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the 850 isolates typed, 101 EF-1c, 203 IGS rDNA, and 256 two-locus sequence types (STs) were differen-
tiated. Analysis of the combined dataset suggests that two-thirds of the STs might be associated with a

Keywords: single host plant. This analysis also revealed that the 26 STs associated with human mycoses were genet-
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Fusariosis may be non-orthologous. We also evaluated enniatin, fumonisin and moniliformin mycotoxin production
Genealogical discordance in vitro within a phylogenetic framework.
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and Rep, 2009). With more than 80 putatively plant host-specific
formae speciales described (Kistler et al., 1998; Katan, 1999; Katan
and Di Primo, 1999), members of the FOSC collectively represent
the most commonly encountered and economically important spe-
cies complex within Fusarium. A number of these fusaria are also
clinically important, causing localized or deeply invasive life-
threatening infections in humans and other animals (O’Donnell
et al.,, 2004, 2007; Ortoneda et al.,, 2004). Mortality in patients
who are persistently and severely neutropenic is typically 100%
(Dignani and Anaissie, 2004).

Due to the staggering economic losses that members of the
FOSC inflict on agriculture worldwide, an extensive body of litera-
ture exists on the genetic and pathogenic characterization of indi-
vidual formae speciales into vegetative compatibility groups
(VCGs). Formae speciales are defined based on pathogenicity to
one or more plant hosts, whereas VCGs are defined based on their
ability to anastomose and form heterokaryons (Gordon and
Martyn, 1997). VCGs have proven to be excellent predictors of evo-
lutionary origin (Elias et al., 1993), and they appear to be predom-
inantly or exclusively clonal lineages. Some formae speciales are
further divided into races based on virulence to a differential set
of cultivars of one or more plant species. VCGs may harbor several
races, which in such cases seem to differ only in cultivar-specific
virulence genes (Baayen et al., 2000). Molecular phylogenetic anal-
yses have shown that formae speciales with two or more VCGs
may in some cases be polyphyletic (O’Donnell et al., 1998b; Baayen
et al., 2000; Skovgaard et al., 2001; Mbofung et al., 2007; Fourie
et al., 2009), calling into question the taxonomic value of the forma
specialis naming system. Although putatively non-pathogenic
strains have been described, and some have been employed suc-
cessfully as biocontrol agents to suppress soil borne pathogens
(Larkin et al., 1996; Fuchs et al., 1997; Olivain et al., 2006), the null
hypothesis that some isolates may be non-pathogenic is virtually
impossible to test given the huge number of potential vascular
plant hosts. This problem is exacerbated because the phylogenetic
history of the FOSC appears to be characterized by numerous host
jumps based on geographic proximity rather than taxonomic relat-
edness (O’Donnell et al., 1998b; Baayen et al., 2000; Roy, 2001),
and by the horizontal transfer of genes contributing to host speci-
ficity (van der Does et al., 2008).

Although diverse molecular markers have been developed to
identify various formae speciales (Baayen et al., 2000; Groenewald
et al.,, 2006; Lievens et al., 2007, 2008), time-consuming pathoge-
nicity assays are currently the gold standard for identifying host-
specific pathogens within the FOSC. Given the high level of phylo-
genetic diversity and large number of formae speciales, multilocus
DNA sequence typing (MLST) currently represents the most robust
approach for characterizing the genetic diversity of the FOSC.
Moreover, DNA sequence data are ideally suited for sharing and
developing web-accessible databases for the purpose of pathogen
identification and strain typing via the Internet (Taylor and Fisher,
2003; Geiser et al., 2004; Park et al., 2008). Towards this end, the
primary objective of the present study was focused on assessing
the utility of partial translation elongation factor (EF-1c, 634 bp
alignment) and nearly full-length nuclear ribosomal DNA inter-
genic spacer (IGS rDNA, 2220 bp alignment) region sequences
for developing a two-locus database for the identification of
formae speciales, opportunistic pathogens of humans and other
animals, and environmental contaminants of hospital plumbing
systems or food and beverage processing facilities. In addition,
experiments were conducted to assess the potential of genetically
diverse members of the FOSC to produce moniliformin,
fumonisin, and enniatin mycotoxins in vitro. The FOSC database,
including the electropherograms, will be incorporated into the
next version of the web-accessible FUSARIUM-ID database (Geiser
et al., 2004).

2. Materials and methods
2.1. Strains

To provide dense sampling of formae speciales genetic diversity,
FOSC isolates were obtained from diverse sources (see Supplemen-
tary Table 1), with the majority obtained from the following three
internationally accessible culture collections: CBS-KNAW Fungal
Biodiversity Center (CBS, N=157), Utrecht, The Netherlands;
Fusarium Research Center (FRC, N = 119), Pennsylvania State Uni-
versity; and The International Collection of Microorganisms from
Plants (ICMP, N = 246), Landcare Research, Auckland, New Zealand.
We also included isolates characterized genetically in previous
studies of the FOSC (O’Donnell et al., 1998b, 2004; Baayen et al.,
2000; Skovgaard et al., 2001). In addition, some isolates included
in this study were initially identified as members of the FOSC after
conducting BLAST searches of the FUSARIUM-ID database (Geiser
et al,, 2004) (http://www.fusariumdb.org/), using partial transla-
tion elongation factor sequences as the query. Sequences of the sis-
ter taxon of the FOSC, F. foetens, were used to root the phylogeny
(Schroers et al., 2004). We also included isolates associated with
mycotic infections of humans and other animals, contaminants of
food and beverage production facilities, putative non-pathogens,
and biocontrol agents to assess their relationship to one another
and to isolates of 68 described formae speciales, which we were
able to obtain from internationally accessible culture collections
(Table 1). All isolates are stored cryogenetically in liquid nitrogen
vapors at ~175 °C in the ARS Culture Collection (NRRL), National
Center for Agricultural Utilization Research, Peoria, IL (http://
nrrl.ncaur.usda.gov/).

