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çoamento de Pessoal de N�ıvel Superior – Brasil through a Programa Nacional de P�os-Doutorado scholarship. This work was supported in part by the U.S. Department of
Agriculture, Agricultural Research Service. This work is also partly supported by the National Key R&D Program of China (grant 2017YFE0126700) and the European
Union’s Horizon 2020 Research and Innovation Programme under grant 678781 (MycoKey).

*The e-Xtra logo stands for “electronic extra” and indicates there is one supplementary table published online.

The author(s) declare no conflict of interest.

© 2022 The American Phytopathological Society

Vol. 112, No. 4, 2022 741

Phytopathology® � 2022 � 112:741-751 � https://doi.org/10.1094/PHYTO-06-21-0277-RVW

mailto:delponte@ufv.br


ABSTRACT

Fusarium graminearum is ranked among the five most destructive fungal pathogens that affect agroecosystems. It causes floral diseases in
small grain cereals including wheat, barley, and oats, as well as maize and rice. We conducted a systematic review of peer-reviewed studies
reporting species within the F. graminearum species complex (FGSC) and created two main data tables. The first contained summarized data
from the articles including bibliographic, geographic, methodological (ID methods), host of origin and species, while the second data table con-
tains information about the described strains such as publication, isolate code(s), host/substrate, year of isolation, geographical coordinates, spe-
cies and trichothecene genotype. Analyses of the bibliographic data obtained from 123 publications from 2000 to 2021 by 498 unique authors and
published in 40 journals are summarized. We describe the frequency of species and chemotypes for 16,274 strains for which geographical infor-
mation was available, either provided as raw data or extracted from the publications, and sampled across six continents and 32 countries. The
database and interactive interface are publicly available, allowing for searches, summarization, and mapping of strains according to several criteria
including article, country, host, species and trichothecene genotype. The database will be updated as new articles are published and should be use-
ful for guiding future surveys and exploring factors associated with species distribution such as climate and land use. Authors are encouraged to
submit data at the strain level to the database, which is accessible at https://fgsc.netlify.app.

Keywords: fungal pathogens

Members of the Fusarium graminearum species complex (FGSC)
include some of the top fungal plant pathogens of global importance
given the serious diseases they cause in most major cereal crops,
including wheat, maize, rice, and barley (Dean et al. 2012; van der
Lee et al. 2015). Crop yields are often severely reduced due to infec-
tion of roots, stalks, or ears/heads (Duffeck et al. 2020; McMullen
et al. 1997; Munkvold 2003; Vaughan et al. 2016). Kernel infections
are of particular concern, since members of the FGSC can synthesize
a wide range of mycotoxins during plant infection and colonization
(D’Mello et al. 1999). The most important mycotoxins are the tricho-
thecenes, including deoxynivalenol, nivalenol, and their acetylated
derivatives, which can be produced at high levels in cereal grains,
and are highly toxic to humans and other animals. Ingestion of grain
or grain products contaminated by these toxins can cause diarrhea,
nausea, and vomiting (Chen et al. 2019; Pestka 2010).

In wheat and barley, members of the FGSC cause Fusarium head
blight (FHB), which re-emerged as a major concern throughout the
world in the early 1990s (Goswami and Kistler 2004; McMullen et al.
1997, 2012). Numerous surveys of disease incidence and severity, path-
ogen population diversity, and mycotoxin contamination have been con-
ducted during the past three decades in the main cereal-growing regions
of the world where FHB epidemics have occurred (Cowger et al. 2020;
Pereira et al. 2021; van der Lee et al. 2015; Vogelgsang et al. 2019).

