C.

. The MEA medium was used to isolate and to conserve fila-

mentous fungi. For fungi count, a pH value between 3.5 and
5.6 is recommended depending of the microorganisms. It is
recommended to adjust the pH more acidic with addition of
10% lactic acid and 5% tartaric acid. Plates were returned and
incubated for 4-7 days at 25 °C.

. Plates were returned and incubated for 5 days at 28 °C.

4. 200 mL of washing solution were used to wash the surface of

200 grape berries. The volume must be adapted in function of
the studied sample.

. After sterilization, prepare sterile vials containing 900 pL of

dilution suspension.

. Glycerol is viscous: to collect more easily, cut the tip to have a

wider opening. Take very gently.
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7. The 5.8S-ITS region was amplified by PCR using universal

10.

11.

12.

fungalprimersITS1andITS4[24].ITS1(5'-TCCGTAGGTGAA
CCTGCGG-3")andITS4(5-TCCTCCGCTTATTGATATGC-3").

. The reaction mixture was placed in a water bath for 4 h at opti-

mum temperature: at 37 °C to Sdul, Hinfl, Haelll, Cfi91,
Bfml, and Hpyl88I1, 65 °C for Msel; Maell and at 75 °C for
PspGL.

. Put the agarose into a flask, then add TAE 1x, and mix thor-

oughly. For a Wide Mini-Sub Cell, 90 mL of 3% agarose gel
must be used (2.7 g of agarose and 90 mL of 1x TAE). Weigh
the flask. Heat gently. Stop heating when the mixture begins to
boil. Mix thoroughly. Weigh and add water to reach the initial
weight. Repeat the operation until obtain a clear solution.
Cool 5-10 min before pouring the gel into the electrophoresis
cell.

The spore suspension can be stored at 4 °C if the DNA extrac-
tion is carried out on the same day and at -20 °C if the DNA
extraction was performed on another day.

DNA preparation may also be performed from cultures in lig-
uid medium. From the frozen stock, sample was inoculated for
4 days at 28 °C in liquid medium (6 mL of culture medium
PDB) for each fungal isolate. After incubation, cell suspension
was then centrifuged (10,000 x 4, 10 min) to collect the myce-
lium which was frozen in liquid nitrogen and ground to a fine
powder. The ground material (between 150 and 200 mg fresh
weight) is then placed in sterile water (2 mL).

The quality of extracted DNA is also controlled by electropho-
resis on agarose gel at 1% (migration 15 min at 110 V). The
DNA:s are then stored at —20 °C before analysis.
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Chapter 22

Identification of Ochratoxin A-Producing Black Aspergilli
from Grapes Using Loop-Mediated Isothermal
Amplification (LAMP) Assays

Michelangelo Storari and Giovanni A.L. Broggini

Abstract

The loop-mediated isothermal amplification (LAMP) allows the rapid and specific amplification of target
DNA under isothermal conditions without a prior DNA purification step. Moreover, successful amplifica-
tions can be directly evaluated through a color change of the reaction solutions. Here, we describe two
LAMP assays for the detection of ochratoxin-A producing black aspergilli isolated from grapes. The two
assays can detect DNA of OTA-producing black aspergilli following a very simple sample preparation and
have the potential to significantly speed up the routine monitoring of these toxigenic molds in vineyards.

Key words Mycotoxins, Hydroxynaphthol blue, Polyketide synthase, Climate change, Wine

1 Introduction

The loop-mediated isothermal amplification (LAMP) was devel-
oped by [1]. In a LAMP reaction, six primers (FIP, BIP, LF, LB,
F3, and B3) mediate the continuous amplification of the target
DNA under isothermal conditions through the formation of DNA
loops. This leads to the production of a great quantity of polymer-
ized DNA (up to 10° copies of the target DNA). The advantages
of the LAMP reaction compared to a conventional PCR are mul-
tiple. Firstly, the LAMP reaction is less sensitive to inhibitors and
this permits the amplification of DNA without a prior purification
step [2]. Secondly, the successful amplification of the target DNA
can be visualized in several ways in addition to gel electrophoresis.
These are turbidity through the precipitation of magnesium pyro-
phosphate during DNA amplification and the addition of DNA
intercalating dyes to the reagent tubes [3, 4]. Another interesting
way to detect positive reactions is based on the addition of com-
plexometric dyes such as hydroxynaphthol blue (HNB) to the mas-
ter mix [4]. Before amplification, HNB in the presence of Mg**
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Fig. 1 Amplification of different amounts of Aspergillus carbonarius DNA by loop-
mediated isothermal amplification (LAMP). A color change from violet to sky blue
indicates successful amplification of the target DNA. The limit of detection of the
LAMP assay was found to be between 0.1 and 0.01 ng DNA. Adapted from ref. [15].

ions gives to the master mix solution a violet color. However, DNA
amplification and the subsequent precipitation of magnesium
pyrophosphate induce the color of the solution to shift towards sky
blue (Fig. 1). This allows to confirm the occurred amplification
simply through a colour change without any post-reaction manip-
ulation. In summary, the LAMP reaction is a rapid and specific
detection tool and a valid alternative to conventional PCR and
qPCR since it does not require complex DNA extraction proce-
dures, gel electrophoresis, or expensive real-time machines.

Since its first publication, the LAMP reaction has found a huge
amount of applications in medicine, food safety, agriculture, and
environmental microbiology [5-7]. In the last years, the first appli-
cations of LAMP in the detection of mycotoxin-producing molds
have come to light. These include assays for the detection of
Fusarium graminearum (8] and Aspergillus flavus [9]. Here we
present a protocol based on the LAMP reaction to identify ochra-
toxin A-producing black aspergilli isolated from grapes.

Black aspergilli are responsible for the contamination of grapes
and wines with ochratoxin A (OTA), a major mycotoxin [10].
Survey of their presence in vineyards is part of the strategy to
reduce the risk of OTA contamination of these products [11, 12].
However, identification of OTA-producing strains is a tedious pro-
cess involving the isolation of black aspergilli from grapes, their
identification through DNA extraction and molecular techniques
such as gene sequencing or the use of specific primers and, finally,
the detection of OTA production on synthetic media [13, 14]. To
speed up this process, we developed two LAMP assays for the spe-
cific detection of OTA-producing A. carbonarius and A. niger/ A.
awamori strains [15]. The two primer sets were designed on two
PKS genes whose presence in the genome of A. carbonarius and
A. miger/ A. awamori (also called A. niger clade) has been shown
to correlate positively with the ability of these black aspergilli to
produce OTA [16, 17]. The two LAMP assays were shown to



LAMP Detection for Black Aspergilli 339

work properly with samples processed by simply heating the fungal
mycelium in water. Using the protocol presented here it is there-
fore possible to greatly simplify the procedure of identification of
OTA-producing black aspergilli isolated from grapes.

2 Materials

2.1 DNA Extraction
from Pure Cultures

2.2 Loop-Mediated

1. Potato dextrose broth (PDB; BD Difco, USA): 4 g L! potato
starch (from infusion), 20 g L-! dextrose. Pour 10 mL of auto-
claved PDB in glass or plastic tubes.

2. Horizontal shaker.
3. Lyophilizator.

4. Commercial DNA extraction kit for plant or fungal tissues
(e.g., DNeasy® Plant Mini Kit, Qiagen, Germany).

5. NanoDrop (NanoDrop Technologies, USA).

All stock and working solutions are aliquoted and stored at =20 °C.

Isothermal Reaction 1. LAMP primers:
— Primer sequences of the two LAMP assays are listed in
Table 1. These primers were designed using the
PrimerExplorer V3 software (Eiken Chemical Co., Ltd.,
Tokyo, Japan) on the PKS genes acpsl4 (Accession
Table 1
LAMP primer sets for the detection of OTA-producing A. carbonarius and A. niger
Target Primers Sequence (5'-3')
A. FIP GCTGCAATGCACCCGGTAGTTGAAGACGTGGAGGGCTTCT
Ké’%’;”‘”"“ BIP AAGTCACGTCAAAAGCCCTGGTGATTCCTTGGGAGGTTGGTC
LF GCTGGCCGAAAAGATCGCTAA
LB CCCCTCTGCTATGAAGTCCG
F3 TGGTGGTACGAATGCACAC
B3 CGAAATGACAAACAGGCGGT

A. niger-AnPKS  FIP
BIP
LF
LB
F3
B3

CCTGCGCCACCTTCCAAGTGCGATTCGCCCCTCTATGTTG
CTGATCTCAGCCACACTGGCTGATCTTGGGGTTCAAGCTCTG
CCAGCACGGATTTTACCGATC
TAGAGTCGAAGATGATACCCCCAGT
TGCATTAGGTGTTGCCCG

AGGTCATCGCGTTGAGGA
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2.3 Fungal Pure
Culture

—

NeRE--REN TN R NV

Number GUO001531) for A. carbonarius and anl5507920
for A. niger and A. awamors.

— FIP and BIP primers should be of HPLC-purified grade
(dissolve lyophilized primers in nucleotide-free water to a
final concentration of 100 pM).

— Prepare primer working solutions by diluting the stock
solutions in nuclease-free water to a final concentration of
10 pM for LF, LB, F3, and B3 and at 20 pM for FIP and
BIP, respectively.

. Deoxyribonucleotides (dNTPs): 10 mM for each dNTP.
. 10x Thermopol buffer (New England Biolabs, USA).
. 100 mM MgSO,.

5 M Betaine working solution.

. 3 mM Hydroxynaphthol Blue (HNB) working solution.
. Bst DNA polymerase (New England Biolabs, USA).
. Nuclease-free water.

. Conventional Thermocycler for PCR reactions.

. Potato dextrose agar (PDA; BD Difco, USA): 4 g 1! potato

starch (from infusion), 20 g L' dextrose, 15 g L' agar. Pour
autoclaved PDA in 90 mm Petri dishes.

