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ABSTRACT

Plant tissues are a known habitat for two types of Fusarium species: plant pathogens and endophytes. Here, we investigated
the molecular phylogeny and diversity of endophytic fusaria, because endophytes are not as well studied as pathogens. A
total of 543 Fusarium isolates were obtained from the inside of tomato stems cultivated in soils mainly obtained from
agricultural fields. We then determined partial nucleotide sequences of the translation elongation factor-1 alpha (EF-1α)
genes of the isolates. Among the isolates from tomato, 24 EF-1α gene sequence types (EFST) were found: nine were
classified as being from the Fusarium oxysporum species complex and its sister taxa (FOSC, 332 isolates), seven from the
F. fujikuroi species complex (FFSC, 75 isolates) and eight from the F. solani species complex (FSSC, 136 isolates). To determine
more characteristic details of the tomato isolates, we isolated 180 fusaria directly from soils and found 95% of them were
nested within the FOSC (82 isolates; five EFSTs), FFSC (21 isolates; six FESTs) and FSSC (68 isolates; 11 EFSTs). These results
suggested that the dominant Fusarium endophytes within tomato stems were members of the same three species
complexes, which were also the dominant fusaria in the soils.
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INTRODUCTION

Fusarium includes a large number of strains associated with
agricultural productions, such as plant pathogens (Kistler 1997;
Leslie and Summerell 2006), toxin producers on edible parts
of plants (Desjardins 2006) and biological control agents for
plant diseases (Alabouvette et al. 2001). In ecological perspec-
tive, Fusarium includes epiphytes (Inácio et al. 2002) and endo-
phytes (Leslie et al. 1990; Kuldau and Yates 2000; Bacon and Yates
2006). In addition to these agriculturally and ecologically distinct
strains, many are putative saprophytic. By virtue of their agri-
cultural and ecological characteristics, Fusarium has become a
model organism.

Fusaria have been classified historically on the basis of
morphological characteristics. In recent decades, phylogenetic-

based methods have moved taxonomy of Fusarium into a new
phase based on molecular phylogenetics (Aoki 2009). Closely re-
lated phylogenetic species are grouped in species complexes.
Fusarium graminearum species complex (FGSC) and F. fujikuroi
species complex (FFSC) are examples: there are 16 species
within the FGSC and over 50 species within the FFSC (Aoki, per-
sonal communication; O’Donnell, Cigelnik and Nirenberg 1998;
O’Donnell et al. 2004, 2008b; Starkey et al. 2007; Aoki 2009).
Although F. oxysporum and F. solani were described as single
species, both comprise multiple species (Baayen et al. 2000;
O’Donnell 2000; Enya et al. 2008). Based on these findings, F. oxys-
porum and F. solani are also now recognized as species complexes
(FOSC and FFSC).

The plant pathogens in Fusarium cause root and stem rots,
blights and wilts in a large number of cultivated plants. The

Received: 26 January 2015; Accepted: 12 August 2015
C© FEMS 2015. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

1

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/91/9/fiv098/847489 by guest on 24 April 2024

http://www.oxfordjournals.org
mailto:iiori@affrc.go.jp
mailto:journals.permissions@oup.com


2 FEMS Microbiology Ecology, 2015, Vol. 91, No. 9

FOSC includes more than 120 kinds of plant pathogens, which
cause soil-borne diseases such as vascular wilt and root rot dis-
eases. Each of pathogenic individual is highly host specific and
their host range is limited to only one or a few plant species,
called forma specialis (f. sp.) (Gullino, Katan and Garibaldi 2012).
The FSSC includes pathogens which cause root rot diseases, and
some of them are also classified as f. sp. (Aoki et al. 2003). The
FFSC includes rice bakanae disease pathogen, which causes ab-
normal elongation of rice leaves by the production of gibberellin
(Wulff et al. 2010).

Fusaria both positively and negatively affect crop cultiva-
tion: the harmful effects of pathogens and toxin producers and
the beneficial effects of the biological control agents, which can
be used as microbial pesticides, are easily understood. In con-
trast, the effects and potential of endophytes on crop cultiva-
tion are poorly understood. Furthermore, there is little informa-
tion about the genetic and phylogenetic relationships between
endophytes and plant pathogens, biological control agents or
saprophytes. Although most endophytes are thought to be non-
pathogenic (Kuldau and Yates 2000), further analyses of the eco-
logical functions of Fusarium endophytes are needed to elucidate
their roles in crop cultivation.

