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Pitch canker, caused by the fungal pathogen Fusarium circi-
natum, is a global disease affecting many Pinus spp. Often
fatal, this disease causes significant mortality in both com-
mercially grown and natural pine forests and is an issue of
current and growing concern. F. circinatum isolates collected
from three locations in the U.S. state of Florida were shown
to be virulent on both slash and loblolly pine, with two of the
isolates causing equivalent and significantly larger lesions
than those caused by the third isolate during pathogenicity
trials. In addition, significant genetic variation in lesion
length in the pedigreed slash pine population was evident and
rankings of parents for lesion length were similar across iso-
lates. Experimental data demonstrate that both host and
pathogen genetics contribute to disease severity. High-quality
genomic assemblies of all three isolates were created and
compared for structural differences and gene content. No
major structural differences were observed among the iso-
lates; however, missing or altered genes do contribute to
genomic variation in the pathogen population. This work
evaluates in planta virulence among three isolates of F. circi-
natum, provides genomic resources to facilitate study of this
organism, and details comparative genomic methods that
may be used to explore the pathogen’s contribution to disease
development.
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Pitch canker, caused by the fungal pathogen Fusarium circi-
natum, affects a wide range of pine species as well as Douglas-
fir (Pseudotsuga menziesii) (Wingfield et al. 2008). Although
believed to have originated in the Mesoamerican center of pine
diversity, it has become a commonly reported disease of pine
trees in the southeastern United States since being first reported
in the United States in 1946 (Wikler and Gordon 2000). In the
United States, the disease has been particularly damaging in
slash pine (Pinus elliottii) and radiata pine (P. radiata) forests
(Gordon et al. 2006).

Over the past 20 years, pitch canker has also become a problem
in various countries where North American pine trees are culti-
vated as exotic plants (Drenkhan et al. 2020). P. patula forests in
South Africa are being replanted with pitch-canker-resistant
hybrid pine trees (Mitchell et al. 2012) and the disease is affecting
the P. radiata nurseries and forests in California, Chile, Spain,
and France (Martinez-Alvarez et al. 2014). The importance of the
pathogen to the forest industry in South Africa led to the creation
of the first fungal genome sequence from Africa (Wingfield et al.
2012). Stakeholders in the southeastern U.S. forest industry have
expressed concern over the increased incidence of pitch canker as
the disease has become more prevalent due to more intensive sil-
vicultural techniques, including fertilization (personal communi-
cation), which is positively correlated with increased pitch canker
severity (Fisher et al. 1981).

In southern pine trees, trees infected by the pathogen often
develop symptoms such as copious resin exudation from lesions
on stems, branches, or cones (Dwinell et al. 1985). Dead branches
with white resin staining are the most frequently observed symp-
toms and this “flagging” is particularly evident following storm
or hurricane damage to stands (Bezos et al. 2017; European Food
Safety Authority (EFSA) et al. 2020). The disease is controlled
by fungicides in nurseries where the pathogen can cause extensive
seedling mortality (Gordon et al. 2015). Following establishment,
losses from pitch-canker-induced mortality are readily observ-
able; however, subsequent impacts on growth are not well quanti-
fied (Mitchell et al. 2011). The development of symptoms at
midrotation following investments in weed control, fertilization,
and thinning is particularly problematic where lesions on the
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main stem often lead to defects that result in the downgrade of
sawlogs into pulpwood and significant yield losses at harvest
(Steenkamp et al. 2012).

Although F. circinatum was initially known only as a necrotro-
phic, wound-infecting pathogen of coniferous trees, recent
research has revealed that an isolate of this fungus that kills shoot
tissue when inoculated into a wound can also have a biotrophic
relationship with roots of pine seedlings, infect and grow within
grasses without causing symptoms, and cause ear rot of corn
(Gordon and Reynolds 2017). Fusarium spp. synthesize a large
array of mycotoxins in response to environmental stress as well
as during the necrotrophic stage of infection (Perincherry et al.
2019). The categorization of fungal mycotoxins by chemical
structure (lactones and terpenes), biosynthetic method (polyketi-
des and amino acids), or species that produce them (F. graminea-
rum and F. culmorum) (Munkvold 2017) reflects their diversity
(Ji et al. 2019). Along with secreted cellulolytic enzymes and
other effectors, mycotoxins hijack host secondary metabolism to
steal host nutrients, kill host cells, and establish fungal growth,
leading to the observed disease symptoms (Keller 2019). Myco-
toxins are also targets of host defenses and are known to be
involved in host selection and disease severity (Venkatesh and
Keller 2019). Fungal genomes contain clusters of genes involved
in toxin synthesis, transport, and regulation of cluster gene
expression (Keller et al. 2005). These toxin clusters create an
important source of diversity for fungi to draw upon in the face of
changing environments such as climate, host genotype, and avail-
ability, which makes them an important line of inquiry for under-
standing virulence differences between isolates (Brakhage 2013).

Using methods developed by the United States Department of
Agriculture (USDA) Forest Service Resistance Screening Center
(RSC), differences in damage following inoculation with the
pathogen have been reported in loblolly pine families (Kayihan
et al. 2005) and populations of other pine species (Hodge and
Dvorak 2007). This study presents data from an evaluation of
the pathogenicity of three different isolates of F. circinatum fol-
lowing inoculation of pedigreed loblolly and slash pine popula-
tions. Clear differences in lesion length caused by the isolates
prompted a characterization and analysis of genomic differences
that may contribute to this phenotypic variation. This study
provides reference quality genomes for three unique isolates
that produced distinct phenotypes in a disease screening trial
and bioinformatically identifies differences in genome compo-
sition and structure that may contribute to this phenotypic
variability.