2.2. DNA manipulations

Genomic DNA was extracted from freeze-dried mycelium using
a CTAB protocol as described previously (O’Donnell and Cigelnik,
1997). The two-locus typing scheme consisted of sequences of
the nuclear ribosomal DNA intergenic spacer region (IGS rDNA)
and the 5 intron-rich portion of the EF-1a gene. PCR and sequenc-
ing primers for the IGS rDNA are listed in Fig. 1. Of the seven inter-
nal sequencing primers designed in this study, only four were
typically needed (i.e., iNL11, NLa, CNSa and iCNS1) to span the re-
gion analyzed (2220 bp alignment). PCR primers EF-1 and EF-2 for
the EF-1o gene are reported in O’Donnell et al. (1998b). A partial
sequence of the EF-1x gene was obtained using EF-3 (GTAA
GGAGGASAAGACTCACC) and EF-22 (AGGAACCCTTACCGAGCTC)
as sequencing primers. PCR amplifications employed Platinum®
Taq DNA polymerase (Invitrogen Life Technologies, Carlsbad, CA)
in an Applied Biosystems (ABI) 9700 thermocycler (Emeryville,
CA) using the following program: 1 cycle of 90 s at 94 °C; 40 cycles
of 30 s at 94 °C, 90 s at 55 °C, and 3 min at 68 °C; followed by 1 cy-
cle of 5 min at 68 °C and a 4 °C soak. All PCR products were sized
via electrophoresis in 1.5% agarose gels run in 1x TAE buffer,
stained with ethidium bromide, and then photographed over a
UV trans-illuminator. Prior to sequencing on an ABI 3730 capillary
sequencer, amplicons were purified using Montage PCRyg filter
plates (Millipore Corp. Billerica, MA). DNA sequencing reactions
were conducted in a 10 pl volume with 0.5-2 pl of ABI BigDye ver-
sion 3.1 terminator reaction mix, 2-4 pmol of each sequencing pri-
mer and approximately 50 ng of cleaned amplicon. Sequence data
was edited and then aligned with Sequencher version 4.1.2 (Gene
Codes, Ann Arbor, MI), after which they were exported as nexus
files. The EF-1o and IGS rDNA sequence files were imported sepa-
rately into DnaSP (Rozas et al., 2007) so that they could be ex-
ported as FASTA files which were then aligned using CLUSTAL-X
(Larkin et al., 2007). Due to the number of length-variable indels,
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Table 1
Summary of formae speciales included in study.
Forma specialis® # Isolates® # Haplotypes®© VCGs Two-locus haplotype # [=ST]
aechmeae 1 1 5
albedinis 3 2 1 30, 80
allii 1 1 =1 64
apii 5 4 3 2, 6,145, 181
arctii 1 1 65
asparagi 8 5 >1 7,51,93,106, 112
basilica 5 2 1 66, 193
batatas 6 6 =2 7,34, 142, 162, 163, 178
betae 1 1 =7 182
bouvardiae 1 1 44
callistephi 3 2 2,8
canariensis 3 2 >1 41, 200
cannabis 1 1 66
cassiae 1 1 70
cattleyae 1 1 9
cepae 3 3 1 7,12, 212
chrysanthemi 4 2 2 10, 44
conglutinans 17 8 >3 2,27, 160, 174, 252, 253, 255, 256
cubense 25 13 >24 7, 25, 36-39, 115-116, 135-141
cucumerinum 2 2 >6 71,91
cucurbitacearum 2 2 3,45
cyclaminis 1 1 3 149
dianthi 34 9 6 7, 42, 46, 87-90, 101, 158
elaeidis 6 2 =5 11, 256
erythroxyli 1 1 2 79
fabae 2 2 2 (=F. inflexum), 30
fatshederae 1 1 43
fragariae 1 1 >4 72
gladioli 28 8 6 7,22,23,91-94
glycines 1 1 35
heliotropae 1 1 22
koae 1 1 231
lactucum 1 1 1 22
lagenariae 1 1 1 35
lentis 1 1 171
lilii 4 2 1 73,107
lini 15 6 1 2,90, 110, 111, 154, 159
loti 1 1 1 2
lupine 3 2 =2 47, 164
lycopersici 37 8 >4 43, 56, 63, 108, 150, 165, 166, 208
matthioli 5 3 1 13,22,198
medicaginis 5 3 3 14, 82, 93
melongenae 3 2 1 74, 194
melonis 18 5 >8 3, 4, 63, 165, 167
meniscoideum (var) 2 1 69
momordicae 2 2 67, 84
narcissi 3 1 8
nicotianae 1 1 =2 93
niveum 5 4 3 150, 156, 166, 223
opuntiarum 22 6 7 15, 30, 95-97, 103
palmarum 5 2 250, 251
passiflorae 2 2 16, 172
perniciosum 7 4 17, 94, 225, 226
phaseoli 4 2 8 51,93
pini 3 1 18
pisi 26 10 =5 2,27, 51,90, 93, 145, 151, 155, 161, 169
radicis-lycopersici 5 4 =9 40, 55, 165, 168
raphani 5 2 1 19, 254
rauvolfiae 1 1 75
sesame 1 1 76
spinaciae 3 2 3 85, 86
tracheiphilum 4 4 1 20, 81, 153, 174
tuberose 1 1 6 21
tulipae 3 1 1 22
vanillae 1 1 =2 77
vasinfectum 135 24 >12 7,23, 28-32, 63, 81, 113, 115-125, 133, 134, 220
voandzeiae 1 1 68
zingiberi 3 2 78,119

@ After the 850 isolate dataset was completed and analyzed, we typed the biocontrol strain Fo47 as ST 283 (Fuchs et al., 1997) and four isolates of F. oxysporum f. sp radicis-
cucumerinum (NRRL 53513-53516) as ST 286 (Lievens et al., 2007).

b Of the 850 isolates typed, a total of 510 were assigned to one of 68 formae speciales. In addition, two isolates of the outgroup species, Fusarium foetens, represented STs 59
and 186 (Schroers et al., 2004).

¢ DNA sequences from the combined EF-1« gene and nuclear ribosomal intergenic spacer (IGS rDNA) region were used to identify 256 unique two-locus haplotypes (=STs).

d Based on Katan (1999) and Katan and Di Primo (1999).
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NL11 5'-CTGAACGCCTCTAAGTCAG
iNL11 5'-AGGCTTCGGCTTAGCGTCTTAG
NLa 5'-TCTAGGGTAGGCKRGTTTGTC
iNLr  5'-AATTCTACTTACCCTAGAGC
NLar 5'-GGTAAGTAGAATTCGAGTTTC
CNS2 5'-AACTTCAATCGCCTCTCACG
CNSa 5'-TCTCATRTACCCTCCGAGACC
iCNS1 5'-TTTCGCAGTGAGGTCGGCAG
CNS1 5'-GAGACAAGCATATGACTAC

Fig. 1. Map of the nuclear ribosomal intergenic spacer region (IGS rDNA). PCR and
sequencing primers are indicated by numbered half-arrows. PCR primers NL11 and
iNL11 are nested within the 3’ end of the nuclear large subunit 28S rDNA whereas
CNS1 is nested within the 5 end of the nuclear small subunit 18S rDNA gene.
Vertical lines indicate 19 repeated elements identified by DNA Strider version
1.4f18. Fifteen of these elements are represented by a 12 bp imperfect repeat with
the consensus sequence GRTVYAGGGTAG. The remaining four elements, indicated
by asterisks, consist of two 20 bp and 15 bp perfect repeats.

