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Abstract
As Ethiopia pushes toward self-sufficiency in wheat production, it has 
escaped large outbreaks of Fusarium head blight (FHB), a disease that 
threatens wheat production globally. However, in 2022, FHB incidences 
in Ethiopia rose to 80%, with some areas experiencing 100% disease 
severity. Here we provide insights into the etiology of this disease out
break and point toward future directions to mitigate the emerging threat 
of FHB on a global scale. Although most wheat samples from 2022 
exhibited low trichothecene levels, 26% exceeded recommended 
thresholds and several contained multiple trichothecene variants. We 
obtained 64 isolates from the outbreak and identified diverse members 
of the Fusarium graminearum species complex (FGSC) and many 
Epicoccum species. The FGSC species contributing to the outbreak are 
rare on a global scale. Genomic analyses reveal that Fusarium aethio
picum has persisted in Ethiopia for decades and shares ancient ancestry 

with a newly emerged novel species in the FGSC that we formally de
scribed as Fusarium kistleri. Single-nucleotide polymorphism–based 
analyses suggest high clonal fraction among FGSC isolates in 
Ethiopia, raising questions about a recent population expansion. Our 
findings reveal that although Epicoccum alone causes minimal disease 
on wheat, its presence can have a small but synergistic impact on disease 
symptoms when F. graminearum has already infected. The unique di
versity and species composition of the 2022 Ethiopian outbreak under
scores the importance of addressing emerging threats in a globalized 
agricultural economy to secure food safety, food security, and global 
food equity.
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Wheat is a staple food crop worldwide, with global production 
exceeding 800 million tons in 2022 (Food and Agriculture 
Organization of the United Nations 2021), providing 20% of daily 
calories and protein (Shiferaw et al. 2013). Ethiopia is the second 

largest producer of wheat in Africa behind Egypt, producing 
5.2 million tons in 2022 (Food and Agriculture Organization of the 
United Nations 2021). The Ethiopian government and international 
organizations have supported efforts to increase wheat production, 
aiming to transition Ethiopia from a wheat importer to a self- 
sufficient producer and exporter; this initiative has included at 
least $94 million in international financial support (Reidy 2024). 
Bread wheat (Triticum aestivum L.) and durum wheat (Triticum 
turgidum var. durum) are the main species grown in Ethiopia. 
Cultivation is typically relegated to the highland regions in Oromia 
and Amhara at elevations ranging from 1,600 to 3,500 m above sea 
level (Anteneh and Asrat 2020) and is dominated by smallholder 
farmers (Demeke and Di Marcantonia 2013; Minot et al. 2015). In 
addition to providing food security as a staple food crop in Ethiopia, 
wheat production provides a livelihood for millions of smallholder 
farmers and laborers, contributing significantly to the country’s 
gross domestic product (Amentae et al. 2017; Minot et al. 2015; 
Negassa et al. 2013). Although work has been done to improve wheat 
yields in Ethiopia, there are still major barriers to reaching the goal of 
self-sufficiency including infrastructure, agricultural practices, and 
diseases (Anteneh and Asrat 2020; Tadesse et al. 2019).

Fusarium head blight (FHB) is one of the most important diseases 
of wheat and other cereal crops worldwide (Alisaac and Mahlein 
2023; Schmale and Bergstrom 2003), leading to billions of dollars 
in losses globally (McMullen et al. 2012). FHB is predominantly 
caused by species in the Fusarium graminearum species complex 
(FGSC) (O’Donnell et al. 2004). Fusarium graminearum Schwabe is 
the species most commonly associated with FHB (Goswami and 
Kistler 2004; O’Donnell et al. 2000; Starkey et al. 2007; Xu et al. 
2022). In addition to yield reductions, cereals with FHB are 
contaminated with mycotoxins, most notoriously, trichothecenes, 
that threaten human and animal health (Desjardins 2006). The 
FGSC exhibits a diversity of trichothecene chemotypes, with 
different isolates producing nivalenol (NIV) (Gale et al. 2011), 
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15-acetyl-deoxynivalenol (15ADON), 3-acetyl-deoxynivalenol 
(3ADON) (Goswami and Kistler 2004; Ward et al. 2002), or NX-2 
(Varga et al. 2015). Both acetylated derivatives of deoxynivalenol 
(15ADON and 3ADON) are converted to DON through deacetyla
tion during plant infection, contributing to overall DON toxicity 
(Schmeitzl et al. 2015). Research suggests that chemotype is asso
ciated with host range, fitness traits, and toxin accumulation in the 
host (Gale et al. 2011; Kelly and Ward 2018). Additionally, the 
virulence of the FHB pathogen can be directly related to the level of 
trichothecene produced in the plant (Hao et al. 2023; Jansen et al. 
2005). Many countries have established regulations for permissible 
levels of these mycotoxins in both processed and unprocessed foods 
(Haile et al. 2019). However, not all countries have developed my
cotoxin detection networks, leaving nations vulnerable to export 
rejections and contamination risks in staple food sources (Ayelign 
and De Saeger 2020).

Over the last decades, FHB outbreaks have increased globally 
because of changes in agricultural practices, such as reduced tillage, 
use of susceptible wheat varieties, and intensification of wheat 
production, as well as the impact of environmental instability 
(Alisaac and Mahlein 2023). Ethiopia’s push toward wheat self- 
sufficiency has not been spared this scourge. Indeed, upon discov
ery of a new FGSC specie in Ethiopia, Fusarium aethiopicum, 
O’Donnell et al. (2008) suggested that the majority of species within 
FGSC have evolutionary origins in the Southern Hemisphere. 
Although F. aethiopicum poses a potential threat to African wheat, 
global research has prioritized species that are more common in other 
regions (Amarasinghe et al. 2019; Del Ponte et al. 2022; Laraba et al. 
2023; McMullen et al. 2012), leaving a globalized agroeconomy 
vulnerable to emerging FHB pathogens. FHB has not historically 
posed a significant threat in Ethiopia; instead, the large impact of rust 
diseases has been the focus of the country’s research (Allen-Sader 
et al. 2019; Nigus et al. 2022; Tadesse et al. 2022). However, in 
recent years, reports of FHB outbreaks have increased in Ethiopia, 
with prevalence reaching up to 90% in wheat fields surveyed 
(Kebede et al. 2021) and the disease reaching epidemic levels in 
2022. The lack of historical data on this emerging threat has 
prompted Ethiopian farmers to seek guidance on controlling FHB in 
their fields (A. Gemechu, personal observation).

Many of the current FHB management practices have been de
veloped in the United States and Europe, leaving questions about 
what approaches will translate to African growing environments. 
Although FHB resistance in wheat lines can be helpful for disease 
management (Getahun et al. 2024), it is unclear which cultivars 
would be most resistant in Ethiopia. Addressing the threat of FHB 
that emerged in 2022 has been challenging owing to limited 
knowledge about the outbreak’s etiology. In this study, we sought to 
clarify the etiology of the 2022 FHB outbreak in Ethiopia to provide 
a foundation for disease management decisions in the future. 
Additionally, we describe a novel Fusarium specie isolated from 
wheat in Ethiopia based on morphological and phylogenetic dis
tinctions. The specific objectives of this study were to (i) identify the 
causal pathogens associated with FHB symptoms on wheat; (ii) 
quantify trichothecene contamination of wheat flour; (iii) determine 
trichothecene chemotype of FGSC isolates; and (iv) determine the 
genetic relationship of the Ethiopian FGSC isolates compared with 
public data.