3 Methods

3.1 DNA Extraction

3.2 Loop-Mediated
Isothermal
Amplification Reaction

. Grow black aspergilli strains in 10 mL of PDB for 7-10 days at

24 °C on an orbital shaker (see Notes 1 and 2).

. Separate the grown mycelia from the broth by centrifugation

(4000 x g; 30 min) and lyophilize them.

. Extract DNA from lyophilized mycelia using a commercial

DNA extraction kit (if use DNeasy® Plant Mini Kit start from
about 100-200 mg of lyophilized mycelium).

4. Quantify DNA using NanoDrop.

. Check the integrity of DNA by PCR amplification using uni-

versal primers for fungi (e.g., CL1 and CL2A) [18].

LAMP master mix preparation should be carried out on ice.

LAMP assays should be able to amplify DNA concentrations as

small as 0.05 ng pL.
1.

Prepare the following master mix for each LAMP assay (see
Note 3):

— 1.6 pmol L each FIP and BIP.
— 0.2 pmol L each F3 and B3.
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— 0.8 umol L each LF and LB.

— 1.2 mmol L each deoxyribonucleotide (ANTDP).
— 100 pmol L! hydroxynaphthol blue (HNB).

— 8 mmol L MgSO,

— 1x Thermopol bufter.

— 0.8 mol 1! betaine.

— 0.320 U pL! Bst DNA polymerase.

- 2 uL DNA.

— Nuclease-free water up to 25 pL.

. Include in your reaction one or more positive controls (pure

DNA of A. niger or A. carbonarius depending on the assay you
are carrying on) and one or more negative controls (nuclease-
free water instead of extracted DNA).

. Incubate the reaction mixtures at 65 °C for 60 min in a ther-

mocycler with the lid preheated at 99 °C.

. Raise the incubation temperature to 80 °C for 2 min to termi-

nate the reaction.

. Check visually the output of the LAMP reaction: a colour shift

from violet to sky blue indicates the presence of the target
DNA in your sample (Fig. 1, sec Notes 4 and 5).

Each reaction should be carried out twice to ensure consistency of
the results.

1.

Inoculate potato dextrose agar (PDA) with strains of black
aspergilli under a laminar flow cabinet.

. Incubate the strains at 24 °C for 2-3 days until the white

mycelium is clearly visible but still not covered by black conidia.

. Scrape a visible piece of young mycelium from the agar plate

using a sterile pipette tip.

4. Mix the mycelium in 50 pL of sterile water.

. Incubate the mycelium/water mixture for 10 min at 95 °C in

a thermocycler (lid at 99 °C).

. Use 2 pL of the mycelium/water mixture in the LAMP assay

(see Subheading 3.2).

4 Notes

. Aspergillus spp. are classified as Biosafety Level 2 (BSL-2)

microorganisms. Proper procedures should be followed to
minimize their dispersion in the working environment.
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2.

Aspergillus spp. can produce mycotoxins during growth. Avoid
contact of the skin with the broth where black aspergilli were
grown.

. LAMP master mix preparation and DNA addition should be

carried out in different rooms with different lab coats and sets
of pipettes to reduce the risk of contamination of the master
mixes.

. The LAMP reaction produces a huge amount of DNA ampli-

cons of different sizes. To avoid the risk of contamination and
appearance of false-positives we recommend not to open the
reactions tubes once the reaction is completed and not to accu-
mulate them in the trash close to the working bench.

. The output of LAMP reaction can also be visualized on an

agarose gel. However, because of the risk of contamination of
the working zone and instruments with LAMP amplicons (see
Note 4), we recommend to use always an indirect indicator of

the amplification like HNB or DNA-intercalating dyes.

This work was funded by the Autonomous Province of Trento,
project ENVIROCHANGE, Call for proposal Major Projects
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Chapter 23

Detection of Transcriptionally Active Mycotoxin Gene
Clusters: DNA Microarray

Tamas Emri, Anna Zalka, and Istvan Pocsi

Abstract

Various bioanalytical tools including DNA microarrays are frequently used to map global transcriptional
changes in mycotoxin producer filamentous fungi. This effective hybridization-based transcriptomics tech-
nology helps researchers to identify genes of secondary metabolite gene clusters and record concomitant
gene expression changes in these clusters initiated by versatile environmental conditions and /or gene dele-
tions. Such transcriptional data are of great value when future mycotoxin control technologies are consid-
ered and elaborated. Giving the readers insights into RNA extraction and DNA microarray hybridization
steps routinely used in our laboratories and also into the normalization and evaluation of primary gene
expression data, we would like to contribute to the interlaboratory standardization of DNA microarray
based transcriptomics studies being carried out in many laboratories worldwide in this important field of
fungal biology.

Key words DNA microarray, RNA extraction, Acidic guanidinium thiocyanate-phenol reagent,
Transcriptomics, Secondary metabolism, Mycotoxins, Gene clusters, Culture conditions, Environmental
stress, Gene deletion mutants

1 Introduction

Although the number of DNA microarray-based transcriptomics
studies carried out in filamentous fungi exceeded 50 already by
2007 the majority of these early studies were performed on coated
glass slides carrying PCR-amplified cDNA sequences as probes [1].
A most recent study by Emri et al. [2] found a poor correlation
between gene expression data collected by expressed sequence tag
(EST)-based microarrays and whole-genome-based Agilent 60-mer
oligonucleotide high-density arrays, which was explained, at least
in part, by potential cross-hybridization of cDNAs of paralogue
gene pairs. Nevertheless, even early EST-based chips were success-
ful to shed light on the transcriptional fine-tuning of numerous
basically important cell biological processes related to primary and
secondary metabolisms, sexual and asexual developments as well as
pathogenesis and symbiosis [1]. Owing to the next-generation
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sequencing platforms, which are spreading wide and fast, the num-
ber of publically available fungal genomes exceeded 180 in 2014
[3]. The good quality of the assembled genomes makes the con-
struction of whole-genome-based DNA microarrays now as part of
the daily routine. Excellent platforms are available to gain myriads
of global transcriptional data and versatile easy-to-use and time-
saving bioinformatics tools help researchers to mine these data to
catch and evaluate the transcriptional changes they are interested
in [3]. It is important to note that, in addition to hybridization-
based methods like DNA microarrays, sequence-based transcrip-
tomics tools (RNA-seq) are also employed now frequently to map
global changes in the fungal gene expression levels [3].

Considering their outstanding biomedical, agricultural, indus-
trial, and economic importance, deciphering secondary metabolite
(drugs, antibiotics, mycotoxins) biosynthetic pathways was always
among the high priorities of fungal transcriptomics studies in both
the aspergilli [4-6] and the fusaria [7-10]. Elimination of tran-
scriptional regulators and subsequent comparative transcriptomics
are exceptionally powerful approaches, when the target genes of
these factors, e.g., among secondary metabolite biosynthetic clus-
ters, are screened [5, 11-17]. Environmental conditions facilitat-
ing or, just the opposite, hindering secondary metabolite
productions are easy to identify and discuss when global transcrip-
tional data sets recorded under various circumstances, €.g., in cul-
tures exposed to various types of environmental stress, cultivated in
the presence of various nutrients or grown under conductive or
non-conductive conditions for mycotoxin production, are avail-
able [2, 4, 18-29]. The significance of this kind of information is
almost impossible to underestimate when future biocontrol strate-
gies to limit the growth and toxin production of toxinogenic fungi
are considered and elaborated [30-37].

The genomes of toxinogenic fungi like the aspergilli and fusaria
contain several dozens or even more secondary metabolite gene
clusters [38—43]. Some of them are responsible for the production
of well-known and harmful mycotoxins, e.g., aflatoxins, ochratox-
ins, and trichothecenes, but the products and regulations of many
other “untapped” secondary metabolite gene clusters have
remained yet to be elucidated [44—48]. Recent studies demon-
strated that the regulation of secondary metabolite production is
not uniform at all, and conditions which induce the activity of one
cluster may even repress others [2]. DNA microarray based tran-
scriptome analyses provide us with valuable tools to follow the
activities of all secondary metabolite gene clusters concomitantly in
a given species and also allow us to correlate these transcriptional
fingerprints with the culture conditions tested. Here we present
methods for the isolation of RNA for transcriptome analysis as well
as a technical overview on DNA microarray based transcriptome
analysis. Our aim is to let the reader have a deeper insight into
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Tanscriptionally Active Mycotoxin Gene Clusters 347

today’s global gene expression studies and also to facilitate inter-
laboratory standardization in this field as much as possible.

Isolation of high-quality RNA from filamentous fungi is sometimes
difficult due to their complex cell wall, their high intracellular
RNase activity and also because of the presence of polysaccharides
which may co-precipitate with RNA. Not surprisingly, several
papers addressing these technical difficulties have been published
thus far [49-51], and companies provide customers with several
kits and ready-to-use reagents to make RNA extraction faster and
easier. We present here a simple method based on acid guanidin-
ium thiocyanate-phenol-chloroform extraction [ 19, 52-55], which
is a typical phase separation system employing aqueous sample and
water-saturated phenol-chloroform solvent [52-54]. Guanidinium
thiocyanate is incorporated as a strong chaotropic agent to inacti-
vate RNases and to denaturate RNA-binding proteins. The acidic
pH (pH 4-6) is crucial since it helps RNA partitioning into the
aqueous phase while denaturated proteins and DNA partition into
the organic phase.

As summarized nicely by Aguilar-Pontes et al. [3], a number of
excellent DNA microarray platforms are available for transcriptome
analyses in fungi. In our global gene expression investigations, we
routinely use the Agilent platform (http://microarrayservice.jp/
download /pdfs/Agilent. DNA_Microarray_Platform.pdf)  and,
hence, we focus our attention here on this technology.