Multilocus sequencing of a global collection of strains that were
morphologically defined as a single panmictic species, previously
known as “Fusarium graminearum,” revealed significant phylogeo-
graphic structure and reproductive isolation of seven lineages (i.e.,
phylospecies; O’Donnell et al. 2000). Employing the concept of
genealogical concordance phylogenetic species recognition (GCPSR)
(Taylor et al. 2000), a later study based on portions of 11 genes, iden-
tified nine distinct phylogenetic species within the morphospecies
F. graminearum sensu lato, and the eight newly discovered species
were formally described (O’Donnell et al. 2004). Subsequently, six
additional species were discovered and described; however, a single-
ton phylospecies from soil in Umyaka, South Africa, represented by
NRRL 34461 Fusarium sp., remains unnamed. Morphological differ-
ences among species within the FGSC are either nonexistent or too
subtle to be used to accurately identify these species (O’Donnell et al.
2008; Sarver et al. 2011; Starkey et al. 2007; Yli-Mattila et al. 2009).
These and other studies have also investigated the toxigenic profile
(chemotype) of isolates using genetic markers and chemical analyses.
Within the FGSC, differences in trichothecene chemotype are
encoded by interacting balanced polymorphisms at both ends of the
TRI biosynthetic gene cluster (Alexander et al. 2011; Kimura et al.
2003; Lee et al. 2002; Ward et al. 2002) and by differences in the
unlinked Tri1 gene (Varga et al. 2015). This genetic variation has

been exploited for the development of PCR primers (Lee et al. 2001;
Liang et al. 2014; Nielsen et al. 2012; Pasquali and Migheli 2014;
Ward et al. 2002) or Luminex probes (Garmendia et al. 2018; Sarver
et al. 2011; Ward et al. 2008) for genotyping to predict the type of
trichothecene produced by individual isolates.

Recently, two reviews were published focusing on the systemat-
ics, occurrence, and distribution of species and chemotypes of the
FGSC (Aoki et al. 2012; van der Lee et al. 2015). Two quantitative
reviews on the distribution of FGSC have also been published, but
these are limited in the geographic coverage and species included.
The first summarizes occurrence and spatial distribution within the
FGSC and Fusarium culmorum, with an associated database of che-
motype diversity, but is restricted to strains isolated from cereals in
several countries in Europe (Pasquali et al. 2016). In the second
review, the focus was on how climate might affect the occurrence
and distribution of three members of the FGSC members, F. grami-
nearum sensu stricto (hereafter F. graminearum), Fusarium asiati-
cum, and Fusarium boothii (Backhouse 2014).

In this study, we conducted a systematic analysis of the peer-
reviewed literature to summarize and map the global distribution of
FGSC species and associated trichothecene chemotypes. The spe-
cific objectives were to (i) screen the literature since 2000 and orga-
nize a database of peer-reviewed studies within which members of
the FGSC were identified; (ii) conduct a bibliographic and author-
ship network analysis; (iii) collect strain ID data and metadata at
both the strain and study (summary of frequency) level; (iv) summa-
rize trends in the identification methods and distribution of species
and chemotypes by geography, host, and year; and (v) build an
online dashboard for searching and visualizing publication and strain
data from the database. The database and interactive interface are
publicly available (https://fgsc.netlify.app) allowing for searches,
summarization, and mapping of strains according to several criteria
including article, country, host, species, and trichothecene genotype.
The database will be updated as new articles are published with the
expectation that it will be useful for guiding future surveys and
exploring factors associated with species distribution such as climate
and land use. Authors are encouraged to submit data at the strain
level to the database.

MATERIALS AND METHODS

Literature search and data gathering for the databases. Since
2017, we have been conducting bibliographic searches across three
major databases (Google Scholar, Scopus, and Web of Science) using
the following keywords: “FGSC” and “Fusarium graminearum spe-
cies complex.” To facilitate the task, a “Google Alert” was employed
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using these keywords, so that automatic messages were sent each
time a study containing either of these keywords was published.

Titles and abstracts of the search results were examined, and when
these suggested that the strains had been identified to the species level
by sequence-based molecular methods, the main text was further scruti-
nized. Several associated metadata were collected from each selected
publication, and each was added to one or two separate databases
(maintained as online Google spreadsheets): 1) a spreadsheet named
“FGSC publication database,” which contained all metadata of biblio-
graphic information as well as the number and identity of FGSC strains
and hosts; and 2) a spreadsheet named “FGSC isolate database,” which
included year, geographic location (municipality, state/province, coun-
try), latitude, longitude, and host sampled, and the species and tricho-
thecene chemotype (toxin production using chemical methods) or
genotype (toxigenic potential using molecular assays targeting TRI
genes) together with the respective method utilized. The overall work-
flow for gathering of data for the two databases is presented in Fig. 1.