Materials and Methods

Fungal isolates
Symptomatic wheat samples were collected from randomly se

lected fields in the Oromia (East Shewa Zone) and Amhara (North 
Shewa Zone) regions of Ethiopia in 2022 (Fig. 1). The samples were 
collected from 10 to 15 wheat heads per field exhibiting typical 
symptoms of FHB. Three to five symptomatic kernels from each 
head were surface sterilized in a 5% sodium hypochlorite solution for 
3 min and rinsed three times in distilled water for 3 min. Kernels were 
placed on potato dextrose agar (PDA). After 7 to 10 days, a total of 
64 isolates were purified by single-spore isolation. Plugs of the 

resulting colonies were preserved as 50% glycerol stocks at −80°C. 
To obtain wheat flour for trichothecene quantification, the remaining 
wheat heads were threshed and winnowed manually. Grain samples 
of 50 g were ground using a sample grinder and prepared for 
trichothecene evaluation as described below.

Fungal DNA extraction and PCR amplification
To obtain DNA for PCR amplification, all 64 isolates were grown 

in complete medium (Correll et al. 1987) for 4 days at 25°C, washed 
with sterile water, frozen at −80°C, and lyophilized. DNA was 
extracted as described in Drott et al. (2019) with minor mod
ifications. Briefly, lyophilized tissue was disrupted for 45 s using 
a Mini-Beadbeater-8 Cell Disrupter (BioSpec Products, Bartlesville, 
OK, U.S.A.) set on Homogenize and centrifuged for 30 s at full speed 
(21,300 rcf), and 750 μl extraction buffer was added. Samples were 
then vortexed for 20 s, incubated for 10 min in a 95°C Fisherbrand 
Isotemp FS Drybath heat block (Fisher Scientific, Emeryville, CA, 
U.S.A.), and then centrifuged for 15 min at 16,000 rcf. The super
natant (approximately 500 μl) was then transferred to a new tube. 
DNA was diluted 1:4 in nuclease-free water for use as template 
for PCR.

Fungal ITS region was amplified using primers ITS1F 5¢- TCC 
GTAGGTGAACCTGCGG-3¢ and ITS4 5¢-TCCTCCGCTTAT 
TGATATGC-3¢ (White et al. 1990). PCR amplification was per
formed in 20-μl reactions with 0.5 units of TAKARA ExTaq (Takara 
Bio U.S.A., San Jose, CA, U.S.A.), 1× TAKARA ExTaq buffer, 
1 μM of each primer, 0.2 mM of TAKARA dNTPs (2.5 mM each 
dNTP), 1 μl of DNA template, and nuclease-free water to 20 μl. 
DNA amplification was conducted in an Bio-Rad DNA Engine 
thermocycler (Bio-Rad Laboratories, Hercules, CA, U.S.A.) with the 
following program: initial denaturing of one cycle of 94°C for 2 min, 
followed by 29 cycles of denaturing at 94°C for 1 min, annealing at 
55°C for 1 min, extension at 72°C for 1 min, a final extension at 72°C 
for 10 min, and holding at 10°C. The PCR product (5 μl) of each 
sample was run on a 1% agarose gel (Seakem LE, Lonza, Basel, 
Switzerland) with 0.5× Tris-Borate-EDTA (TBE) buffer for gel 
electrophoresis. Single amplicons of approximately 600 bp were 
observed. The remaining PCR product (15 μl) of each sample was 
cleaned with ExoSAP-IT PCR Product Cleanup (Thermo Fisher 
Scientific, Waltham, MA, U.S.A.) as per Lofgren et al. (2018). 
Cleaned samples were Sanger sequenced using primer ITS1F and 
ITS4, each in individual reactions, at Azenta Life Sciences 
GENEWIZ (South Plainfield, NJ, U.S.A.). Sequences were trimmed 
using Benchling (https://www.benchling.com/). If both primer 
sequencing reactions for an isolate were successful, consensus 
sequence was generated using Benchling. Preliminary species 
assignment was obtained using ITS sequences in a BLASTN (ver
sion BLASTN 2.13.0+) search of the core nucleotide database on the 
NCBI BLAST website (Zhang et al. 2000). To confirm species 
identifications, we downloaded all publicly available ITS sequences 
of Sordariomycetes from NCBI on 13 April 2023. The resulting 
dataset was combined with our sequence data and aligned using 
MAFFT (v. 7.475) with the “auto” parameter. Resulting alignments 
were trimmed with trimAl (v. 1.4.rev15) (Capella-Gutiérrez et al. 
2009) using the “automated1” parameter and constructed into phy
logenies with IQtree2 (v. 2.1.2) (Minh et al. 2020) using 1,000 ul
trafast bootstraps and model selection via the “test” parameter.

Trichothecene chemotype
The trichothecene chemotype for all isolates identified as part of 

the FGSC was inferred from genotypic data using 15-O-acetyl
transferase (Tri3) and trichothecene efflux pump (Tri12) multiplex 
PCR (Starkey et al. 2007; Ward et al. 2002) and Tri1 PCR-RFLP 
(Liang et al. 2014). Tri3 and Tri12 multiplex PCR amplification were 
performed in 10-μl reactions with 0.25 units of TAKARA ExTaq, 1× 
TAKARA ExTaq buffer, 0.2 μM of each primer, 0.2 mM of 
TAKARA dNTPs (2.5 mM each dNTP), 2 μl of DNA template, and 
nuclease-free water to 10 μl. PCR amplification was conducted in 
a Bio-Rad DNA Engine thermocycler (Bio-Rad Laboratories) with 
the following program: initial denaturing of one cycle of 94°C for 
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2 min, followed by 25 cycles of denaturing at 94°C for 30 s, 
annealing at 52°C for 30 s, extension at 72°C 1 min, a final extension 
at 72°C for 10 min, and holding at 10°C. The PCR product (5 μl) of 
each sample was run on a 1.5% agarose 0.5× TBE gel. Amplicon 
sizes for trichothecene chemotypes with Tri3 multiplex primers 
were 840 bp for nivalenol; 610 bp for 15-acetyldeoxynivalenol; 
and 243 bp for 3-acetyldeoxynivalenol. Amplicon sizes for 
trichothecene chemotypes with Tri12 multiplex primers: 840 bp 
for nivalenol; 670 bp for 15-acetyldeoxynivalenol; and 410 bp for 
3-acetyldeoxynivalenol.

Tri1 PCR-RFLP PCR reactions used to identify potential NX-2 
producers were performed in 20-μl reactions as described above for 
ITS primers, but with 2 μl of DNA template. The run was conducted 
in a Bio-Rad DNA Engine thermocycler (Bio-Rad Laboratories) 
using the following cycling conditions: initial denaturing of one 
cycle of 94°C for 2 min, followed by 25 cycles of denaturing at 
94°C for 30 s, annealing at 50.3°C for 1 min, extension at 72°C for 
105 s, a final extension at 72°C for 10 min, and holding for 10°C. 
The PCR product (5 μl) of each sample was run on a 1% agarose 
0.5× TBE gel. Remaining sample was digested with ApoI (NEB, 
Ipswich, MA, U.S.A.) in 20-μl reactions with 1× NEB buffer 3.1, 
5 units of ApoI, and 3.5 μl of water. Digests were incubated for 
2 h at 50°C and run on a 1.5% agarose 0.5× TBE gel. Fragment sizes 
following digestion for trichothecene chemotypes were as follows: 
888- and 851-bp fragments for nivalenol, 15-acetyldeoxynivalenol, 
and 3-acetyldeoxynivalenol; 407-, 482-, and 851-bp fragments 
for NX-2.