CLUSTAL-X (Larkin et al., 2007) was employed to obtain an initial
alignment of the EF-1o and IGS rDNA partitions followed by man-
ual improvement to establish positional homology. Phylogeneti-
cally informative indels were coded as a fifth character state,
using TextPad for Windows (http://www.textpad.com/). No ambig-
uously aligned indel-containing positions were detected within the
two-locus dataset. This finding is consistent with studies indicating
a relatively shallow phylogenetic divergence within the FOSC. Nine
indels within the EF-1a gene and 40 indels within the IGS rDNA
partition were coded, irrespective of length, as a single phylogenet-
ically informative (synapomorphic) fifth character state for the
parsimony analyses. Gaps were considered to be homologous only
if their 5" and 3’ termini were identical (Simmons and Ochoterena,
2000). In other words, indels of different lengths that occupied
overlapping nucleotide positions were not considered to be homol-
ogous. Indel coding only introduced a slight amount of homoplasy
(CI = 0.4954 for combined dataset compared with a CI = 0.4865 for
the 49 coded nucleotide positions), suggesting that phylogenetic
signal from indels within the FOSC is generally concordant with
that of nucleotide base substitutions at the low taxonomic level

sampled. Although the results of recent studies support indel cod-
ing at lower taxonomic levels as a reliable source of phylogeneti-
cally informative characters (Kawakita et al., 2003; Gonzilez
et al., 2006), no consensus strategy on how to code coding them
has been reached thus far. The DNA sequence data reported in this
study have been deposited in GenBank (http://www.ncbi.nlm.nih.-
gov/) under accession numbers FJ985264 - F]985680 (Supplemen-
tary Table 2).

Southern analysis was conducted on ten diverse F. oxysporum
isolates (Table 2), suspected of harboring divergent, intragenomic
paralogous or xenologous copies of the IGS rDNA region, using a
[0-32P] labeled IGS rDNA amplicon from isolate NRRL 26220 (CBS
186.53 = FRC 0-2063) F. oxysporum f. sp. raphani representing ST
2 as the probe. Genomic DNA isolated using the CTAB method
was further purified using DNeasy columns (Qiagen, Valencia,
CA), and restriction enzyme digestions were performed using
25U of Haelll and Sau3Al in separate reactions according to the
manufacturer’s instructions (New England BioLabs, Beverly, MA).
Approximately 5 pg of restricted genomic DNA was loaded into
each lane and DNA was blotted onto nitrocellulose membranes
and probed using standard methods (Sambrook et al., 1989). The
IGS rDNA amplicons from these strains, which were PCR amplified
using primers NL11 and CNS1, were also digested with the same
restriction enzymes and were separated using a 2% agarose gel.
To assess whether the same 10 F. oxysporum isolates included in
the Southern experiment (Table 2) possessed divergent, non-
orthologous IGS rDNA sequences, an allele-specific PCR was con-
ducted using two ITS2 type-specific reverse primers (e.g., IR and
[IR; see Fig. 3 in O’Donnell and Cigelnik, 1997) in separate reactions
with the forward primer NL11. PCR conditions used for this assay,
which was conducted in an Applied Biosystems 9700 thermocy-
cler, included 1 cycle of 30s at 94 °C; 40 cycles of 30 s at 94 °C,
30s at 58 °C, and 6 min at 68 °C; followed by 1 cycle of 5 min at
68 °C and a 4 °C soak.

2.3. Phylogenetic analyses and compatibility of datasets

Analyses using COLLAPSE version 1.1 (http://inbio.byu.edu/Fac-
ulty/kac/crandall_lab/Computer.html) identified 101 EF-1c, 203
IGS rDNA and 256 two-locus haplotypes. The collapsed 256 isolate
dataset, which contained all of the unique two-locus haplotypes,
was used for all subsequent phylogenetic analyses employing max-
imum parsimony (MP; Swofford, 2002) and maximum likelihood
(ML; Zwickl, 2006). MP analyses of the combined partitions for
the 256 isolate dataset were conducted using the parsimony ratch-
et (Nixon, 1999) implemented in PAUPRat (Sikes and Lewis, 2001)
and PAUP" version 4.0 beta (Swofford, 2002). Searches for the
shortest trees employed five independent parsimony ratchet runs

Table 2
Strains included in genomic Southern and allele-specific PCR experiments.
Isolates? EF1 IGS rDNA
BS® (%) # Differences # Differences # Substitutions TS¢ V¢ Indels (size of each in bp)®
36389 x 38289 93 0 72 68 52 16 1,1,2
26990 x 28369 98 0 36 30 23 7 1,2,3
26406 x 32885 86 2 30 25 16 9 5
36356 x 36472 88 0 109 27 20 7 1, 26, 55
32558 x 36102 95 2 107 78 61 17 1,1,1,1,1,9,15

2 The five pairs of isolates were selected because they possessed identical or nearly identical EF-1« alleles but highly divergent, putatively non-orthologous IGS rDNA
sequences. NRRL 26406 shares the same two-locus ST with NRRL 34936 F. oxysporum f. sp. lycopersici, the strain whose whole genome was sequenced (http://

www.broad.mit.edu/).

b BS, bootstrap support. Clade support for each pair of isolates was between 86-95% based on MP bootstrapping of the EF-1o; partition.

€ TS, transitions.
4 TV, transversions.

