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Abstract

Lisianthus (Eustoma grandiflorum) has become a major flowering plant in Okinawa, the
southernmost prefecture of Japan. Its cultivation area has increased steadily with each
passing year for two decades. Simultaneously, many types of lisianthus diseases related to
damping-off symptoms have also increased dramatically. To create a strategy for preventing
the disease, disease symptoms and pathogenic organisms of primary problematic disease
with seasonal variation in the emergence were investigated. The symptoms were diagnosed
as Fusarium stem rot (Kukigusare-byo) and the pathogen of the disease was identified as
Fusarium avenaceum based on multigene sequences analyses. Indeed, the PCR result of
the isolated strain in this study was the same as that isolated from lisianthus plants with
Fusarium stem rot in Hokkaido Prefecture. Furthermore, the pathogen is clustered sepa-
rately from the other F avenaceum strains isolated from lisianthus in the USA. Diseased
lisianthus plants spread throughout greenhouses even though several fungicides were ap-
plied. Additionally, they appeared from November to January and increased to 0.3% of the
total number. Fusarium stem rot was found in 43.8% of the total number of farms from
2020-2021 in Okinawa Main Island.

Keywords: conidia, Fusarium stem rot, Kukigusare-byo, PCR detection, phylogenetic
analysis, sporodochia

Introduction

In Okinawa, lisianthus (Eustoma grandiflorum) has
become a major flowering plant. Okinawa’s subtropi-
cal climate enables lisianthus shipping at a high price
to other prefectures in Japan during winter and spring
(from December to May) when other prefectures find
it relatively challenging to grow them for commer-
cial purposes. Although this flowering plant has been
cultivated for only about two decades in Okinawa, its
cultivation area has increased steadily with each pass-
ing year. In 2019, according to the official figures of the
Okinawa prefectural government, the following data
were recorded: (1) cultivation area - 1,221a; (2) the
number of shipments — 2.46 million; and (3) the ship-
ment value — 364 million yen. In 2019, the amount of
production was recorded as the 10th highest in Japan.

From 2013-2015, there was a dramatic improvement
in its cultivation with associated factors, such as cul-
tivation area increased by 4.8 times, the number of
shipments increased by 3.2 times, and the number of
farmers increased by 5.3 times. However, simultane-
ously, many types of lisianthus diseases also increased
dramatically. Moreover, various symptoms appear-
ing in production sites are associated with damping-
off, accordingly reflecting the variety of pathogenic
organisms. Hence, a detailed examination should be
conducted to identify lisianthus diseases related to
damping-off to create a strategy for preventing these
diseases. Recently, we identified strains showing dis-
eases similar to Fusarium stem rot in greenhouses of
farmers in Okinawa Main Island. Fusarium stem rot,
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an extremely problematic disease of lisianthus, was first
found to be caused by Fusarium avenaceum in each
of the regions in Hokkaido Prefecture, Japan around
1986 (Iwata 1991; Horita and Kodama 1995). Conse-
quently, the disease has spread all over Japan, such as
to the Ibaraki and Kumamoto prefectures (Tomita et al.
2005). Additionally, E avenaceum is isolated from
lisianthus in many states of the United States, in-
cluding Florida, California, and Connecticut and in
many other countries (Nalim et al. 2009). In this study,
disease symptoms and pathogenic organisms of Fusar-
ium stem rot, with seasonal variation in the emergence
of the disease in Okinawa Main Island were investi-
gated.

Materials and Methods

Lisianthus sample

Lisianthus strains were planted in four rows in a fur-
row and resulted in about 950 plants in one furrow
in greenhouses A and B of a farmer in Okinawa City
(Supplementary Fig. 1). “Engage Boy” and “Moana
Light Pink” were each planted in two furrows alter-
nately in greenhouse A on October 16th, 2020. “Celeb
Christal” and “Celeb Grape” were planted in two fur-
rows alternately in greenhouse B on November 6th,
2020. Greenhouses A and B were separate but stood
side by side. All plants of all varieties were investigated
and the plants that had Fusarium stem rot-like symp-
toms were sampled each day. Furthermore, lisianthus
plants that exhibited Fusarium stem rot-like symptoms
from each of the regions in the Okinawa Main Island
were sampled from a total of 32 farmers from various
regions: seven from Nakijin village, one from Motobu
town, and seven from Nago city in the northern area;
one each from Okinawa City (the same as above) and
Uruma city in the middle area; and six from Yaese
town, three from Nanjo city, and six from Itoman city
in the southern area.

Fungal isolation

Small pieces of infected stems were cut from the edge of
significant lesions using a sterile blade. The pieces were
soaked in 70% ethanol for 30 s and 1.0% hypochlor-
ous acid for 60 s, then soaked twice in sterile distilled
water for a few seconds. After the pieces were dried on
sterile paper, they were placed on an agar plate. The
plates were incubated at 25°C and examined to deter-
mine if hyphal grew from the pieces 3-4 days later.
When hyphal grew from a piece, the hyphal tip was cut
with agar and moved to a potato dextrose agar (PDA,
Difco Laboratories) plate. To confirm the appearance
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of fungi, the PDA plate was incubated at 25°C for
a week until the hyphae almost covered the entire plate.

