
I’d like to begin by thanking the organizers for the invitation and their support for my 
attendance at this meeting. I have a great fondness for Winnipeg… my parents were both 
from around Regina. After the war, my father studied architecture at the U of M under the 
Veterans' Rehabilitation Act, and my two oldest sisters were born here; for part of the time, 
they lived in a tent city for veterans on the campus. There have been many meetings on 
Fusarium, mycotoxins and stored grain ecology in these downtown hotels through the 
years. I’ve always felt like a prairie boy.
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When I started to work on this talk, my first question was “What was I thinking of?” with 
this title and that abstract. I’ve done my best to develop a clear line of thought so please 
bear with me. You can’t think about the future without digging into the dirt of the past, but 
I will focus on these three questions and offer not so much predictions as 
recommendations, hopes or cautions, for where I think we are going. 
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These were the big names in Fusarium taxonomy, although it was these six in the middle 
whose careers overlapped with mine. Fusarium taxonomy is famous for its schools, mostly 
known American and the German schools. As with much of taxonomy, this classification of 
Fusarium taxonomists more or less collapsed with the advent of molecular techniques
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Many will recognize several of these books. Most of us grew up on the 1971 Booth and the 
1983 Nelson books, with only those of us educated in Europe even aware of the 1982 
Gerlach and Nirenberg.
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I want to tip my hat to Larry Gordon, a native of Quebec, educated at McGill, who worked 
here in Winnipeg. He would be my grandfather, I suppose, in the family tree of Fusarium
taxonomists working for Agriculture and Agri-Food Canada. 
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Reginald Buller, Guy Bisby and John Dearness, wrote a book on the Fungi of Manitoba, 
which I found a copy of for myself a few months ago. The list of Fusarium species is 
interesting … there is graminearum listed as “not uncommon on wheat.”

6



The beautiful biology building on the U of M campus was named for Buller…
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… who was an eccentric, and probably a genius. British born, he sailed back to England 
each summer. In Winnipeg, he lived and lorded over the pool table in the Hotel McLaren on 
Main Street. This article about the ‘Poet Scientist” is excellent and you should search it out; 
the URL will be on my last slide. Buller wrote funny poems for the magazine Punch, and 
even if you know nothing about his science, you have heard this limerick. It seems like an 
apt metaphor for Fusarium research.
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Gordon published several excellent papers on Fusarium taxonomy in the post war period. 
They owed more to the German school, and were the first steps towards the synthesis of 
the 1980s. He published in both Science and Nature. Unfortunately, the scientific value of 
Gordon’s cultures was not appreciated and they were not saved when he retired. 
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Gordon developed a method for inducing the sexual states of Fusarium by inoculating pairs 
of cultures onto wheat straw in test tubes, with sterile water in the bottom, and incubated 
in light. The results of these experiments are preserved as dried specimens in our 
herbarium in Ottawa. Colin Booth used Gordon’s specimens in his 1971 book to describe 
the sexual states of several Fusarium species, including one he called Gibberella gordonii.
Emphasis on the Fusarium sexual state as an important part of its biology, is one of 
Gordon’s main contributions. 
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One question motivating a person like me is, “How many species of Fusarium are there?” 
You can express this question in different ways to indicate your relative degree of 
fascination with or patience for the answer: like, How many species of Fusarium are there? 
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Here’s a start from the online database Index Fungorum. Names of species, forma 
speciales, forms and varieties complicate matters considerably; they have been reclassified 
and tossed around like Jamie Oliver making a salad. These numbers are not quite as bad as 
they at first appear. A bit of bioinformatics coding reveals that there are about 245 
accepted species right now and the other names are taxonomic detritus. But between the 
two dates on the slide, about 50 new species were described. A decade ago, I predicted 
there might be about 750 species of Fusarium. At our present rate, we’d have them all in 
about 20 years.
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You all know about the division of morphological species into multiple phylogenetic species 
using DNA sequences, with the Fusarium graminearum species complex now including 16 
named species. This has also happened in some, but not all, other parts of the genus. No 
matter what book you use, you are going to miss half of the accepted species in the 
modern literature. 
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Fusarium graminearum has a sexual state, which we used to call Gibberella. Now we have a 
single name system and no longer use different names for sexual and asexual states. We 
are using the better-known Fusarium names and doing our best to forget about Gibberella. 
In this fungus, the sexual state occurs in the spring, shooting it ascospores out of perithecia
into the air about the same time that grass plants are flowering. The asexual slimy and 
sticky macroconidia form during most parts of the growing season, and are dispersed by 
water splash and by sticking to insects.
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About 18 common species of Fusarium affect agriculture in Canada. Species in bold have 
known sexual states, which have so far not been observed in the other species. Apart from 
graminearum and solani, the sexual states are rare and hardly seen in nature. Recent 
genome studies suggest that most Fusarium species have the genes necessary for sexual 
reproduction and we may just need persistence, timing and luck to discover them. 
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The generic concept of Fusarium is still controversial. The restricted concept is indicated 
here by the blue, and the broader concept by the gold. The choice doesn’t affect any of our 
concerns with Fusarium headblight. In the narrower concept, the solani complex is 
removed from Fusarium into Neocosmospora. The scientific justification is that the sexual 
stages of Neocosmospora and several other groups are different from those that we used 
to call Gibberella. 
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A few other things are easier to show by flipping the tree onto its side. The grey boxes are 
what we call lineages. The black triangles are species complexes, which roughly correspond 
with the morphological species in the 1983 Nelson book. If you understand these 
correlations and the exceptions, morphological identification is still useful in many 
situations. Fumonisins are produced by some species in the fujikuroi lineage, and 
trichothecenes by many species in several lineates. Graminearum is part of what is called 
the F. sambucinum clade or lineage, and another species involved in headblight ecology, 
Fusarium avenaceum, is in the tricinctum lineage.