¢ Alignment of the IGS rDNA of each pair of isolates required the insertion of one to seven gaps 1-55 bp in length. The number of differences between each pair of IGS

sequences represents the sum of the # of substitutions and total indel length.
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of 200 iterations, using tree-bisection and reconnection branch
swapping (TBR), and 1000 random sequence addition replicates.
Nonparametric bootstrapping was used to assess clade support
with PAUPRat in PAUP’, employing 1000 pseudo-replicates of the
data, 10 random addition sequences per replicate, and TBR branch
swapping. The general-time-reversible model with a proportion of
invariant sites and gamma distributed rate heterogeneity
(GTR + 1+ I') was selected as the best-fit model of nucleotide sub-
stitution for the combined dataset by the hierarchical likelihood
ratio tests in MrModeltest version 2.2 (Posada, 2003), implemented
in PAUP". The best ML tree received a negative log likelihood
(—InL) score of —18318.888549 based on the results of ten inde-
pendent ML heuristic phylogenetic analyses, using the GTR + 1+ I
model of nucleotide substitution in GARLI version 0.96 (Zwickl,
2006). Nonparametric bootstrap analysis of the 256 isolate dataset
was conducted in GARLI, using a dual 2 GHz Power Mac G5. The ML
bootstrap employed 200 ML pseudo-replicates of the data, in
which the generations without improving the topology parameter
was set at 5000. DNA Strider version 1.4f18 (obtained from
Christian Marck, SBGM, CEA/Saclay, 91191 Gif-Sur-Yvette Cedex,
France) was used to search for repetitive sub-repeat sequence
motifs within the IGS rDNA, using a repeat size of >12 bp with
no mismatched base pairs and no repeat sequence overlap.

Compatibility between the EF-1« and IGS rDNA datasets was as-
sessed using the partition-homogeneity test (PHT; Farris et al.,
1994) as implemented in PAUP", and Compat.py version 3.0 (Kauff
and Lutzoni, 2002a,b). For the Compat analysis, the two datasets
(EF-1a, 634 characters, 101 synapomorphies; IGS rDNA, 2220 char-
acters, 583 synapomorphies) were initially analyzed separately
using MP as implemented in PAUP" (Swofford, 2002). Bootstrap
analyses of 1000 replicates were conducted with the default set-
tings, except for the following: gaps were treated as missing data,
using one random addition sequence, and only one tree was saved
per replicate. The 50% majority rule consensus trees were com-
puted using the EF-1a and IGS rDNA bootstrap tree samples, and
bootstrap support values were saved as branch length. Two strains
of F. foetens were used as outgroup taxa to root the phylogenies.
The bootstrap consensus trees were then used as input files in
Compat, using a bootstrap support threshold of 70% to assess topo-
logical conflict.

2.4. Mycotoxin production

Genetically diverse members of the FOSC were assessed for
their potential to produce moniliformin, fumonisin, beauvericin
and other enniatin mycotoxins in vitro. To sample the genetic
diversity of the FOSC, strains included in the mycotoxin analyses
were specifically selected from the three major clades previously
identified via molecular phylogenetics (O’Donnell et al., 1998b)
and by including >10 different formae speciales. To assess fumon-
isin mycotoxin production, autoclaved cracked corn kernels (5 g
hydrated with 50% water (v/w) in a 20 mL scintillation vial) were
inoculated with a suspension of 1 x 107 conidia. Three vials were
inoculated for each strain. After 14 days incubation at 27 °C in
the dark, 10 mL of acetonitrile:water (1:1) containing 5% formic
acid were added to each vial. After the vials were vigorously sha-
ken to disrupt the cultures, they were placed on a rocker shaker
for 3 h. Extracts were diluted 1000-fold in acetonitrile:water
(3:7) containing 1% formic acid. After filtration using a Spin-X
0.45 pm nylon centrifugation filter (Corning Inc., Corning, NY),
the diluted samples were analyzed by LC-MS as previously de-
scribed (Williams et al., 2006). In addition to fumonisin By, B,
and Bs (FB1, FB2, and FB3), scans were added to detect fumonisin
Cq, Gy, C3, and C4 (FC4, FCy, FC3, and FC4) based on their known
masses and fragmentation patterns (Bartok et al., 2006). Analyses
of the fumonisin C analogs included a qualitative standard of FC1

(generously supplied by Jennifer Tonos; USDA, ARS, Crop Genetics
and Production Research Unit, Stoneville, MS). The fumonisin C
analogs were quantified based on FB1 equivalents because pure
standards were not available.

Moniliformin production was assessed by thin layer chromatog-
raphy (TLC) by spotting 10 pL of each of the undiluted acidified
acetonitrile:water extracts on a TLC sheet along a line of origin
(Whatman Ltd., Maidstone, Kent, England; silica gel coating, 254-
nm UV indicator, aluminum backing). TLC sheets were developed
in a saturated chamber containing acetonitrile:toluene:water:for-
mic acid (80:10:10:1) which gave good separation of moniliformin
(Re=0.42) from the fungal pigments. Developed sheets were dried
to evaporate the solvents and then they were photographed under
UV light (254 nm) using an Alpha Innotech FluorChem 8000 digital
imaging system (San Leandro, CA). Spot densitometry and linear
log analysis of integrated density values, relative to a gradient of
known standard, were used to calculate the amount of monilifor-
min in the extracts (Sigma-Aldrich, St. Louis, MO). The detection
limit for moniliformin was approximately 30 pg/g of corn culture
material.

The cyclohexadepsipeptides beauvericin and enniatin A;, B and
B, were extracted from autoclaved rice kernels (10 g hydrated with
45% water in 50 mL vials), which had been inoculated in triplicate
with 1 x 107 conidia and incubated 4 weeks at 25 °C. Preparation
and processing of samples and analyses by HPLC were performed
as described previously (Moretti et al., 2002).

