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Abstract
Fusarium avenaceum is a filamentous fungus commonly associated with plants and soil.
It is a causal agent of Fusarium head blight (FHB) on maize and small-grain cereals and
blights on other plant species, and is one of the very few fungal species known to have ice
nucleation activity (i.e., it catalyzes ice formation). Here, we report the draft genome of the ice-
nucleation-active F. avenaceum strain F156N33 isolated from the atmosphere above Virginia.
The genome assembly is 41,175,306 bp long, consists of 214 contigs, and is predicted to
encode 11,233 proteins, which were annotated using RNA-sequencing data obtained from
the same strain.

Genome Announcement
Fusarium avenaceum (previously also referred to by the teleomorphic name Gibberella

avenacea) is a common plant pathogen widely distributed in soils with a diverse host range
that has also been isolated from the atmosphere, suggesting long-distance aerial dispersal
(Lin 2013). This species is one of the causal agents of Fusarium head blight (FHB) on maize
(Zea mays L.) and small-grain cereals. It also causes blights of other plant species such as
pine (Pinus spp.) and lisianthus (Eustoma grandiflorum L.) (Desjardins 2003; Nalim et al.
2009; Parry et al. 1995). F. avenaceum is one of the most important species causing FHB in
warmer and temperate regions of the world (Doohan et al. 2003; Parry et al. 1995) and is
the dominant species isolated from diseased plants in colder climates such as those in Can-
ada and Northern Europe (Uhlig et al. 2007). Moreover, F. avenaceum is known for its ice
nucleation activity, catalyzing ice formation at temperatures as high as −5�C (Hasegawa et al.
1994; Kunert et al. 2019; Pouleur et al. 1992; Richard et al. 1996).

Five genome assemblies of F. avenaceum strains are publicly available (Fa05001:
GCA_000769215.1; FaLH03: GCA_000769305.1; FaLH27: GCA_000769295.1; KA13:
GCA_012959155.1; and NRRL 13321: GCA_013753855.1). Four of these genomes do not
have accompanying annotation and the one that is annotated, Fa05001, has an annotation
that is not based on RNA-sequencing (RNA-seq) data of F. avenaceum. Therefore, here, we
report the genome assembly and RNA-seq-based annotation of F. avenaceum strain
F156N33, an ice-nucleation-active strain isolated from an atmospheric sample collected by
drone 100 m above the ground at Kentland Farm, a Virginia Tech research farm in Virginia,
United States (Kunert et al. 2019). The strain was isolated on Fusarium-selective medium and
identified as F. avenaceum based on the translation elongation factor 1-a gene (Lin 2013).

Genomic DNA of F. avenaceum strain F156N33 was extracted from mycelium grown
on potato dextrose agar (PDA) using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research).
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Whole-genome sequencing was performed on an Illumina Nova Seq 6000 Platform at
Novogene Corporation Inc. (Sacramento, CA, U.S.A.), and low-quality reads and adapters
were removed by the company. FastQC v0.11.9 was used to check the quality of reads
prior to the genome assembly (Andrews et al. 2010). De novo assembly was performed by
SPAdes v3.13.0 with “automatic k-mer” selection, “careful” option, and “automatic coverage
cutoff value” setting (Prjibelski et al. 2020). The completeness of the assembly was
assessed by Benchmarking Universal Single-Copy Orthologs (BUSCOs) v5.0.0 (Seppey
et al. 2019).

The genome was confirmed as F. avenaceum by BLASTN v2.10.0+ (Camacho et al.
2009) using a custom database containing F. avenaceum assemblies from GenBank and
the Fusarium-ID database (Geiser et al. 2004). It was determined to be 41,175,306 bp in
size, with a G+C content of 48.44%. The BUSCO assessment, based on the lineage-specific
profile library hypocreales_odb10 (4,494 genes), revealed the presence of 4,393 genes
(97.8%). Among them, 4,381 BUSCOs (97.5%) were single copy, a higher number com-
pared with the other F. avenaceum genomes in GenBank. The assembly statistics are
shown in Table 1.