Data description and summary. Metadata were described with
summary statistics, tables, graphs, and maps to display absolute
numbers and relative frequencies for several categorical and numer-
ical variables (see metadata of the two databases in Fig. 1). A mul-
tiple correspondence analysis (MCA) was performed, given that the
nature of multiple variables describing the isolates was nominal, to
detect and represent underlying structure in the strain database
(Hjellbrekke 2018).

Scholarly and country network analysis of article database.
A scholarly collaborative network analysis was used to detect
connections among authors and identify research communities
(Kolaczyk and Cs�ardi 2020). Authors on the same publication (coau-
thors) were grouped together and linked to other publications

whenever authorship was shared. Each author is considered a “node”
in the network, and the connections between them are the “edges”
(or links). Several statistics were used in this analysis including com-
munity detection (group of authors), network transitivity (the odds of
two scholars sharing a common collaborator), node degree (number
of connections for a single author), and betweenness (individuals
who influence the flow around a system) (Kolaczyk and Cs�ardi
2020). The same analysis was conducted using countries as nodes.
The Walktrap method, in which short random walks tend to stay in
the same community, was used to detect communities in the network
graphs, which were represented by different colors. The network
analysis was performed in R using the igraph package (Cs�ardi and
Nepusz 2006).

RESULTS

Peer-reviewed article database. Bibliographic analysis. Scru-
tiny of the literature yielded 123 peer-reviewed publications that
reported phylogenetic species within the FGSC (Supplementary
Table S1). The earliest publications included the foundational
phylogeographic study by O’Donnell et al. (2000) identifying seven
distinct species within the FGSC, identification of an eighth
phylogenetic species within this complex and demonstration that
trichothecene chemotype diversity had been maintained by selec-
tion throughout the evolution of the FGSC and related species
(Ward et al. 2002), and the first formal description of seven
unnamed members of the FGSC and assignment of species names
with F. graminearum retained for the most common species within
Europe and North America, the continents where F. graminearum and
Gibberella zeae, respectively, were formally described (O’Donnell

FIGURE 1
General workflow for compiling data on bibliographic references and strains of Fusarium graminearum species complex for further analysis and
development of a global database for mapping, which is accessible at https://fgsc.netlify.app.
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et al. 2004). From 2005 onward, the average number of publica-
tions per year was seven, ranging from 0 (in 2006) to 12 (in 2011
and 2020). Eighty percent of the articles were published between
2011 and 2021.

The studies were published in 40 different journals, with the
large majority belonging to the subject areas of plant science/plant
pathology, mycology, food science and technology, microbiology,
and toxicology. Nearly half of the articles (48%) were published in
one of these six journals: Plant Disease (n = 14), Plant Pathology
(n = 11), Toxins (n = 9), Phytopathology (n = 9), Fungal Genetics
and Biology (n = 9), and the International Journal of Food Micro-
biology (n = 8) (Fig. 2B).
Article title text mining. A text analysis of the words in the title

of all publications (n = 123) identified 389 words, after excluding
“stop words” (a set of commonly used words in a language [e.g.,
“a”, “the”, “is”] that carry very little information), which were
ordered by frequency and displayed in a wordcloud map (Fig. 3).
Authorship analysis. The selected group of studies included 498

unique authors representing 37 countries across six continents. The
four countries that contributed the largest number of authors were
the United States (n = 46 authors), China (n = 31), Brazil (n = 16),
and Argentina (n = 14). Sixteen countries each contributed a single
author (Fig. 4A). Most studies were conducted collaboratively by
authors from the same country (n = 62 studies), followed by two
(n = 46), three (n = 11), or four and six countries (n = 1 for each).

Among studies that included authors representing at least two
countries, there were two relatively large communities (subgraph
defined by colors) composed of authors from at least six different
countries (Fig. 4B). The largest nodes (highest number of connec-
tions) in these two communities were based in the United States,
China, and The Netherlands. Two small communities were formed
by researchers in Italy as the largest node with authors from Lux-
embourg and Spain. One community was represented by a single
publication by researchers in Latvia and Lithuania.