Koch's postulates

For the Koch’s postulates test to determine the caus-
al agent of the disease, a young lisianthus seedling
(“Celeb Pink”) was used. Mycelia of the fungal isolates,
R2-30 cultured on a PDA plate, were placed on the
stem of the seedling alongside a piece of PDA. Three
seedlings were placed in sealed boxes with damp pa-
per under greenhouse conditions at ~25°C. Fungi were
reisolated from the diseased parts of the seedlings onto
an agar plate and the hyphal tip was moved to a PDA
plate. Subsequently, the morphologies of the fungi
were examined to fulfill the last stage of Koch’s postu-
lates (Bradbury 1970).

PCR detection

Fungal genomic DNA of R2-30 was extracted using
a DNeasy Plant Mini Kit following the manufacturer’s
protocols (QIAGEN). PCR amplification was con-
ducted in a 25-pl reaction mixture in a GeneAmp PCR
system 9700 (Applied Biosystems Inc.). The reac-
tion mixture was comprised of 12.5-ul Sapphire
Amp Fast PCR Master Mix, 1-pl JIAf (10-pmol/pl;
5-GCTAATTCTTAACTTACTAGGGGCC-3’)
and JIAr (10 pmol/pl; 5-CTGTAATAGGTTATT-
TACATGGGCG-3’) primers (Turner et al. 1998), 1-ul
fungal genomic DNA template (approximately 30-ng),
and 9.5-ul sterile distilled water. Amplification was
conducted using the following cycling conditions:
primary denaturation for 2 min at 94°C, followed by
30 cycles of 30 s at 94°C, 30 s at 58°C, and 30 s at 72°C,
and a final extension step for 5 min at 72°C (Turner
et al. 1998). The PCR product of about 300 bp was con-
firmed using gel electrophoresis.

Sequencing and phylogenetic analysis

Genomic DNA from fungal mycelium of R2-30 grown
on potato dextrose agar (PDA; Becton Dickinson,
USA) was extracted via physical disruption using
beads (Nippon Gene Co., Ltd.). Four loci, i.e., nu-
clear ribosomal internal transcribed spacer (ITS) re-
gions, including ITS1, 5.8S, and ITS2, partial transla-
tion elongation factor (tefI), partial RNA polymerase
largest subunit (rpbl), and partial RNA polymerase
second largest subunit (rpb2) gene regions, were am-
plified and sequenced, respectively. The primers used
in this study are listed in Supplementary Table 1. Poly-
merase chain reactions (PCR) were performed with
BIOTAQ DNA Polymerase (Bioline, UK) for ITS,
tefl, and rpb2. Amplification was performed with the
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following cycling conditions: primary denaturation for
5 min at 94°C, 40 cycles of 30 s at 94°C, 40 cycles of
30 s at 52°C, 40 cycles of 30 s at 72°C and a final exten-
sion step for 7 min at 72°C. For rpbl, PCR was per-
formed with TaKARa Ex taq (Takara Bio, Japan). Am-
plification was performed using the following cycling
conditions: 40 cycles of 10 s at 98°C, 40 cycles of 30 s
at 55°C, 40 cycles of 1 min at 72°C and a final exten-
sion step for 7 min at 72°C. The sequences were assem-
bled with ChromasPro 2.1.10 (Technelysium Pty, Ltd.,
South Brisbane QLD, Australia). Multiple alignments
were performed with CLUSTALW (Thompson et al.
1994), and the final alignments were manually intro-
duced. Ambiguous positions and alignment gaps were
excluded from the analysis. The neighbor-joining (Sai-
tou and Nei 1987) phylogenetic tree with the Kimura
two-parameter model (Kimura 1980) was constructed
using the MEGA ver. 7.0 (Kumar et al. 2016). A boot-
strap test with 1000 iterations was used to assess the
reliability of the branches (Felsenstein 1985). The posi-
tions with gaps and the regions of uncertain nucleo-
tide alignment were excluded from the phylogenetic
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analyses. Neighbor-joining trees were constructed on
the basis of each gene or concatenated sequence.