We hypothesized that Fusarium may be compatible with a
broad range of plants, especially those in the FOSC although,
in a few cases, slight disease symptoms such as discoloration
and stunting were caused. This hypothesis is supported by evi-
dence obtained in several previous studies. For example, Arm-
strong and Armstrong (1948) described the invasion of non-
host plants by pathogenic strains of F. oxysporum; Banihashemi
and deZeeuw (1975) reported that F. oxysporum f. sp. melonis
can invade at least two non-host crops, corn and soybean; Gor-
don, Okamoto and Jacobson (1989) showed that the melon wilt
pathogen can also invade five non-host crops (i.e. alfalfa, cotton,
sugar beet, tomato and wheat); Katan (1971) found that F. oxys-
porum f. sp. lycopercisi could invade weeds that are non-hosts of
this tomato pathogen; and Kuldau and Yates (2000) listed many
plant species from which Fusarium endophytes were obtained.
In the putative non-pathogenic members of the FOSC, the well-
known biological control strain Fo47 could invade at least two
crops, cucumber (Benhamou, Garand and Goulet 2002) and flax
(Nagao, Couteaudie and Alabouvette 1990).

In this study, we aimed to characterize the phylogeny and
diversity of Fusarium endophytes isolated from tomatoes (Ta-
ble S1, Supporting Information). To improve the quality of the
characterization, we also isolated fusaria directly from soils as
a reference (Table S2, Supporting Information). Furthermore,
we prepared morphologically and/or phytopathologically char-
acterized reference strains. Some reference strains have been
deposited in the MAFF gene bank system (Table S3, Support-
ing Information), National Institute for Agrobiological Sciences,
Tsukuba, Japan. Nucleotide sequences of the translation elon-
gation factor-1 alpha (EF-1α) gene were compared among the
tomato isolates, soil isolates and reference strains. Furthermore,
based our hypothesis, we confirmed the ability of some soil and
tomato isolates to infect tomato and melon by means of inocu-
lation and reisolation experiments.

MATERIALS AND METHODS
Location of soil sampling sites

Soils were obtained between March 2009 and June 2010 from
six locations in Japan: a garden of the NARO Agricultural Re-
search Center in Tsukuba, Ibaraki Prefecture, two commercial
fields (fields A and B) in Ibaraki Prefecture, one commercial field

(field C) in Chiba Prefecture and a field of a school in Ibaraki Pre-
fecture (field D) and a field of Nagoya University in Togo, Aichi
Prefecture.

Isolation of Fusarium endophytes from tomato stems

Soil-inhabiting Fusarium endophytes are thought to invade roots
and then colonize stem vascular tissues. To obtain extensively
colonizing endophytes, we isolated them from the inside of
stems. Each of the soils wasmixedwith approximately the same
weight of Kureha soil (Kureha, Tokyo, Japan), which is an ar-
tificial, aggregate-structured dry soil containing fertilizer that
keeps field soils soft. The soilmixtureswere dispensed into plas-
tic baskets (33 × 25 × 10 cm deep) linedwith two sheets of paper.
Approximately 200 seeds of tomato cultivar Momotaro (Takii,
Kyoto, Japan) were sown in the soils except for the soil sampled
in Tsukuba where approximately 20 seeds were employed. Af-
ter 3–6 weeks of cultivation in a greenhouse, a stem segment
approximately 3.5 cm below the cotyledons was harvested from
each plant and washed with tap water. Each piece was rinsed
in 0.1% Tween 20 for a few seconds, then in sodium hypochlo-
rite solution (2% effective chlorine) for 10 min and then washed
four times in sterile distilled water. Each piece was then air-
dried in a laminar flow chamber, and then placed on Fo-G1 agar
medium (Nishimura 2007), followed by incubation at 26◦C for 1–
2 weeks. Fungal mycelia were transferred onto new Fo-G1 agar
medium and incubated at 26◦C for 2 weeks. Colonies were trans-
ferred onto synthetic low-nutrient agar media (Nirenberg and
Aoki 1997). After 2 weeks incubation at 26◦C, the cultures were
stored at 8◦C. Fungal isolates were named by a combination of
two letters combinedwith four digits. ‘SL’ was the letter designa-
tion used to describe tomato isolates (Table S1, Supporting Infor-
mation). Effectiveness of the surface sterilizationwas confirmed
with the imprintingmethod (Shishido, Loeb and Chanway 1995):
five randomly chosen pieces of surface-sterilized stems were
imprinted onto fresh nutrient agar to confirm that no microbial
growth was present after they had been incubated at 26◦C for
2 weeks.

Isolation of Fusarium directly from soils

Soils used for isolating Fusarium were sampled from field A and
Togo in September 2010 and June 2010. These soils were passed
through a sieve with a 2-mm aperture, and a portion of each
sample was used to determinemoisture content by air-drying at
105◦C for 24 h. Fungal isolates were named by a combination of
two letters (TC) combined with four digits (Table S2, Supporting
Information).