The largest subgraph (community with vectors in black) was
led by researchers from the United States, who have had direct

collaborations with scientists from institutions in 19 other countries
from six continents. In the second largest community (blue vectors),
China and The Netherlands interacted with researchers from eight
and seven other countries, respectively. The number of authors per

FIGURE 2
A, Number of peer-reviewed publications per year reporting species and chemotypes identified using molecular methods in the Fusarium grami-
nearum species complex (FGSC) isolated from several hosts. The fill colors represent whether geographic location of the strain was obtained from
the main text or supplementary files of the publication or directly from the authors, as well as cases in which this information was not available. B,
Twelve scientific journals with the largest number (three or more) of peer-reviewed studies on FGSC published between 2000 and 2021.

FIGURE 3
Wordcloud map of 384 words (excluding the words in “Fusarium gra-
minearum species complex”) identified after text mining analysis of
words in the title of 123 peer-reviewed publications on the Fusarium
graminearum species complex published between 2000 and 2021.
(See Supplementary Table S1 for the full list of articles.)
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publication ranged from three to nine, with a median of eight
authors. Twelve researchers authored at least six articles, while four
researchers authored at least 10 articles (data not shown).

The authorship network positioned the most prolific (degree of 190)
and influential (betweenness = 0.31) researcher in the central position
(largest node) (Ward, TJ; Fig. 5). Six additional highly influential
researchers had betweenness values of at least 0.035. The authorship
network highlighted 14 authors (largest nodes) who collaborated with
at least 38 individuals (degree), and who are centrally located and
highly connected to other larger communities, identified by color. The
probability that two authors with a common coauthor were themselves
coauthors (transitivity) was 0.473. The subgraphs depict communities
that are mostly grouped by country, as expected. The largest of these
included the U.S. community (Ward, O’Donnell, Kistler, Gale); Dutch
(Waalwijk, van der Lee) and Chinese researchers (Zhang, Feng);
South Korea (Lee, Choi); China (Chen); Brazil (Del Ponte); and
Argentina (Chulze). Twenty-three of 123 single studies formed iso-
lated, small clusters (see the outer edge of the network) representing
authors who did not publish with authors from the other studies.
FGSC species and chemotypes by publication. A total of

26,644 isolates identified to species level were reported by the 123
peer-reviewed studies. The number of strains per study ranged from
one (Dong et al. 2020) to 4,062 from a continent-wide survey
(Kelly et al. 2015). The mean number of strains per study was
218.4, but half of the studies included at least 62 strains (median).

The dominant species was F. graminearum, reported in 106 stud-
ies. Five other species appeared in at least eight studies: F. asiaticum
(47 studies), Fusarium meridionale (36), F. boothii (20), Fusarium
cortaderiae (18) and Fusarium austroamericanum (9). Ten addi-
tional species were each reported in at least one study.

Trichothecene chemotype diversity varied across the FGSC, with
chemotype polymorphism observed in some species while others
appear to be fixed for a specific trichothecene type. For example, F.
graminearum and F. asiaticum were segregating for all three type
B trichothecene chemotypes. The most prevalent was DON/15-
ADON (n = 84 studies), followed by DON/3-ADON (n = 41) and
NIV (n = 23). Two studies reported the presence of a DON/NIV
chemotype in F. graminearum. In F. asiaticum, the NIV type was
reported in 35/47 studies, followed by DON/3-ADON (n = 21 stud-
ies), and DON/15-ADON (n = 10 studies). Five of the six FGSC
are segregating for NIV and 3-ADON. F. meridionale was the only
species segregating for NIV and 15-ADON, but the 15-ADON type
was found in just one isolate (Del Ponte et al. 2015). However, the

NIV chemotype was reported in 28 of the 35 F. meridionale stud-
ies. Despite being reported in 20 studies, F. boothii appears to be
fixed for the 15-ADON chemotype. More recently, the type A
trichothecene NX-3 and its 3-acetyl derivative, NX-2 were reported
(n = 4 studies) in F. graminearum from North America.
Cereal hosts by publication. A total of 45 hosts were included

in the 123 studies. The top six hosts sampled were wheat (n = 71
studies), maize (n = 33), barley (n = 29), rice (n = 12), soybean
(n = 8), and oats (n = 6). Other hosts were included in fewer than
three publications each, with 30 represented by a single report.