The Agilent One-Color Microarray-based Gene Expression
Analysis  (http://www.chem.agilent.com/library /usermanuals /
Public/G4140-90040_GeneExpression_OneColor_6.7.pdf) uses
cyanine three-labeled targets to measure gene expression in experi-
mental and control samples. The presence and quantity of targets
are detected by hybridization to the hundreds of thousands of
immobilized single-stranded DNA probes, in length of 60 bp. This
probe size is appropriate to achieve excellent specificity (e.g., one
probe/gene) and to minimize the risk of cross hybridization
between probes. The probes are synthetized in situ into nano-spots
(features), by printing by nucleotides into a defined feature posi-
tion onto a specific glass surface, using phosphoramidite chemistry.
Precision jetting enables high levels of spatial multiplexing and
flexible designs. One feature contains thousands of homologous
single-stranded probes, which allow the quantitation of the target
nucleic acid over 5 logs of dynamic range. The level of the fluores-
cent signal, detected after microarray processing, depends on num-
ber of target nucleic acid-probe hybrids within a feature. The
on-array position of every features and sequence specific informa-
tion are delivered in a data file with array slide and readable for the
Feature Extraction software. The Agilent produces the 1x3’
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Table 1

Agilent array formats
Array format Array/slide Features/array Sample/slide
1x1 M 1 1,000,000 1
1x244 K 1 244,000 1
2x400 K 2 400,000 2
2x105 K 2 105,000 2
4x180 K 4 180,000 4
4x44 K 4 44,000 4
8x60 K 8 60,000 8
8x15K 8 15,000 8

standard glass slide size microarrays in different array formats with
different number of features/array (Table 1).

Experimental design is an important step when planning a
microarray experiment. Replicates are essential to perform reliable
statistical analysis of results. Biological replicates (multiple cases
per group) are necessary to find variation between subjects within
the same treatment or between specimens from the same subject.
Technical replicates (repeatedly processed RNA samples from one
case) provide information about the variability of the labeling,
hybridization and quantification processes. The number of biolog-
ical and technical replicates will be determined mostly by the bud-
get. The actual number should be determined case by case, during
consultation with bioinformaticians.

In the case of Agilent microarray slides the array content could
be designed by the factory or by the researcher via a free array
design tool—eArray. Use existing design or target specific chromo-
somal regions of interest. The Web-based interface makes it easy to
create, search, and share designs (http://www.genomics.agilent.
com/en/Custom-Design-Tools /eArray/?cid=AG-PT-122&tabld=AG-
PR-1047).

2 Materials

2.1 RNA Isolations

Standard molecular biology laboratory equipment including refrig-
erated Eppendort centrifuge and thermo block or equivalents is
suitable for RNA preparation. For quantification of RNA samples
and for quality control, a NanoDrop spectrophotometer (Thermos
Scientific) and Agilent 2100 Bioanalyzer (Agilent Technologies) or
equivalents are recommended.
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1. Acidic guanidinium thiocyanate-phenol reagent: 4.3 M phenol,
0.8 M guanidine thiocyanate, 0.4 M ammonium thiocyanate,
0.1 M sodium acetate and 0.68 M glycerol. Alternatively, ready
to use solutions are available, as TRIzol (Life Technologies) or
TRI Reagent (Sigma-Aldrich). Preparing acidic guanidinium
thiocyanate-phenol reagent is a real alternative but it is recom-
mended for advanced users only.

2. Standard saline citrate solution (SSC, NaCl-Na-citrate solution):
150 mM NaCl and 15 mM Na;-citrate (pH 7.0). Prepare 20x
SSC stock solution as follows (or buy it from suppliers): Dissolve
17.5 g NaCl and 8.8 g Na-citrate in 90 mL distilled water. Set the
pH to 7.0 (using HCI and NaOH) and set the final volume to
100 mL. Use molecular biology-grade powders and nuclease-free
or DEPC-treated water. If you wish to treat the 20x SSC with
DEPC (it is recommended) you can simply use distilled water.
Store the stock solution at 4 °C. Prepare (1x) SSC solution as fol-
lows: Dilute 1 volume of 20x SSC with DEPC-treated or nucle-
ase-free water to 20 volumes just before RNA preparation.

3. 70 v/v % ethanol: For preparing 70 v/v % ethanol dilute 7
volume absolute ethanol (molecular biology or ACS grade or
equivalents) with DEPC-treated or nuclease-free water to 10
volumes. Store at -20 °C or cool them down to -20 °C before
use. Do not use 70% v/v ethanol sold for disinfection.

4. Chloroform (molecular biology or ACS grade or equivalents).
(Do not use isoamylalcohol-chloroform mixture.) Chloroform
can be replaced with the less toxic 1-bromo-3-chloropropane.

5. 2-Propanol (isopropanol, molecular biology or ACS grade or
equivalents).

6. DEPC-treated water or nuclease-free water: If you do not wish
to buy DEPC-treated water from suppliers do the DEPC treat-
ment as follows: Add 0.5 mL of diethylpyrocarbonate (DEPC;
molecular biology or ACS grade or equivalents) to each
500 mL distilled water or solution (e.g., 20x SSC). Mix it
overnight by magnetic stirrer, and then heat-inactivate the
remained DEPC in an autoclave (20 min, 121 °C).

The appropriate array format/resolution should be selected
according to the experiment design. For a general gene expression
experiment the 4 x44 K or 8 x60 K array formats are usually used,
for a focused experiment the 8 x 15 K array format could be the
right choice. For the exon expression experiment array formats
4x180 K or 2x400 K are appropriate. Human and nonhuman
catalog microarrays or custom microarrays can be ordered from
the factory. The custom arrays can one design via Agilent eArray
software easily by uploading own sequences, or by selection of pre-
designed validated probes from Agilent databases.
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. Low Input Quick Amp Labeling Kit/One-Color (Agilent).

2. RNA Spike-In Kit/One-Color (Agilent).

. Gene Expression Hybridization Kit (Agilent), Gene Expression

Wash Buffer Kit (Agilent).

4. RNeasy Mini Kit (Qiagen).

(92}

O 0 N O

10.

11.
12.
13.
14.

15.
16.

17.

. Optional: 2100 Bioanalyzer, RNA 6000 Nano Assay Kit (RNA

Series 11 Kit).

. Isopropyl alcohol (molecular biology grade).

. Ethanol (95-100% molecular biology grade).

. DNase/RNase-free distilled water, Milli-Q water or equivalent.
. Optional: Stabilization and drying solution (Agilent), acetoni-

trile, sulfolane.

Microarray scanner (Agilent SureScan D or other compatible)
(Note, the microarray slides can be read by compatible scan-
ners. The compatibility and quality of reads are limited by the
scanner specification.)

Hybridization chamber (Agilent).
Hybridization chamber gasket slides (Agilent).
Hybridization oven (65 °C) (Agilent).

Circulating water baths or heat blocks set to 37, 40, 60, 65,
70, and 80 °C.

Optional: Ozone-barrier slide cover (Agilent).

Feature extraction software 10.7.1 or later (Agilent), Agilent
Scan Control software.

Optional: GeneSpring GX 9.0 software or higher (Agilent).

3 Methods

3.1 Isolation of RNA

3.1.1 Sample
Preparation

3.1.2 Phase Separation

Harvest mycelia from the studied cultures. Wash them briefly with
ice-cold water and then dry them between filter papers if necessary.
(The intact mycelia can be stored at -70 °C for several days.)
Lyophilize the frozen mycelia in Eppendorf tube and use sterile
toothpick to make fine powder. (Alternatively, grind the harvested
mycelia into fine powder in liquid nitrogen with pestle and
mortar. )

1.

Add 1 mL TRIzol/TRI reagent to approximately 100 mg
mycelial powder (see Notes 1-4). Using mycelial powder
which fills half portion of the conical part of a 1.5 Eppendorf
tube is generally good. However, the more mycelia is used, the
more chance is to get low-quality RNA.



3.1.3 Precipitation
of RNA

3.1.4  Quantification
and Quality Control of RNA
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. Mix it thoroughly with a toothpick and let it stand for 5 min at

room temperature (se¢ Note 5). (Samples at this stage can be
stored at =70 °C for weeks.)

. Centrifuge out the cell debris from the samples (12,000 x g,

10 min, 4 °C) and transfer the supernatant into a fresh
Eppendorf tube. Note the volume of the transferred superna-
tant (see Note 6).

. Add 0.2x volume chloroform to the samples (se¢ Note 7). Mix

them intensively for 15 s and allow standing for 10-15 min at
room temperature.

. Centrifuge the samples (12,000 x4, 10 min, 4 °C) and transfer

the colorless upper phase, containing the RNA, into a fresh
Eppendorf tube (sec Note 8).

. Add 0.5 mL 1x SSC and 0.5 mL 2-propanol to the samples.

Mix them by inversion and incubate them at room tempera-
ture for 10-15 min or longer (se¢e Note 9). Spin down the
precipitated RNA (12,000x 4, 10 min, 4-20 °C).

. Remove the supernatant by pipetting or simply pour it out. (Be

sure that RNA pellet is stuck to the wall of the Eppendorf tube.)

. Add 1 mL 70 v/v % ethanol to the tubes. Vortex it until the

pellet is removed from the wall of the tube. Spin down the pel-
let (12,000 x4 10 min 4 °C).

. Repeat washing with 70 v/v % ethanol to remove all the salts

and isopropanol from the samples.

. Remove all the supernatant by pipetting or with vacuum and

dry the tube and the pellet gently. (Avoid overdrying.) You can
continue the process with LiCl precipitation [55] to enrich
mRNA. However, total RNA is suitable for transcriptome
analysis.