RESULTS

Evaluation of pathogenicity.

When slash and loblolly pine seedlings were inoculated with
the Union County (Lake Butler), FL (LB) isolate of F. circina-
tum, the percentage of the stem that was damaged was signifi-
cantly smaller (P < 0.01) than when the isolates from Volusia
(VO) or Suwannee (SU) Counties were used for inoculation
(Fig. 1). This result was repeated in both species in both runs of
the experiment. The percentage of the stem that was damaged
was greater in slash pine than it was in loblolly pine, with a mean
and standard error of 9.6 + 0.14% and 5.1 + 0.17%, respectively.
Differences among isolates were greater among slash pine fami-
lies (LB = 3.1 = 0.12%, SU = 11.4 + 0.24%, and VO = 14.9 =
0.26%) than in loblolly pine (LB = 0.6 = 0.08%, SU = 8.1 +
0.34%, and VO = 6.7 £+ 031%). Although the differences
between the VO and SU isolates were insignificant, seedlings
inoculated with LB produced significantly smaller lesions (P > 0.01)
in both slash and loblolly pine. Analysis of variance
(ANOVA) results for slash and loblolly pine are provided in
Tables 1 and 2.
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Heritability estimates across all three isolates (0.25 + 0.05) indi-
cated that there is a significant level of genetic variance among the
evaluated slash pine. Extended variance component models pro-
vided isolate specific estimates of heritability (LB = 0.29 + 0.07,
SU =0.42 + 0.06, and VO = 0.29 + 0.06). The rankings of families
across isolates were stable, as shown by an among-isolate genetic
correlation of 0.85 + 0.04. In contrast, the pooled heritability esti-
mate from the loblolly pine experiment provided no evidence of
genetic variation among families (narrow-sense heritability [h%)
was not statistically different than the null hypothesis) and isolate-
specific heritability estimates indicated that the lack of damage
caused by the LB isolate reduced the overall heritability estimate
(LB=0%£0,SU=0.10 £ 0.06, and VO = 0.04 £ 0.05). Neverthe-
less, none of the heritability estimates for loblolly pine were signif-
icantly different than zero. Type-b correlation estimates indicated
that family rankings did not change among isolates; however, the
standard error of the correlation estimate indicated that the correla-
tion was poorly estimated for loblolly pine (1.0 + 0.61). ANOVA
(Tables 1 and 2) and comparisons among family means for slash
(10.0 £ 3.8%) and loblolly (4.4 and 1.7%) provide further support
for underlying genetic differences contributing to phenotypic
variation.

Genomic analysis.

Structural characteristics. Assembly statistics of the three
inoculated F. circinatum genomes are presented in Table 3.
Assembly sizes ranged from 46.2 Mb in the LB isolate to
479 Mb in the VO isolate. The size average was 47.1 Mb,
slightly higher than the F. circinatum reference strain FSP 34 size
of 44.0 Mb. Nanopore sequencing coverage ranged from 31 to
84x. GC content was consistent, with a small range from 46.8 to
47.0%. The Nso for scaffolded assemblies was as high as
4.14 Mb in LB and as low as 3.18 Mb in VO. Repeat sequence
elements were 6.04% of the genome in SU, 6.79% in LB, and
7.52% in VO. The benchmarking universal single-copy ortholog
(BUSCO) completeness scores for all de novo assemblies were
greater than or equal to 99.6%.

Syntenic analysis of the SU assembly aligned to the reference
F. circinatum isolate FSP 34 indicated that all SU chromosomes
except for chromosome 11 were highly syntenic (=82.8%) with
corresponding chromosomes in the FSP 34 genome (Table 4). A
translocation appeared to have redistributed a portion of chromo-
some 11 (58.3% synteny) to chromosome 8 (Fig. 2A). In other
words, SU chromosome 8 appeared to contain a genomic portion
that matched a region in FSP 34 chromosome 11. This perhaps
explains the lower degree of synteny between chromosome 11 on
SU and the FSP 34 isolate. When assembly scaffolds for LB and
VO were aligned to the SU scaffolded assembly, there was a sim-
ilarly high degree of overall synteny (=81.7%) between these
genomes and SU (Table 5). However, synteny of chromosome 10
in LB was very low (4.2%) while chromosome 11 in VO was
modestly low (65.6%). It appears likely that chromosome 14 of
the LB isolate is, in fact, a misscaffold placed on chromosome 10
(Fig. 2B). For example, chromosome 10 of SU is 2,675,794 bp
long compared with LB’s 124,851 bp. There is strong alignment
between LB’s chromosome 14 and SU’s chromosome 10. Addi-
tional evidence is that LB’s chromosome 14 is 2.6 Mbp long.

The percentage of chromosomal repeat induced point (RIP)
mutation activity was similar to levels previously reported, with
notable increases on chromosome 12 (van Wyk et al. 2019b). LB’s
chromosome 10 has 0 RIP mutation activity and is only 124,851
bp, likely due to utgl2 not aligning to the NCBI reference or the
SU isolate assembly. The percentage of the 2.6-Mb unaligned uni-
tigl2 of LB affected by RIP mutation was 11.4%, very similar to
levels for chromosome 10 in the other genomes (Fig. 3).