Summary of the FGSC strain database. Strains by country.
Strains associated with geographical information (n = 16,274),
either provided as raw data or extracted from the publications, were
sampled across six continents and 32 countries (Fig. 6). The major-
ity (>10,000 strains) were obtained from cereal crops grown in the
Americas (Canada, Brazil, and the United States) and in China. In
Europe, the most sampled countries (>100 strains) were France,
The Netherlands, and Norway. In Asia, aside from China, the most
sampled countries (>100 strains) were Japan and South Korea. The
only study from Africa that included >100 strains was from South
Africa (560 strains) (Boutigny et al. 2011).
Methodology for species and chemotype identification. Mor-

phological characters have proven to be inadequate for the identifi-
cation of individual species within the FGSC (Aoki et al. 2012).
As such, species identifications are performed using a variety of
DNA-based methods. Analyses of DNA sequences from individual
genes represents the gold standard for identifying individual isolates
to species level within the FGSC. Unfortunately, many of the sequen-
ces available in the GenBank database are associated with inaccurate
species information and may be misleading (O’Donnell et al. 2015).
To address this, the FUSARIUM-ID (http://isolate.fusariumdb.org/
blast.php) and Fusarium MLST (https://fusarium.mycobank.org) data-
bases of curated DNA sequence data, primarily from translation elon-
gation factor 1-a (TEF1) and the DNA-directed RNA polymerase II
largest (RPB1) and second largest subunit (RPB2), were developed to
facilitate identification of the FGSC and other fusaria via BLASTn
queries. A primer for conducting and interpreting the results of such
analyses was provided by O’Donnell et al. (2015). However, targeted
sequencing of individual genes and associated analyses can be rela-
tively laborious and has been used to identify 11% (n = 1,807) of the
FGSC isolates included in the studies analyzed here.

Some studies employed multiple methods to identify species within
the FGSC, but most of the strains were identified using a multilocus

FIGURE 4
A, Global map depicting the number of authors per country of origin. B, Network graph depicting countries as nodes and subgraphs (repre-
sented by different colors of the nodes) as communities of countries. These were defined using a Walktrap method (in which short random
walks tend to stay in the same community). The data represents 121 peer-reviewed studies reporting species and chemotypes of the Fusarium
graminearum species complex sampled across several hosts and published between 2000 and 2021.
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genotyping assay (MLGT) employing a Luminex flow cytometer (n =
12,317 strains; 75.6%). This extensively validated and high-
throughput method relies on probes targeting nucleotide variation
within multiple genes to simultaneously determine the species identity
and trichothecene chemotype of isolates (Ward et al. 2008). The
MLGT method has also enabled the discovery of novel FGSC and F.
graminearum Clade species (sensu Laraba et al. 2021) and interspe-
cific hybrids (Boutigny et al. 2011, 2014; Pereira et al. 2018; Sarver
et al. 2011). A smaller number of studies have employed fragment
analysis of polymorphic markers (RFLP, AFLP or ISSR; n = 1,686;

10.3%), and polymerase chain reaction (PCR) with species-specific
primers (e.g., Fg16; n = 1,427; 8.7%).

Genotype analysis was the most common method for assessing
the trichothecene type of individual strains. The MLGT method
was most frequently used (n = 11,032 strains; 67.8%), followed by
chemotype-specific PCR primers targeting at least one of the TRI
genes (n = 4,103 strains; 10.3%). The recent discovery of a rela-
tively small number of F. graminearum isolates producing NX-2
and related type A trichothecenes represents variation that was not
accounted for in the original design of many genotype-based

FIGURE 5
Network graph depicting authors as nodes and subgraphs (represented by different colors of the nodes) as communities of authors. These
were defined using a Walktrap method in which short random walks tend to stay in the same community. The communities are highly connected
due to shared authorship of 123 studies reporting species and chemotypes of Fusarium graminearum species complex (FGSC) isolates sam-
pled across several hosts published between 2000 and 2021. Larger nodes are labeled with the names of authors with more than 37 connec-
tions (coauthors).
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methods. A PCR-RFLP approach targeting TRI1 was developed to
distinguish NX-2 from the 3-ADON chemotype (Liang et al. 2014),
and the MLGT assay was subsequently upgraded to differentiate
these chemotypes as well (Garmendia et al. 2018).