DNA extractions for whole-genome sequencing
All 12 isolates (Supplementary Table S1) determined to be part of 

FGSC were selected for whole-genome sequencing. To extract their 
DNA, the isolates were grown in complete medium (Correll et al. 
1987) for 4 days at 25°C, washed with sterile water, frozen at −80°C, 
and lyophilized. Tissue was homogenized in a microcentrifuge tube 
containing 0.25 g of 0.5-mm soda-lime glass beads (BioSpec 
Products) for 3 s. DNA was extracted from the disrupted tissue as 
described in (Drott et al. 2020) with slight modifications. Briefly, the 
tissue was dissolved in 700 μl of LETS buffer. The resulting sus
pension was purified by the addition of an equal volume of phenol: 
chloroform: isoamyl alcohol (25:24:1) and centrifuging the tubes at 
15,060 rpm for 10 min at 4°C. This purification was repeated twice, 
with 100 μl less volume each time. Genomic DNA was precipitated 
by adding 1 ml of cold 95% ethanol and pelleted by centrifuging at 
15,060 rpm for 10 min at 4°C. The pelleted DNA was washed with 
70% ethanol, air dried, dissolved in 40 μl of 10-mM Tris buffer 
(pH 8) and 1 μl of RNAse A (10 mg/ml), and then incubated at 50°C 
for 30 min. The DNA was stored at −20°C until sequenced.

Whole-genome sequencing
Whole-genome sequencing for six of the isolates (Supplementary 

Table S1) was performed on an Oxford Nanopore MinION Mk1B 
platform using the Native Barcoding Kit 24 (version 14; SQK- 
RBK114-24) and a FLO-MIN114 flow cell over a 72-h run time 
(Oxford Nanopore Technologies, Oxford, U.K.). Dorado (version 
0.5.0) basecalling software was used to obtain duplex reads and 

Fig. 1. The distribution of sampling locations across Ethiopia and the species identity of resulting isolates. A, A map of Ethiopia where darker dots represent an overlapping of the 
25 total collection locations. Major geographic regions are labeled with the Southern Nations, Nationalities, and Peoples’ Region abbreviated to SNNP. B, A pie chart depicting the 
fungal taxa identification of 64 isolates collected from Ethiopia in 2022. Taxa were confirmed through BLASTN of internal transcribed spacer sequences. Whereas most taxa are 
identified at the genus level, the Fusarium graminearum species complex (FGSC), a subset of the Fusarium genus, is presented separately to emphasize the species that are the 
focus of this study. Identifications below the genus level were based on phylogenetic analyses depicted in Supplementary Figure S3.
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a binary alignment/map (BAM) file for each isolate. We discarded 
the sequences with a minimum quality read score of less than 10 or 
a read length of less than 200 bp. The resulting BAM files were 
converted to FASTQ files using SAMtools (v. 1.9) (Li et al. 2009). 
Genomes were assembled with Flye (v. 2.9.4) (Kolmogorov et al. 
2019) using nanopore hq parameters. QUAST (v. 4.3) (Gurevich 
et al. 2013) was run against the NCBI reference genome assembly 
of F. graminearum PH-1 (GCA_000240135.3) to determine ge
nome quality. The completeness of assemblies was assessed 
with BUSCO (Benchmarking Universal Single-Copy Orthologs) 
(v. 5.4.7) using the sordariomycetes_odb10 databases (Simão et al. 
2015) (QUAST and BUSCO outputs are reported in Supplementary 
Table S2).

Whole-genome sequencing for eight of the isolates, including two 
sequenced with Nanopore (Supplementary Table S1), was per
formed on an Illumina Nova Seq 6000 Platform (paired-end 150-bp 
reads; PE150) at Novogene (Sacramento, CA). Library preparation 
was conducted using the Rapid Plus DNA Library Prep Kit 
(RK20208). Low-quality reads (Qscore ≤5; N > 10%) and adapters 
were removed by the company. Prior to assembly, raw reads were 
quality controlled using the bbduk.sh script from BBMap (v. 39.01) 
(Bushnell 2014). Genomes were de novo assembled with SPAdes (v. 
3.10.0) (Bankevich et al. 2012). QUAST and BUSCO were run on 
assembled genomes as previously described (Supplementary Table 
S2). For two of the isolates that had both long-read and short-read 
data (Supplementary Table S1), a de novo hybrid assembly was 
constructed using SPAdes.

Three maximum likelihood trees were constructed to confirm the 
relationship between the Ethiopian species and publicly available 
sequence data. First, data from Laraba et al. (2021) were used to 
create a maximum likelihood tree using three housekeeping genes, 
RNA polymerase II largest subunit (RPB1), RNA polymerase II 
second largest subunit (RPB2), and translation elongation factor 
(TEF1). Second, data from O’Donnell et al. (2008) were used to 
create a maximum likelihood tree using five housekeeping genes, 
TEF1, histone H3, internal transcribed spaces 28S ribosomal RNA 
(ITS28S), alpha-tubulin (atub), and reductase gene (rg), as these 
were the only genes that we were able to reliably find the data for 
across all relevant isolates from the past citations. For these two trees, 
sequences from the studies were used as BLASTN queries in the 
BLAST + suite (v. 2.16.0). The top hit from each query was extracted 
from the target genome using bedtools getfasta (v. 2.31.1) (Quinlan 
and Hall 2010). Although concatenation within gene sequences from 
O’Donnell et al. (2008) was too laborious (or cryptic) to incorporate 
into our study (resulting in an inability to incorporate affected genes), 
the RPB2 sequence from Laraba et al. (2021) resulted in two hits that 
were concatenated. The resulting sequences for each gene were 
aligned with the respective data from each study aligned using 
MAFFT (v. 7.475) with the “auto” parameter and trimmed with 
TrimAl (v. 1.4.rev15) using the “automated1” parameter. Resulting 
trimmed alignments were used to construct a maximum likelihood 
tree using a partition model in IQtree2 (v. 2.1.2) with the model “test” 
parameter and 1,000 ultrafast bootstraps.

Finally, we downloaded 79 publicly available genomes of FGSC 
isolates from NCBI (Supplementary Table S3) and combined these 
data with our assembled genomes. Genomes were scanned for 
BUSCOs (v. 5.4.7) using the sordariomycetes_odb10 dataset. 
A subset of 2,580 BUSCOs that were present in all isolates were 
individually aligned, trimmed, and used to construct a tree with 
methods identical to those used for the other two trees above. All 
three trees were imported into R using “ape” package and visu
alized using tools from “treeio” and “ggtree.”