17



Nowadays, multi-gene and genome sequencing are the gold standards for Fusarium
identification, for legal actions and quarantine disputes. In the grain world, DNA-based 
tests are increasingly routine instead of microscopy. I took this photo a few years ago in the 
Grain Commission’s lab across the street. They use microchips like this to run 5000 
quantitative PCR assays at once.
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We have to wary of molecular assays, and ensure they really detect what we think they 
detect. If the tests are meant to detect species, then the species concepts had better be 
precisely defined, and the correlation with the regulated toxin or disease better be tight. 
Unfortunately, this is sometimes not the case. The medical sector leads the commercial 
development of DNA diagnostics. Clinicians using molecular tests do not need to isolate or 
save a culture. When diseases change, there are no cultures to prove Koch’s postulates, 
sequence genomes, or study gene flow. This is why why saving Larry Gordon’s Fusarium 
cultures would have been so visionary. You never know what might be possible with 
cultures with future technology.
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Before leaving taxonomy, I'd like to acknowledge that our species and genus concepts are 
often full of rationalization. In computer programming, a kludge is a clumsy, quick and dirty 
solution that works and nobody bothers to make more elegant. If we hold our concepts of 
species and genera together with duck tape, and we still find them useful, then they are 
both kludges. We need to embrace the kludge, stop arguing about definitions of terms as if 
that can solve anything, and be flexible enough to find solutions for complex problems.
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Lacking a monograph including most phylogenetic species, and with the increasing number 
of species known, the community of Fusarium taxonomists is trying to develop a multi-
author, consortium approach to an online monograph.  The virtual International Centre for 
Fusarium Research was launched in 2016 at the Westerdijk Institute in Holland, known to 
some of you as CBS. 
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The second initiative, related by hand-shake to the first, is an US National Science 
Foundation research network led by David Geiser on my right and Kerry O’Donnell on my 
left. These two have led the description of phylogenetic species and the establishment of 
the lineage and species complex structure in Fusarium. 
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I need to switch to mycotoxins, but before that, perhaps I should make an obvious 
comment on the relevance of taxonomy. This word cloud shows some users of 
Fusarium monographs. But the audience really targeted by these monographs, 
apart from other taxonomists, is plant pathologists. The phylogenetically inclined 
have to work with the primary literature …
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and these books unfortunately miss that most users will be transient, lacking knowledge of 
jargon and appreciation of taxonomic nuance. For most, the universality of DNA-based 
methods will serve them far better than microscopy, culturing or mycotoxin profiling. As 
long as they get the right answer, DNA-based methods are the most amenable to 
automation, high throughput and exploitation of big data. As long as they give the right 
answer…
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Regulators are important clients for Fusarium research and regulations demand a lot of 
attention. I spent much of 2017 coping with repercussions of two cells in a spreadsheet 
when the Public Health Agency updated their regulations. Fusarium was listed at Risk 
Group 2, meaning of moderate risk to lab personnel but low risk to the community. The 
taxonomic definition of a genus such as Fusarium then becomes a practical issue. The 
difference between Fusarium and Neocosmospora is hundreds of thousands of dollars in 
lab renovations and hundreds of hours documenting training, laboratory access, and 
equipment performance. But if the human pathogens in Fusarium were classified in 
Haematonectria, then that genus would be RG-2 instead. That’s an expensive kludge. 
Happily, we managed to get graminearum itself down-graded to RG-1 fairly quickly and this 
particular problem melted away. 
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Most regulations we face are chemical, recommending or imposing limits on mycotoxin 
exposure. There are two points to discuss. First, there are many other secondary 
metabolites other than DON. Second, for more than thirty years, we have drawn 
correlations between taxonomic concepts and the expected occurrence of mycotoxins. 
Does this make sense? 
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About five years ago, AAFC started a research network in collaboration with the Grain 
Commission, to develop data on the mycotoxicology, analytical chemistry, genomics and 
taxonomy of the species and genera involved with emerging mycotoxins that would be 
relevant for Canadian agriculture.  A second goal, which I hope we achieved, was to 