A total of 6 soil samples obtained on September 2010 from
field A and 10 samples obtained on June 2010 from Togo were
serially diluted 10-fold with sterile distilled water. Soil suspen-
sions (100 μl) of each dilution were spread onto one plate of
Fo-G1 agar medium. After 10 days incubation at 26◦C, all fun-
gal colonies that formed on each plate spread with a dilution
equivalent of 1mg soil (dryweight) per 100μl aliquotwere trans-
ferred onto fresh Fo-G1 agar medium and incubated for 2 weeks
at 26◦C. In addition, 17 fungal colonies (15 colonies from Togo
and 2 colonies from Field A) were randomly chosen from the
plates of the other soil suspension dilutions.

Partial EF-1α nucleotide sequences

Fungi were grown on potato dextrose agar medium at 26◦C for
10 days. Each colony was transferred into 50 μl of TE buffer
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(10 mM Tris-HCl buffer, pH 7.5, 1 mM EDTA) and then heated at
95◦C for 10 min. The heated mycelial suspensions were used for
templates in PCR for amplification of the EF-1α gene. PCR was
performed with primers EF-1 and EF-2 (O’Donnell et al. 1998) in
50 μl containing 5 μl of the heated mycelium suspension, 0.3
μM each primer, 1.0 U KOD FX DNA polymerase (Toyobo, Osaka,
Japan), 1× PCR buffer for KOD FX and 0.4 mM each dNTP. The
PCR profilewas as follows: an initial preheating at 94◦C for 2min,
followed by 35 cycles of denaturation at 98◦C for 10 s, annealing
at 55◦C for 30 s and extension at 68◦C for 40 s, and a final ex-
tension at 68◦C for 7 min. To confirm amplification, 5 μl of each
sample was separated by electrophoresis using 1% agarose gels.
PCR products were purified using a MinElute 96 UF PCR Purifi-
cation Kit (Qiagen, Tokyo, Japan) following the manufacturer’s
directions. Nucleotide sequences of the purified fragments were
determined directly using a BigDye Terminator Cycle Sequenc-
ing Kit version 3.1 (Life Technologies, Carlsbad, CA, USA) on a
3130 automated DNA sequencer (Life Technologies). Primer EF-
22 (O’Donnell et al. 1998; Geiser et al. 2004) was used for cycle
sequencing.

Unique partial sequences of the EF-1α gene were aligned us-
ing the Clustal X2 program (Jeanmougin et al. 1998; Larkin et al.
2007), and phylogenetic relationshipswere inferred based on the
nucleotide sequence alignment of the gene among the Fusarium
isolates using MEGA5 (Tamura et al. 2011). A neighbor-joining
tree was constructed based on distances determined by the
method of Jukes and Cantor (1969) using 1000 bootstrap repli-
cates. Unique nucleotide sequences were compared with nu-
cleotide sequences registered in FUSARIUM-ID (Geiser et al. 2004;
Park et al. 2011) and the DDBJ/EMBL/GenBank databases using
the BLAST program (Altschul et al. 1990), and the phylogenetic
position within the genus was deduced based on sequences of
their closest relatives.

Inoculation assays

Invasion of tomato plants (cultivar Momotaro) by the Fusarium
isolates was confirmed by inoculation and reisolation experi-
ments. Each cell of every white plastic tray (50 cells per tray
∼75 ml each; Tokai Kasei, Mino, Japan) was filled with approx-
imately 60 g of Kureha soil and sown with three tomato seeds.
Each cell containing soil and tomato seeds received 20 ml of a
conidial suspension (approximately 3E + 07 cells ml–1) of an iso-
late, resulting in a density of approximately 5E + 06 cells g–1.
As a negative control, each cell received 20 ml of sterile distilled
water. The tomato plants were cultivated in an air-conditioned
greenhouse (28 ± 3◦C) and thinned to two plants per cell. Af-
ter 21–28 days of cultivation, a piece of the stem approximately
3.5 cm in length below the cotyledons of each plant was ex-
cised and then surface-sterilized as described above and incu-
bated on Fo-G1 agar medium for 2 weeks at 28◦C. To check for
host specificity of the Fusarium isolates, their ability to colonize
melon plants (cultivar Amus; JapanHorticultural Production and
Research Institute, Matsudo, Japan) was tested. The method of
inoculation and reisolation of the melon plants was the same as
for tomato.

RESULTS
Isolation of Fusarium from tomato plants
and soils and phylogenetic position of isolates
by means of EF-1α sequence analysis

Soils used for tomato cultivation were sampled from six loca-
tions (Field A to D, Togo, and Tsukuba) between 9 March 2009

Table 1. Isolation of Fusarium endophytes from stems of tomato
plants.