To contextualize the data from the 12 FGSC isolates from 
Ethiopia, raw reads from Kulik et al. (2022) and Kelly and Ward 
(2018) were downloaded from NCBI. Short reads were aligned to the 
PH-1 reference (GCA_000240135.3) using BWA mem (Li 2013), 
whereas long reads were aligned using minimap2 using parameters 
for nanopore sequence data (Li 2018). Variants were called using the 
Genome Analysis Toolkit (GATK v. 4.0.12.0) (Van der Auwera and 
O’Connor 2020) using parameters and hard filters for nonmodel 

organisms, identical to Drott et al. (2020). Briefly: QD < 2.0 || FS > 
60.0 || MQ < 40.0 || MQRankSum < −12.5 || ReadPosRankSum 
< −8.0 for single-nucleotide polymorphism (SNPs); and QD < 2.0 || 
FS > 200.0 || ReadPosRankSum < −20.0 for indels. Resulting data 
were filtered using VCFtools (v. 0.1.16) (Danecek et al. 2011) such 
that only biallelic sites that passed filters were retained. GATK is not 
designed to call SNPs from nanopore reads, so we manually com
pared SNP calls from PEPPER-Margin-DeepVariant (Shafin et al. 
2021), Longshot (Edge and Bansal 2019), Nanocaller (Ahsan et al. 
2021), and GATK to raw alignment files visualized in the Integrated 
Genomics Viewer (Robinson et al. 2011). GATK SNP calls were far 
better than calls from other programs and showed strong concor
dance between long- and short-read calls from the same isolate.

A total of 176 individuals and 1,268,021 sites were analyzed for 
genetic relationships. A distance matrix was inferred directly from 
the vcf file using plink (v. 1.90b6.21) (Purcell et al. 2007). To 
identify clones, the resulting distance matrix was converted into 
a histogram using R (Supplementary Fig. S1) and a cutoff value of 
6,000 was selected based on a clear distribution of isolates with near- 
zero distance. Isolates that shared a distance less than the cutoff were 
considered clones and collapsed; one isolate per clonal group was 
randomly selected to be retained. A clone-corrected vcf file was 
created with 160 individuals and 1,268,021 sites. A neighbor-net 
network was created using SplitsTree (v. 6.1.16) (Huson and 
Bryant 2006) to visualize the genetic relationships among isolates. 
To understand how geographic isolation impacted genetic rela
tionships, a Mantel test was performed using “gl.ibd” function of 
the “dartR” package in RStudio (Gruber et al. 2018) on both datasets. 
Geographic distance was calculated based on a single set of latitude 
and longitude coordinates at the center of each country of isolation 
obtained from https://developers.google.com/public-data/docs/ 
canonical/countries_csv.

Trichothecene contamination
Trichothecene contamination in wheat flour samples from 

Ethiopia was determined using gas chromatography mass spec
trometry (GC/MS) analysis as described in Mirocha et al. (1998) and 
Fuentes et al. (2005). Briefly, trichothecenes were extracted from 
wheat flour by taking 4 g from the 50-g bulk sample, mixing it with 
16 ml of acetonitrile/water (84:16, vol/vol), and shaking the mixture 
on a rotary shaker for 1 h. A 4-ml extract was passed through 
a C18 and aluminum oxide (1:3, wt/wt) column. At room tempera
ture (approximately 23°C), 1 ml of the filtrate was evaporated to 
dryness in a 1-dram vial under industrial grade nitrogen. After adding 
100 μl of trimethylsilyl (TMS) reagent (TMSI/TMCS, 100/1), each 
vial was rotated to ensure complete contact between the filtrate and 
the reagent. The vials were placed on a shaker for 15 min. One 
milliliter of isooctane containing 0.5 μg/ml of mirex was added, 
followed by 1 ml of high-performance liquid chromatography water 
to quench the reaction. The vials were vortexed so that the milky 
isooctane layer became transparent. The upper layer of isooctane was 
transferred into a GC vial for GC/MS analysis (Shimadzu GCMS- 
QP2020, Shimadzu, Kyoto, Japan). The internal reference for GS/ 
MS analysis was mirex (CAS number 2385-85-5), and pure DON, 
3ADON, 15ADON, and NIV were used to construct the calibration 
curves for quantification.

Coinoculation assays
Based on preliminary species assignment from the ITS sequences, 

almost half of the 64 isolates were Epicoccum species. The large 
representation of Epicoccum species led us to hypothesize that there 
may be synergism between the Epicoccum and FGSC isolates. 
F. graminearum isolate PH-1 (isolated off corn from Michigan), 
F. graminearum isolate ET-2022-21 (from Ethiopia), and four 
Epicoccum species representatives (ET-2022-23, ET-2022-36, 
ET-2022-37-1, and ET-2022-56) (from Ethiopia) were selected for 
evaluations of virulence individually. Then, the isolates ET-2022- 
23 and ET-2022-56 were chosen as representative E. ovisporum 
and E. sorghinum isolates to do coinoculation assays with 
F. graminearum isolate ET-2022-21 in which the Epicoccum 
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isolate and the F. graminearum isolate were coinoculated at the 
same time or with 24 h between each inoculation. Two experiments 
were completed to establish the virulence of the isolates when in
oculated alone and in coinoculations as described by Rafiei et al. 
(2025): a coleoptile assay and a leaf assay. Briefly, a coleoptile 
assay was performed in which coleoptiles from the wheat cv. Diskett, 
a spring wheat variety susceptible to F. graminearum as reported 
in other studies (Lennartsson 2024; Rafiei et al. 2025), were grown 
and inoculated, with each treatment being applied to 10 replicate 
coleoptiles. Disease symptoms were evaluated by measuring the 
longitudinal length of brown lesions on wheat coleoptiles’ stems and 
leaves using a ruler at 7 days postinoculation (dpi).

Secondly, a leaf assay was performed as described by Browne and 
Cook (2004) with modifications based on (Perochon and Doohan 
2016) and Rafiei et al. (2025) for coinoculations. Leaves from the 
wheat cv. Diskett were collected and inoculated, with each treatment 
being applied to a total of 12 replicate leaves. Disease development 
was assessed 4 dpi by measuring the lesion size on the leaf segments 
using Image J. The percent lesion area was calculated by dividing the 
lesion size by the leaf area and multiplying by 100. Leaf lesion area 
was transformed using an arcsine transformation to achieve homo
geneity of variance.

Data analysis
Data analysis was performed using RStudio version 2024.06.05 

“Chocolate Cosmos” (R version 4.4; Postit Team 2024). Data were 
analyzed with an analysis of variance. Post hoc Tukey means sepa
ration tests were conducted on treatment means. Graphs were created 
in RStudio using the package “ggplot2” (version 3.5.1; Wickham 
2016).

Formal description of Fusarium kistleri
ET-2022-52, a novel species in the FGSC, is formally described 

based on morphology and phylogenetic distinctions as Fusarium 
kistleri. This isolate of F. kistleri was grown on carnation leaf agar 
(Fisher et al. 1982), synthetic nutrient-poor agar (SNA; Nirenberg 
1976), oatmeal agar (OA; Crous et al. 2021), and PDA as described in 
Yilmaz et al. (2021). Morphological identification and character
ization were conducted following protocols from Crous et al. (2021), 
Yilmaz et al. (2021), and Sandoval-Denis et al. (2025). Average 
colony morphology, growth rates, and pigmentation were de
termined by measuring the colony diameters on PDA (90-mm 
Petri dishes containing 25 ml of medium) after 7 days of in
cubation in the dark at 25°C (Yilmaz et al. 2021), using the color 
codes from Kornerup and Wanscher (1967). All measurements 
and images were captured using Nikon Eclipse Ni compound and 
SMZ18 dissecting microscopes (Nikon, Japan), equipped with 
a Nikon DS-Ri camera and the NIS-Elements BR imaging soft
ware. Up to 20 measurements were taken for conidia and other 
available morphological structures, with maximum, minimum, 
and average values calculated. Photographic plates were created 
using Affinity Photo v. 1.7.3 (Serif (Europe), Nottingham, U.K.).