Gene content. The number of annotated proteins was similar
among the three genomes, with 15,703, 16,009, and 16,215 in



LB, SU, and VO, respectively. Approximately 9.5% of the pro-
teins contained a signal peptide, 8% contained a signal peptide
and no transmembrane domain, and approximately 1.8% were
annotated as effectors in all genomes.

Evolutionary proximity between isolates was assessed by iden-
tifying orthologous genes present only as a single copy and apply-
ing a maximum-likelihood method to create a phylogenetic tree
(Fig. 4). In summary, 48 single-copy genes were used with their
own unique substitution model that allowed for distinct mutation
rates per amino acid site as input into the tree. After 1,500 boot-
strap replications, the log-likelihood of the tree was —7496285.
The four de novo F. circinatum assemblies were located in one
clade along with F. circinatum isolate FSP 34. These, together
with F. verticillioides strain 7600, constituted a sister clade to the
one encompassing F. oxysporum and F. odoratissimum. F. prolif-
eratum and F. fujikuroi were more distantly related; however,
there were less than an average of 0.03 amino acid substitutions
per site, indicating a close genetic relationship. To further demon-
strate the relationship of described isolates, UpSet and Venn dia-
gram plots were used to display the distribution of identified
orthologs (Fig. 5). There were 26 orthologous gene clusters that
were unique to the F. circinatum isolates LB, S, and V, and there
were 858 gene clusters shared among all F. circinatum isolates.

Effector and secondary metabolite analysis. To identify can-
didate proteins involved in mechanisms that led to the smaller
lesion lengths observed in the LB isolate, we identified 295 orthol-
ogous gene clusters, consisting of 2,119 genes, missing in the LB
isolate but present in both the SU and the VO isolates (Supplemen-
tary Table S1). We functionally annotated 340 genes from the SU
isolate and 329 genes from the VO isolate. In all, 40 contained a
signal peptide and no transmembrane domain, and 10 of those
were identified as effectors by EffectorP. Of the 295 missing pro-
tein clusters, 130 were F. circinatum lineage specific and present
only in the four F. circinatum isolates that were included in the
analysis. The lineage-specific set included 10 genes annotated as
transcription factors, including 2 that regulate biosynthesis of a sec-
ondary metabolite, 3 involved in polyketide synthesis, and 3 encod-
ing secreted effectors that are involved in cell wall degradation.

Separately, antiSMASH was used to predict biosynthetic gene
clusters in the de novo genome assemblies (Table 6). According
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to antiSMASH, only two metabolites, beauvericin and depude-
cin, were absent in LB yet present in SO and VU. Additionally,
cyclosporin C was apparently present in LB yet absent in SO
and VU. Primers (Supplementary Table S2) designed to amplify
the missing portion of the depudecin synthase gene were used to
confirm the bioinformatics result (Supplementary Fig. S2).
Carbohydrate-active enzyme annotation and distribution.
Plant-pathogenic fungi secrete enzymes that modify polysacchar-
ides (e.g., cellulose, hemicellulose, and pectin) of their host
plant’s cell wall in order to colonize their hosts and consume
available carbon sources (Kubicek et al. 2014; Lombard et al.
2014). Therefore, the carbohydrate-active enzymes (CAZymes)
produced by each of the isolates were compared to evaluate
whether the lower virulence in LB was correlated with any of
these components. The genomes of SU, LB, and VO contain 644,
646, and 641 genes encoding CAZymes, respectively (Table 7).
Among these genes, 127, 127, and 128 were identified in the
genomes of SU, LB, and VO, respectively, which encode plant
cell-wall-degrading enzymes (Supplementary Table S3). Compo-
nents of CAZymes associated with plant cell wall degradation are
similar between all three isolates but glycoside hydrolase family
39 (GH39), which acts on hemicellulose, was only identified in

Table 1. Analysis of variance of percent damaged stem for loblolly pine

Variable Sum Sq Mean Sq NumDF DenDF F value Pr (> F)
Run 0.05574 0.05574 1 54.84 13.77 <0.01
Inoculum 1.628 0.81400 2 55.90 201.1 <0.01
Family 1.643 0.08646 19 55.08 21.36 <0.01

Run x Inoculum  0.06478 0.03239 2 54.84 8.003 <0.01
Family x Inoculum 0.7119 0.01873 38 55.08  4.629 <0.01

Table 2. Analysis of variance of percent damaged stem for slash pine

Variable Sum Sq Mean Sq NumDF DenDF F value Pr (> F)
Run 0.05473 0.05473 1 1439 7.775 <0.01
Inoculum 5.217  2.608 2 150.8 3705 <0.01
Family 2.758 0.04449 62 150.3 6.32 <0.01

Run x Inoculum  0.02465 0.01233 2 1439 1.751 0.1773
Family x Inoculum 1.285  0.01147 112 1445 1.63 <0.01
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Fig. 1. Comparisons of the percentage of stem damaged following inoculation of slash and loblolly pine seedlings with three isolates of Fusarium
circinatum. Data points are for individual trees and are intended to show the entire distribution of lesion length sizes. Lesion lengths were statistically
different between Lake Butler (LB) versus Suwanee (SU) and Volusia (VO) isolates on both slash and loblolly pine.
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VO (Supplementary Table S3). In general, the distribution of
CAZymes is similar within these isolates and does not reveal any
differences, which may explain the lower virulence of LB.