. Dissolve the pellet with 10-50 pL. DEPC-treated or nuclease-

free water. Incubate the samples at 68 °C for 5 min. (Always
check that the pellet has completely dissolved. If not, continue
to dissolve it by pipetting and/or add more water and/or
incubate them for another 5 min at 68 °C.) Allow the samples
standing for 30 min at room temperature.

. Use a NanoDrop spectrophotometer (Thermos Scientific) or

equivalent for quantification of RNA samples. For quality con-
trol, Agilent 2100 Bioanalyzer (Agilent Technologies) or
equivalents are recommended. (Checking the quality of RNA
by TAE /formamide agarose electrophoresis is possible but not
always reliable when RNA is used for DNA microarray.) RNA
samples can be stored at -70 °C for weeks.
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3.1.5 DNase Treatment

3.2 The Microarray
Procedure

3.2.1 Sample
Preparation

RNA samples always contain some DNA and, therefore, the DNase
treatment steps cannot be omitted. Any kits developed for DNase
treatment of RNA samples are suitable for this step. If you do not
wish to use kits:

1. Mix appropriate amount of RNA sample, DEPC-treated or
nuclease-free water (if necessary), 1 pL 10x reaction solution
(see Note 10), and 1 unit DNase I (see Note 11) (in this order).
The final volume should be 10 pLL and the final RNA concen-
tration should be less than 200 ng/pL.

2. Incubate the samples at room temperature (or at 30-37 °C)
for 10-15 min.

3. Add 1 pL stop solution (see Note 12), mix thoroughly, incu-
bate at 65-70 °C for 10 min, and chill on ice.

Before starting read carefully all procedural descriptions (follow
the manufacturer’s instruction). Use a dedicated/separated area
for RNA related microarray experiment procedure. Make decon-
tamination of the work area prior to and after the workflow appli-
cation. Always use reagents equilibrated on the room temperature.
To prevent the contamination of the reagents and samples by
nucleases always wear powder-free laboratory gloves and use dedi-
cated solutions and pipettors with nuclease-free aerosol-resistant
tips. Prior to the pipetting always mix samples and reagents on
vortex mixer, and then spin down in a centrifuge for 5-10 s, to
collect all material from the lid and from the tube wall, to avoid
loss of material and contamination by opening. Follow—at least—
Biosafety Level (BSL1) safety rules, use at least BSL1 hood for
sample handling. Wear appropriate personal protective equipment
as Cyanine dye is potential carcinogenic, LiCl is toxic and potential
teratogen, lithium dodecyl sulfate and triton are irritating.

The following protocol contains procedure for 25 ng total
RNA as starting material. This amount is ideal for four-pack and
eight-pack microarray slide formats. (50 ng total RNA is necessary
for one-pack and for two-pack microarray slide formats. The
amount of reagents should be adapted to the amount of starting
material and the microarray format, according to the manufacturer
protocol.) This example uses four-pack microarray slide. The work-
flow is summarized in Fig. 1.

The Agilent one-color microarray-based gene expression analysis
uses Cy3-labeled targets, to measure gene expression in experi-
mental and control samples. For optimal performance, use high
quality, intact RNA template (total or poly A+ RNA) (see Notes
13-15).

Check the RNA purity by A260/A230 ratio measurement.
Determine the RNA integrity (RIN) with Agilent 2100 Bioanalyzer.
The ideal RIN value for the microarray experiment is 9-10.



3.2.2 Spike-In Control:
Internal Control (~0.5 h)
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Template Total or poly A+ RNA with Spike-in Control

v
cDNA synthesis

v
cRNA synthesis and amplification

¥
cRNA purification
¥

Preparation of hybridization sample
N2
17 hour hybridization (65°C)
N2
Wash
N2

Scan

2

Feature Extraction

N2

Evaluation

Fig. 1 Workflow of the microarray procedure

Application of not pure or degraded RNA could lead to poor
results. If necessary, additional RNA purification steps or new RNA
isolation must be performed.

The one color LIQA—Ilow input quick amp—Ilabeling kit gen-
erates fluorescent cRNA (complementary RNA) (se¢ Note 16).
The sample input range for one-color processing is 10-200 ng of
total RNA, or minimum 5 ng of poly A+ RNA. The method uses
T7 RNA polymerase blend, which simultaneously amplifies target
material and incorporates Cy3-CTD.

The internal control kit—a set of artificial transcripts, with no com-
plimentary sequences to the biological samples—is used for moni-
toring the microarray workflow from the sample amplification and
labeling to the microarray processing. The application of the inter-
nal control kit is essential for optimizing and troubleshooting the
microarray experiment. The diluted RNA controls are spiked
directly into the RNA sample prior to amplification and labeling.
The final amount of the spiked internal control depends on the
amount of the RNA starting material.

Preparation of spike-in control work solution for 25 ng of total
RNA starting sample:

1. Vortex vigorously spike-in control stock solution, heat at 37 °C
for 5 min, and vortex again.

2. Spin down. Prepare a serial dilution in the following steps:
1:20, 1:25, and 1:4. Mix well and spin down during dilution
steps.
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3.2.3 Labeling Reaction
(~5.5h)

3.2.4 Purification
of the Labeled/Amplified
RNA (~0.5 h)

. Add 25 ng of total RNA to a 1.5 mL microcentrifuge tube in

a final volume of 1.5 pL.

. Add 2 pL of diluted spike-in control work solution to each

tube.

. Add 1.8 pL of T7 primer mix into each tube.

. Denature the template, control, and primer mix at 65 °C in a

circulating water bath for 10 min.

. Place the tubes on ice and incubate for 5 min, then spin them

down.

. Add 4.7 pL of ¢cDNA Master Mix to each sample tube

(—=cDNA), and mix by pipetting up and down.

7. Incubate samples at 40 °C in circulating water bath for 2 h.

9.
10.

11.

. Move samples to a 70 °C circulating water bath and incubate

for 15 min.
Move samples to ice, incubate for 5 min, and spin them down.

Add 6 pL of Transcription Master Mix to each tube (—cRNA).
Gently mix by pipetting.

Incubate samples in a circulating water bath at 40 °C for 2 h.

Use RNeasy Mini Kit to purify the amplified cRNA samples.

1.

Add 84 pL of nuclease-free water to the cRNA sample (total
volume 10 pL).

2. Add 350 pL of Buffer RLT and mix well by pipetting.

. Add 250 pL of ethanol (96-100% purity) and mix thoroughly

by pipetting. Do not spin in a centrifuge.

. Transfer the 700 pL of the cRNA sample to an RNeasy Mini

Spin Column in a Collection Tube. Spin the sample in a centri-
fuge at 4 °C for 30 s at 10,000 x 4. Discard the flow-through
and collection tube.

. Transfer the RNeasy column to a new collection tube (2 mL) and

add 500 pL of Buffer RPE (containing ethanol) to the column.
Spin the sample in a centrifuge at 4 °C for 30 s at 10,000 x 4.
Discard the flow-through. Reuse the collection tube.

. Add another 500 pL of Buffer RPE to the column. Centrifuge

the sample at 4 °C for 60 s at 10,000 x 4. Discard the flow-
through and the collection tube.

. Elute the purified cRNA sample by transferring the RNeasy

column to a new collection tube (1.5 mL). Add 30 pL. RNase-
free water directly onto the RNeasy filter membrane. Wait for
60 s, and then centrifuge at 4 °C for 30 s at 10,000 x g.

. Maintain the cRNA sample-containing flow-through on ice.

Discard the RNeasy column.



3.2.5 CcRNA
Quantification

3.2.6 Hybridization (18 h)
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Use the NanoDrop ND-1000 UV-VIS Spectrophotometer ver-
sion 3.2.1 (or higher) to quantify the cRNA. Record the following
results:
1. Cyanine 3 dye concentration (pmol/mL).
. RNA absorbance ratio (260 nm /280 nm).
. cRNA concentration (ng/puL).
. Determine the cRNA vyield (pg).
. Determine the specific activity (pmol Cy3/pg cRNA).

[S2NN"—NEIN I \S)

The yield and specific activity should reach a recommended
value for successful hybridization. If the specific activity does not
meet the requirements, repeat the cRNA preparation. The required
value differs by different array formats.

Recommended value for the four-pack microarray in this
example:

Yield: 5 pg; specific activity: 6 pmol Cy3/pg cRNA.

Video: http:/ /www.genomics.agilent.com /article jsp?pageld=1200039.

1. Prepare the 10x Blocking Agent work solution.

2. Add 500 pL of nuclease-free water to the vial containing
lyophilized 10x Gene Expression Blocking Agent supplied
with the Gene Expression Hybridization Kit.

3. Gently vortex. To resuspend the pellet, it necessary, heat the
mix for 5 min at 37 °C.
4. Collect all material from the tube walls or from cap by spinning
down for 10 s.
Prepare hybridization of samples (amounts for a four-pack microar-
ray slide/array).
5. Add to a 1.5 mL nuclease-free microfuge tube 1.65 pg Cy3-
labeled linearly amplified cRNA.
6. Add 11 pL 10x Gene Expression Blocking Agent work
solution.
7. Add nuclease-free water—bring volume to 52.8 pl.
8. Add 25x fragmentation buffer (provided with the Hybridization
Reagent kit).
9. Incubate at 60 °C for exactly 30 min to fragment RNA.
10. Immediatley cool on ice for 1 min.

11. Add 55 pL 2x Hi-RPM Hybridization Butffer to stop the frag-
mentation reaction.

12. Mix well by careful pipetting part way up and down. Do not
introduce bubbles to the mix. The surfactant in the 2x Hi-
RPM Hybridization Buffer easily forms bubbles. Do not
vortex!


http://www.genomics.agilent.com/article.jsp?pageId=1200039.

356 Tamas Emri et al.

13.

14.

Spin for 1 min at room temperature at 13,000 rpm in a micro-
centrifuge to collect the sample from the wall and lid. Use it
immediately; do not store!