No. of isolatesbLocation of No. of tomato
of soil samplinga plants cultivated FOSC FFSC FSSC

Field A 8995 240 53 23
Field B 2657 12 0 72
Field C 2530 32 10 18
Field D 2785 45 11 14
Togo 631 2 1 6
Tsukuba 17 1 0 3

Total 17615 332 75 136

aSampled soils were used for cultivating tomato plants.
bSpecies complex to which each isolate belongs was inferred based on partial

nucleotide sequence of EF-1α gene.
FOSC, F. oxysporum species complex; FFSC, F. fujikuroi species complex; FSSC, F.
solani species complex.

Table 2. Isolation of Fusarium directly from soils.

No. of isolates

Location of Other
soil sampling FOSC FFSC FSSC Fusarium

Field A 40 1 22 1
Togo 42 20 46 8

Total 82 21 68 9

and 19 June 2010. A total of 17 615 tomato plants were used. A
total of 543 fusaria were isolated from 542 of the 17 615 plants
(Tables 1 and S1, Supporting Information); two isolates (SL0006
and SL0008) were isolated from the same plant. A total of 180
soil isolates were obtained from field A (64 isolates) and Togo
(116 isolates) (Tables 2 and S2, Supporting Information).

Phylogenetic relationships among the tomato isolates, the
soil isolates and the reference strains were investigated by con-
structing a phylogenetic tree (data not shown). The tomato iso-
lates belonged to the following three species complexes: FOSC
(332 isolates), FFSC (75 isolates) and FSSC (136 isolates) (Table 1).
Most soil isolates belonged to the FOSC (82 isolates), the FFSC
(21 isolates) and the FSSC (68 isolates), but 9 isolates belonged
to other species/species complexes (Table 2).

Comparison of EF-1α gene sequence types (EFSTs)
among Fusarium

We divided Fusarium into EFSTs according to differences in nu-
cleotide sequences of their EF-1α genes. Fungi that belonged to
the FOSC accounted for 21 EFSTs: 332 tomato isolates were di-
vided into nine EFSTs and 82 soil isolates comprised five EFSTs
(Fig. 1, Table 3). Five EFSTs (FOSC-01, 03, 04, 05 and 09) were com-
monly detected in isolates fromboth tomato plants and soil, four
EFSTs (FOSC-02, 06, 07 and 08) were detected only in tomato and
no EFSTs were detected only in soil (Fig. 1, Table 3). Two tomato
pathogens, F. oxysporum f. sp. lycopersici (15 strains) and F. oxys-
porum f. sp. radicis-lycopersici (four strains) (Table S3, Supporting
Information), were represented in the reference strains. Strains
pathogenic to tomato contained three EFSTs (FOSC-03, 10 and
11); FOSC-03 was also found in tomato (Fig. 1). In other reference
strains belonging to the FOSC, there were 21 pathogens (formae
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Figure 1. Neighbor-joining tree derived from 21 unique nucleotide sequences of the translation elongation factor 1α (EF-1α) gene found in 477 isolates and reference
strains belonging to the FOSC and its sister taxa, F. commune, F. foetens and F. nisikadoi. Distances were determined by the maximum composite likelihood. Scale

bar indicates a distance of 0.01 (one base changes per 100 nucleotide positions). Values on the branches represent bootstrap support of 60% or greater based on 1000
replicates. A total of 21 unique sequences (EFSTs) are indicated by FOSC-01 to 21. Information on the isolates and reference strains in each EFST is shown in parentheses:
SL, tomato isolates; TC, soil isolates; Ff, F. foetens; Fn, F. nisikadoi; Fol, F. oxysporum f. sp. lycopersici; For, F. oxysporum f. sp. radicis-lycopersici; nFo, non-pathogenic F. oxysporum;
and pFo, plant pathogenic F. oxysporum belonging to other formae speciales except for lycopersici and radicis-lycopersici.

speciales asparagi, batatas, conglutinans, cubense, cucumerinum, di-
anthi, fragariae, gladioli, lactucae, lagenariae, matthiolae, melonge-
nae, melonis, momordicae, niveum, phaseoli, raphani, spinaciae and
tulipae; a strain pathogenic to Paulownia tomentosa; and a strain
pathogenic to Alnus pendula) (Table S3, Supporting Information).
Of the 13 EFSTs found among these pathogens, 4 (EFST-01, 03, 05
and 07) were also found in tomato (Fig. 1). Of the 21 EFSTs, nu-
cleotide sequences of the EF-1α gene of 5 EFSTs (FOSC-06, 08,
12, 20 and 21) represented novel EFSTs (O’Donnell et al. 2009;
Table 3).