DISCUSSION

Significant genetic variation has been detected in southern pine
populations, parents, and clones assessed for disease progression
following inoculation with F. circinatum (Blakeslee et al. 1980;
Gordon 2006; Kayihan et al. 2005; Quesada et al. 2010). ANOVA
and significant heritability estimates in this study have provided
further evidence that a systematic screening of pedigreed breeding
populations may be used to identify individuals producing seed-
lings that have smaller lesions following inoculation. Assuming
lesion length is associated with pitch canker resistance, the screen-
ing may be used to identify pine populations for reforestation in
areas where the risk of pitch canker damage is high. Heritability
estimates support the finding of significant differences among
slash pine families (h? = 0.25) and indicate that the differences
among loblolly are slight with h? estimates no different than zero.
Genetic variation in the pathogen population was also observed,
with significant differences among isolates supporting similar find-
ings from previous studies (Quesada et al. 2019).

An understanding of differences in resistance among pine
parents and differences in virulence of geographically distinct path-
ogen populations provides information useful for targeting where
more resistant material should be planted. However, interactions
among pine parents and F. circinatum isolates would greatly com-
plicate the deployment of disease resistance across the landscape.
The modified experimental design used for this study allowed for
the detection of significant differences among hosts and pathogens
as well as significant interactions (P < 0.01). Although the perfor-
mance of some families changed significantly when different iso-
lates were used, the rankings of slash pine families were generally
stable when challenged with different isolates of the pathogen, as
indicated by the genetic correlation of family rankings across the
three isolates (ry = 0.85 = 0.04). Although the modified screening
protocol allowed for comparisons among isolates, the objective of
ranking families for resistance would be better served by bulking
several isolates to ensure that each seedling is challenged with a
virulent isolate. Genetic variation among families could not be
detected when the LB isolate was used.

Table 3. Statistics of de novo genome assemblies for isolates Lake
Butler, Suwannee, and Volusia

Statistics Lake Butler = Suwannee Volusia
Filtered read number 58,257 93,129 155,740
Total gigabases 1.32 3.6 2.46
Coverage (x) 31 84 58
Contig number 21 21 25
Assembly size (Mb) 46.2 47.2 47.9
Longest contig (bp) 5,596,676 6,423,316 5,494,832
Unaligned contigs

Number 2? 1° 5°

Length (bp) 2,848,166 239,773 1,227,736
GC (%) 46.8 46.9 47.0
Nsq (bp) 4,141,639 3,637,485 3,183,314
Nyg (bp) 900,966 1,110,995 1,899,496
Complete BUSCOs (%)° 99.6 99.7 99.6
Duplicate BUSCOs 29/4,494 12/4,494 43/4,494
Fragmented BUSCOs 8/4,494 8/4,494 10/4,494
Repeat elements (%) 6.79 6.04 7.52
Number of encoded proteins 15,703 16,009 16,215
SIGNALP 1,499 1,507 1,507
EffectorP 282 279 289
Missing BUSCOs 10/4,494 9/4,494 12/4,494

“In relation to the aligned and scaffolded Suwannee isolate.
®In relation to FSP 34.
“BUSCOs = benchmarking universal single-copy orthologs.
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Developing an understanding of the pathogen virulence factors
underlying the change in pine family rankings will require alter-
native experimental designs that provide phenotypes from a larger
and more diverse set of isolates as well as their genomic resour-
ces. Screening of many more sequenced isolates with sufficient
genetic variation would allow for the association of lesion length
phenotypes with genomic variants to provide a more refined filter
to identify genes of interest for further study. The significant dif-
ference in lesion development phenotype among the isolates used
in this experiment provided the impetus to develop a comparative
genomics pipeline to identify genomic differences that may
underly differences in virulence. Genomic differences between
virulent and avirulent isolates were evident; however, functional
studies will be required to confirm that phenotypic differences in
disease development result from these differences.

The bioinformatic methodology used in this study comparing
different isolates of the same pathogenic fungus can be used to
select genetic factors that may play a role in virulence differences;
in this case, lesion length. We used OrthoMCL to determine clus-
ters of genes specific to F. circinatum and discovered 10 transcrip-
tion factors and three lineage-specific effectors involved in cell
wall degradation, including a feruloyl esterase C, known to con-
tribute to lesion length in the apple tree canker pathosystem (Xu
et al. 2018). Pathogenic fungi are known to regulate the action of
cell-wall-degrading enzymes through transcription factors induced
by the presence of their polymer targets (Aro et al. 2005), making
transcription factors important candidates for further study.

Secondary metabolite synthesis occurs in pathogenic fungi
through the action of gene clusters. These clusters vary between
lineages of fungi and can contribute to host pathogenicity. We
used antiSMASH to identify secondary metabolites that may be
missing in the less virulent LB isolate and found two differences:
the depudecin cluster and the beauvericin cluster (Table 6). Beau-
vericin has antifungal activity and could possibly supply a com-
petitive growth advantage but would not contribute to lesion
length. The depudecin mycotoxin is a histone deacetylase inhibi-
tor and a known virulence factor that contributes weakly to lesion
diameter on cabbage leaves infected with Alternaria brassicicola
(Wight et al. 2009). The Fusarium genus obtained the depudecin
gene cluster by horizontal gene transfer, and subsequent gene loss
and pseudogenization has led to cluster diversity (Reynolds et al.
2017). Differences between F. circinatum isolates’ depudecin
gene clusters could be at least partially responsible for differences
in lesion length (Supplementary Figs. S2 and S3). Next steps in
this line of inquiry would include detailed annotation of the clus-
ters along with high-performance liquid chromatography analysis
for the depudecin toxin.