Place sample on ice and load onto the array as soon as
possible.

Prepare the hybridization assembly, video: http://www.genomics.

15.
16.

17.

18.

19.

20.

21.
22.

3.2.7 Hybridization 1.

of Microarray

2.

agilent.com/article.jsp?pageld=1200043
Position the slides so that the barcode label is to your left.

Load the samples left to right. The output files will come out
in that same order.

Load a clean gasket slide into the Agilent SureHyb chamber
base with the label facing up and aligned with the rectangular
section of the chamber base. Make sure that the gasket slide is
flush with the chamber base and is not ajar.

Slowly dispense 100 pL of prepared hybridization sample
(from total volume of 110 pL) onto the gasket well (use four-
well backing gasket slide for four-pack microarray slide). Fill
four prepared samples into the four gasket wells.

Grip the slide on either end and slowly put the slide “active
side” (where microarray probes are allocated) down, parallel to
the SureHyb gasket slide, so that the “Agilent”-labeled bar-
code is facing down and the numeric barcode is facing up.
Make sure that the sandwich pair is properly aligned.

Place the SureHyb chamber cover onto the sandwiched slides
and slide the clamp assembly onto both pieces.

Firmly hand-tighten the clamp onto the chamber.

Vertically rotate the assembled chamber to wet the gasket and
assess the mobility of the bubbles. If necessary, tap the assem-
bly on a hard surface to move stationary bubbles.

Load each assembled chamber into the oven rotator rack. Start
from the center of the rack (position 3 or 4 when counting
from the left). Set your hybridization rotator to rotate at
10 rpm when using 2x Hi-RPM Hybridization Buftfer.

Hybridize at 65 °C for 17 h.

3.2.8  Microarray Wash Video: http://www.genomics.agilent.com /article.jsp?pageld=1200045.

1.

2.

3.

Add Triton X-102 to Gene Expression Wash Buffer 1 and
Wash Buffer 2.

Dispense 1000 mL of Gene Expression Wash Buffer 2 directly
into a sterile 1000 mL bottle.

Tightly cap the bottle and place in a 37 °C water bath the night
before washing arrays.


http://www.genomics.agilent.com/article.jsp?pageId=1200043
http://www.genomics.agilent.com/article.jsp?pageId=1200043
http://www.genomics.agilent.com/article.jsp?pageId=1200045.

3.2.9 Washing
the Microarray Slides

13.
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. Wash staining dishes, racks, and stir bars with acetonitrile or

isopropyl alcohol to avoid wash artifacts on your slides and
images. Conduct solvent washes in a vented fume hood.

. Add the slide rack and stir bar to the staining dish.

. Transfer the staining dish with the slide rack and stir bar to a

magnetic stir plate.

. Fill the staining dish with 100 % acetonitrile or isopropyl alco-

hol (see Note 17).

. Turn on the magnetic stir plate and adjust the speed to a

medium speed.

. Wash for 5 min.
10.
11.
12.

Discard the solvent as is appropriate for your site.
Repeat the washing process.

Wash dishes, racks, and stir bars with Milli-Q water. Rinse all
components five times to remove any traces of contaminating
material. (Do not use any detergent!)

Discard the used Milli-Q water.

. Completely fill slide-staining dish #1 with Gene Expression

Wash Buffer 1 at room temperature.

. Place a slide rack into slide-staining dish #2. Add a magnetic

stir bar. Fill slide-staining dish #2 with enough Gene Expression
Wash Buffer 1 at room temperature to cover the slide rack.
Place this dish on a magnetic stir plate.

. Place the empty dish #3 on the stir plate and add a magnetic

stir bar. Do not add the pre-warmed (37 °C) Gene Expression
Wash Buffer 2 until the first wash step has begun.

. Remove one hybridization chamber from incubator and record

time. Record whether bubbles formed during hybridization
and if all bubbles are rotating freely.

. Place the hybridization chamber assembly on a flat surface and

loosen the thumbscrew, turning counterclockwise.

. Slide off the clamp assembly and remove the chamber cover.

. With gloved fingers, remove the array-gasket sandwich from

the chamber base by grabbing the slides from their ends. Keep
the microarray slide numeric barcode facing up as you quickly
transfer the sandwich to slide-staining dish #1.

. Without letting go of the slides, submerge the array-gasket

sandwich into slide-staining dish #1 containing Gene Expression
Wash Bufter 1.

. With the sandwich completely submerged in Gene Expression

Wash Butfter 1, pry the sandwich open from the barcode end
only, slip one of the blunt ends of the forceps between the slides.
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3.3 Processing
and Evaluation of Data

3.3.1 Scanning
and Feature Extraction

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gently turn the forceps upwards or downwards to separate the
slides.

Let the gasket slide drop to the bottom of the staining dish.

Grasp the top corner of the microarray slide, remove the slide,
and then put it into the slide rack in the slide-staining dish #2
that contains Gene Expression Wash Buffer 1 at room tem-
perature. Transfer the slide quickly so avoid premature drying
of the slides. Touch only the barcode portion of the microarray
slide or its edges!

When all slides are placed into the slide rack in slide-staining
dish #2, stir using setting medium for 1 min.

During this wash step, remove Gene Expression Wash Bufter 2
from the 37 °C water bath and pour into the slide-staining dish #3.

Transfer slide rack to slide-staining dish #3 containing Gene
Expression Wash Buffer 2 at elevated temperature. Stir using
setting 4 for 1 min.

Slowly remove the slide rack minimizing droplets on the slides.
It should take 5-10 s to remove the slide rack. Ifliquid remains
on the bottom edge of the slide, dab it on a cleaning tissue.

Discard used Gene Expression Wash Buffer 1 and Gene
Expression Wash Buffer 2.

Put the slides in a slide holder (Agilent SureScan Scanner
compatible).

Caretully place the end of the slide without the barcode label
onto the slide ledge.

Gently lower the microarray slide into the slide holder. Make
sure that the active microarray surface faces up, toward the
slide cover.

Close the plastic slide cover, pushing on the tab end until you
hear it click.

Scan slides immediately to minimize the impact of environ-
mental oxidants on signal intensities. If necessary, store slides
in slide boxes in a nitrogen purge box, in the dark.

Video: http://www.genomics.agilent.com/article.jsp?pageld=
1200047.

The optimal scanning and row data generation for the Agilent one-
color gene expression microarray, demonstrated in this protocol,
can be performed on the Agilent microarray scanner. The Agilent
microarray slide is readable with other compatible non-Agilent
scanners. The compatibility list is available in microarray manufac-
turer’s protocol.

Feature extraction is the process by which information from

probe features is extracted from microarray scan data, allowing


http://www.genomics.agilent.com/article.jsp?pageId=1200047.
http://www.genomics.agilent.com/article.jsp?pageId=1200047.
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researchers to measure gene expression in their experiments. The
Feature Extraction (FE) software, built in the Agilent scanner soft-
ware, automatically finds spots for Agilent microarrays. The soft-
ware finds and places microarray grids, excludes outlier pixels,
determines feature intensities and ratios, and calculates statistical
confidences and provides application-specific QC reports with
metrics, targeted to the experiment. The Feature Extraction soft-
ware is compatible with some non-Agilent scanners (with selected
models of TECAN, Innopsys, Molecular Devices scanners).

1. Put the assembled slide holders into the scanner cassette.

2. After the setting up of scanner parameters, according to the
instrument user guide, select the scanner protocol, appropriate
to the current experiment, in this case 4x44 K Agilent one-
color gene expression. Start the scan.

3. After generating the microarray scan images, extract .tif images
using the Feature Extraction software. Check and evaluate the
automatic QC report, prior to the bioinformatics analysis of
the results.

4. Normalizing one-color microarray data. When comparing data
across a set of one-color microarrays, a simple linear scaling of
the data is usually sufficient for most experimental applications.
In the case of Agilent microarray slides and read by Agilent
scanner the signal value of the 75th percentile of all of non-
control probes on the microarray is a more robust and repre-
sentative value of the overall microarray signal as compared to
the median or 50th percentile signal. Therefore, use the 75th
percentile signal value to normalize Agilent one-color microar-
ray signals for inter-array comparisons. Other manufacturers
can determine other normalization rules.

The optimal evaluation of Agilent gene expression microarray
data can be performed by Agilent GeneSpring GX bioinformatics
software. The GeneSpring GX has easy to use wizard driven work-
flows. It is intuitive and provides interactive visualization for built-
in pathway analysis. GeneSpring GX provides powerful statistical
tools to put your multi-omic data into a biological context. Several
other bioinformatics software are available free of charge or for fee.
The minimum requirement for an appropriate software functions
or components are:

—  Probe- or gene-level expression analysis on all major micro-
array platforms, including Agilent, Aftymetrix, and Illumina.
— microRNA analysis and identification of gene targets.

— The ability to do correlative analysis on mRNA expression
(and miRNA) data (and splicing, QPCR, GWAS, CNV).

— Exon splicing analysis using #tests or multivariate splicing
ANOVA and filtering for transcripts on splicing index.
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3.3.2 Processing
and Evaluation
of Pre-normalized Data

NCBI Gene Expression Omnibus Importer tool for
expression datasets.

Hierarchical clustering to visualize individual samples with
their metadata information.

Built-in pathway analysis module to promote investigation
and to enable understanding of data within a biological
context.

eSeminars: http: / /www.genomics.agilent.com /article.jsp?pageld=
1500002.

In most cases, pre-normalized microarray data need further nor-
malization. Several effective and reliable methods and software are
available to perform normalization steps, and the following exam-
ple represents only one possibility.

In our research team, background correction of pre-
normalized microarray data is typically carried out with
the normexp +offset method as suggested by [56] using
the implementation described by [57], which is followed
by quantile normalization between arrays [58] according
to Smyth [57] using the Limma software package.