Results

Diagnosis of Fusarium stem rot

Symptoms of Fusarium stem rot on lisianthus plants
were observed in greenhouses A and B in Okinawa
City. Diseased lisianthus plants exhibited brown dis-
coloration in the stem from the lowest part near the
root (Fig. 1A and B). Furthermore, leaves became
discolored, turning brown from the side of the stem,
which kept spreading. Moreover, the entire plant
wilted. Furthermore, there were cases in which or-
ange sporodochia were formed on the lowest part of
the stem when the disease progressed (Fig. 1B and C).
The conidia was crescent shaped (Fig. 1D). The fungi
which appeared to be Fusarium, R2-30 was isolated
primarily from the infected part of lisianthus plants,
“Moana Light Pink”. Mycelia of the fungal isolates were

Fig. 1. Symptoms of Fusarium stem rot and sporodochia on lisianthus plants: A — the plant of variety “Celeb Grape” with disease symp-
toms (April 15, 2021); (B-C) - orange sporodochia formed on “Celeb Christal” (January 4, 2021); (D) crescent shaped conidia observed

through a light microscope
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white or pale yellow on a PDA plate and colored a PDA
plate dark red or pale red (Fig. 2A). Fusarium avena-
ceum specific primers, JIAf/r amplified a single PCR
product of the expected size (about 300 bp; Harukuni
and Fujio 2016) from all tested E avenaceum isolates
but not from an E oxysporum isolate causing Fusarium
wilt (Fig. 2B). The symptoms of Fusarium stem rot re-
ported in Hokkaido (The Phytopathological Society of
Japan 2022; Harukuni and Fujio 2016) were the same
as those in this study. As a result, these symptoms were
diagnosed as Fusarium stem rot (Kukigusare-byo).

Koch's postulates

Koch’s postulates showed that mycelia of the fungi were
extended on the stem ~7 days following inoculation,
and it was confirmed that the stem was infected by the
fungi. Control seedlings were asymptomatic. Reiso-
lated fungi grew on PDA plates after 7 days of incuba-
tion and grown fungi exhibited the same appearance.

Phylogenetic analysis of Fusarium
avenaceum isolate, R2-30

ITS sequence-based NJ phylogeny (Supplementary
Fig. 2) showed that R2-30 (MAFF247602) and E ave-
naceum, including one strain from Eustoma grandiflo-
rum (lisianthus) in Poland, and related F tricinctum
species complex (FTSC) species formed a monophy-
letic lineage with moderate bootstrap support (92%).
The bootstrapped NJ phylogeny inferred from tefl,
rpbl, and rpb2 genes also demonstrated a monophy-
letic lineage with a E avenaceum in the FTSC clade
(Supplementary Figs 3-5). Furthermore, the concat-
enated NJ phylogeny generated from tefl, rpbl, and
rpb2 genes sequences showed that R2-30 and E avena-
ceum formed a monophyletic cluster in the FTSC clade
with moderate bootstrap support (100%) (Fig. 3).
Therefore, R2-30 was identified as F. avenaceum based

on multigene sequence analyses. The bootstrapped
NJ phylogeny inferred from tefl gene demonstrated
divergence of R2-30 and E avenaceum, including
15 strains isolated from lisianthus in the USA as re-
ferred from Nalim et al. (2009), in the clade of FTSC
(Fig. 4), and R2-30 is clustered separately from the
other F avenaceum strains from lisianthus.

The occurrence of Fusarium stem rot

Lisianthus strains diseased with Fusarium stem rot
spread throughout the two greenhouses, regardless of
the variety (Fig. 5A). Furthermore, the diseased plants
appeared at the early growth stage to the late growth
stage, from November to January (Fig. 5B). The rate of
increase was high from November to January in green-
house A, whereas it was high in January and April in
greenhouse B. In January Fusarium stem rot occurred
frequently in both houses. Eventually, the accumulated
numbers of diseased plants in greenhouses A and B
were 26 and 18, which were 0.3% and 0.2% of the to-
tal number, respectively. No differences in the degree
of disease between “Engage Boy,” “Moana Light Pink,’
“Celeb Christal,” and “Celeb Grape” were observed
morphologically. Furthermore, as for the occurrence
rate on the investigated farms, Fusarium stem rot oc-
curred in 43.8% of the 32 farms in each of the regions
in Okinawa Main Island (Fig. 6).

Discussion

Fusarium avenaceum is predominantly soil-borne
and common in temperate regions throughout the
world, but it is also reported in warmer or subtropi-
cal regions (Leslie and Summerell 2006). This species
is also known to be a phytopathogenic fungus which
can cause stem and root disease in various plant hosts,

500 bp
300 bp

M : 100 bp DNA Ladder

1: The fungalisolate from
Fusarium stemrot

2 :  Fusarium oxysporum

Fig. 2. The isolate grown on a potato dextrose agar (PDA) plate (A) and PCR detection using JIAf/r primers (B)
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Fusarium avenaceum CBS 408.86NT (M W928836/M G282372/M G282401)
Fusarium avenaceum NRRL 53729 (OL772760/0L772912/0L773064)
Fusarium avenaceum NRRL 26890 (OL772749/0L772901/0L773053)
R2-30 Fusarium avenaceum
Fusarium avenaceum NRRL 54939 (OL772892/0OL773044/0L773196)

99 | Fusarium avenaceum NRRL 53733 (OL772756/0OL772908/OL773060)