Table 4. Percent syntenic similarity between Fusarium circinatum isolate
FSP 34 and F. circinatum isolate Suwannee®

Length in

Chr (FSP 34) FSP 34 (bp) Chr (Suwannee) Synteny (%)
1 6,191,809 1 95.2017
2 4,774,399 2 96.3622
3 4,758,267 3 96.6759
4 4,141,359 4 87.8904
5 4,400,171 5 92.1849
6 4,055,048 6 95.0833
7 3,473,953 7 94.1859
8 3,085,006 8 82.8132
9 2,773,753 9 87.9313
10 2,372,785 10 89.0548
11 2,064,197 11 58.3079
12 526,391 12 92.038
Whole genome 42,617,638 - 87.9486

% Chr = chromosome.



In this current research, we reported three long-read genome
assemblies of F. circinatum, expanding the genomic resources pub-
licly available by nearly 50%. Our genomic assemblies are highly
similar to reference isolate FSP 34 in both genetic content and
organization. We have also identified potential virulence or patho-
genic genes, including transcription factors, lineage-specific effec-
tors, and a depudecin biosynthetic gene cluster whose absence may
be associated with low virulence in LB using a comparative geno-
mics approach. Despite that, further functional characterizations
and expression analyses of candidate genes are required to eluci-
date their roles in the infection of Pinus spp. with F. circinatum.

MATERIALS AND METHODS

Isolate collection.

Isolates used in pathogenicity testing and comparative geno-
mics studies were originally collected from naturally infected lob-
lolly and slash pine trees in Volusia, Suwannee, and Union (Lake
Butler) Counties, FL. between 2016 and 2017, as described by
Quesada et al. (2019). For long-term storage, the isolates were
grown on sterile filter paper for 10 to 15 days, after which the fil-
ter paper was cut into small “confetti” (approximately 0.5-by-0.5-
cm squares) and dried under the flow hood for 2 h. The filter
paper was then placed in glass vials and stored at 4°C at the Uni-
versity of Florida. Some of these isolates on filter paper were
shipped to the USDA Forest Service RSC in 2018 for inoculation
tests (Quesada et al. 2019) and to expand their isolate collection.
Isolates were initiated on pentachloronitrobenzene media at the
RSC and pathogenicity was verified by inoculating 3-month-old
seedlings with an aqueous spore suspension. Each genotype was
reisolated from infected seedlings.

Inoculation and pathogenicity testing.

In 2019, 24 loblolly and 73 slash pine families were inoculated
with the SU, VO, and LB isolates of F. circinatum at the RSC in
Asheville, NC (Fig. 6A). The families were derived from cooper-
ative tree improvement programs and represent deployment popu-
lations that are widely used for reforestation in the southeastern

A

United States. A susceptible and a resistant seedlot were included
in both the loblolly and slash pine disease screening experiments as
controls. The RSC protocol requires that a set of 120 seedlings is
artificially inoculated over 2 days in repeated assessments (namely,
runs A and B) so that each family is represented by three trays in
each run and each tray contains 20 seedlings. Suboptimal germina-
tion of some families resulted in fewer seedlings being available
for the screening, with 7,560 of the 8,760 slash pine seedlings and
2,500 of the 2,880 loblolly pine seedlings being screened. Toler-
ance was assessed by applying an aqueous inoculum containing
spores at a concentration of 100,000 spores/ml. This inoculum was
sprayed directly onto a wound created by removing the top 1 to
2 cm of the seedling’s leader to create an infection court. After
2 months, seedling height and lesion length (in millimeters) were
measured to estimate the percentage of the stem that was damaged
following inoculation (Young et al. 2006) (Fig. 6B). Lesion length
and total seedling height were used to estimate the percentage
of the stem damaged because this has been used to predict
field performance following inoculation in different pine species
(Gordon and Reynolds 2017).

Table 5. Percent syntenic similarity between all chromosomes of
Suwannee (SU) and Lake Butler (LB) or Volusia (VO)*

Chr (SU) Length in SU (bp) Synteny (LB) (%) Synteny (VO) (%)

1 6,423,316 93.6027 87.4944
2 5,355,507 91.9729 81.0215
3 5,723,900 78.5081 84.9671
4 4,387,587 85.3475 83.0157
5 4,508,281 87.7475 90.3456
6 4,511,134 75.535 85.5838
7 3,637,485 98.8508 87.5937
8 4,044,805 71.0452 70.6755
9 2,955,658 97.9479 91.6056
10 2,675,794 4.26382 93.6877
11 1,800,201 94.9525 65.6102
12 799,344 98.6438 90.9523
Genome 47,184,674 83.5836 81.6979

% Chr = chromosome.

Fig. 2. Syntenic alignment among three Fusarium circinatum isolates (FSP 34, Suwannee, and Lake Butler) demonstrating the close overall similarity
between each isolates’ chromosomes. Chromosomes are represented by the green band for isolate A, FSP 34 and B, Lake Butler. Chromosomes of the
Suwannee isolate are shown by the orange band in both. Locations of genomic alignments between chromosomes are shown by a colored link unique to

each chromosome. For clarity, alignments less than 5 kb long are omitted.
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Statistical analysis of pathogenicity.