Fungi that belonged to the FFSC were divided into 26 EF-
STs: 75 tomato isolates were divided into seven EFSCs; and 21
soil isolates were placed in six EFSTs (Fig. 2, Table 4). Two EF-
STs (FFSC-03 and 07) were detected in both tomato and soil,
five EFSTs (FFSC-01, 02, 04, 05 and 06) were detected only in
tomato and four EFSTs (FFSC-08 to 11) were detected only in soil
(Fig. 2, Table 4). Best matching isolates by homology searches
in the FUSARIUM-ID sequence database were also shown in
Table 4. All EFSTs found among tomato and soil, except for FFSC-
07 and 11, suggested they were F. fractiflexum, F. fujikuroi or F. pro-
liferatum (Fig. 2). FFSC-07was associatedwith 13 isolates andwas
found among tomato and soil; FFSC-11 was associated with only
one isolate from soil (Table 4). The phylogenetic identity of FFSC-
07 and 11 could not be inferred from this analysis (Fig. 2). The
present result suggests that it might represent a new species.

Members of the FSSC were divided into 16 EFSTs: 136 tomato
isolates were divided into 8 EFSTs, and 68 soil isolates were di-
vided into 11 EFSTs (Table 5). Six EFSTs (FSSC-01, 03–06 and 08)
were detected in tomato and soil, two EFSTs (FSSC-02 and 07)
were detected only in tomato and five EFSTs (FSSC-09 to 13) were
detected only in soil. No reference strains belonging to the FSSC

shared the same EFSTs detected in tomato and soil (Table 5). Of
the 16 EFSTs, 9 (FSSC-01, 02, 07–09, 11 and 13–15) appeared to be
new sequence types (O’Donnell et al. 2008a).

To add more FSSC reference strains, 27 EF sequences de-
posited in DDBJ/EMBL/GenBank were included in the phyloge-
netic analysis (Fig. 3, Table S4, Supporting Information). Of the
thirteen EFSTs found in tomato and soil, seven were related to
plant pathogens (Fig. 3): three EFSTs, FSSC-03, 08 and 10, related
to pathogens of Eustoma grandiflorum (accession no. AB426618);
three EFSTs, FSSC-01, 02 and 12, related to F. solani f. sp. radici-
cola (AB513841); and one EFSTs, FSSC-13, related to F. solani f. sp.
mori (FSSC-16, the reference strain MAFF 840046) and F. solani f.
sp. pisi (AF1788337 and AF178355). The other six EFSTs, 04–07, 09
and 11, were not closely related to pathogens used in the present
study.

Nine soil isolates that formed a clade (F. tricinctum species
complex) were resolved as four EFSTs (Other-01 to 04): tomato
isolates were not detected in these EFSTs (Fig. 4, Table 6).

Inoculation and reisolation experiments using tomato
and melon

To test for endophytic activity within tomato, and thus inva-
sion ability, we performed inoculation and reisolation experi-
ments using a total of 37 isolates and strains: 9 tomato iso-
lates, 24 soil isolates, 1 tomato pathogen (F. oxysporum f. sp. ly-
copersici 880621a-1, a causal agent of vascular wilt disease of
tomato), 1 melon pathogen (F. oxysporum f. sp. melonis Mel02010,
a causal agent of vascular wilt disease ofmelon), 1 rice pathogen
(F. fujikuroi AFM06–014A, a causal agent of bakanae disease) and
1 strain (F. fujikuroi MAFF 235151), of which pathogenicity was
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Figure 2. Neighbor-joining tree derived from 26 EFSTs found in 120 isolates and reference strains belonging to the FFSC. Distances were determined by the maximum
composite likelihood. Values on the branches represent bootstrap support of 60% or greater based on 1000 replicates. The 26 unique sequences (EFTSs) are indicated
by FFSC-01 to 26. Information on the isolates and reference strains in each EFST is shown in parentheses: SL, tomato isolates; TC, soil isolates.

unknown. These experiments were conducted seven different
times: the first and second experiments used tomato isolates
and plant pathogenic strains belonging to the FOSC; the third
to fifth mainly used soil isolates; the sixth used soil isolates
belonging to the FSSC; and the seventh used soil isolates be-
longing to the FFSC. All isolates and strains used were reiso-
lated from surface-sterilized tomato stems except for soil iso-
late TC0058 (Table 7). Inoculation and reisolation experiments
with melon were also performed using seven tomato isolates
and two reference strains (one melon pathogen and one tomato
pathogen). All isolates and strains used were reisolated from
surface-sterilized melon stems (Table 8). In these experiments,
wilt symptoms were not induced by any of the tomato and
soil isolates tested. These experiments were performed several
times in an air-conditioned greenhouse. However, the reisola-
tion frequency appeared to be affected by factors other than
temperature, such as day length or the strength of sunlight.