70 Fusarium avenaceum FRC R-6751 (OL772752/0L772904/0L77305)

Fusarium sp.FTSC 11 FRC R-6750 (OL772763/0OL772915/0L773067)

Fusarium sp. FTSC 21 NRRL 39812 (OL772782/0L772934/0L773086)

1001 Fysarium sp. FTSC 21 NRRL 39815 (OL772786/0L772938/0L773090)
100| Fusarium chonggingense 1L.C4957T (MW620138/M W024705/M W474663)
Fusarium chonggingense LC13814 (MW620137/ M W024704/M W474662)
Fusarium sp. FTSC 20 FRC R-7848 (OL772774/01L772926/01L773078)
100 |Fusarium alpinum LC6045T (M W620150/M W024717/M W474675)
Fusarium alpinum LC6034 (MW620147/MW024714/M W474672)
Fusarium paeoniae LC13817T (M W620142/M W024709/M W474667)
100 | Fusarium paeoniae NRRL 52730 (OL772886/0L773038/0OL773190)

951 Fusarium paeoniae FRC R-10078 (OL772767/0L772919/0L773071)
—— Fusarium sp. FTSC 19 NRRL A-28022 (OL772778/OL772930/0L773082)
99 Fusarium sp. FTSC 10 NRRL 52720 (OL772893/0L773045/0L773197)

Fusarium sp. FTSC 18 NRRL 36565 (OL772876/0OL773028/0OL773180)
Fusarium sp.FTSC 17 FRC R-3569 (OL772854/0L773006/0L773158)
Fusarium sp. FTSC 23 FRC R-7739 (OL772835/0L772987/0L773139)
Fusarium negundinis NRRL 20682 (OL772753/0L772905/0L773057)

1001 Fusarium acuminatum NRRL 36147 (GQ505420/HM 347174/GQ505484)
Fusarium acuminatum NRRL 52789 (OL772888/0OL773040/0L773192)
100 Fusarium tricinctum NRRL 2548157 (OL772833/01.772985/01L.773137)
Fusarium tricinctum CBS 253.50 (KR071775/M W928802/M W928823)
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85
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79

70
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Fusarium sp. FTSC 12 NRRL 39526 (OL772836/0L772988/0L773140)
Fusarium reticulatum NRRL 36339 (OL772852/0OL773004/0L773156)
100 Fusarium reticulatum NRRL 25792 (OL772846/0L772998/0L773150)
Fusarium tricinctum LC13820 (MW620155/M W024722/M W474680)
1001 Fusarium sinense KOD 941'T (OL772795/0L772947/0L773099)
Fusarium sinense KOD 942 (OL772796/0L772948/0L773100)

99 1 Fusarium flocciferum CBS 821.68ET (M W928837/M W928807/M W928824)
Fusarium flocciferum NRRL 40008 (OL772897/OL773049/0L773201)
Fusarium iranicum NRRL 52714 (OL772883/0OL773035/0L773187)
98 L Fusarium iranicum NRRL 52933 (OL772889/0L773041/0L773193)
1001 Fusarium torulosum NRRL 22748 (OL772877/0OL773029/0L773181)
Fusarium torulosum NRRL 52772 (OL772887/OL773039/0L773191)
Fusarium sp. FTSC 8 NRRL 52722 (OL772890/0L773042/0L773194)
Fusarium gamsii NRRL 34036 (OL772879/0L773031/0L773183)
Fusarium gamsii FRC R-6556 (OL772875/0L773027/0L773179)

93

100

Fusarium nurragiNRRL 36452 (OL772898/0L773050/0L773202)

0.020

Fusarium concolor NRRL 13994T (M H742650/M H742492/MH742569)

Fig. 3. Neighbor-Joining (NJ) phylogeny inferred from combined tef1, rpb1, and rpb2 sequences of R2-30 and species of Fusarium

tricinctum species complex. Numbers on the nodes are NJ Bootstra
strains are indicated with "€"'mand VT, respectively

and head blight in wheat. This species is not associ-
ated with any human or animal toxicoses/pathogens,
however, it produces mycotoxins such as beauvericin,
fusarin C, and moniliformins (Leslie and Summerell
2006). Fusarium avenaceum from lisianthus were scat-
tered within the clade of FTSC, and did not form dis-
tinct groups based on host species or locality (Nalim
et al. 2009; Laraba et al. 2022; Yli-Mattila et al. 2022).

p values above 70%. Ex-type, ex-epitype, isotype, and neotype

In our molecular phylogenetic analysis of tefl gene,
our isolate, R2-30, and E avenaceum from lisianthus
demonstrated divergence of phylogenetic position
(Fig. 4). This suggests that F avenaceum strains from
lisianthus may contain a number of cryptic species.