A mixed linear model was tested which included as fixed
effects the run, inoculum, control seedlots, and the run—inoculum
interaction. The models included a random genetic effect associ-
ated with the additive relatedness matrix derived from pedigree
and a random plot effect associated with differences among trays.
Random effects were used to provide variance component esti-
mates to infer the heritability of resistance traits following inocu-
lation with the pathogen. The h> was estimated as the ratio of
additive genetic variance to total variance as h? = Va/(Va + Vp +
Ve), where Va is the additive variance, Vp is the plot variance,
and Ve is the error variance. The significance of changes in fam-
ily rankings across the three different isolates was estimated using
an extended variance component model that provided an estimate
for a common type-b correlation (r,) among breeding value pre-
dictions estimated for each of the isolates as well as isolate spe-
cific additive and error variances. Although inoculations were
conducted using two species over 2 days and thousands of seed-
lings independently inoculated to evaluate differences between
isolates, the experiment using all three isolates was not replicated
in a subsequent evaluation; however, a subsequent study did
reevaluate pathogenicity differences between the SU and LB iso-
lates (Supplementary Fig. S1).

DNA extraction.

Isolates were grown on acidified potato dextrose agar (BD
Difco, Detroit, MI, U.S.A.) overlaid with cellulose paper and incu-
bated at 25°C for 5 days (Cassago et al. 2002). The mycelial mats
were scraped from the cellulose and ground in liquid nitrogen.
High-molecular-weight DNA was then extracted in cetyltrimethy-
lammonium bromide (CTAB) extraction buffer (100 mM Tris-
HCI [pH 9.5], 2% CTAB, 1.4 M NaCl, 1% PVP, 20 mM EDTA,
and 0.25% b-mercaptoethanol [vol/vol]), using a modified version
of the protocol described by Vaillancourt and Buell (2019). The
Amicon buffer exchange step was eliminated, and genomic purifi-
cation columns (Qiagen, Hilden, Germany) were used. To remove
DNA molecules under 25 kb, a short-read eliminator kit (Circulo-
mics, Inc., Baltimore, MD, U.S.A.) was used according to the
manufacturer’s instructions. DNA was analyzed for quality and

RIP
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Fig. 4. Phylogenetic relationship of newly sequenced isolates Suwanee,
Volusia, and Lake Butler in relation to their close genetic relatives. The evo-
lutionary history was inferred by using a maximum-likelihood method using
an edge-linked-proportional partition model with separate substitution models
and separate rates across amino acid sites. The log-likelihood of the tree is
—7496284.5580. Bootstrap values from 1,500 replications are shown next to
tree branches. Trees are drawn to scale, with branch lengths measured in the
number of substitutions per amino acid. In total, 48 single-copy orthologous
genes from 17 organisms were included in the analysis. Although the tree is
unrooted, the outgroup Fusarium fujikuroi is drawn at the root.

Isolate
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Fig. 3. Repeat-induced point (RIP) mutation activity across the chromosomes of isolates Lake Butler (+ utgl2) (LB), Suwannee (S), Volusia (V), and

van Wyk et al. (2019b).
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size using a spectrophotometer and fluorometer (Thermo Fisher
Scientific, Waltham, MA, U.S.A.) and electrophoresis (Agilent
Technologies, Santa Clara, CA, U.S.A.).

Genomic sequencing, read processing, and quality control.

Libraries were prepared from 1.0 ug of quantified DNA using
Oxford Nanopore Technology (ONT, Oxford, United Kingdom)
ligation sequencing with native barcoding kits (SQK-LSK109,
EXP-NBD104, and EXP-NBD114) according to the manufacturer’s
protocols. Prepared DNA was then sequenced on a FLO-MIN106
(R9.4) flow cell with the MinION platform for 72 h. Sequencing
was monitored with ONT’s MinKNOW v. 2.0. Raw signal data in
FASTS5 format was converted to basecalls using Guppy (v. 4.0.11)
in high-accuracy mode. The resulting FASTQ files were con-
catenated into a single FASTQ file for each isolate. Reads were
demultiplexed, and barcodes and adaptors were removed with Pore-
chop (v.0.2.4). Reads were then filtered with Filtlong to exclude
reads under 1,000 bp and read quality scores less than 14.3. Filtered
reads were then visualized using Nanoplot (De Coster et al. 2018).
Short-read genomic data produced by Illumina (San Diego, CA,
U.S.A.) were previously described (Fulton et al. 2020).

De novo assembly.

Filtered ONT long reads were assembled into contigs using
the SMARTdenovo assembler program. The Burrows-Wheeler
Aligner (v.0.7.17) program indexed and aligned original Nano-
pore long-reads with the “-x ont2d” parameter selected (Li and
Durbin 2009) back to the SMARTdenovo assembled contigs.
The alignments generated were then used to error correct the
SMARTdenovo assembled contigs using Racon (v.20161013)
(Vaser et al. 2017). Next, the short-read sequences correspond-
ing to each isolate were aligned to the Racon error-corrected
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23 83
38 200 4

04
_— Fusarium_graminearum_PH_1_protein
Fusarium_ _strain_race_4_protein
Fusarium_fujikuroi_IMI_58289_protein
Fusarium_oxysporum_cubense._race_1
Fusarium_verticillioides_7600_protein .
Fusarium_| _strain_NRRL62905_protein
Feirc_ref_protein_new2
Fusarium_proliferatum_ET1_protein
Lake Butler_protein_new
Wilcox_protein_new

_protein_new
Volusia_protein_new2
Fusarium_ , NRRL_54006_protein
Fusarium_oxysporum_NRRL_32931_protein .
Fusarium_oxysporum_Fo47_protein
Fusarium_ i 4287 _protein .
——————————— Fusarium_oxysporum_melonis_26406_protein .
15000 10000 5000 0
Orthologous groups

long-read assemblies using Bowtie2 (v.2.4.2) (Langmead and
Salzberg 2012; Langmead et al. 2019) and the alignments were
used to polish the long-read assemblies using Pilon (v.1.22)
(Walker et al. 2014). The Bowtie and Pilon steps were repeated
until changes to the assemblies reached equilibrium. Ragtag
(Alonge et al. 2019) was then used to align the assemblies to
the reference F. circinatum strain FSP 39 genome (Table 8).