DISCUSSION

Fusaria have been targeted in a large number of research stud-
ies in areas such as disease control, ecology, methods and
techniques, pathogenicity and taxonomy (Leslie and Summerell

2006). Development of media for specific isolation of Fusaria is
an important achievement. Well-known selectivemedia include
Nash and Snyder medium and its derivatives such as Komada’s
medium (Nash and Snyder 1962; Komada 1975), malachite green
agar (Castellá et al. 1997) and selective Fusarium agar (Burgess
et al. 1988). Nash and Snyder medium and its derivatives con-
tain pentachloronitrobenzene (PCNB). In 2007, two derivatives
of Komada’s medium were developed for isolating F. oxysporum.
These media (Fo-G1 and Fo-G2) do not contain PCNB (Nishimura
2007). Our initial objective in the present study was to charac-
terize FOSC endophytes within tomato stems phylogenetically.
We used Fo-G1 medium and easily isolated fusaria belonging to
the FFSC and FSSC in addition to FOSC. These results were con-
sistent with those of Nishimura (2007), in which FFSC and FSSC
strains could grow on Fo-G1 medium. We isolated FOSC more
frequently from tomato than members of the other two species
complexes. In other studies on Fusarium endophytes in roots and
basal stems, FOSC was also reported as the dominant dweller
in those habitats (Windels and Kommedahl 1974; Helbig and
Carroll 1984; Gordon, Okamoto and Jacobson 1989). These results
suggest that members of the FOSC were more compatible with
plants tested or were more prevalent in the soils than those of
the FFSC and FSSC.
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Figure 3. Neighbor-joining tree derived from 42 EFSTs found in 242 isolates, reference strains and database strains, of which EF sequences were deposited in
DDBJ/EMBL/GenBank, belonging to the FSSC. Distances were determined by the maximum composite likelihood. Values on the branches represent bootstrap sup-
port of 60% or greater based on 1000 replications. A total of 42 unique sequences are indicated by FSSC-01 to 16 (original isolates in this study and reference strains)
or DDBJ/EMBL/GenBank accession numbers (database strains). Information on the isolates, reference strains and database strains involved in each unique sequence

is shown in parentheses: SL, tomato isolate(s); TC, soil isolate(s).

Tomato is a source of Fusarium endophytes. Fusarium incarna-
tum/F. equiseti species complex (Gordon, Okamoto and Jacobson
1989), FOSC (Gordon, Okamoto and Jacobson 1989; Hallman and
Sikora 1994; Kim et al. 2007) and FSSC (Gordon, Okamoto and
Jacobson 1989; Kavroulakis et al. 2007) endophytes have been
obtained from tomato. The three Fusarium groups are widely
distributed in the world (Backhouse, Burgess amd Summerell
2001). We obtained FFSC endophytes in addition to FOSC and
FSSC endophytes from tomato but did not isolate F. equiseti.

Fo-G1 medium might not be suitable for the growth of F. equi-
seti, or this fungus may be absent or present in too low num-
ber in the soils we used. To obtain Fusarium endophytes from
tomato, we used a total of 17 615 tomato stems. From the 17
615 stems, 543 Fusarium endophytes were isolated (the propor-
tion of stems from which fusaria were isolated was 0.031). Two
isolates, SL0006 and SL0008, were obtained from the same stem
and shared the same EFST. Thus, SL0006 and SL0008 might be
clones. Kim et al. (2007) showed that the isolation frequency of
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Figure 4. Neighbor-joining tree derived from 25 EFSTs found in reference strains and four EFSTs found in soil isolates belonging to species other than the FOSC, FFSC
and FSSC. Distances were determined by the maximum composite likelihood. Values on the branches represent bootstrap support of 60% or greater based on 1000
replications. The 29 unique sequences are indicated by Other-01 to 04 and strain names. Information on the isolates and reference strains in each sequence is shown

in parentheses: TC, soil isolates. FGSC, F. graminearum species complex; FIESC, F. incarnatum/F. equiseti species complex; FTSC, F. tricinctum species complex.

fungal endophytes from stemswas lower than from roots. These
results were inferred using five crops including tomato. Thus, if
we had also isolated Fusarium endophytes from tomato roots,
we might have obtained endophytes at a higher frequency than
from stems.