3. Results and discussion
3.1. Molecular data and genealogical discordance

We constructed a two-locus DNA sequence database, compris-
ing partial EF-1o and nearly full-length IGS rDNA sequences,
to support the molecular identification of host-specific plant
pathogens (i.e., formae speciales), clinically and environmentally
relevant isolates, and putative non-pathogens within the F. oxyspo-
rum species complex (FOSC). These loci were chosen because they
possessed the greatest nucleotide diversity compared with the
small number of loci tested to date within this complex (O’'Donnell
et al., 1998b; Baayen et al., 2000; Mbofung et al., 2007). Two iso-
lates of the sister taxon of the FOSC, F. foetens, were included as
outgroup taxa for rooting the phylogenies based on more inclusive
analyses (Schroers et al.,, 2004). Amplicons were approximately
680 bp for the EF-1o gene and ranged from 2.4-2.6 kb in length
for the IGS rDNA. Due to the number of length-variable indels,
CLUSTAL-X (Larkin et al., 2007) was employed to obtain an initial
alignment of the EF-1o and IGS rDNA partitions followed by man-
ual improvement to establish positional homology. Manual align-
ment of the EF-1o gene dataset required the insertion of nine
parsimony informative indels 1-to-4 bp in length within the intro-
nic regions, yielding a total of 101 phylogenetically informative
and 39 autapomorphic characters. In addition to coding nine indels
within the EF-1a gene as a phylogenetically informative fifth char-
acter state, the 40 indels within the IGS rDNA region, which ranged
from 1-to-99 bp in length, were coded similarly for the MP analy-
sis, yielding 583 synapomorphic and 188 autapomorphic nucleo-
tide characters. To obtain alignments of the bipartitions, which
did not contain any missing sequence data, approximately 40 bp
were trimmed from the conserved ends of the EF-1¢ and 250 bp
IGS rDNA sequence alignments. By trimming the ends to exclude
all missing sequence data, we were able to collapse the dataset
with the software program COLLAPSE version 1.1 to identify all
of the unique haplotypes in the individual and combined datasets.
The EF-1a gene and nuclear IGS rDNA alignments contained 634
and 2220 nucleotide characters, respectively, totaling 2854 bp of
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aligned DNA sequence per isolate. The aligned EF-1a sequences,
excluding indels, ranged from 626 to 632 bp in length. By way of
contrast, as much as 9.8% length variation was observed within
the IGS rDNA, with NRRL 38290 F. oxysporum f. sp. pini (1932 bp)
and NRRL 36408 F. oxysporum f. sp. lupini (2121 bp) possessing,
respectively, the shortest and longest IGS rDNA sequences in the
2220 bp alignment.

To identify whether there was any potential incongruence
among the bipartitions, a 69 h test run of the partition-homogene-
ity test was conducted in PAUP based on 100 replicates yielded a P
value of 0.01, indicating that the datasets harbored significant het-
erogeneity. Moreover, because the sum of lengths in the original
partition (i.e., 1691 steps) was 233-270 steps shorter than the 99
shuffled partitions, we feel justified in assuming the P value after
1000 replicates would approximate 0.001. In addition, the program
Compat (Kauff and Lutzoni, 2002a) was used to identify topological
conflict between supported clades (support value >70%) in the EF-
1o gene and IGS rDNA bootstrapped phylogenies. Such conflicts are
assumed if a group of taxa is monophyletic in one tree and non-
monophyletic in the other. In this dataset, 42 conflicting nodes
were detected between these two partitions (Fig. 2). Some of these
conflicts were overlapping, meaning they resulted from the con-
flicting placements of the same taxon (or taxa), but involved nested
well-supported clades. Conflicts affected both terminal and deeper
nodes, and they were distributed in all parts of the trees where
well-supported nodes were present. Unlike the PHT, which is a glo-
bal measure of homogeneity between datasets, Compat provides
much more useful information by identifying incongruent nodes.

Based on the Compat congruence analysis, which identified
conflicting relationships between the placement of isolates in the
EF-1o gene and IGS rDNA phylogenies (Fig. 2), coupled with the re-
sults of previous studies of the FOSC which indicated that EF-1a
phylogenies are concordant with those inferred from nuclear genes
and the mitochondrial small subunit (mtSSU) ribosomal rDNA
(O’Donnell et al., 1998b; Baayen et al., 2000; Skovgaard et al.,
2001; Mbofung et al., 2007), we attempted to identify the source(s)
of the discordance within the IGS rDNA. Initially we suspected that
variable numbers of sub-repeats within the IGS rDNA might play a
role in the topological discordance. These elements have been re-
ported in a diverse range of fungi (Martin et al., 1999; Pramateftaki
et al., 2000; Pantou et al., 2003), in which they have contributed to
IGS length heterogeneity even within the same isolate (Chang
et al., 2008). Mbofung et al. (2007) recently documented these ele-
ments in the FOSC IGS rDNA. To evaluate whether variable num-
bers of sub-repeats were responsible for the discordance, we
identified five pairs of isolates that were nested in well-supported
but topologically discordant clades in the bipartitions (Table 2).
The EF-1« alleles were identical in three of the five pairs and dif-
fered by only two nucleotide substitutions in the other two. By
contrast, divergence within the IGS rDNA in these five pairs ranged
from 30 to 109 differences, including one to seven indels ranging
between 1 and 55 bp in size (Table 2). Nineteen sub-repeats were
identified within the IGS rDNA of the five pairs, using a repeat size
of >12 bp with no repeat sequence overlap and no mismatched
base pairs search parameters within DNA Strider version 1.4f18.
In contrast to reports of head-to-tail tandemly repeated elements
found in other fungi (Pramateftaki et al., 2000), none of the 19 ele-
ments were contiguous in the FOSC IGS rDNA (Fig. 1). Instead, 15 of
these elements were represented by a 12 bp imperfect repeat with
the consensus sequence GRTVYAGGGTAG dispersed over approxi-
mately 1.5 kb in the central portion of the IGS rDNA (Fig. 1). As first
reported in F. oxysporum f. sp. lactucae by Mbofung et al. (2007), we
also identified the GGTGTAGGGTAG motif in the majority of the
sub-repeats in the present study (i.e., 5 of 15). The four other re-
peated sequences we identified included two 20 bp (GTGAGTC-
GATTTTTTTGTTT; nucleotide positions 683-702 and 1795-1814)

and two 15 bp perfect repeats (TGAATTTTGCGGAAA; nucleotide
positions 714-728 and 1823-1840) which were separated by a
divergent region of 11 bp in the IGS alignment (identified by aster-
isks in Fig. 1). The same four elements were also identified in the
same position in F. oxysporum f. sp. lactucae where they correspond
to sub-repeats 22 and 15A (Fig. 1B in Mbofung et al., 2007).

Taken together, these analyses demonstrate that the discor-
dance within the IGS rDNA is due to nucleotide polymorphism
residing outside the sub-repeats, rather than variable numbers of
or divergence within the sub-repeats. Some of these highly con-
served elements are thought to play a role in the regulation of
rRNA synthesis (Ganley et al., 2005). As first noted by Mbofung
et al. (2007) in F. oxysporum f. sp. lactucae, our phylogenetic foot-
printing revealed that the ends of the IGS rDNA sequence were
highly conserved across the FOSC (Fig. 1). The 0.6 kb region imme-
diately 5’ to the nuclear small subunit (18S) rRNA-encoding gene,
also known as the external transcribed spacer (Eickbush and Eick-
bush, 2007), contains essential coding and noncoding elements,
including a 35S rRNA promoter. Given the high conservation of this
promoter region in Saccharomyces spp. (Ganley et al., 2005), and in
members of the FOSC, it appears to be under significant functional
constraint.