Chemical analyses can be used to document the actual produc-
tion of trichothecene metabolites or the relative amounts of different
trichothecenes that may be produced by an isolate under specific
conditions. However, their application has been limited by cost and
availability. Analytical chemistry was used to determine trichothe-
cene toxin production in 1,286 strains (�8% of the strains). The
most common method was chromatography (e.g., high-performance
liquid chromatography, gas chromatography-mass spectrometry, liq-
uid chromatography-mass spectrometry), which was used to chemo-
type 1,099 strains (85%).
Strains by host. The most sampled hosts, with at least 801

strains recovered from each, were four commercially grown cereal
crops: wheat (n = 12,233 strains, 75.1%), maize (n = 1,706, 10.5%),
barley (n = 980, 6%), and rice (n = 801 strains, 4.9%). Fewer than
90 strains were obtained from oats (n = 89, 0.54%), and soybean
(n = 77, 0.47%). Fewer than 26 strains (0.15%) were recovered from
the other hosts (cereal and noncereals). The host of origin was not
reported for 201 strains.
Strains by FGSC species. Within the whole collection of charac-

terized strains (n = 16,274), F. graminearum was dominant, with
11,760 strains (72.2%), followed by F. asiaticum (n = 3,052,
18.7%), F. meridionale (n = 816; 5%), F. boothii (n = 279; 1.7%),
F. cortaderiae (n = 201; 1.3%) and F. austroamericanum (n = 50,
0.3%). The following species were represented by 10 to 50 strains
each: Fusarium nepalense (n = 41), Fusarium aethiopicum (n =
22), Fusarium vorosii (n = 16), Fusarium ussurianum (n = 12), and
Fusarium acaciae-mearnsii (n = 10). Finally, species with less than
10 strains were Fusarium brasilicum (n = 5 strains), F. boothii × F.
graminearum hybrid (n = 3), Fusarium gerlachii (n = 3), Fusarium
louisianense (n = 2), and Fusarium mesoamericanum (n = 2).
Strains by chemotypes. Among the three most frequent chemo-

types, DON/15-ADON was dominant (n = 9,067 strains) followed by
DON/3-ADON (n = 3,475) and NIV (n = 2,437). Other less fre-
quently chemotypes, as reported, were: DON (n = 39), NX2 (n = 36),
DON/NIV (n = 18), NX2/3ADON (n = 5), and 4,15-diANIV (n = 2).

Strains by host × species × chemotypes. The MCA was conducted
to depict associations among the four most sampled hosts, six most
represented species, and three most frequent chemotypes, totaling
14,393 strains. The MCA map confirmed the close associations
between these levels and factors. The first and second dimensions
retained a modest proportion of 37.1% (16.7%+20.4%) of the total
inertia (variation) contained in the data. This was similar to the
result when each factor was analyzed separately, but the MCA
more clearly connected the host with the species, and the species
with the chemotypes. For example, F. graminearum, a species com-
posed primarily of the DON/15-ADON chemotype, clustered more
with wheat and barley than with the other crops. F. asiaticum,
which was more commonly NIV or 3-ADON, was more closely
related to rice. F. meridionale (NIV chemotype) and F. boothii
(15-ADON chemotype) were more closely associated with maize.
F. austroamericanum, found mainly in wheat and barley, was rep-
resented primarily by the 3-ADON chemotype.

Global mapping of species and trichothecene toxin chemotypes.
The global species composition appeared to be structured by region
and host of origin. For example, F. meridionale was most prevalent
in the lower latitudes of South America (associated with maize)
and also in central-south region of China (Fig. 7A). F. graminea-
rum was the most frequent species globally and was recovered
across a wide range of latitudes. F. boothii was found primarily in
South Africa, M�exico, Argentina, and north Asia, with scattered
incidence across other continents. F. asiaticum was most prevalent
in Asia but has also been reported on rice and wheat in South
America and wheat in a major rice-growing region of North Amer-
ica (Fig. 8).