We expected that the inoculation and reisolation experi-
ments might reveal the degree of compatibility of fusaria with
plants. In the experiments with tomato, tomato isolates SL0301,
SL0303, SL0316 and SL0321 showed the high reisolation frequen-
cies. These isolates were obtained from the same field and had
the same EFST (FOSC-03). Thus, these isolates may be clones.
Two significant results were apparent (Table 7). First, there were
differences in the reisolation frequency among isolates. For ex-
ample, the reisolation frequency of isolate SL0300 (0.267) was
significantly higher than that of isolate TC0003 (0.008). Second,

most soil isolates used in the experiments were also reisolated
from tomato stems, with the exception of isolate TC0058. These
two results suggested that the frequency of invasion of tomato
stems differed among isolates and that most Fusarium isolates
have the ability to invade tomato stems. Tomato isolates also
showed the ability to invade melon (Table 8). Therefore, the re-
sults supported our hypothesis that Fusariummay be compatible
with a broad range of plants, especially those especially in the
FOSC.

As described in the section ‘Results’, a new species within
the FFSC was suggested based on phylogenetic analysis of the
EF-1α gene and searches of the FUSARIUM-ID database. The nu-
cleotide sequences of the EF-1α genes of EFSTs FFSC-07 and 11
were almost identical to those of Fusarium sp. NRRL 26152 (iso-
late ID = FD 01762) and Fusarium sp. NRRL 26061 (FD 01151),
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Table 6. Identification of other Fusarium species.

Number of isolates/strains Representative Best matching (FUSARIUM-ID)

EFST Tomato Soil Reference Isolate Accession no. MAFF no. Isolate ID E-value Identities (%) Species inferred

Other-01 0 6 0 TC0021 AB917036 244612 FD 01726 0 100 F. acuminatum (FTSC)
Other-02 0 1 0 TC0093 AB917037 244621 FD 00943 6e-34 97.43 Unknown
Other-03 0 1 1 TC0126 AB917038 244628 FD 01324 0 97.35 Unknown
Other-04 0 1 0 TC0265 AB917039 244635 FD 01846 0 100 F. flocciferum (FTSC)

FTSC, F. tricinctum species complex.

respectively. These strains were reported as a new, distinct
species in an exhaustive phylogenetic analysis of the FFSC on
the basis of nucleotide sequencing of six loci including the EF-
1α gene (O’Donnell et al. 2000). NRRL 26152 and NRRL 26061 were
initially reported in the year 2000. However, these strains have
not been analyzed further phylogenetically or morphologically
and have not been described as a new species because there are
no strains closely related to them. However, our nucleotide se-
quence analysis of the EF-1α gene revealed that 14 isolates ob-
tained from tomato and soil are closely related to NRRL 26152
and NRRL 26061. Thus, this set of isolates may be suitable for
further characterizing this putatively novel Fusarium.

The FOSC has not been reclassified based on molecular phy-
logenetic andmorphological traits.When analysis of these traits
is finished, this complex very likely will be divided into more
than one species. Two species, F. foetens (Schroers et al. 2004) and
F. nisikadoi (Nirenberg and Aoki 1997; Aoki 2009), were identified
based on comparison with F. oxysporum. Because the molecular
phylogenetic traits of F. foetens and F. nisikadoi are closely related
to F. oxysporum, they were reported as a member of or a sister
taxon of the F. oxysporum species complex (Schroers et al. 2004;
Aoki 2009). As a matter of practical convenience, we describe
the two species in the FOSC. In Fig. 1, F. oxysporum pathogens,
F. oxysporum biological control agents, F. foetens and F. nisikadoi
were used as references. The phylogenetic position of FOSC-04
(six isolates), FOSC-08 (one isolate) and FOSC-09 (two isolates)
was not closely related to F. oxysporum pathogens or biologi-
cal control agents. Furthermore, these three EFSTs were obvi-
ously different from F. foetens and F. nisikadoi. BLAST searches
of FUSARIUM-ID indicated that they are conspecific with F. com-
mune NRRL 28058 (isolate ID = FD 01065; e-values = 0; and iden-
tities = 99.23 to 100%). This species is also relatively newly de-
fined; it was first described in 2003 (Skovgaard et al. 2003).