In the Database of Plant Diseases in Japan (htt-
ps://www.gene.affrc.go.jp/databases-micro_pl_dis-
eases.php) and Common Names of Plant Diseases in
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Fig. 4. Neighbor-Joining (NJ) phylogeny inferred from tef1 sequences of R2-30, 15 strains from lisianthus, and species of Fusarium
tricinctum species complex. Numbers on the nodes are NJ Bootstrap values above 70%. Ex-type, ex-epitype, isotype, and neotype

strains are indicated with "&"'""and V7, respectively

Japan (The Phytopathological Society of Japan 2022),
E avenaceum is recorded as a plant-pathogen for stem
rot of lisianthus in Hokkaido Prefecture. This F ave-
naceum four strains ex E. grandiflorum are preserved
in NARO Genebank, but these strains could not be
included in molecular phylogenetic analyses, because
sequence data of these strains are not released to the
public. However, the PCR result in this study was the
same as one from lisianthus plants with Fusarium stem
rot in Hokkaido Prefecture (Fig. 2). Actually, the ITS

region sequences of the pathogens isolated in each
area in Okinawa Main Island were different (data not
shown). Further phylogenetic analysis of these patho-
gens should be carried out next.

In greenhouses, as preventive measures against
fungal diseases, the farmer of greenhouses A and B
applied soil disinfectant and many types of fungicides
before as well as after planting the lisianthus plants
(Table 1). First, Basamide, including dazomet and me-
thyl isothiocyanate, was sprayed on soil 20 days before
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A
Greenhouse A Greenhouse B
1
9
2 1 ) 1
=
2 1 1
1 1 1 1
2 1 A
1
2 1 R 1
2 2 2
2 6 1 1 2
“Engage “Moana “Engage “Moana “Celeb “Celeb “Celeb “Celeb
Boy” Light Pink” Boy” Light Pink” Christal” Grape” Christal” Grape”
Each rectangle on the solid line represents each furrow with four rows planted. Values in each section indicate
the number of lisianthus plants with Fusarium stem rot. Blank indicates no disease. In each section, there are about
140 lisianthus plants cultivated
B
Accumulated number Accumulated number
=@ Fusarium stem rot === Fusarium stem rot
20 20
Greenhouse A Greenhouse B
0 1 1 1 1 0 1 1 1
Q Q N N e Q Q ~ A N
) v ) ) v : ) ) v
< Ky N G 4 N N
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Fig. 5. The occurrence of Fusarium stem rot: A — the location of the disease occurrence; B - the accumulated number of the disease

planting and Benrate wettable powder was perfused
a day before planting in these greenhouses. Basamide
is registered for Pythium rot. There were no diseased
lisianthus plants with Pythium rot in these greenhous-
es; thus, it is possible to conclude that Basamide may
prevent Pythium rot. The number of diseased plants
with Fusarium stem rot was ten for the first month
since lisianthus were planted in greenhouse A. In

contrast, there were only one for the first month and
two for the first two months since they were planted in
greenhouse B. It is not obvious that this perfused fun-
gicide, Benrate wettable powder prevented Fusarium
stem rot, but the diseased plants increased to 0.3% of
the total number in greenhouse A and 0.2% of the total
number in greenhouse B. However, Fusarium root rot
did not occur in these greenhouses and the fungicide
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20km

4/7 in Nakijin vilage

1/1 in Motobu town
3/7 in Nago city

0/1 in Uruma city

e
s

3~ 1/1'in Okinawa city,
from Greenhouses A
and B

~—

4

T

1/3'in Nanjo city

1/6 in Yaese town
3/6 in Itoman city

Fig. 6. Map of Okinawa, indicating the occurrence rate of Fusar-
ium stem rot in 32 farms in each of the regions

may contribute to preventing the disease. In fact, the
pesticides registered for Fusarium stem rot were not
sprayed in these greenhouses. Actually, only Orthocide
wettable powder 80 is registered as a spraying type pes-
ticide for Fusarium stem rot. Captan in Orthocide was
more effective against Fusarium wilt of chickpea than
thiophanate-methyl (Arshi and Shabbir 2020), which
was sprayed for sclerotial rot in the greenhouses (Table
1) in this study. Also, captan inhibited mycelial growth
of E graminearum associated with corn and soybean

seed more effectively than azoxystrobin and triflox-
ystrobin (Broders et al. 2007). Spraying Orthocide
had the possibility of preventing the disease more and
verifying its effect is the next step. Actually, the disease
incidence in Okinawa was relatively high and was dis-
tributed in the southern, middle, and northern areas
of Okinawa Main Island (Fig. 6). Thus, the disease in-
cidence in Okinawa Main Island from 2020-2021 was
43.8%. In fact, other Fusarium diseases also occurred
in the Okinawa Main Island, which we hope to report
in the next study.