DISCUSSION

We conducted a systematic analysis of peer-reviewed studies
reporting on species within the FGSC. After a comprehensive and
quantitative analysis of the literature, we have summarized the past
20 years of research on FGSC strains isolated from cereal and non-
cereal hosts worldwide. Our study updates and complements a
recent review of the global composition and spatial distribution of
FGSC (van der Lee et al. 2015). Collectively, the studies included

FIGURE 6
A, Global distribution of 16,274 Fusarium graminearum complex strains identified to species using molecular methods. These were reported in 123
peer-reviewed studies published in 30 journals from 2000 to 2021. B, The map represents the number of strains in the top 10 most sampled countries.
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here provide a broad geographic assessment of FGSC species and
chemotype diversity from different crops/substrates. The extent to
which FGSC diversity was incorporated into the design and valida-
tion of different typing methods should be considered when inter-
preting the results of individual studies.

FGSC research during the past two decades can be divided into
two phases. The first phase was characterized by the discovery that
the morphospecies F. graminearum comprises at least 16 phyloge-
netic species, and development of tools to facilitate identification of
these species and their trichothecene genotypes. It should be noted
that four species basal to the FGSC, in what is now recognized as
the Graminearum Clade (Laraba et al. 2021), were discovered and
described during roughly the same period. These included Fusar-
ium pseudograminearum, which was previously discovered and/or
described as the group 1 population of F. graminearum (Aoki and
O’Donnell 1999), Fusarium dactylidis from orchard grass in
Oregon and New Zealand (Aoki et al. 2015), Fusarium praegrami-
nearum from maize field litter in New Zealand (Gr€afenhan et al.
2016), and Fusarium subtropicale from barley in Brazil (Pereira
et al. 2018). During the second phase, these advancements were
widely adopted, including use of binomials for the phylospecies
and genotyping tools for large-scale surveys, leading to a rapid rise
in the number of studies published each year. Some of this increase
was related to wider availability of cost-effective methods for spe-
cies identification and chemotyping. More intensive within-
continental and cross-continental scientific cooperation, led by
research groups from North America and Europe that appear as
major nodes in our network analysis, also played an important role.
Strengthened global collaborations have facilitated the extension
and expansion of surveys to crops other than wheat and barley,
including maize and rice. There has also been an expansion in
regional surveys in previously underrepresented areas, and these
efforts have dramatically increased the number of peer-review stud-
ies assessing FGSC species and chemotype diversity over the past
10 years.

Overall, the research included in the present study was published
in more than 40 journals with a broad range of impact factors and
target audiences. This was likely driven by an interest in delivering
information at more regional or local levels, and by close connec-
tions with a range of fields including mycotoxicology, plant

pathology, mycology, and food microbiology. Expanded collabora-
tion among groups worldwide, particularly during the last decade,
has increased the number of studies published in international jour-
nals with a more global audience, mainly in the field of plant
pathology. One-third of the papers appeared in four journals pub-
lished by international plant pathology professional societies.

The present review highlights two interesting points regarding
FGSC species diversity. First, no novel member of the FGSC has
been discovered since the study by Sarver et al. (2011), despite the
several thousands of strains that were molecularly identified. Sec-
ond, 11 of the 16 species comprise only 1.3% of all strains in the
database. The available data suggests that the 11 less commonly
collected species may be restricted in their geographic distribution
and/or host, and further documentation of their distribution should
be made based on pathogen surveys rather than speculation.

It is apparent that host is an important driver of the regional com-
position of FGSC species. Sampling to date has been conducted pri-
marily in commercial cereal fields where a few species are globally
dominant. The most common FGSC species in the surveys, F. grami-
nearum, was distributed worldwide on wheat and other cereals.
However, F. asiaticum appears to be better adapted to rice agroeco-
systems and is the most common member of the FGSC on rice in
Asia (Lee et al. 2010), but also in other crops in some parts of Asia
including barley (Yang et al. 2008) and wheat (Zhang et al. 2012),
depending on the crop rotation. More recently, F. asiaticum was
found to be the dominant species on rice in South America (Gomes
et al. 2015) and has also been observed on wheat in rice production
regions of the United States (Gale et al. 2011) and Uruguay (Umpi�er-
rez-Failache et al. 2013). Similarly, F. meridionale was more preva-
lent than F. graminearum on maize and rice in South America, and
F. boothii was dominant on South African maize (Boutigny et al.
2011). The reasons for the observed variation in species dominance
are not entirely clear, but recent studies have suggested that differ-
ences in aggressiveness among the species may play a role (Machado
et al. 2021).