Total RNA of F. avenaceum strain F156N33 was extracted from mycelium grown on
PDA using the RNeasy Plant Mini Kit (Qiagen) and ice nucleation activity of the mycelium
was confirmed to ensure that genes for ice nucleation activity were expressed. RNA-seq was
performed on an Illumina Nova Seq 6000 Platform at Novogene Corporation Inc., and low-
quality reads and adapters were removed by the company. FastQC v0.11.9 was used for
quality control, followed by alignment of RNA-seq reads to the genome assembly with STAR
v2.7.8a (Dobin et al. 2013). The aligned RNA-seq reads in BAM format and the genome
assembly in FASTA format were used to assemble the transcriptome in a genome-guided de
novo assembly approach by Trinity v2.12.0, and a FASTA file was generated (Haas et al.
2013). Meanwhile, StringTie v2.1.5 was used to assemble transcripts (Pertea et al. 2015)
and generate a GTF file that was later converted to a GFF file by GffRead v0.12.1 (Pertea
and Pertea 2020).

The MAKER annotation pipeline (v3.01.03) was used for genome annotation in four con-
secutive rounds (Campbell et al. 2014). The previously assembled transcriptome in both
FASTA format and GFF format was incorporated into the MAKER pipeline to provide tran-
script evidence. The pipeline also incorporated protein evidence from F. graminearum (ID:
UP000070720), the most closely related species available. In the first round, the assembled
genome was first soft masked using RepeatMasker v4.1.0 (Institute for Systems Biology);
transcript evidence and protein evidence were aligned to the genome with BLASTN and
BLASTX from BLAST v2.10.0+ (Camacho et al. 2009) and exonerate v2.2.0 (Slater and
Birney 2005) (“est2genome” and “protein2genome” options in MAKER). In the second
and third rounds, training with SNAP v2013-02-16 was conducted using the GFF file gener-
ated from the previous run (Korf 2004) before MAKER was performed for ab initio gene pre-
diction (“snaphmm” option in MAKER). The resulting GFF file from the third round was used
to train the AUGUSTUS model for F. avenaceum strain F156N33 with AUGUSTUS v3.4.0
(Stanke et al. 2008). In the final round, MAKER was performed with the “augustus_species”

Table 1. Assembly summary and annotation features of Fusarium avenaceum, strain F156N33

Features Strain F156N33

Assembly size (bp) 41,175,306
Number of contigs 214
Maximum contig length (bp) 3,233,628
Minimum contig length (bp) 210
Average contig length (bp) 192,487
Median contig length (bp) 1075
N50 contig length (bp) 1,472,944
GC content (%) 48.44
Assembly BUSCO coverage (%)a C:97.8; F:0.5; M:1.7
Annotation BUSCO coverage (%) C:96.5; F:0.3; M:3.2
Number of predicted coding genes 11,233
Mean gene length (bp) 2,478

a For Benchmarking Universal Single-Copy Ortholog (BUSCO) coverage, C stands for complete
BUSCOs, F stands for fragmented BUSCOs, and M stands for missing BUSCOs.
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option, which generated the final GFF file containing annotation data. Based upon the final
GFF file, functional annotations were performed using InterProScan v5.46-81.0 for the pres-
ence of Pfam domains (Jones et al. 2014) and using BLASTP from BLAST v2.10.0+ for
searching against the February 2021 release of the Swiss-Prot database (E-value, <1 ×
10−6) (Camacho et al. 2009; UniProt Consortium 2020). The quality of the genome annota-
tion was assessed by evaluating the completeness of annotated gene sets by BUSCO
v5.0.0 in the protein mode (Seppey et al. 2019). The BUSCO assessment was run against
the lineage-specific profile library hypocreales_odb10 (4,494 genes).

The BUSCO assessment indicated a good quality of genome annotation. In all, 4,336
genes (96.5%) were found to be complete and 15 genes (0.3%) to be fragmented (Table 1).
In total, 11,233 protein-coding genes were predicted and 8,079 proteins (71.9%) were anno-
tated with BLASTP. In addition, 8,691 proteins (77.4%) were annotated with InterProScan
with the Pfam database. In total, 9,111 of the predicted proteins (81.1%) received a func-
tional annotation.

In conclusion, this article reports the first-draft genome of F. avenaceum using both whole-
genome sequencing and RNA-seq data from the same strain. In addition, customized training
was used to improve the quality of the genome annotation. The genome can help to provide
insights into the molecular aspects of this important plant pathogen. The genome also repre-
sents the first draft genome of an experimentally confirmed ice-nucleation-active fungal isolate.
Thus, it will also be valuable to the scientific community studying ice nucleation activity.

The draft genome has been deposited at DNA Data Bank of Japan/European Nucleotide
Archive/GenBank under accession number JAGPUO000000000, Biosample SAMN18673054,
Bioproject PRJNA720629. The version described in this article is version JAGPUO010000000.
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