In conclusion, Fusarium stem rot appeared fre-
quently despite spraying several fungicides though ir-
regularly. Choosing appropriate soil disinfectants and
fungicides for the environment and spraying them at
appropriate intervals are the keys to preventing these
diseases. Further studies are required to search for
effective methods to prevent these diseases, such as
choosing fungicides and soil disinfestation for inhibit-
ing these pathogens. Further, evaluating resistant vari-
eties against Fusarium stem rot are warranted for the
next study.
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The sequence is available from the Bioinformation and
DDBJ Center database DDBJ at www.ddbj.nig.ac.jp
with accession numbers LC724043 (ITS), LC724044
(tef1), LC724045 (rpb1), and LC724046 (rpb2).
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Supplementary Table 1. PCR Primers information of PCR amplification of the four loci

Locus Primers Sequence of primer (5'—3’) Direction References
ITS5 GGAAGTAAAAGTCGTAACAAG forward
White et al. (1990)
ITS ITS4 TCCTCCGCTTATTGATATGC reverse
NL4? GGTCCGTGTTTCAAGACGG reverse O’Donnell (1993)
EF1 ATGGGTAAGGARGACAAGAC forward
tef1 O’Donnell et al. (1998)
EF2 GGARGTACCAGTSATCATGTT reverse
Fa CAYAARGARTCYATGATGGGWC forward
R8 CAATGAGACCTTCTCGACCAGC reverse
F7 CRACACAGAAGAGTTTGAAGG forward
R9 TCARGCCCATGCGAGAGTTGTC reverse O’Donnell etal. (2010)
rpb1 F62 CTGCTGGTGGTATCATTCACG forward
F82 TTCTTCCACGCCATGGCTGGTCG forward
G2R? GTCATYTGDGTDGCDGGYTCDCC reverse
Amp3f GAYTACATCTTCAAYCGTCAGCC forward
Senatore et al. (2021)
Amp3r GTTCTTGGAHGACACACCRGCG reverse
RPB2-5f2 GGGGWGAYCAGAAGAAGGC forward Reeb et al. (2004)
b2 fRPB2-7cr CCCATRGCTTGYTTRCCCAT reverse
Iy
P fRPB2-7cf ATGGGYAARCAAGCYATGGG forward Liu et al. (1999)
RPB2-11ar GCRTGGATCTTRTCRTCSACC reverse

2used only for sequencing reactions

Main Island

& G}eenhouses Aand B

—_ g Okinawa city

Okina

Supplementary Figure 1. Map of Okinawa, indicating the localizations of the greenhouses
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R2-30

Fusarium sp. FTSC 25
Fusarium sp. FISC 23
Fusarium sp. FTSC 22

Fusarium avenaceum Eu (KU852598) ex Lisianthus
Fusarium reticulatum CBS 473.76" (FusariumlID)

FRC R4587 (0L.832294)
FRCR7739 (OL832263)
FRC R6739 (OL832192)

Fusarium sp. FTSC 21 NRRL 39815 (OL832214)
Fusarium sp. FTSC 21 NRRL 39812 (01.832210)
Fusarium sp. FTSC 20 FRC R7848 (0L832202)
Fusarium sp. FTSC 19 NRRL A28022 (OL832206)
Fusarium sp. FTSC 18 NRRL 36565 (OL832304)
Fusarium sp. FTSC 17 FRC R3569 (01.832282)
Fusarium sp. FTSC 12 NRRL 39526 (OL832264)
Fusarium sp. FTSC 11 FRC R6750 (OL832191)
Fusarium sp. FTSC 10 NRRL 52720 (OL832321)
Fusarium tricinctum CBS 253.50 (MH856607)
Fusarium tricinctum NRRL 25481%T (OL832261)
Fusarium sinensis KOD 942 (OL832224)
Fusarium sinensis KOD 941 (OL832223)
Fusarium reticularum NRRL 25792 (OL832274)
Fusarium reticulatum NRRIL 36339 (OL1.832280)
Fusarium paeoniae FRC R10078 (OL832195)
Fusarium paeoniae NRRL 52730 (OL832314)
Fusarium negundinis NRRL 20682 (OL832181)
Fusarium iranicum NRRL 52933 (OL832317)
Fusarium iranicum NRRL 52714 (OL832311)
Fusarium californicum BL29 (MK880137)

92|| Fusarium californicum BL30T (MK880138)
Fusarium avenaceum NRRIL 26890 (OL832177)
Fusarium avenaceum FRC R6751 (OL832180)
Fusarium avenaceumn NRRL 53733 (OL832184)
Fusarium avenaceum NRRL 53729 (OL832188)
Fusarium avenaceum NRRIL 54939 (01.832320)
Fusarium sp. NRRL 36147 (GQ505452)
Fusarium acuminatum NRRL 52789 (0L832316)
Fusarium flocciferum NRRL 40008 (0L832325)
Fusarium gamsii NRRL 34036 (OL832307)
Fusarium gamsii FRC R6556 (OL832303)