Higher FGSC species diversity was found in wheat crops grown
at lower latitudes, near to or within subtropical environments (Per-
eira et al. 2021; Umpi�errez-Failache et al. 2013). This suggests that
there is also an effect of climate in shaping species distributions, as
posited previously by a modeling study (Backhouse 2014). For

FIGURE 7
A, Multiple correspondence analysis plot depicting association among variables representing cereal hosts, Fusarium graminearum species
complex species, and trichothecene chemotypes (sample size = 14,393 strains). The number of B, strains per host and C, species are shown.
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example, although members of the FGSC can be found in the
tropics, a drier environment during the season limits disease occur-
rence, which, in turn, decreases inoculum availability. However,
this can be easily confounded with the effect of different host spe-
cies, which is also dependent on climate. It appears that a small
group of minor species including F. meridionale, F. boothii, and F.
cortaderiae are more frequent in subtropical conditions where there
is an abundance of other grasses year-round. A study in Brazil that
surveyed a relatively small collection of FGSC in annual ryegrass
showed an increased frequency of these minor species in comparison
with their composition on major crops like wheat (Machado et al.
2015). A recent study in the United States reported FGSC as endo-
phytes in several wild grasses, but the phylogenetic species were not
identified (Lofgren et al. 2018).

Among the three main chemotypes from global surveys, 15-ADON
represented more than half of the strains, while 3-ADON and NIV
were less frequent and restricted in distribution (Fig. 9). The 3-ADON
chemotype prevailed at higher latitudes, while NIV was more frequent
at lower ones, as suggested by our global map. Whether these species
have different requirements of temperature is not entirely clear, as it is

difficult to disentangle a triple interaction effect that includes climate,
host, and fungal species that shape chemotype composition. Additional
global surveys are needed to address whether some of the rarely col-
lected species are fixed for a specific chemotype. Relative chemotype
frequencies in F. graminearum and F. asiaticum, which are segregat-
ing for all three trichothecene toxin chemotypes globally, appear to be
shaped by region-specific factors. However, changes in chemotype
frequency can change rapidly as evidenced by the introduction and
spread of a nonnative 3-ADON population in North America (Ward
et al. 2008).

As further steps in research, we suggest that results of the patho-
gen and trichothecene toxin surveys need to be translational with the
goal of providing plant disease specialists with critical information
needed to employ effective plant disease strategies and inform plant
breeder’s efforts focused on developing cultivars with broad-based
resistance to the spectrum of FGSC species present in a specific area.
Knowledge that some FGSC species are more competitive, on a par-
ticular cereal than others, should be used by genome biologists to
identify host-specific virulence factors, and QTLs in the host to breed
more resistant cultivars.

FIGURE 8
Global distribution of the six most prevalent species of the Fusarium graminearum species complex. The geolocations of 16,158 of 16,274
strains of these six species were obtained from authors or extracted from studies published in 121 scientific journals between 2000 and 2021.
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An important outcome of the present research is a website (https://
fgsc.netlify.app) that facilitates searching, visualization, and download-
ing of data and reports in both tabular and graphic format. The system
is composed of three main views (grid, map, and chart), all of which
allow for interactive navigation, searching, and selection of data for
display. For example, data filtered or searched for in the grid view can
be downloaded in csv or xlsx format, and screenshots can be taken
from the maps and plots. All website content (data and summaries)
can be downloaded and used freely according to a Creative Commons
Attribution 4.0 International (CC BY 4.0). The database will be
updated as more papers are published, and we encourage all members
of the research community to deposit raw data from their prior and
future work on the topic following instructions on the website, which
is an online spreadsheet of the web-based Google Docs Editor Suite.
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