After normalization, gene functions are extracted from
the available fungal genome databases, e.g., from
Aspergillus Genome Database (AspGD, http://www.
aspergillusgenome.org/), the Broad Institute Aspergillus
Comparative Database (http://www.broadinstitute.org/
annotation/genome /aspergillus_group/MultiHome.
html), or The Central Aspergillus REsource (CADRE,
http: / /www.cadre-genomes.org.uk/index.html) for the
aspergilli or from the Fusarium Comparative Database for
the fusaria, which is also available at the Broad Institute
(http: / /www.broadinstitute.org/annotation /genome /
fusarium_group,/MultiHome.html).

To identify elements of secondary metabolite gene clusters
(Fig. 2), a wealth of excellent literature is now available [ 38—
43]. To validate gene expression data of interest, Northern
blot or RT-PCR techniques are routinely used [2, 19, 59].

4 Notes

1. Wear disposable gloves. Medical gloves are good enough,
however, RNase-free gloves (gloves certified to be free of con-
tamination) are also available. A clean work place is also a basic
requirement. Use special surfactants to removes RNA and
RNases if the quality of isolated RNA is repeatedly low.

2. Use sterile pipette tips, Eppendorf tubes, etc.


http://www.genomics.agilent.com/article.jsp?pageId=1500002.
http://www.genomics.agilent.com/article.jsp?pageId=1500002.
http://www.aspergillusgenome.org/
http://www.aspergillusgenome.org/
http://www.broadinstitute.org/annotation/genome/aspergillus_group/MultiHome.html
http://www.broadinstitute.org/annotation/genome/aspergillus_group/MultiHome.html
http://www.broadinstitute.org/annotation/genome/aspergillus_group/MultiHome.html
http://www.cadre-genomes.org.uk/index.html
http://www.broadinstitute.org/annotation/genome/fusarium_group/MultiHome.html
http://www.broadinstitute.org/annotation/genome/fusarium_group/MultiHome.html
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Fig. 2 Transcriptional changes recorded in selected secondary metabolite gene clusters [41] initiated by vari-
ous stress conditions and/or the deletion of the affA gene encoding the stress-response regulator bZip-type
transcription factor AtfA in Aspergillus nidulans. DNA microarray data were taken from the publication of Emri
et al. [2]. In this transcriptomics study, Agilent 60-mer oligonucleotide high-density arrays (4 x 44 K array for-
mat) were used [2]. Genes coding for pathway (cluster) specific transcription factors (TFs) or key biosynthetic
enzymes (e.g., NRPS—non-ribosomal peptide synthase, PKS—polyketide synthase) are indicated. (a) Effect of
75 mM H.,0, on the transcription of the inp cluster in A. nidulans wild-type strain. Only few genes but no key
genes (TF, NRPS) were up-regulated by H,0,. (b) Effect of 0.8 mM menadione sodium bisulfite on the gene
expressions in the AN7884 cluster in the wild-type strain. Note that the AN77582 gene was not available on
the microarray used in these experiments. Many genes including the key genes (TF, NRPS) were up-regulated
by oxidative stress. (c) Effect of atfA gene deletion on the transcription of the dba and F9775 hybrid cluster
genes under unstressed conditions. Many genes including the key genes (TF, PKS) were up-regulated by the
gene deletion. (d) Effect of 5 mM H.,0, stress treatment on the gene expression pattern in the mdp cluster in
the AatfA gene deletion strain. Please note that the mdpH gene was not available on the chip microarray used
in these experiments. All genes in the cluster including the key genes (TF, PKS) were induced

3. Work with phenol (TRI/TRIzol) and chloroform under the
hood.

4. Addition of ribonuclease inhibitors (e.g., RNaseOUT,
Invitrogen; ProtectRNA, Sigma-Aldrich) may improve the
quality of RNA. Check the pH of TRIzol /TRI when using old
reagents. It should be acidic.
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10.

11.

12.

13.

14.

15.

16.

17.

. Do not reduce the incubation time (dissociation of nucleopro-

tein complexes need time).

. Do not try to transfer all the supernatant. Smaller but cleaner

volume is better. If you work with several samples it is conve-
nient to transfer the same volumes (e.g., 0.6 mL).

. As an example: if the volume of the sample is 600 mL, 0.2x

volume means 0.2x600 mL=120 mL. If 1-bromo-3-
chloropropane is used instead of chloroform use only 0.1x vol-
ume of it.

. After centrifugation you will got three phases: a colorless aque-

ous upper phase, a white interphase and a red organic phase.
Avoid aspirating the interphase and again, do not try to remove
all the upper phase. Smaller, but cleaner volume is better. The
interphase and the organic phase can be used for subsequent
isolation of proteins and DNA [53].

. Increase the volume of 2-propanol and 1x SSC in proportion

if you started the RNA preparation with more than 1 mL
TRIzol/TRI reagent. Do not cool the samples during precipi-
tation, increase the incubation time instead if necessary. (Low
temperature enhances the precipitation of salts.) Addition of
0.5 mL 1x SSC to the samples can be omitted; however it may
decrease the yield.

10x Reaction solution contains 20-25 mM MgCl, with
0-5 mM MgCl, in a 100 mM Tris/HCI bufter (pH 7.5-8.3),
e.g., 100 mM Tris/HCI (pH 7.5) with 25 mM MgCl,. Note
that DEPC react easily with Tris and, therefore, DEPC treat-
ment of the prepared Tris buffers is not efficient. Use molecu-
lar biology-grade powders and nuclease-free or DEPC-treated
water for making RNase-free 10x reaction solution, instead.

Use RNase-free DNase only.

Stop solution is an 50 mM Na,-EDTA solution (RNase free).
Do not heat the samples before adding the stop solution (free
Ca?* and Mg* may induce RNA hydrolysis).

RNA is sensitive to the oxidative degradation, do not let evap-
orate the RNA samples.

RNA is sensitive to the RNase degradation effect, ensure the
appropriate sample protection conditions.

RNA is sensitive to the heat degradation; store the samples on
-80 °C in aliquots, and thaw the samples on ice, without direct
heating.

Fluorescent dyes are photo-degradable; store dye-containing
reagents in the dark until use.

Acetonitrile and Agilent Stabilization and Drying Solution are
flammable and toxic; they must be used in a fume hood.
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Chapter 24

Mycotoxins: A Fungal Genomics Perspective

Daren W. Brown and Scott E. Baker

Abstract

The chemical and enzymatic diversity in the fungal kingdom is staggering. Large-scale fungal genome
sequencing projects are generating a massive catalog of secondary metabolite biosynthetic genes and path-
ways. Fungal natural products are a boon and bane to man as valuable pharmaceuticals and harmful toxins.
Understanding how these chemicals are synthesized will aid the development of new strategies to limit
mycotoxin contamination of food and feeds as well as expand drug discovery programs. A survey of work
focused on the fumonisin family of mycotoxins highlights technological advances and provides a blueprint
for future studies of other fungal natural products. Expressed sequence tags led to the discovery of new
fumonisin genes (FUM) and hinted at a role for alternatively spliced transcripts in regulation. Phylogenetic
studies of FUM genes uncovered a complex evolutionary history of the FUM cluster, as well as fungi with
the potential to synthesize fumonisin or fumonisin-like chemicals. The application of new technologies
(e.g., CRISPR) could substantially impact future efforts to harness fungal resources.

Key words Genomics, Fusarium verticillioides, Aspergillus niger, Fumonisins, Expressed sequenced
tags (ESTs), Horizontal gene transfer

1 Introduction

The chemical and enzymatic diversity inherent in the fungal king-
dom is staggering. Mycologists have only characterized the tip of
the iceberg with regard to fungal species and natural product
chemists have only sampled the myriad of fungal metabolites pro-
duced. Metabolites, otherwise known as natural products (NPs),
play important roles in the lives of fungi and man. Fungi produce
NPs for communication, development, and defense and humans
utilize these chemicals as pharmaceuticals and commodity chemi-
cals. However, there are also negative impacts for humans due to
fungal NPs. Mycotoxins are defined as NPs produced by fungi that
are toxic or carcinogenic to humans and other animals. Mycotoxins
and other NPs, referred to as secondary metabolites (e.g., not
required for growth or reproduction), are often encoded by genes
that are located adjacent to each other or clustered. Common types
of NPs include polyketides, non-ribosomal peptides, and terpenes.

Antonio Moretti and Antonia Susca (eds.), Mycotoxigenic Fungi: Methods and Protocols, Methods in Molecular Biology, vol. 1542,
DOI 10.1007/978-1-4939-6707-0_24, © Springer Science+Business Media LLC 2017
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Within the fungal kingdom, filamentous fungi are particularly well
known for the impressive diversity of NPs that they produce. In
addition to mycotoxins, other NPs include pathogen virulence fac-
tors, cell communication molecules, antibiotics, and pharmaceuti-
cals. In most cases, an NP or family of related metabolites produced
by one or more species has been characterized at the structural
level but not at the genetic level. In parallel, as the number of high-
quality fungal genome sequences increases, the catalog of enzymes
that are predicted to produce polyketides, non-ribosomal peptides
or other NDs is expanding rapidly. The combination of genomic
sequence and the development of molecular genetic tools applica-
ble to many different filamentous fungi has made the task of assign-
ing metabolites with genes and genes with metabolites in individual
fungal species much more tractable.