Results

Causal pathogens associated with FHB symptoms on wheat
Based on the ITS-based species assignments, 45% of the 64 iso

lates were Epicoccum species and 19% were in the FGSC (Fig. 1). 
Alternaria and non-FGSC Fusarium species each represented 16% 
of the isolates. Disease severity rating was not predictive of the 
genera collected from the wheat heads (P = 0.241) (Supplementary 
Table S4). Given the relatively small number of FGSC species, we 
speculate many isolations reflect secondary infections and that 
Fusarium species were likely more ubiquitous than our sampling 
suggests. The diversity of isolated genera was not associated with 
geographic district (P = 0.165) or altitude (P = 0.196) of collection 
(Supplementary Fig. S2A and B). Similarly, species were not more 
common on a particular crop (P = 0.457) or variety (P = 0.684) 
(Supplementary Fig. S2C and D). A lack of significant association at 
the community level is not unexpected given our relatively small 

sample size. Obtaining FHB-related isolates from Ethiopia is chal
lenging as no pipeline has been established because of the recent 
emergence of this disease. However, we suggest that our sampling is 
sufficient to capture many of the major players of the outbreak, if not 
to offer fine-scale resolution.

Epicoccum was the modal genus isolated from FHB-infected 
samples across Ethiopia with 29 isolates; 22 of these isolates were 
categorized as E. sorghinum using the ITS phylogenetic tree 
(Supplementary Fig. S3). Additionally, six of the Epicoccum 
isolates were E. ovisporum and one was E. viticis (Supplementary 
Fig. S3). Although ITS-based species assignments are tentative, 
the phylogeny we constructed does appear to differentiate these 
taxa from other closely related species.

Coinoculation assays
The large representation of Epicoccum and FGSC species raised 

questions about the potential of interspecies interactions. We used 
coleoptile and leaf assays to explore the nature of these interactions. 
First, six isolates and a mock treatment were inoculated alone to 
determine pathogenicity of the isolates under each assay. Coleoptiles 
inoculated with F. graminearum isolates (PH-1 and ET-2022-21) 
had greater disease severity compared with the mock treatment (P ≤
0.001) (Table 1). Whereas these two F. graminearum isolates did not 
cause different amounts of disease severity in coleoptile trials, the 
F. graminearum isolate from Ethiopia (ET-2022-21) caused signif
icantly larger lesions (19.3% lesion area) than F. graminearum PH-1 
(8.4% lesion area) on adult leaves (P ≤ 0.001), emphasizing a need to 
further sample Ethiopian isolates to clarify whether isolates emerg
ing there are more virulent in some circumstances. However, because 
all our F. graminearum isolates were clonal, we were unable to ad
dress this possibility here. Epicoccum caused very little disease se
verity in all plant assays, with no lesions developing on coleoptiles 
inoculated with the Epicoccum isolates (Table 1) and adult leaves 
only developing small lesions (<4% of leaf area) (data not shown). 
Based on these single inoculations, representative isolates of 
E. ovisporum and E. sorghinum were chosen to be used for 
coinoculations with the Ethiopian F. graminearum isolate.

Coinfection assays revealed that inoculation with F. graminearum 
(ET-2022-21) first and Epicoccum species 24 h later often caused 
greater lesions than those found in any other single or coinfection. 
Both coleoptile assays found that inoculation with F. graminearum 
followed by E. sorghinum resulted in significantly higher disease 
severity than F. graminearum alone (P ≤ 0.001; Fig. 2A and B). 
However, this effect was not seen in adult leaves, where this coinfection 
caused significantly less disease severity than F. graminearum alone 
(P = 0.007) but still far more disease than E. sorghinum alone (P ≤
0.001; Fig. 3). Although the coinoculation of F. graminearum followed 
by E. ovisporum was not significantly different from F. graminearum 
alone in any of the three assays (P ≥ 0.197), the coleoptile stem 
lesion assay trended toward higher disease severity in these con
ditions (Fig. 2A). Together, we conclude that when Epicoccum, 
particularly E. sorghinum, occurs as a secondary contaminant on 
wheat, it can have a small but sometimes significant impact on 
increasing disease progression.

Coinfections where Epicoccum species were concurrently in
oculated with F. graminearum were not significantly different from 
inoculations with F. graminearum alone in any of the assays except 
for the adult leaf assay with E. sorghinum (P = 0.046; Fig. 3). In the 
latter assay, disease severity was significantly reduced (from 19 to 
13%). However, all the concurrent coinoculations resulted in sig
nificantly higher disease severity than Epicoccum species alone (P ≤
0.001).

Coinfections where Epicoccum were inoculated first followed by 
F. graminearum resulted in significantly less disease severity than all 
other infections involving F. graminearum (including coinfections 
and individual infections, P ≤ 0.015). In almost all leaf assays, these 
Epicoccum-first coinfections caused significantly more disease se
verity than Epicoccum alone, except for the E. sorghinum adult leaf 
assay and the E. ovisporum coleoptile leaf assay (P = 0.999 and P = 
0.945, respectively).
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Overall, the coinoculation assays demonstrate that the F. grami
nearum lineage evident in our sampling of Ethiopia can cause disease 
on wheat and may be more virulent than some strains like PH-1. 
Although different assays vary, we find that Epicoccum species can 
sometimes cause small synergistic increases in disease symptoms 
when they occur as a secondary infection. Conversely, establishment 
of Epicoccum first inhibits disease caused by F. graminearum. 
Although the assays performed here are designed for high through
put, allowing us to explore various aspects of the outbreak’s etiology, 
they have been shown in other studies to significantly correlate with 
wheat-spike disease (Rafiei et al. 2025), suggesting that our results 
will translate to spike symptoms. Importantly, Fusarium infections 
in other parts of the plant, like those assayed here, are also bio
logically relevant, impacting yield and pathogen load in future years. 
The goal of this study was to begin to establish what is occurring 
in the 2022 Ethiopian outbreak. Future research should focus on 
further understanding the potential of interspecies interactions in the 
emergence of FHB in Ethiopia.

Quantify trichothecene contamination of wheat flour
Trichothecene contamination of wheat poses a serious threat to 

human and animal health. Of the 27 wheat flour samples, 15 had 
detectable levels of DON and 7 were at or above the limit of 1.0 ppm 
(Supplementary Table S5). Ten samples had detectable levels of 
NIV; one of these exceeded 1.0 ppm. However, eight of the samples 
(included in the abovementioned counts) had detectable levels of 
both DON and NIV. Trichothecene contamination of wheat flour 
was not affected by district (P = 0.136) of collection (Supplementary 

Table S6). There was no correlation between trichothecene con
tamination and FHB severity ratings (P = 0.526; Supplementary 
Table S6). However, there was a slight negative correlation between 
altitude and trichothecene contamination (P = 0.049; rho = −0.388; 
Spearman correlation test; Supplementary Table S6).

Determine trichothecene chemotype of FGSC isolates
Out of the 12 isolates that were classified as FGSC, 5 of the isolates 

were classified by genotyping as 15ADON, 3 as 3ADON, and 4 as 
NIV producers (Supplementary Fig. S4). Whole-genome sequencing 
clarified that chemotypes were largely siloed within species: all NIV 
isolates were F. graminearum, whereas all the 15ADON were 
F. boothii. The isolates classified as 3ADON were F. aethiopicum 
and ET-2022-52 (see species ID of this isolate below).