Table 6. Summary of predicted biosynthetic gene clusters with similarity
to known clusters across all genomes

Genomes”

Clusters LB SU VO

NRP
Beauvericin - 1 1
Cyclosporin C 1 - -

NRP + polyketide
Equisetin 1 1 1
Fusaridione A

Polyketide
Oxyjavanicin
Fusaric acid
Bikaverin

(-=)-Mellein
ACT-toxin II
Epipyriculol
Gibepyrone-A
Depudecin

Terpene
Squalestatin S1
Gibberellin
Koraiol
o-Acorenol

| == ] = N —_
—_— e e N —_
| =N — —_

—_—

—_ -

1
1
1
1

LB = Lake Butler, SU = Suwannee, and VO = Volusia.
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Fig. 5. Presence of identified single-copy orthologous gene clusters in Fusarium spp. An UpSet plot showing the distribution of single-copy orthologous
gene clusters across several different species of Fusarium. The UpSet plot displays the number of distinct and overlapping orthologous gene clusters
(vertical bars) in the Fusarium genomes. Inset: Venn diagram displaying only those orthologs present in at least one Fusarium circinatum isolate while
entirely absent from other species. The listed sets are: Set 1, FSP 39; Set 2, Lake Butler; Set 3, Suwannee; and Set 4, Volusia.
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Repetitive elements in each assembly were classified using
RepeatModeler (v.2.0) (Smit et al. 2015) to generate custom repeat
libraries. These repetitive element libraries were then used to cre-
ate masked assemblies for annotation using RepeatMasker
(v.4.1.1) (Smit et al. 2015). Statistics for the four long-read assem-
blies were assessed with BBmap (v.38.44) (Bushnell 2014) and
the degree of completeness calculated using BUSCO (v.4.0.6)
(Seppey et al. 2019). BUSCO training datasets included Eukaryota
and Hypocreales.

Gene annotation.

MAKER (v.3.01.03) was used to annotate the assembled
genomes (Cantarel et al. 2008). Transcript and protein evidence
from F. verticillioides reference strain 7600 was used to model
genes and the masked assemblies were used as genome input.
An initial round of MAKER was run with the predicted genes
used as input for training of SNAP (v.0.15.4) (Korf 2004). A
second round of MAKER with the produced SNAP file was run
and the predicted genes used as input for training of Augustus
(v.3.3.2) (Stanke et al. 2006). A third round of MAKER was
run, and the resulting gene predictions were used as a training set
for GeneMark-ES (v.4.58) (Lukashin and Borodovsky 1998).

Table 7. Comparison of plant cell-wall-degrading and fungal cell-wall-
degrading carbohydrate-active enzyme (CAZyme) categories between dif-
ferent isolates”

Total CAZyme

Fungal isolatess GH GT PL CE CBM AA modules
Reference 311 108 23 53 16 114 625
Suwanee 321 110 23 55 18 117 644
Lake Butler 320 112 23 55 18 118 646
Volusia 317 111 23 56 18 116 641

@ Abbreviations: glycoside hydrolases (GH), glycoslyl transferases (GT),
polysacccharide lyases (PL), carbohydrate esterases (CE), carbohydrate-
binding modules (CBM), and auxiliary acticities (AA).

A

Using the produced training datasets from SNAP, Augustus, and
Genemark-ES, a final round of MAKER was run. Afterward,
structural annotation was performed through a BLASTP (Altschul
et al. 1997) homology search with an e-value threshold of 1le-5.
Protein domains were annotated with InterProScan5 (v.5.35-74.0)
(Jones et al. 2014). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) Automatic Annotation Server assigned KEGG
identifiers to unique genes and proteins (Moriya et al. 2007).

Orthologous gene families.

OrthoMCL (v.1.4) (Li et al. 2003) with a Blast P value cutoff
of le-10 and a percent identity cutoff value of 60 was used to
identify orthologous genes. Ortholog comparisons were made
against F. circinatum strain FSP 39, F. Fujikuroi strain IMI
58289, F. oxysporum £. sp. lycopersici strain 4287, F. oxysporum
f. sp. melonis strain 26406, F. oxysporum strain Fod7, F. oxyspo-
rum strain NRRL 32931, F. oxysporum f. sp. cubense race 1,
F. odoratissimum strain NRRL 54006, F. odoratissimum strain
race 4, F. graminearum strain PH-1, F. verticillioides strain 7600,
F. proliferatum strain NRRL62905, and F. proliferatum strain
ET1. After filtering, only orthologs present as a single copy in all
genomes were kept in the dataset.

Phylogeny.