Understanding how fungi synthesize NPs has been motivated
by a need to stop their synthesis to limit the contamination of foods
and feeds with mycotoxins and a need to discover new, pharmaceu-
tically valuable chemicals. Annual worldwide economic losses due
to mycotoxins are in billions of dollars [1, 2]. Modern interest in
limiting mycotoxins stem from the dramatic death of poultry in
England in 1960 from “Turkey-X” disease [3]. By 1963, aflatoxin
was identified as the causative toxin, produced by the common soil
tungi Aspergillus flavus and A. parasiticus. The first gene spanning
1.4 kilobases (kb) involved in aflatoxin synthesis was cloned in 1992
[4], a cluster of 25 co-regulated genes spanning 60 kb involved in
the synthesis of a related toxin was described in 1996 [5] and the
Aspergillus flavus genome sequence, spanning 36.8 megabases
(Mb) with approximately 12,000 predicted genes, was released in
2005 [2], http://www.aspergillusflavus.org/genomics/ and
National Center for Biotechnology Information (NCBI). The tra-
jectory of research leading to the identity of genes involved in the
synthesis of other mycotoxins, like fumonisins and ochratoxin, as
well as the genome sequence of other mycotoxigenic fungi, has
proceeded along a similar path. Although significant progress has
been made towards understanding toxin biosynthesis, progress
towards developing new methods to limit mycotoxin contamina-
tion of human food and animal feeds is hampered by the slow pro-
cess of identifying target genes for further study.

2 Early Genomic Research

Analysis of the first fungal genome sequence led to the discovery
that they contained more genes likely involved in NP synthesis
than expected [6, 7]. Many predicted NP genes are clustered or
located adjacent to each other in the genome. Each cluster con-
tains a core biosynthetic gene, modifying genes, a transcriptional
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regulator or two, and a gene providing protection from the
NP. The core gene may encode a polyketide synthase (PKS), a
non-ribosomal peptide synthase (NRPS), a terpene cyclase (TC),
or dimethylallyl transferase (DMAT) while modifying genes may
encode methyltransferases, oxidases, dehydrogenases, reductases,
or cyclases. The Aspergillus flavus genome is predicted to contain
55 gene clusters of which only seven have been associated with a
likely metabolite [7]. Efforts to determine the function of the
unknown clusters as well as clusters in other fungi have involved a
variety of approaches including gene deletion and both homolo-
gous and heterologous gene expression. Since NPs likely play a
role in fitness and multiple NPs may have overlapping effects that
contribute to fitness, unveiling the role of a particular NP may
require the creation of fungal mutants with multiple, core NP
genes deleted [7]. Studies of gene expression across the whole
genome by microarray over 28 diverse culture conditions led to
the identification of four patterns of expression for the predicted
core gene in each cluster [7]. The development of new technolo-
gies that would allow the creation of multiple, targeted gene muta-
tions in a timely and effective manner would substantially impact
our understanding of fungal NDs.

A first approach to understand what genes are involved in a
fungal NP synthesis is to look at their differential expression.
Adjacent genes that share a common pattern of expression may be
involved in the synthesis of the same metabolite. A common tech-
nique, referred to as Northern analysis, involved separating total
RNA by electrophoreses on agarose gels followed by transfer to a
membrane, hybridization with a radiolabeled DNA probe, and
exposure to film. A limitation to this approach was that the expres-
sion of only one gene could be interrogated at a time per blot. A
major advance in studying gene expression took advantage of
improvements in sequencing technology and involved determining
the nucleotide sequence of a portion of cDNA created from RNA
isolated from a single biological sample after growth under specific
growth conditions. The first iteration of this technology involved
generating hundreds to thousands of sequences (e.g., reads) from
c¢DNA clones and was referred to as expressed sequence tags
(ESTs). The second iteration generated millions of reads and was
referred to as RNA-seq. Expression levels, with statistical support
by RNA-seq, are assessed by simply counting the number of reads
per gene, much more precise than comparing the intensity of bands
on a photographic film in different lanes relative to the total
amount of RNA loaded per lane. The sequence data also provides
valuable information about gene structure without any a priori
information about the gene. The value of EST data is exemplified
from studies of fumonisin gene expression synthesis by the fungus
Fusarium verticillioides [8, 9].
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Fig. 1 Structure of the polyketide-derived fumonisins

3 Fumonisin, a Case Study

Fumonisins are linear, polyketide-derived molecules with an amine,
one to four hydroxyl, two methyl, and two tricarboxylic acid con-
stituents, produced primarily by Fusarium verticillioides (Fig. 1).
Fumonisins are common contaminants of maize and can cause
multiple animal diseases, including cancer and neural tube defects
in rodents [10, 11]. Consumption of fumonisin-contaminated
maize is epidemiologically associated with esophageal cancer and
neural tube defects in some human populations [12, 13]. Under
most conditions, F. verticillioides infect and colonize maize with-
out causing any symptoms. However, under some conditions, F.
verticillioides infection can cause destructive disease at any life
stage of the plant (e.g., root, stalk, and ear rot disease). Because
maize is one of the world’s most important food crops, and
fumonisins are among the most common contaminants of maize
worldwide, fumonisins are a significant safety concern to farmers,
food producers, and regulatory agencies. Although resistance to
insects by engineering maize to produce Bacillus thuringiensis ( Bt)
toxin has reduced fumonisin contamination, levels are not below
recommended limits under all conditions [14]. Thus, additional
strategies are needed to reduce fumonisin contamination of maize
and the associated health risks to humans and other animals.

4 Using Gene Expression for Mycotoxin Characterization

Analysis of over 87,000 ESTs from 11 different F. verticillioides
c¢DNA libraries identified over 700 ESTs that corresponded to
genes in the fumonisin gene cluster [8]. A majority of the ESTs
(586) were derived from libraries created from RNA extracted from
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E. verticillioides mycelial after growth on a fumonisin production
medium, GYAM. In the 24-h library, no FUM gene transcripts
were detected while 233 transcripts were present in the combined
48- and 72-h library and 353 transcripts were present in the 96-h
library (Table 1). Overall, FUM gene transcription increased 2.2-
fold over time, consistent with previous transcriptional analysis by

Table 1
Description of FUM genes, total ESTs, and distribution of ESTs in selected cDNA libraries
Fold Fold
change change
Total in% in%
Predicted #of FvF FvM FvG FvMto NF3FvM
Gene  Putative function protein  ESTs (24 h) (48/72h) (96h) FvG  to FvG
FUM2I1 C6 transcription factor 672 16 0 1 10 11.0 t
) 2H SNF
2F:
FUMI1 DPolyketide synthase 2586 41 0 1 11 12.0 1
FUM6 P450 monooxygenase 1115 44 0 19 13 NC
FUM7  Dechydrogenase 424 17 0 11 4 20
FUMS8  Aminotransferase 836 65 0 16 36 3.317
FUM3  Dioxygenase 300 41 0 9 17 271
FUMIO0 Fatty acyl-CoA synthetase 552 91 0 20 61 451
FUMI11 Tricarboxylate transporter 306 19 0 5 7 201t 251
2NF 7NF
FUMI12 P450 monooxygenase 502 85 0 17 64 541
FUM20 Unknown Na 1 0 0 1 1.0
FUM13 Dehydrogenase/reductase 369 40 0 20 10 14
FUMI4 AA condensation domain 553 150 0 55 65 1.71 891
INF 11NF
FUM15 450 monooxygenase 596 21 0 8 10 1.8 1
FUMI6 Fatty acyl-CoA synthetase 676 90 0 46 37 111 2771
10NF  24NF
FUMI17 Longevity assurance factor 388 6 0 0 3
FUMI8 Longevity assurance factor 384 9 0 5 3 1.3 3.31
INF 2NF
FUM19 ABC transporter 1489 1 0 0 1 1.01

737 0 233 353 221 441

NC no change, Na not available, and NF non-functional

F? functionality could not be determined with available sequence data
Bolded text highlight incease in NF transcripts overtime
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Northern [15]. In addition to providing evidence for the differen-
tially expression of the fumonisin genes, the EST collection enabled
the discovery of two new FUM genes. The first, FUM21, encoded
a predicted Zn(I1)2Cys6 DNA-binding positive transcription factor
[9]. The presence of eight introns in the gene is likely what pre-
vented the initial identification of the ORF by BLAST analysis of
genomic DNA. The second, FUM20, was defined by a single EST
consisting of 680 nts with one intron from the 96-h library [8].
The role of FUMZ20 remains unclear. BLAST analysis of the EST did
not share any similarity with any previously described protein nor
any DNA sequence. FUM20 mutant strains synthesize wild-type
levels of fumonisin under the growth conditions tested (unpub-
lished). The FUM20transcript may be noncoding RNA. Comparative
analysis of the genomic DNA located between FUM2 and FUM13
from multiple Fusarium did not identify any conserved ORF greater
than 30 nucleotides (unpublished). Based on the observation that
the EST overlaps FUM?2 transcript by up to 200 nts at the 5" end
and likely includes a portion of the FUM 13 promoter at the 3" end,
it may regulate FUM2 or FUMI3 transcription by an unknown
mechanism.

An observation we found most surprising was the number of
ESTs that were presumably nonfunctional due to the presence of a
stop codon in the predicted open reading frame (ORF). In every
case, the presence of the stop codon in the transcript was due to
the retention of an intron or the use of an alternative 3’ splice bor-
der during intron excision. Alternative splicing has been exten-
sively described in higher eukaryotes and is a process by which a
single gene can code for multiple proteins. It is an essential process
allowing for the production of many more proteins than expected
from the number of genes in the human genome. Alternative splic-
ing occurs during the processing of the messenger RNA generally
when an exon is skipped and thus not included in the final mRNA.
Upwards to 95% of human genes with multiple exons are subject
to alternative splicing of which a vast majority involve a skipped
exon [16]. Other generally recognized alternative splicing modes
are the use of a different 3’ or 5’ splice junction site (15%) by the
splicing complex or the intron may be simply retained (4 %).