Determine the genetic relationship of the Ethiopian FGSC 
isolates to public data

The discovery of a new FGSC species, F. aethiopicum, in Ethiopia 
led O’Donnell et al. (2008) to suggest that the majority of species 
with the FGSC may have evolutionary origins in the Southern 
Hemisphere, raising questions about FGSC diversity in relatively 
understudied places like Ethiopia. To clarify the species identifica
tion of the 12 isolates that were classified as FGSC by ITS, we 
extracted gene sequences from corresponding genomes and com
pared them with the most comprehensive publicly available FGCC 
phylogenies, O’Donnell et al. (2008) and Laraba et al. (2021). 
Both trees provide evidence that four Ethiopian isolates are 
F. graminearum, five are F. boothii, and two are F. aethiopicum 

Table 1. Mean lesion size (mm) ± standard error of infected wheat coleoptiles with different inoculation species 7 days postinoculationz

Inoculation Species of isolate Coleoptile stem lesion (mm) Coleoptile leaf lesion (mm)

Mock Mock 0.0 ± 0.0 b 0.0 ± 0.0 b
PH-1 Fusarium graminearum 9.3 ± 1.8 a 20.3 ± 4.2 a
ET-2022-21 F. graminearum 11.0 ± 1.4 a 24.5 ± 2.6 a
ET-2022-23 Epicoccum sorghinum 0.0 ± 0.0 b 0.0 ± 0.0 b
ET-2022-36 E. sorghinum 0.0 ± 0.0 b 0.0 ± 0.0 b
ET-2022-37-1 E. ovisporum 0.0 ± 0.0 b 0.0 ± 0.0 b
ET-2022-56 E. ovisporum 0.0 ± 0.0 b 0.0 ± 0.0 b
z Within each column, means (n = 10) followed by the same letter are not significantly different (α = 0.05) as determined by the Tukey honestly significant 

difference post hoc test.

Fig. 2. Effect of inoculation treatments on coleoptile lesion size on the A, stem and B, leaves for Fusarium graminearum isolate ET-2022-21 (Fgram (21)), Epicoccum sorghinum 
isolate ET-2022-56 (Esorg (56)), and E. ovisporum isolate ET-2022-23 (Eovis (23)) alone and coinoculated. Coinoculations were made at the same time (indicated by a + symbol) 
or with one isolate inoculated 24 h prior to the other (indicated with an arrow representing the chronology from the first inoculated to second). Water was used as inoculant in the 
mock treatment. Treatment means (n = 10) followed by the same letter are not significantly different (α = 0.05) as determined by the Tukey honestly significant difference post 
hoc test.

Plant Disease /March 2026 895



(Supplementary Fig. S5). However, one isolate (ET-2022-52) was 
not closely related to any known species. To further clarify the 
identity of the unresolved species, we downloaded 79 genomes and 
constructed a tree of the FGSC using 2,580 genes. This tree further 
corroborated the identity of all known species and confirmed that 
the isolate with no close relatives was a novel species (Fig. 4; 
Supplementary Figs. S6 and S7). Although ET-2022-52 was most 
closely related to F. aethiopicum, this relationship is consistent with 
ancient divergences between other FGSC species and is not com
patible with intraspecific variation (Fig. 4). We have thus dubbed this 
novel species Fusarium kistleri and provide a formal species de
scription below.

To better understand the relationship of known species found in 
Ethiopia, we performed a clone correction based on a distance matrix 
inferred directly from genome-wide SNP data (Supplementary Fig. 
S8). All four of the F. graminearum isolates belong to a single clonal 
lineage. Three out of the five F. boothii isolates (ET-2022-30, 
ET-2022-33, and ET-2022-35) are also clonal. Although high clonal 
fractions, especially of isolates sampled across different fields, could 
suggest an epidemic population structure, more sampling is needed 
to define population dynamics. Clone correction also collapsed the 
two datasets from isolates sequenced with both Nanopore and 
Illumina, respectively, suggesting both technologies yielded high- 
quality data.

F. graminearum isolates from Ethiopia are most closely related to 
F. graminearum isolates from Italy, Russia, and Germany in our 
neighbor-net network. However, the publicly available raw reads 
from Kulik et al. (2022) and Kelly and Ward (2018) only contained 

one F. graminearum isolate from Africa (SAMN16774551 from 
South Africa). When comparing across public data, we found that 
genetic differentiation could not be explained by physical distance 
for both non–clone-corrected and clone-corrected data (Mantel test, 
P = 1). We are hesitant to interpret these results given the geographic 
sampling bias of public data; more sampling in the Southern 
Hemisphere is needed to clarify the role of long-distance migration in 
the spreading of this pathogen.

Formal description of Fusarium kistleri
Taxonomy. The three phylogenetic analyses using a mix of nu

clear ribosomal and protein-coding loci (detailed above) revealed 
that one isolate from Ethiopia was significantly distinct from other 
known Fusarium species within the Fusarium sambucinum species 
complex, particularly in FGSC. This isolate formed a unique clade 
with strong support in all maximum likelihood trees. We propose this 
new lineage as a new species, Fusarium kistleri sp. nov., which is 
described in this study along with its Latin binomial.

Fusarium kistleri Yilmaz, DeGenring, Gemechu, & Drott sp. nov. 
— MycoBank MB (MycoBank MB 859067); Figure 5.

Etymology. Latin, kistleri, refers to Dr. H. Corby Kistler in rec
ognition of his outstanding career contributing to the Fusarium lit
erature and to our understanding of FHB.

Typus. Ethiopia, Oromia region, from bread wheat cv. Kekeba 
(Triticum aestivum), collected by Ashenafi Gemechu on 29 October 
2022, isolated by Ashenafi Gemechu and Karen Broz (holotype: 
PRU(M) 4624, designated here, dried specimen in metabolically 
inactive state, culture ex-type strain CBS 153210 = CMW 66453 = 

Fig. 3. Effect of inoculation treatments on adult leaf lesion area (%) for Fusarium graminearum isolate ET-2022-21 (Fgram (21)), Epicoccum sorghinum isolate ET-2022-56 (Esorg 
(56)), and E. ovisporum isolate ET-2022-23 (Eovis (23)) alone and coinoculated. Coinoculations were made at the same time (indicated by a + symbol) or with one isolate being 
inoculated 24 h prior to the other (indicated with an arrow representing the chronology from the first inoculated to second). Water was used as inoculant in the mock treatment. 
Treatment means (n = 12) followed by the same letter are not significantly different (α = 0.05) as determined by the Tukey honestly significant difference post hoc test.
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CMW-IA 7109 = CN229E8 = MTD-83 = ET-2022-52 = NRRL 
64980).