Because members of the FOSC possess highly divergent non-
orthologous ITS2 rDNA sequences (O’Donnell and Cigelnik, 1997;
O’Donnell et al., 1998a), and rDNA loci have been identified on
multiple chromosomes in some isolates within the FOSC (Boehm
et al., 1994), we suspected that their genomes might harbor para-
logous (e.g., via gene duplication and subsequent divergence) or
xenologous (e.g., via horizontal gene transfer) copies of the IGS
rDNA region. To evaluate these hypotheses, we digested genomic
DNA of 10 strains with Haelll and Sau3AlI (Table 2), both of which
recognize four bp target sequences, and probed the resulting
Southern blot with an amplified IGS fragment (same as the one se-
quenced). The blot showed 3-4 bands hybridizing to the probe, but
some of the bands appeared to consist of more than one fragment,
which was expected from the predicted RFLP patterns based on
their IGS sequences. We also amplified the IGS region from all 10
strains and digested the resulting products with Haelll and Sau3Al,
which resulted in 4-5 distinct fragments. In both analyses, we did
not see any signs of the presence of polymorphic IGS repeats with-
in these strains. Because these methods are crude, the negative re-
sults do not confirm the lack of heterogeneous copies of IGS.
However, the clean sequence data obtained from these amplicons
also support the supposition that if heterogeneous copies of the
IGS are present they are likely to be in low copy number, as a mix-
ture of polymorphic IGS rDNA templates would likely yield
unreadable electropherograms.

Although members of the FOSC sampled to date possess highly
divergent ITS2 types (O’Donnell and Cigelnik, 1997; O’Donnell
et al., 1998a), all members of this complex appear to be fixed for
a Type I ITS2 as the major type (i.e., the type detected by PCR
and direct sequencing). In other words, the FOSC ITS2 sequences
amplified by the conserved ITS4 and ITS5 primers represent an
orthologous set. To assess whether divergent, non-orthologous
IGS rDNA sequences were linked to the divergent ITS2 rDNA Type
I and Type Il sequences, the 10 isolates were subjected to an allele-
specific PCR, using two reverse primers nested within the ITS2
rDNA (IR and IIR; see Fig. 3 in O’'Donnell and Cigelnik, 1997) com-
bined in separate reactions with forward primer NL11. Sequence
analysis of the amplicons, however, indicated that the same IGS
rDNA sequence type was linked to each non-orthologous ITS2
rDNA sequence type. Lastly, BLAST searches of the whole genome
sequence of F. oxysporum f. sp. lycopersici strain NRRL 34936
(http://www.broad.mit.edu/annotation/genome/fusarium), using
the IGS rDNA sequence of this isolate as the query, only identified
one sequence type, even though the placement of the sequenced
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Fig. 3. Histogram showing the tailed distribution of isolates in each of the 22
haplotype classes defined by the number of isolates per two-locus haplotype. The
number(s) above each bar identifies the number of ST(s) within each haplotype
class, except for the four asterisked-numbers to the right which identify the number
of STs within each haplotype class.

strain in the EF-1a and IGS rDNA bootstrapped phylogenies was
topologically discordant (Fig. 2, Table 2; note that NRRL 34936
and 26406 both are ST 63). In summary, if divergent paralogous
and/or xenologous IGS rDNA sequences are present in members
of the FOSC, our results indicate that they must be in such low copy
number as to have gone undetected.

Even though the underlying genetic mechanism(s) that are
responsible for the homoplasy we detected at the IGS rDNA locus
are unknown, results from other studies provide some possible
explanations. Horizontal gene transfer (HGT) of a virulence locus
has been reported within F. oxysporum f. sp. lycopersici (van der
Does et al., 2008), and parasexual recombination has been demon-
strated experimentally between vegetatively incompatible FOSC
isolates under laboratory conditions (Molnar et al., 1990). Thus,
the 42 genealogical discordant clades we detected in the EF-1a
and IGS rDNA bootstrapped partitions may have resulted from
multiple independent HGT and/or introgressive hybridization
events. In support of this interpretation, HGT of virulence genes
(He et al., 1998; Liu et al., 2003; Friesen et al., 2006; van der Does
et al.,, 2008), and hybridization-mediated introgression of rRNA
genes (Hughes and Petersen, 2001; Xie et al., 2008) have been re-
ported in phylogenetically diverse fungi. In addition, HGT has been
theorized to account for the discontinuous distribution of the Fot1
transposon within the FOSC (Daboussi et al., 2002). Lastly, the ge-
netic duplication and aneuploidy reported in the FOSC (Kistler
et al., 1995) shows parallels with the parasexual cycle in Candida
ablicans (Forche et al., 2008). Future studies are needed to elucidate
whether HGT, possibly mediated by parasexuality, has played a
major role in the reproductive success of the clonal or near clonal
members of the FOSC, by generating adaptive mitotic recombi-
nants (Schoustra et al., 2007).

3.2. DNA sequence-based typing scheme

Given the apparent underlying discordant evolutionary histo-
ries of the EF-1a. and IGS rDNA, analyses of the combined dataset
were restricted to determining the utility of the two-locus typing
scheme for distinguishing individual formae speciales, indoor con-
taminants of hospitals or food and beverage production facilities,
opportunistic pathogens of humans and other animals, and puta-
tive non-pathogens, including strains used for the biocontrol of soil
borne pathogens. Towards this end, the 254 unique two-locus

haplotypes within the ingroup were parsed into seven haplotype
groups (Supplementary Fig. S1) based primarily on ST-host associ-
ation. This subdivision revealed that approximately two-thirds of
the STs (N = 164) were associated with a single host (i.e., haplotype
groups 1 and 2). However, it should be noted that pathogenicity
has not been determined for the 58 STs within haplotype group
2, except for those isolates considered as non-pathogenic to a par-
ticular host. Although three haplotype groups were associated with
two or more hosts (i.e., haplotype groups 3-5), comprising 55 of
the STs, only the 21 STs within haplotype group 3 were shared
by two or more formae speciales. It is noteworthy that five STs
(i.e., 2, 7, 22, 30 and 93) within haplotype group 3 were linked to
four or more formae speciales, with ST 2 being shared by seven
host-specific pathogens (i.e., f. spp. apii, callistephi, conglutinans, fa-
bae, lini, loti and pisi) and ST 7 by eight (i.e., f. spp. asparagi, batatas,
cepae, cubense, dianthi, gladioli, phaseoli and vasinfectum). Several of
the formae speciales involved (f. spp. apii, asparagi, batatas pisi, vas-
infectum, and others) have been shown to cross-infect the hosts of
other formae speciales; isolates received as a specific forma spe-
cialis might in such cases also be classifiable as another forma spe-
cialis, in particular in the case of F. oxysporum f. sp. vasinfectum
(Armstrong and Armstrong, 1975; Davis et al., 2006). Isolates
belonging to different formae speciales and sharing their STs
should be tested systematically for cross-pathogenicity in future
investigations.