U Fusarium torulosum NRRL 22748 (OL832305)
Fusarium torulosum NRRL 52772 (OL832315)
Fusarium sp. FTSC 8 NRRL 52722 (OL832318)
Fusarium sp. FTSC 24 FRCR7356 (OL832322)
Fusarium flocciferum CBS 821.68FT (FusariumlD)
— Fusarium nurragi NRRL 36452 (0L832326)
Fusarium concolor CBS 183.34T (MH855479)

—
0.0100

Supplementary Figure 2. Neighbor-Joining (NJ) phylogeny inferred from ITS sequences of R2-30, one strain from lisianthus, and
species of Fusarium tricinctum species complex. Numbers on the nodes are NJ Bootstrap values above 70%
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Fusarium avenaceum
Fusarium avenaceum NRRL 26890 (OL772749)
Fusarium avenaceum FRC R6751 (OL772752)
77| R2-30
Fusarium avenaceum NRRL 53733 (OL772756)
Fusarium avenaceum NRRL 54939 (OL772892)
Fusarium avenaceum NRRL 53729 (OL772760)
99 Fusarium avenaceum CBS 408.86NT (MW928836)
184" Fusarium paeoniae NRRL 52730 (OL772886)
Fusarium paeoniae LC13817T (MW620142)
Fusarium chongqingense LC13814 (MW620137)
87 Fusarium chongqingense LC4957T (MW620138)
98| Fusarium sp. FTSC 21 NRRL 39815 (OL772786)
85 Fusarium sp. FTSC 21 NRRL 39812 (OL772782)
Fusarium sp. FTSC 19 NRRL A28022 (OL772778)
Fusarium sp. FTSC 20 FRC R7848 (OL772774)
Fusarium alpinum 1LC6034 (MW620147)
Fusarium alpinum LC6045T (MW620150)
— Fusarium sp. FTSC 10 NRRL 52720 (OL772893)
u Fusarium sp. FTSC 18 NRRL 36565 (OL772876)
[ Fusarium sp. FTSC 17 FRC R3569 (OL772854)
71— Fusarium reticulatum NRRL 36339 (OL772852)
Fusarium reticulatum NRRL 25792 (OL772846)
Fusarium sp. FTSC 12 NRRL 39526 (OL772836)
76 Fusarium sp. FTSC 23 FRC R7739 (OL772835)
| | 96 Fusarium tricinctum NRRL 25481ET (OL772833)
Fusarium tricinctum CBS 253.50 (KR071775)
— Fusarium negundinis NRRL 20682 (OL772753)
Fusarium acuminatum NRRL 36147 (GQ505420)
88— Fusarium acuminatum NRRL 52789 (OL772888)
29 Fusarium sinense KOD 9411T (OL772795)
99 Fusarium sinense KOD 942 (OL772796)
99| Fusarium flocciferum CBS 821.685T (MW928837)
89 Fusarium flocciferum NRRL 40008 (OL772897)
Fusarium iranicum NRRL 52714 (OL772883)
99' Fusarium iranicum NRRL 52933 (OL772889)
100~ Fusarium torulosum NRRL 22748 (OL772877)
Fusarium torulosum NRRL 52772 (OL772887)
Fusarium sp. FTSC 8 NRRL 52722 (OL772890)
Fusarium gamsii NRRL 34036 (OL772879)

Fusarium gamsii FRC R6556 (OL772875)
Fusarium nurragi NRRL 36452 (OL772898)

Fusarium concolor NRRL 13994T (MH742650)

—_—
0.020

Supplementary Figure 3. Neighbor-Joining (NJ) phylogeny inferred from tef1 sequences of R2-30 and species of Fusarium tricinctum
species complex. Numbers on the nodes are NJ Bootstrap values above 70%
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Fusarium avenaceuin
Fusarinm avenaeenm NEEL 33733 (OL772908)
90 | Fusarium avenacenm FRCR6731 (OL772004)
Fusarivm avenacewm NERL 54930 (0L 773044)
100} | Fyycarinm avenacenm NRRL 269114 (MIG282372)
Fusarium avenacenwm NERL 53720 (OL772912)
o7 | | Fusarinm avenacenm NERL 26890 (OL772801)
38lR2-30
— Fusarium sp. FTSC 11 FRC R6750 (OLT72913)
Fusariwm sp. FTSC 21 NERL 393812 (OL772834)
100 Fusarium sp. FTSC 21 NRRL 39813 (0L772938)
Fusariwm sp. FTSC 19 NEEL A28022 (OL772930)
— Fusarinm sp. FTSC 20 FRC R7848 (OL772926)
_|'FHE.:;‘?'J"H}H paeonice NERL 32730 (OL773038)

100 Fusarium pasonice FRCR10078 (OL772919)
Fusarium sp. FTSC 10 NERL 52720 (OL7730435)
Fusariwm sp. FT3C 18 NRRL 363565 (OL773028)
Fusariwm negundinis NERL 20682 (OL772803)
Fusariwm sp. FTSC 17 FRC R3360 (OL773006)
Fusariwm sp. FTSC 23 FRC R7739 (OL772987)