We used 27 EF-1α gene sequences of the F. solani species
complex from the DDBJ/EMBL/GenBank databases in addition to
three reference strains within the FSSC in our molecular phy-
logenetic analysis. However, EFSTs FSSC-04 (52 isolates), FSSC-
05 (14 isolates), FSSC-06 (10 isolates), FSSC-07 (3 isolates) and
FSSC-09 (2 isolates) were not closely related to these reference
strains, as shown in Fig. 3. We thus compared the nucleotide
sequences of the five EFSTs with the sequences registered in
the DDBJ/EMBL/GenBank databases. Sequences of five EFSTs re-
spectively had high similarity with the nucleotide sequences of
the EF-1α genes of reported NRRL strains 44906 (multilocus se-
quence type 3+4-lll), 52680 (3+4-mmm), 52832 (3+4-nnn), 53120
(3+4-ooo) and 53128 (3+4-ppp). These NRRL strains were pre-
sented in Migheli et al. (2010). The sequence identities were 99–
100%between our isolates and the fiveNRRL strains. TheseNRRL
strains were isolated from patients (toe, blood or cerebrospinal
fluid). The five EFSTs found in our isolates also had a close rela-
tionship with four field isolates reported by Jiménez-Fernández

et al. (2011) and two field isolates reported in Nitschke, Nihlgard
and Varrelmann (2009). The four isolates of Jiménez-Fernández
et al. (2011; cc20B, cc61C, cc41W and cc40A) were obtained from
surface-sterilized stems of chickpea plants displaying Fusar-
ium yellows (wilting syndrome); the two isolates of Nitschke,
Nihlgard andVarrelmann (2009; sol-17 and sol-61) were obtained
from surface-sterilized roots of sugar beets displaying root rot
symptoms. Pathogenicity of the six isolates was not confirmed
in the two reports, so we do not know whether plant pathogens
were included in this phylogenetic group.

Molecular phylogenetic relationships between plant
pathogenic and non-pathogenic Fusarium strains have been
studied (Baayen et al. 2000; Bao et al. 2002; Fourie et al. 2009).
However, pathogenic strains were not distinct from non-
pathogenic strains based on molecular phylogenetic traits.
These results were supported by studies on the molecular
mechanisms of pathogenicity: accessory chromosomes that
could have mobility to other strains and thus be able to confer
pathogenicity to F. oxysporum (Ma et al. 2010). On the basis of
molecular phylogenetic analyses, some tomato and soil iso-
lates we obtained were closely related to plant pathogens. For
example, the EFST FOSC-03 included tomato and sweet potato
wilt pathogens (F. oxysporum f. sp. lycopersici and F. oxysporum f.
sp. batatas) in addition to tomato and soil isolates. As described
above, this does not imply that these tomato and soil isolates
were pathogenic. To be sure of their pathogenicity, it will be
necessary to perform inoculation assays.

Biological control activity of non-pathogenic fusaria against
Fusarium wilts has been reported since the 1980s (Ogawa and
Komada 1984; Schneider 1984). Some Fusarium strains used for
biological control could invade tomato stems (Amemiya, Koike
and Hirano 1989; Hallman and Sikora 1994; Shishido et al. 2005).
However, the relationship between their endophytic behavior
and their biological control activity has not yet been revealed.
Molecular characterization of the endophytic and biological con-
trol mechanisms of Fusarium, especially at the molecular level
(Massart and Jijakli 2007), will be the next research target. If
these mechanisms are identified, we may be able to develop
new approaches and technologies for protecting plants fromdis-
eases. To accomplish our aim, we are now trying to screen iso-
lates that can effectively control Fusarium wilt diseases and are
also trying to develop a new disease control method using one
of the isolates in the field. Our goal is to analyze biological con-
trol of Fusarium at the molecular level to improve this method of
disease control.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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Table 8. Inoculation and reisolation of Fusarium strains from melon plants.a

Exp. 1 Exp. 2 Exp. 3 Total

Isolate/strain EFST Species complex T D T D T D T D Proportion reisolated

SL0303 FOSC-03 F. oxysporum – – 20 18 – – 20 18 0.900
Mel02010 (Melon pathogen) FOSC-01 F. oxysporum

f. sp. melonis
– – – – 20 17 20 17 0.850

SL0301 FOSC-03 F. oxysporum – – 20 17 – – 20 17 0.850
SL0317 FOSC-03 F. oxysporum – – 20 15 – – 20 15 0.750
SL0321 FOSC-03 F. oxysporum – – 20 15 – – 20 15 0.750
SL0316 FOSC-03 F. oxysporum – – 20 13 – – 20 13 0.650
SL0300 FOSC-03 F. oxysporum 9 6 20 16 20 4 49 26 0.531
880621a-1 (Tomato pathogen) FOSC-03 F. oxysporum

f. sp. lycopersici
– – 20 13 20 3 40 16 0.400

SL0364 FOSC-01 F. oxysporum – – – – 20 5 20 5 0.250
Uninoculated – – 9 0 20 0 20 0 49 0 0.000

aExp.1 was performed from 28 April 2010 to 26 May 2010; Exp. 2 was from 14 June 2010 to 5 July 2010; and Exp. 3 was from 25 August 2010 to 15 September 2010.
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