rejuvenate our research capacity, both the technology and personnel, for mycotoxin 
research, which had been languishing for twenty years.
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Indeed there are other mycotoxins and the European Union has been investigating 
where some should be regulated. The label ‘emerging mycotoxins’, abbreviated 
EmTox, indicates not that these are newly discovered toxins… they’ve been known 
for a long time… but that they are known toxins being newly considered for 
regulation. Because Fusarium head blight can involve several Fusarium species, 
including Fusarium avenaceum, F. poae and F. sporotrichioides, several of these 
other toxins can be expected in grain and might then increase the regulatory burden 
on crops.
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New technology for both DNA and chemistry was part of the impetus for the 
reconsideration of these toxins. Just as DNA technologies have become more sensitive, the 
new Mass Spec-based technologies can detect, identify and quantify much lower levels of 
compounds, at parts per billion concentrations. What was noise in a chromatographic 
baseline twenty years ago, is now sharp, defined signal.
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The term chemotype gets tossed around a lot. There is no generally agreed upon definition 
and this is a problem; it’s another kludge, actually. Most use of the term chemotype refers 
to profiles of secondary metabolites. [slide prepared by Jens Frisvad]
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I spent most of my career believing the first of these hypotheses, that a chemotype would 
correlate with a species, and this preconception underlies a lot of our regulations and 
research on mycotoxigenic fungi. But it was never a very comfortable fit in Fusarium the 
way it was in Penicillium.
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This is the ‘chemotype’ that most people talk about nowadays in Fusarium. The chemical 
difference between 15-A-DON and 3-A DON is a shift in the position of the acetyl groups 
indicated by the gold circles. In the last decade, another variant producing a different 
trichothecene called NX or Northland was discovered. 
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Initial work by Todd Ward showed something startling. In both trees, each ‘chemotype’ has 
its own color. In the tree on the right, based on the trichothecene gene cluster coding 
enzymes, the chemotypes stick together. But when these chemotypes are mapped on the 
species tree on the left, they split up. These chemotypes also occur in other species closely 
related to F. graminearum. This means that these so-called chemotypes transcend species, 
and that their evolution is coordinated genetically across species boundaries. The 
chemotype does not correlate with the species at all. 
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Todd’s most recent work offers more insight. Within graminearum, these so-called 
chemotypes are populations. In other words, they are groups of individuals within the 
species that are relatively coherent. Rather than using the term ‘chemotypes’  here, let’s 
use the term population, and the NA1, NA2 labels. There is some barriers between these 
graminearum populations and there are some lone wolves, but they can all still interbreed. 
Both the species, and the chemotypes, are maintained in the genome by breeding. Out-
crossing, that is mating between individuals, is critical in graminearum. 
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This culture of graminearum has both sexual and asexual states. The black blob is the 
perithecium … in a culture they look like someone has sprinkled pepper on the agar. The 
ascospores, i.e. the sexual spores,  are oozing out. As mentioned earlier, this is one of the 
rare Fusarium species where we see the sexual state frequently. It is unusual for being 
homothallic, meaning it can make its sexual state with itself, without a mating partner. But 
that doesn’t mean it can’t mate. The outcrossing can be observed in the genome 
sequences of field strains, as shown on the previous slide, and is rather frequent in nature. 
Most other Fusarium species do not do this. They need to find a mating partner and this 
happens infrequently, in some species every 100 generations or so, and in others up to 
5000 generations. 
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Here is a totally different mechanism underlying chemotypes. Many plant pathogens have 
what are called conditionally dispensable or disposable chromosomes, or CDs. Please 
forgive the Alternaria example here; it’s a bit easier to understand. These are are maps of 
the CDs that code for these specific mycotoxins. Similar CDs occur in Fusarium, including 
verticillioides, poae and especially oxysporum, where they may be a common genetic factor 
behind the forma speciales phenomenon. Some strains have them, others don’t. Oh yes, in 
some cases the CDs can be passed from strain to strain or from species to species, 
horizontal gene tansfer similar to what you’ve heard about with acquired antibiotic 
resistance in bacteria. 