Haplotype group 6, with 10 novel STs and seven STs which are
also shared by haplotype group 7, includes indoor contaminants,
notably of hospital water systems and food and beverage produc-
tion facilities, together with soil isolates or isolates whose host/sub-
strate data is incomplete. Haplotype groups 6 and 7 also contain ST
33, previously reported as the widespread FOSC 3-a clonal lineage
(O’Donnell et al., 2004, 2007; Chang et al., 2006), and STs 49 and
54. These three STs have been recovered as hospital contaminants
and from mycotic infection of humans, suggesting nosocomiality.
Lastly, haplotype group 7 contains 26 STs whose membership is
based on at least one isolate in each ST being recovered from an
opportunistic infection of humans or other animals. Opportunistic
human pathogens within the FOSC are genetically diverse not only
in terms of numbers of distinct STs (N = 26), but because they are
nested within the three major clades that comprise the phyloge-
netic breadth of this complex (O’Donnell et al., 1998b, 2004). Half
of the STs within this group exclusively contained clinically rele-
vant isolates, and these included 10 singleton STs and STs in which
all three (ST 48 = FOSC 3-c and ST 109 = FOSC 4-c) or all five isolates
(ST 1 = FOSC 4-b) were recovered from opportunistic infections of
humans. The remaining 13 STs within haplotype group 7 contained
isolates that were also assigned to one other haplotype group. Of
these, ST 33 (=FOSC 3-a; Chang et al., 2006) appears to be the most
important member of haplotype groups 6 and 7, given how com-
mon it has been recovered from infections of humans, and hospital
plumbing and food and beverage production facilities (O’Donnell
et al., 2004, 2007). In addition to the human pathogenic FOSC STs
mentioned above, the ability of clinically important fusaria to colo-
nize plumbing systems via biofilms appears to be widespread with-
in Fusarium (Imamura et al., 2007; O’Donnell et al., 2008; Schroers
et al., 2009), and may help explain why fusaria were almost exclu-
sively responsible for the 2005 and 2006 contact lens solution-asso-
ciated keratitis outbreaks in Asia and the United States (Chang et al.,
2006; O’Donnell et al., 2007).

Of the 848 ingroup taxa, 504 (59.4%) were received as one of 68
described formae speciales (Table 1), while the remaining 344 iso-
lates were received without a formae speciales designation. ST 28,
with 52 isolates, is the most common ST represented in the data-
base (Fig. 3, Table 1). All of the isolates within this ST were received
as F. oxysporum f. sp. vasinfectum except for NRRL 38307 (=FRC O-
1259). The two-locus typing scheme we employed failed to
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identify more than one ST within a VCG. This finding is consistent
with previous studies indicating VCGs typically possess a highly
clonal population structure (Kistler, 1997), but it could also reflect
the low resolution of the current typing scheme based on two ge-
netic loci. Indeed, the clonal nature of VCGs does not exclude fur-
ther evolution. VCGs may contain several races which are closely
related genetically (Baayen et al.,, 1997, 2000), suggesting gene-
for-gene evolution of virulence; examples are to be found in F. oxy-
sporum f. sp. dianthi VCG 0022 (ST 90; races 1 and 8), F. oxysporum
f. sp. gladioli VCG 0340 (ST 93; races 1, 2i, 2n, 3 and 4), and F. oxy-
sporum f.sp. melonis VCGs 0135 and 0138-II (ST 167; races 0, 1, 2
and 1.2). In cases where a specific race is reported for more than
a single VCG (or ST), this may be due to lack a differential host vari-
eties for resolving differences in virulence (Armstrong and Arm-
strong, 1975) as has been repeatedly demonstrated (Baayen
et al., 1997; Mes et al., 1994).

We also populated the database with 27 putatively non-patho-
genic isolates, including strains that have been used to control
fusarium wilts of strawberry (NRRL 45881 = Fus-IMJF), tomato,
cucumber and other crops (NRRL 53506 =Fo47; Fuchs et al,
1997; Benhamou et al., 2002). STs of 13 of the 27 putative non-
pathogens matched a ST of a known forma specialis (Supplemen-
tary Table 3), Non-pathogenic isolates generally did not match
the ST of the known forma specialis from the same host and typi-
cally appear to be unrelated. An exception is isolate NRRL 26442
from lily which was originally isolated and stored as f. sp. lilii,
but is no longer pathogenic. Of the two biocontrol strains we typed,
only the strain used for suppressing wilt of strawberry in Sweden
(NRRL 45881 = Fus-IMJF) shared a two-locus ST with a known for-
ma specialis (i.e., F. oxysporum f. sp. raphani, ST 19), suggesting that
the former isolate should be tested for pathogenicity to Raphanus
sativus, before being released in an area where radish and other
cruciferous crops are grown.

Consistent with reports that soilborne members of FOSC are
genetically diverse (Edel et al., 1997, 2001), 85% of the putatively
non-pathogenic isolates were resolved as a unique ST (i.e., 23 of
27; Supplementary Table 3), and these were nested within the
three major clades previously identified within the FOSC (O’Don-
nell et al., 1998b). Nonetheless, future developments in the data-
base are needed to accurately assess evolutionary relationships
among biocontrol and plant pathogenic fusaria within a robust
phylogenetic framework. Even in instances where HGT of virulence
genes has been reported (van der Does et al., 2008), by extensive
sampling of known formae speciales, it should be possible in the
near future to develop a high-resolution MLST scheme comparable
to those currently available for typing human pathogenic Candida
species (Odds and Jacobsen, 2008). Such a scheme is critical to
advancing our ability to assess the risk of releasing putatively
non-pathogenic FOSC biocontrol isolates into the environment
(Cook et al., 1996). In addition, this database should provide a ro-
bust phylogenetic framework to evaluate whether different modes
of biocontrol activity have evolved in these isolates (Fravel et al.,
2003).