Of the more than 700 FUM gene ESTs, we found 87 alterna-
tive splice forms (ASFs) that corresponded to 8 of the 16 FUM
genes (Fig. 2) [8, 9]. The percent ASFs had a bimodal distribution
with FUM11, FUM16, FUM18, and FUM21 with 47 %, 51 %, 44 %,
and 67 % based on 19, 90, 9, and 16 ESTs, respectively, and the
percent ASFs for FUMS8, FUM2, and FUM14 with 3%, 2%, and
11% based on 65, 85, and 134 ESTs, respectively. In contrast to
what is observed in higher eukaryotes in which a different protein
is encoded by the ASF, almost all of the fungal ASFs result in a
truncated protein due to the introduction of a stop codon. The
lone exception for the FUM genes ASFs was the retention of the
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Fig. 2 Fumonisin genes with alternative splice forms in Fusarium verticillioides

third intron in FUMI15 ASFs which was in frame and did not
include a stop codon.

The observation that the ASFs were differentially expressed
over time suggest that they may serve a function [8, 9]. Over all,
there were 4.4-fold more ASFs present in the 96-h culture than in
the 48,/72-h culture. The appearance of more ASFs in the older
culture did not appear to be related to the age of the culture as we
identified 29 other genes with ESTs present at 24, 48/72, and
96 h of which only 3 exhibited a similar pattern of expression to
the FUM genes. Microarray analysis of four FUMZ2I introns
(introns 2, 3, 4, and 7) found that transcripts retaining the second
intron decreased over time while transcripts retaining the seventh
intron increased over time [9]. In order to test the hypothesis that
truncated variants of the FUMZ21 protein may serve a function, we
created variants of the FUM21 gene with stop codons in place of
the 3’ intron border sequence. Transformants containing the dif-
ferent variant FUMZ2I genes, driven by a constitutive promoter,
exhibited wild-type levels of fumonisin production. Although we
did verify expression of the variant genes in transformants, the fail-
ure to affect fumonisin synthesis could be due to a translation fail-
ure as we were unable to determine whether any recombinant
protein was present.

5 Birth, Death, and Horizontal Transfer of the FUM Gene Cluster

Advances in sequencing technology also contributed to studies
exploring the evolution of the fumonisin gene cluster. Early work
examining fumonisin production and FUM gene presence using
PCR and Southern analysis of species of the Fusarium fujikuros
species complex (FESC) and related species found that the ability to
synthesize fumonisins and the presence of FUM genes was restricted
to a limited number of species of the FESC and one species of F.
oxysporum [17]. These findings indicate that FUM genes are dis-
continuously distributed in the FESC complex and match the abil-
ity of different Fusarium species to synthesize fumonisins. Over all,
phylogenetic analysis of FUM genes and primary metabolism genes
found that their evolutionary history was not consistent.

Further studies of the evolutionary relationships between FUM
clusters in Fusarium and the genomic context of the cluster sug-
gest that the evolutionary processes culminating in the current
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Species phylogeny FUM-gene phylogeny

— F. verticillioides F. verticillioides

African ——F. ramigenum F. ramigenum
clade . .
F. nygamai F. nygamai
F. phyllophillum F. phyllophillum
F. fujikuroi
?E'SL' F. globosum F. oxysporum O-1890f-

F. proliferatum Ka

F. proliferatum
F. fujkuroi 14.)_/
F. globosum /jl_/ —
F. oxysporum 0-1890

F. hostae Aspergillus niger 1/

American
clade

Fig. 3 FFSC species and FUM-gene phylogenies providing evidence for horizontal gene transfer of FUM cluster
between Fusarium oxysporum and Fusarium bulbicola or closely related member of the FFSC. Adapted from
Proctor et al. (2013)

fumonisin biosynthetic capacity across the FFSC resulted from a
variety of processes including horizontal gene transfer (HGT') of
the cluster and cluster duplication, sorting and loss [18]. In the
case of HGT, species phylogeny based on 12 primary metabolism
genes and FUM gene phylogeny based on 9 FUM genes provide
strong evidence for horizontal transfer of the FUM cluster between
E. oxysporum and F. bulbicola or closely related member of the
FESC [18]. Species trees based on primary metabolism genes
resolved members of the FESC into three well supported clades
and F. oxysporum as distinct from the FESC (Fig. 3) as previously
described [19]. In contrast, in species trees based on FUM genes,
E. oxysporum nested within the FESC as a sister species to F. bulbi-
coln. Further, the divergence of FUM genes was significantly less
than the primary metabolism when comparing F. oxysporum and F.

bulbicoln [18].

6 Genome-Enabled Discovery

With the explosive growth of fungal genome sequences, the cata-
log of secondary metabolite genes greatly expanded. Phylogenetic
analysis continues to be one of the best ways to characterize these
genes. The first large phylogenetic analysis of fungal polyketide
synthases took advantage of several genomes that included
Cochliobolus heterostrophus, Fusavinm verticillioides, Fusarium grao-
minearum, Neurospora cvassa, and Botrytis cineren [20]. From this
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study, a polyketide synthase gene in the genome of C. heterostro-
phus with high similarity to that encoding the fumonisin polyketide
synthase from Fusarium verticillioides was found. In addition to
the fumonisin polyketide synthase, a C. heterostrophus gene cluster
encoding orthologs of genes in the F. verticillioides fumonisin clus-
ter was identified. Moreover, the genomes of two other Cochliobolus
species, Cochliobolus carbonum, and Cochliobolus sativus appear to
encode fumonisin clusters, although gaps in the assembled genomes
make it more difficult to assess the structures of the associated gene
clusters [21]. To date, biochemical and structural characterization
of the predicted C. heterostrophus fumonisin cluster has not been
performed. However, a related Dothideomycetes fungus,
Alternaria alternata f. sp. lycopersici is known to produce AAL
toxin, which like fumonisin is a sphingolipid analog mycotoxin
[22]. It is tempting to speculate that the C. beterostrophus fumoni-
sin cluster produces a fumonisin or something structurally related
to fumonisin or AAL toxin.

7 Fumonisin in Aspergillus niger

Aspergillus niger is an industrial workhorse fungus that is com-
monly used as a production host for enzymes and organic acids,
most notably citric acid. In addition, A. niger has GRAS (Generally
Regarded as Safe) status. Because of its significant economic foot-
print, high quality genome sequences for two strains of A. niger,
CBS513.88 and ATCC 1015, were generated [23, 24]. As in
Cochliobolus, genome analysis of A. niger identified gene clusters
predicted to encode the fumonisin biosynthetic gene cluster
(Fig. 4) [24, 25].

These predicted fumonisin clusters drove the analysis of the
extralites of these strains, leading initially to the discovery that A.
niger does produce fumonisin B, [26]. Subsequent chemical isola-
tion and analysis by NMR showed that A. niger produced fumoni-
sin B,, B, and a novel fumonisin referred to as B¢ [27]. Following
the initial characterization of A. niger fumonisins, it was shown

Fuml Fuml9  Fuml5 Fum21 Fuml4 Fuml3 Fum8 Fum3 Fum7 Fuml0 Fuml6 sdrl Fum6

Aspergillus
niger

Fusarium
verticillioides

Fig. 4 A comparison of the fumonisin biosynthetic clusters of Aspergillus niger and Fusarium verticillioides
shows conservation of gene content but not spatial organization
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that the environmental and nutritional conditions needed for
fumonisin biosynthesis were very different between Aspergillus and
Fusarium, indicating that while the gene biosynthetic pathway
may be conserved, regulation was most likely not conserved [28].
A significant number of A. niger strains have been tested for
fumonisin production with over 80 % testing positive in one study
of wild-type and industrial strains [29]. There is currently not a
consensus with regard to the ability of or inability of A. niger to
produce fumonisins By and B; [30-33].

In addition to its role in industrial microbiology and biotech-
nology, A. niger is an important member of microbial communi-
ties associated with grapes and other foods. Once the potential for
fumonisin production by A. niger was demonstrated, strains iso-
lated from these foods were isolated and tested. These studies indi-
cated that A. miger associated with grapes maize, coffee, and
peanuts have the ability to produce fumonisin [28, 29, 34-36].
These studies and others show the value of genome analysis in the
study of mycotoxin production. Aspergillus niger is not the only
Aspergillussection Nigrispecies to be isolated from food-associated
microbial communities. Interestingly, studies indicate that in non-
fumonisin production strains including Aspergillus tubingensis,
Aspergillus welwitschine, Aspergillus luchuensis, and Aspergillus
brasiliensis there is evidence for loss of multiple genes from the
fumonisin cluster as compared to A. niger [29].

8 Future Prospects

The explosion in genome sequencing for fungi has opened a new
avenue for discovery in mycotoxin research. As more genomes are
sequenced, more secondary metabolite biosynthetic pathways will
be identified and products from these pathways elucidated at the
structural level. As more secondary metabolites are correlated with
biosynthetic pathways, genome sequencing will be able to rapidly
point to the species that need to be monitored for their mycotoxi-
genic potential.

The acquisition of genome sequence data has highlighted a
critical bottleneck in fungal research: gene function studies.
Currently for most filamentous fungi, a single gene or multiple
flanking genes is targeted for mutation analysis using a process that
can take up to 2 weeks. Another limitation is the paucity of available
selectable markers effectively limiting the “stacking” of multiple,
non-linked gene mutations in a single strain. An exciting possible
solution underdevelopment in a number of labs secks to adapt
CRISPR (Clustered Regular Interspaced Short Palindromic
Repeats) to filamentous fungi. In bacteria, CRISPR serves as an
immune system protecting the bacteria from invading viruses and
plasmids. A modified version has been engineered that allows the
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introduction of mutations at multiple targeted locations in the
genomes of eukaryotic organisms, including animals, plants, and

yeasts [37, 38].

Mention of trade names or commercial products in this chapter is
solely for the purpose of providing specific information and does
not imply recommendation or endorsement by the US Department
of Agriculture. USDA is an equal opportunity provider and
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