100 | Fusarium sp. FTSC 2 NEEL 36147 (HM347174)
Fusarium acuminatium NERL 52789 (OLT73040)
100 [ Fusarium fricinctum NRRL 25481 (OL772985)
Fusarinm tricinctum CBS 23350 (IW028802)
Fuusariwm sp. FT3C 12 NEEL 32326 (OL772988)
Fusarivm reticulatum NERL 36339 (OL773004)
100! Fusarium reticudanen WERL 25792 (OL772998)
100 | Fusarium sinense KOD 941 (OL772947)

Fusariwm sinense KOD 942 (OL772948)

Fusariwm =p. FTSC 25 FRC R4337 (OL773018)
g5 Fusarium floccifernm CBS 821.68%" (MMWS23807)

100|' Fusarium floceiferym NEEL 40008 (OL77304%)

Fusarium iranicum NERL 52714 (OL773033)
98! Fusarium iraricion NERL 32933 (OL773041)
— Fusarium sp. FT3C 24 FRC R7336 (OL773046)
1001 Fusariwm forwloswm MERL 22748 (OL773029)
Fusarium forwlosum NERRL 32772 (OL773039)
Fusariwm sp. FTSC 8§ NREL 52722 (OL773042)
Fusariwm gamsii NRRL 34036 (OL773031)

100 — Fusariwm gamsii FRCR6356 (OL773027)
Fusariwm mirragi NERL 36452 (OL773050)

Fusarium concolor NREL 130047 (WMH742492)

33

100

T8

100

0.020

Supplementary Figure 4. Neighbor-Joining (NJ) phylogeny inferred from rpb1 sequences of R2-30 and species of Fusarium tricinctum
species complex. Numbers on the nodes are NJ Bootstrap values above 70%
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Fusarium avenaceum
Fusarium avenaceum NRRL 26890 (OL773053)

87|R2-30
Fusarium avenaceum NRRL 53729 (OL773064)
84t ' Fysarium avenaceum NRRL 26911NT (M(G282401)
Fusarium avenaceum NRRL 54939 (OL773196)
Fusarium avenaceum NRRL 53733 (OL773060)
Fusarium avenaceum FRC R6751 (OL773056)
Fusarium sp. FTSC 21 NRRL 39812 (OL773086)
99" Fusarium sp. FTSC 21 NRRL 39815 (OL773090)
Fusarium sp. FTSC 22 FRC R6739 (OL773068)
[FusariumpaeoniaeNRRL 52730 (OL773190)
100~ Fusarium paeoniae FRC R10078 (OL773071)
95| | Fusariumsp. FTSC 11 FRC R6750 (OL773067)
Fusarium sp. FTSC 19 NRRL A28022 (OL773082)
Fusarium sp. FTSC 20 FRC R7848 (OL773078)
Fusarium tricinctum NRRL 25481ET (OL773137)
l_OJFusarium tricinctum CBS 253.50 (MW 928823)
99| Fusarium sp. NRRL 36147 (GQ505484)
Fusarium acuminatum NRRL 52789 (OL773192)
Fusarium sp. FTSC 18 NRRL 36565 (OL773180)
Fusarium negundinis NRRL 20682 (OL773057)
_I_—Fusarium sp. FTSC 10 NRRL 52720 (OL773197)
Fusarium sp. FTSC 12 NRRL 39526 (OL773140)
Fusarium sp. FTSC 17 FRC R3569 (OL773158)
Fusarium sp. FTSC 23 FRC R7739 (OL773139)
Fusarium californicum BL30 (MK878569)
Fusarium californicum BL29 (MK878568)
109 Fusarium reticulatum NRRL 36339 (OL773156)
Fusarium reticulatum NRRL 25792 (OL773150)
76| Fusarium flocciferum CBS 821.685T (MW 928824)
W' Fusarium flocciferum NRRL 40008 (OL773201)
100! Fyusarium iranicum NRRL 52933 (OL773193)
Fusarium iranicum NRRL 52714 (OL773187)
100 Fusarium torulosum NRRL 22748 (OL773181)
Fusarium torulosum NRRL 52772 (OL773191)
Fusarium sp. FTSC 8 NRRL 52722 (OL773194)
Fusarium gamsii NRRL 34036 (OL773183)
97— Fusarium gamsii FRC R6556 (OL773179)
Fusarium sinense KOD 941'T (OL773099)
ﬁFusarium sinense KOD 942 (OL773100)
Fusarium nurragi NRRL 36452 (OL773202)
Fusarium concolorNRRL 13994T (MH742569)

0.020

285

Supplementary Figure 5. Neighbor-Joining (NJ) phylogeny inferred from rpb2 sequences of R2-30 and species of Fusarium tricinctum

species complex. Numbers on the nodes are NJ Bootstrap values above 70%