Sporodochia were rare on aerial mycelium and agar, even after 
prolonged incubation (>1 month). When present, these structures 
appeared transparent to pale saffron or pale salmon in color. 
Sporodochial conidiophores were sparingly branched, 20 to 35 μm 
tall, monophialidic, subcylindrical to subulate, measuring (8–)10 to 
15 × 3 to 6(–8) μm, smooth, thin-walled, with a short and flared 
apical collarette. Sporodochial conidia were predominantly 4- and 

5-septate, typically falcate to gradually curved and asymmetric, with 
most conidia being wider above the median and lacking narrow 
apical beaks. Septation ranged from 3 to 5; 3-septate conidia: 22 to 
30 × 4 to 6 μm (mean 26.7 × 5.2 μm); 4-septate conidia: (23–)27 to 
38(–44) × 4.5 to 5.5(–6.3) μm (mean 31 × 5.3 μm); 5-septate conidia: 
29 to 38(–41) × 4.5 to 5.5(–6) μm (mean 33.4 × 5.1 μm). Aerial 
conidiophores and (micro-) conidia were not observed. Chlamydospores 
were observed on both water agar and SNA under an alternating 
12-h dark/12-h blacklight cycle. These structures were globose to 

Fig. 4. The genetic distances within and between species support the discovery of a new species in the Fusarium graminearum species complex (FGSC). Genetic distances 
inferred from the maximum-likelihood tree (left) are depicted in a histogram (right) where distances between isolates of the same species are depicted in shades of green and 
distances between different species are colored in shades of blue. Lighter shades represent comparisons between species that were defined in other studies, whereas darker 
shades (also marked as “resolved”) refer to comparisons with species identifications we inferred directly from the species tree. The distances depicted in orange are those 
between ET-2022-52 (marked with a star in the phylogeny), a novel species we describe in the main text as Fusarium kistleri, and all other isolates. Note that all our inferred 
species’ identifications, including the novel species, fall squarely among genetic distances previously inferred as being between-species. The x-axis of the histogram has been 
truncated to depict only the closest genetic relationships. The phylogeny depicts the genetic relationships between 12 FGSC isolates from the 2022 Ethiopian outbreak (labels 
beginning with “ET” and indicated with red tips) and 79 publicly available genomes labeled with NCBI genomic accessions. Relationships were inferred using a partition model of 
2,580 concatenated benchmarking single-copy orthologs (BUSCOs) that were present in all isolates. Ultrafast bootstrapping confirmed very strong support for nearly all 
branches, but to improve legibility, the bootstrapped tree has been relegated to the supplemental materials (Supplementary Fig. S6).
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subglobose, smooth-walled, measuring (0.8–)1.05 to 1.10(–0.75) μm, 
hyaline, and occurring either solitary or in short chains. Perithecia were 
not observed. Characteristic odors were not detected.

Culture characteristics: Colonies on PDA at 25°C, grown in the 
dark, displayed an average radial growth rate of 7.5 to 9.5 mm/d, 
filling a 9-cm-diameter Petri dish after 7 days (Fig. 5). The colony 
surface was felty to woolly, rosy vinaceous to red, with white and 
pale luteous to luteous patches, and white at the center. Colonies were 
flat with abundant aerial mycelium, and the margins were regular. The 
reverse was straw to sulfur yellow at the center. Pigmentation in
tensified with prolonged incubation. On OA, colonies initially exhibi
ted pure yellow to amber pigmentation, which later developed into rosy 
vinaceous to red. The colony surface was flat, cottony to woolly, with 
concentric rings of aerial mycelium and regular, filiform margins. The 
reverse was light scarlet with ochreous center.

Fusarium kistleri is resolved as a sister species to F. aethiopicum 
in phylogenetic analyses. Morphologically, it resembles other 
species within the Graminearum clade, including F. asiaticum, 
F. graminearum, F. aethiopicum, and F. vorosii. All these species 
produce asymmetric, slightly curved conidia that are predominantly 
4- to 5-septate and measure 4 to 5 μm or more at their broadest point 
above the median (Aoki et al. 2012; O’Donnell et al. 2008; Sandoval- 

Denis et al. 2025). On OA, these species develop red and yellow 
pigmented, woolly colonies; however, pigmentation can vary 
depending on the conditions and the age of culture.

Although not mentioned in its protologue, Sandoval-Denis et al. 
(2025) reported that F. aethiopicum forms 0- to 3-septate, obovoid 
to ellipsoidal microconidia on aerial conidiophores. In contrast, 
F. kistleri, like F. asiaticum, F. graminearum, and F. vorosii, does 
not produce microconidia. When comparing the full range of spor
odochial conidia, F. kistleri can be distinguished by its shorter 
conidia relative to F. asiaticum, F. aethiopicum, and F. graminearum 
(average lengths of 30 versus 38.8, 50.8, and 46.5 μm, respectively). 
Additionally, the conidia of F. kistleri are wider than those of 
F. asiaticum (5.2 versus 4.7 μm). Like its sister species F. aethiopicum, 
F. kistleri is known only from Triticum species in Ethiopia, based on 
a single isolate. In contrast, the morphologically similar F. graminearum 
has a cosmopolitan distribution and a broader host range (Farr et al. 
2021; Sandoval-Denis et al. 2025).

Discussion

There have been few answers about the etiology of the 2022 
FHB outbreak in Ethiopia. Although the intensification of wheat 

Fig. 5. Macroscopic and microscopic images of Fusarium kistleri. A, Colonies on potato dextrose agar (left) and oatmeal agar (right). B, Sporodochia and clusters of 
macroconidia. C and D, Conidiophores and conidiogenous cells. E and F, Chlamydospores. G, Macroconidia. Scale bars for C to G are 10 μm.
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production in the country is likely a contributing factor, our results 
emphasize that this outbreak includes species that are rarely reported 
in other parts of the world. We found F. boothii in several wheat 
fields across the Amhara (North Shewa Zone) and Oromia (East 
Shewa Zone) regions. Although this species has been reported in 
South Africa, it mainly appears on corn and is rarely reported on 
wheat and in other parts of the world (Valverde-Bogantes et al. 
2020). Environment-related species shifts have been reported 
in many countries and regions, for example, F. culmorum to 
F. graminearum in Europe (Ejaz et al. 2023; Infantino et al. 2023; 
Valverde-Bogantes et al. 2020). Even when accounting for recent 
shifts, the species found in the 2022 outbreak are still rare compared 
with any distribution reported in the literature. Indeed, to the best of 
our knowledge, there have been no reports of the F. aethiopicum 
lineage since the 2008 discovery (O’Donnell et al. 2008); all sub
sequent references have been general notes about species found in 
the FGSC. Our finding of F. aethiopicum in the 2022 outbreak shows 
that this species has persisted in Ethiopia over the 20 years since its 
discovery (as it was isolated from Ethiopian fields in 2003) and is 
contributing to FHB outbreaks. The new discovery of F. kistleri 
further emphasizes the unique species composition of this outbreak. 
Interestingly, this new species shares most recent ancestry with 
F. aethiopicum, suggesting some FHB-causing species may have 
ancient origins in this area. Even though commercial wheat pro
duction of modern varieties is historically rare in Eastern Africa, 
there is an ancient history of durum wheat cultivation in Ethiopia. 
Our results may suggest that FHB-causing lineages are ancient in 
Ethiopia, but it is unclear whether these lineages would have first 
associated with cultivated or native grasses as wild hosts have been 
observed to act as reservoirs in the United States (Lofgren et al. 
2018).

The scarcity of literature on FGSC species that are rare in the 
United States and parts of Europe is not unique to the species found in 
Ethiopia. For example, Fusarium nepalense, discovered in Nepal, 
has also received little or no attention since it was first described 
(Sarver et al. 2011). Although this may reflect the limited agricultural 
impact of these pathogens, we suggest that studying these species 
presents a significant opportunity to contextualize the spread and 
pathogenicity of more common species and will help safeguard 
against future emergences. In the 2022 outbreak, rare Fusarium 
species threatened food safety and security through losses and my
cotoxin contamination, with dangerous concentrations of trichothe
cenes found in 26% of grains. In the original article describing 
F. aethiopicum, a sample of only four isolates was used to confirm 
that this species has low to moderate virulence but accumulated 
significantly more DON than F. graminearum isolates (O’Donnell 
et al. 2008). Extensive profiling of F. graminearum isolates suggests 
that within species, FGSC isolates can have significant variation in 
agronomically important traits including virulence, toxin accumu
lation, and host range (Boutigny et al. 2011; Talas et al. 2012). These 
insights have enabled better disease prediction and control in 
countries like the United States (McMullen et al. 2012), but our 
results emphasize that there is a need to understand these traits for 
understudied FGSC species.