36



So chemotypes, to return to the hypotheses, can be any of these things, but often not 
correlated with species taxonomy.
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Instead of using chemotype, we should always be trying to use the most precise term when 
we can, like metabolite profile, population, or CD chromosome. 
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Finally, the second part of our brave new world. The name of the technology doesn’t 
matter. These machines generate so much data so quickly and every year cheaper and 
cheaper that we struggle to maintain the capacity to store it all. The same technology used 
for genomic research is also used to scan the world for DNA signatures of … everything.

39



This is a nextGen analysis of grain samples, mostly domestic, some imported. Each column 
is one sample… each coloured bar is a Fusarium species. A few samples have no Fusarium, 
most have several. The block highlighted in yellow was an imported grain sample. Look at 
how many bars there are there… there is DNA from 60 Fusarium species in one handful of 
grain. But before you start worrying about other countries, the block in light purple here is 
from Canada. 
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So. How many species of Fusarium are there? How many species of Fusarium are there? 
Remember my previous estimate was 245 species world-wide, perhaps to grow to 750 over 
the next few decades. Hold onto your hats.
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We profiled all fungi picked up by ITS barcodes from air-samplers across Canada. My 
colleague Wen Chen extracted the Fusarium sequences, sorted them into species clusters 
(=OTUs), removed the sequences that occurred only once (singletons) and those that did 
not occur in more than one sample. We usually take the 97% value and favour the ITS1 
count for technical reasons, which gives a conservative estimate of species diversity; we 
end up with about 924 species for Canada. We usually accept no variation in ITS in 
Fusarium taxonomy; 100% similarity gives 8052 species. The latter number seems unlikely 
and although there is some troubleshooting to do and some caveats to explore, the former 
number could be true. We’re really only seeing the tip of the iceberg, but that might be 
enough knowledge if you are about to be struck by an iceberg.
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My title slide was a spectrum, from the past to the present, of our different windows on 
Fusarium. But on the right is not the future, but the present day. 
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And in some labs there are no cultures anymore, just this… or this. This is awesome, but
also frightening and incomprehensible. But as we in the developed world move towards 
this,
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We should not forget this. Here are two messages I received from scientists in tropical 
Africa, where getting light bulbs may be the problem, never mind Illumina sequencers or 
Agilent quadrapoles. On the right, this person was fortunate enough to have a microscope 
and camera, but any of you who have done Fusarium microscopy know that this is 
Fusarium poae, one of the easiest species to identify because of its round microconidia. But 
somehow this person arrived at Fusarium culmorum.
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In this context, I wanted to mention the annual Fusarium course taught by John Leslie, Brett 
Summerell, and Dave Geiser, which alternates between Kansas State in the US and another 
country and presently costs US$2200. John has been successful in obtaining financial 
support that allows several students from developing countries to attend each year. And for 
that, I have the greatest admiration.

46



Predicting the future is a game for fools. I don’t claim much wisdom but I’ve tried to walk 
you through this as carefully as I can and I think it’s obvious where we have to go.
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Education, for the disadvantaged but also for our clients and colleagues. Embrace the 
kludge; but try to make it better when you see a chance. Remember the importance of the 
sexual state and of saving cultures. And in the brave new world of genomics and 
metabolomics, mycologists, plant pathologists, and regulators need to retreat from a 
preoccupation with species and genus names; they are important, but we need flexibility to 
focus on what is most important for managing risk. We need to focus on specific genes or 
gene clusters that matter, such as mating type or compatibility genes that affect gene flow 
in populations, genes involved with infection and pathogenicity, genes that affect toxicity. 
As Clive Brasier once said to me, we need to convince regulators to “Regulate genes, not 
species.”
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I thank my colleagues Wen Chen, Tom Gräfenhan and JensFrisvad for sharing their ideas 
and energy, offer you this idealistic quote from Anton Chekov, and look forward to reading 
its counterpoint in this new book “Freedom's Laboratory” published on Nov. 25. This prairie 
boy thanks you for your kind attention.
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