The remaining orthologs were aligned separately using MUS-
CLE (v.3.8.31) (Edgar 2004) with default parameters. The result-
ing alignments were trimmed with BMGE (v.1.12) (Criscuolo
and Gribaldo 2010) and concatenated using FASconCAT-G
(v.1.05) (Kuick and Longo 2014). In all, 1,500 bootstrap replicates
were completed using UFBoot2 (Hoang et al. 2018) in IQ-TREE
(v.2.1.2) (Nguyen et al. 2015). The maximum-likelihood tree
using an edge-linked proportional-partition model with separate
substitution models and separate rates across amino acid sites was
employed. The tree was constructed using 1,500 bootstrap repli-
cations and 48 partition models.

Fig. 6. Pathogenicity experiment to demonstrate variability of virulence among three isolates of Fusarium circinatum. A, In 2019, 24 loblolly and
73 slash pine families were inoculated with three different F. circinatum aqueous spore solutions at a concentration of 100,000 spores/ml. For each
family, a set of 120 seedlings was artificially inoculated over 2 days. Each family was represented by three trays in each run and each tray contained
20 seedlings. A susceptible and a resistant seedlot were included in both the loblolly and slash pine disease screening experiments as controls. This inoc-
ulum was sprayed directly onto a wound created by removing the top 1 to 2 cm of the seedling’s leader to create an infection court. B, After 2 months,
seedling height and lesion length (in millimeters) were measured to estimate the percentage of the stem that was damaged by inoculation. The stem on
the left (B) is infected (purple discoloration) while the stem on the right is healthy.
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Table 8. Publicly available assemblies and protein datasets for which phylogenetic comparisons were conducted

Isolate Host

Accession number Reference

Fusarium fujikuroi strain IMI 58289 Oryza sativa

F. oxysporum f. sp. melonis strain Cucumis melo
26406

F. verticilloides 7600 Zea mays

F. graminearum strain PH 1 Z. mays

F. circinatum FSP 34 Pinus radiata

F. oxysporum f. sp. lycopersici Solanum lycopersicum
4287 (race 2, VCG 0030)

F. oxysporum strain Fo47 Endophyte; biocontrol agent

F. oxysporum f. sp. cubense race 1 Musa acuminata Cavendish

subgroup
F. odoratissimum strain NRRL
54006 (F. oxysporum f. sp.
cubense tropical race 4 54006)
F. odoratissimum strain race 4
(F. oxysporum f. sp. cubense
tropical race 4)
proliferatum strain NRRL62905
proliferatum strain ET1
oxysporum strain NRRL 32931
circinatum strain Lake Butler

Z. mays
Endophyte
Homo sapiens
P. elliottii

circinatum strain Suwannee P. elliottii

oo™ o mEmEN

circinatum strain Volusia P. elliottii

M. acuminata Cavendish subgroup

M. acuminata Cavendish Subgroup

GCF_900079805.1
GCA_002318975.1

Wiemann et al. 2013
Ma et al. 2014

GCF_000149555.1
GCF_000240135.3
GCA_000497325.3
GCF_000149955.1

Gardiner 2018
Walkowiak et al. 2016
Britz et al. 2001

Ma et al. 2010

GCA_013085055.1
GCA_016802225.1

Wang et al. 2020
Maymon et al. 2020

GCF_000260195.1 Ordonez et al. 2015

GCA_000350365.1 Torres Bedoya et al. 2021

GCA_900029915.1
GCF_900067095.1
GCF_000271745.1
GCA_013168825.2

Munkvold et al. 1998

Tsavkelova et al. 2008

Zhang et al. 2020

This study; Fulton et al. 2020;
Quesada et al. 2019

This study; Fulton et al. 2020;
Quesada et al. 2019

This study; Fulton et al. 2020;
Quesada et al. 2019

GCA_013168835.2

GCA_013168815.2

Structural characteristic analyses.

The SU assembly was aligned to F. circinatum strain FSP 39
using Minimap2 (Li 2018) and the resulting aligned contigs
scaffolded using Ragtag v. 1.0.0 (Alonge et al. 2019). After-
ward, the LB and VO assemblies were aligned and scaffolded
against the SU reference-aligned scaffold. Gaps between contigs
were filled with 100 ‘N’ characters. To assess synteny between
scaffolded chromosomes, Satsuma2 was employed using default
parameters (Grabherr et al. 2010). Circos (v.0.69-9) (Krzywinski
et al. 2009) was used to visualize syntenic areas. Alignments
greater or equal to 5,000 kb were depicted. Finally, RIP muta-
tion analysis was done using the online tool RIPer (van Wyk
et al. 2019a)

Effector and secondary metabolite analysis.

Annotated proteins from the three isolates were evaluated for
effector and secondary metabolite production. Protein datasets
were first screened for secretory signal peptides using Signal-P
(v.5.0) (Almagro Armenteros et al. 2019). Afterward, only those
proteins with attached signal peptides were used as input for
EffectorP 2.0 (Sperschneider et al. 2016) to identify putative
effectors. Secondary metabolites were discovered by application
of the programs antiSMASH (antibiotics and secondary metabo-
lite analysis shell; fungal version 6) (Blin et al. 2021) and
dbCAN?2 (automated CAZyme annotation) (Zhang et al. 2018).
HMMER was used to search against the dbCAN HMMdb
(release 9.0) (e-value < le-15, coverage > 0.35).

Data availability.

Genomes and sequence reads were deposited in the NCBI
GenBank repository under BioProject number PRINA757390.
Accession numbers for all genomes used in the study are shown
in Table 8.
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