The pathogenicity of the FGSC often makes it the primary focus of 
FHB research, eclipsing other Fusarium species. In our study, nearly 
half of the Fusarium isolates (9 total) were not members of the 
FGSC. Of these non-FGSC isolates, 75% (6 total) were assigned to 
the Fusarium incarnatum-equiseti species complex (FIESC), and 
one isolate was assigned to the Fusarium tricinctum species complex 
(FTSC), based on phylogenetic relationships inferred from the 
ITS region. The remaining two non-FGSC isolates were members 
of the Fusarium fujikuroi species complex, which is not typically 
associated with FHB and may represent secondary infections 
(Supplementary Fig. S3). FIESC isolates are generally considered 
moderately virulent and often exhibit saprophytic tendencies, but 
these isolates can still produce mycotoxins (Desjardins 2006; 
O’Donnell et al. 2009). FTSC isolates are increasingly recognized as 
important pathogens of wheat and other cereals globally, with the 
ability to produce a wide array of toxic secondary metabolites 

(Laraba et al. 2022; Munkvold et al. 2021). Although these species 
complexes are not uncommon worldwide, their presence in symp
tomatic wheat heads and their association with high levels of disease 
severity further highlight the need for monitoring pathogen diversity 
and mycotoxin accumulation outside of the FGSC.

Historically, the United States, France, Canada, and Germany 
have been among the top 10 wheat-producing countries; thus, the 
scientific focus on F. graminearum may reflect not only issues in the 
countries driving FGSC research but also the most urgent problems 
facing regions of high wheat production. However, a recent analysis 
of global F. graminearum isolates suggests that international trade 
is likely contributing to the spread of this species (Broders et al., 
personal communication). Consistently, we find that Ethiopian 
F. graminearum isolates are most closely related to European iso
lates; although we are hesitant to directly interpret this result given 
limited public data from Africa, it raises questions about the im
portance of human-assisted migration. Dynamic shifts in FGSC 
species are common and predicted to increase with environmental 
shifts (Jung et al. 2022; Zhang et al. 2014), with some suggesting 
a direct linkage between the evolution of new FHB-causing line
ages and these shifts (Nnadi and Carter 2021). In this study, we 
find high clonal fractions among F. graminearum and F. boothii 
isolates, with some clones isolated from multiple fields. Clonal 
expansions have been inferred for F. graminearum populations before: 
Kelly and Ward (2018) suggested that the low diversity of the 
NA2 population may reflect a clonal expansion after a population bottle 
neck, perhaps caused by a transcontinental introduction. Although we 
are hesitant to draw population-level conclusions from our small 
sample, the representative of the Ethiopian F. graminearum clonal 
lineage was indeed found to be more virulent in the leaf assay. The 
globalization of modern agriculture coupled with environmental shifts 
emphasizes the need to explore the virulence of diverse FGSC isolates 
under different conditions to help mitigate damage from emerging 
diseases and safeguard against future pathogens.

Although molecular work investigating virulence and DON has 
been dominated by F. graminearum grown in pure culture or in 
planta, many different FGSC species are often found in the same 
field (Boutigny et al. 2014), and a single species does not always 
make up the plurality of isolates (Audenaert et al. 2009). In the 
2022 Ethiopian outbreak, we found that many different FGSC spe
cies and several different trichothecene chemotypes were present in 
the same field. Although trichothecene variants are thought to be 
associated with host specificity (Harris et al. 1999), it is not always 
clear what conditions or hosts favor which isolates. Furthermore, 
although total trichothecene content can contribute to threats to hu
man health, there is little understanding of what implication multiple 
toxins in the same infection may have. In other systems, toxin 
combinations have sometimes been shown to have synergistic tox
icities (Dowd 1988), and it has been suggested that one species can 
benefit from “cheating” dynamics from other isolates producing 
a different toxin (Drott et al. 2017). Historically, NIV producers have 
been more common in Asia, but in recent years, NIV has been in
creasingly documented in many places (Valverde-Bogantes et al. 
2020). The presence of NIV, 15ADON, and 3ADON chemotypes in 
our relatively small sample of Ethiopia suggests that questions posed 
by the presence of mixed chemotypes in a single field are also rel
evant to emerging pathosystems.

Although many studies have documented the presence of different 
trichothecene chemotypes in the same field (Fulcher et al. 2019; 
Ward et al. 2008), interactions with mycotoxigenic species from 
other genera are less well understood. Coculturing different fungi 
together has been shown to initiate the production of otherwise “si
lent” secondary metabolite gene clusters, some of which encode 
known mycotoxins (Knowles et al. 2022). Here we found a surpris
ing prevalence of Epicoccum species, particularly E. sorghinum, 
a species known to produce tenuazonic acid, a mycotoxin associated 
with ill-thrift in animals and hemorrhages in humans (Rychlik et al. 
2016). Epicoccum species inhibited Fusarium growth when coinocu
lated, a result consistent with past efforts to use this genus, specifically 
E. nigrum, as a biocontrol for F. graminearum (Jensen et al. 2016; 
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Li et al. 2022). However, we found that when E. sorghinum arrives at 
a Fusarium-infected plant, it can have a small synergistic impact on 
disease symptom progression. E. sorghinum derives its name for 
sorghum, which is grown much more intensely in Ethiopia than in 
some other wheat-growing countries (i.e., correcting for geographic 
size, Sorghum production is approximately 4× higher in Ethiopia 
than the United States) (Foreign Agricultural Service 2023). The 
corn-wheat rotation in the United States is often invoked in helping 
explain the spread of FHB, with the suggestion that F. graminearum 
can overwinter on corn stubble (Leplat et al. 2013). There is even 
some suggestion that corn may select for specific chemotypes (Maier 
et al. 2006). Although our samples stem from regions of the Ethiopia 
where sorghum is not traditionally grown, our results highlight how 
little is known about potential interactions between cropping systems 
within a country.

Our findings emphasize that the 2022 FHB outbreak in Ethiopia is 
associated with globally rare species and mixed mycotoxins and may 
be impacted by intraspecific interactions that are not well un
derstood. These factors represent challenges that are not confined to 
Ethiopia alone. The global research community has understandably 
focused on pathogen-host interactions that are relevant to their 
regions, yet this outbreak highlights the broader implications of FHB 
in a globalized agricultural landscape. Despite significant progress 
made by the Ethiopian Institute for Agricultural Research in man
aging plant disease in the country, FHB now poses challenges to the 
country’s agriculture. The threat of FHB extends beyond national 
borders with recent evidence of human-assisted migration (Broders 
et al., personal communication), illustrating the global nature of this 
disease. As Ethiopia confronts FHB, there is still an opportunity for 
the global community to recognize the interconnectedness of agri
cultural economies and focus efforts to mitigate emerging diseases. 
The spread of the common pathogens and the emergence of new 
FHB-causing lineages poses a threat not only to food safety and food 
security but also to global food equity.
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