The primary objective of the present study was to develop a
comprehensive DNA sequence database for identifying pathogens
within the FOSC that could minimize and ultimately eliminate
the need for time-consuming bioassays. Toward this end, the FOSC
two-locus database, including the DNA sequence alignments and
electropherograms, will be incorporated into the internet-
accessible FUSARIUM-ID database (http://fusarium.cbio.psu.edu/).
FUSARIUM-ID will evolve to Cyber-infrastructure for Fusarium
(CiF; http://www.fusariumdb.org/), together with a similarly com-
prehensive MLST database for members of the F. solani species
complex (O’Donnell et al., 2008). Inclusion of the downloadable
alignments will facilitate identification of new and existing STs,
help predict the forma specialis of unknowns, and assist research-

ers in validating the accuracy of new sequence data by taking
advantage of their comprehensive phylogenetic footprint.

We emphasize the importance of depositing representative iso-
lates of all newly described formae speciales, races and VCGs of F.
oxysporum in publically accessible culture collections (Kang et al.,
2006). Host and substrate of origin should be identified, and
assumptions of pathogenicity should be verified (Koch’s postu-
lates); isolates taken from a host associated with a known forma
specialis need not belong to that forma specialis, even in the case
of typical symptomatology. Well-preserved and well-characterized
isolates are essential for any study on pathogenic diversity or host-
pathogen interactions, in absence of which the value of such stud-
ies is at stake. In addition, data used to generate MLSTs or other-
wise characterize a taxon should be archived in a centralized
database that can be edited by the scientific community. For exam-
ple, the ability to correct ambiguous DNA sequence data would be
most useful (Bruns et al., 1998). To illustrate the value of transpar-
ent and verifiable data, we did not incorporate GenBank data in the
FOSC database due to problems we encountered with the reliabil-
ity of these data (Pennisi, 2008).

The primary strength of the current version of the FOSC data-
base is the dense sampling provided by 848 isolates representing
68 formae speciales and 256 unique STs. This database will con-
tinue to be updated as new FOSC pathogens and formae speciales
are typed. Unlike web-accessible databases for the identification
of Trichoderma (Druzhinina et al, 2005), ectomycorrhizal
basidiomycetes (Bruns et al., 1998), Fusarium (Geiser et al., 2004),
and Phytophthora (Park et al., 2008), where BLAST searches and
phylogenetic analyses are employed to identify species, the homo-
plastic evolutionary history of the IGS rDNA precludes the use of
molecular phylogenetics to accurately identify relationships within
the FOSC. At present, we recommend identifying unknowns as new
or known STs by collapsing each two-locus dataset to a minimal set
of novel haplotypes.

3.3. Mycotoxin production

Based on published reports of mycotoxin production within the
FOSC (Rabie et al., 1982; Seo et al., 1996), we investigated monili-
formin and fumonisin B and C series toxin production in vitro on
cracked corn cultures. The 19 phylogenetically diverse strains in-
cluded in the mycotoxin analyses were specifically selected to
sample from all of the FOSC clades previously identified (O’'Donnell
et al., 1998b, 2004) and included 18 unique STs, 11 formae speci-
ales and one isolate of Fusarium foetens. NRRL 29056 F. verticillio-
ides (FRC M-3125), NRRL 39464 F. oxysporum (FRC 0-1890; Seo
et al,, 1996) and NRRL 22037 F. proliferatum were used as positive
controls for fumonisin production (Supplementary Table 4). The
latter isolate was also used as a positive control for moniliformin
production. In comparison to the positive control, TLC assessment
of moniliformin production demonstrated that of the other strains
tested, only NRRL 26029 F. oxysporum f. sp. cubense (VCG 01210)
was able to produce moniliformin, but at very low levels
(34 + 6.0 ppm). Similarly, other than the positive controls, only
NRRL 39464 F. oxysporum (FRC O-1890 = strain CAR, ex Dianthus
caryophyllus from Korea), representing the singleton ST 232, was
able to elaborate fumonisin B and C series analogues. As originally
reported (Seo et al., 1996), NRRL 39464 produced mostly FC; and
little FB; or FB,, in contrast to NRRL 22037 F. proliferatum and NRRL
29056 F. verticillioides, which elaborated high levels of FB;, moder-
ate levels of FB,, and minor amounts of FC;, FC,, or FC3. Fumonisins
and moniliformin were not detected in cultures of NRRL 31852 F.
foetens, the sister species of the FOSC. Our results are consistent
with the findings of Proctor et al. (2004) who found that of the four
FOSC isolates tested; only NRRL 39464 possessed fumonisin bio-
synthetic genes and produced fumonisins. Results of the present
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study suggest that production of this toxin by members of the
FOSC may be limited (Seo et al., 1996). By way of contrast, our re-
sults that suggest limited moniliformin production within the
FOSC differ from those of Rabie et al. (1982) who reported that
14 of 24 toxic isolates produced this toxin. However, because the
strains included in Rabie et al. (1982) were not characterized
genetically, it is possible that they isolated a widespread monilifor-
min-producing clone within the FOSC, or more likely not even
members of the FOSC as currently circumscribed phylogenetically.
At the time of their publication (Rabie et al., 1982), over 10 species
recognized today outside the FOSC would have been identified by
them as F. oxysporum using most morphological treatments (i.e.,
by the production of chlamydospores, monophialides but no poly-
phialides, and microconidia in false heads rather than chains;
Nirenberg and O’Donnell, 1998; O’Donnell et al., 1998a).

In addition, based on a report of cyclohexadepsipeptide myco-
toxin production within the FOSC (Moretti et al., 2002), we inves-
tigated the potential of 40 genetically diverse isolates representing
30 STs and nine formae speciales selected from three major clades
of the FOSC (O’Donnell et al., 1998b) to produce the beauvericin
and enniatin A;, B and B, in vitro. Beauvericin production was ob-
served in the majority (30 out of 40) of isolates analyzed (Supple-
mentary Table 5), ranging from minute amounts in some isolates
to 240 ppm in NRRL 26991 F. oxysporum f. sp. gladioli, 245 ppm
in NRRL 28384 F. oxysporum f. sp. asparagi and 300 ppm in NRRL
26961 F. oxysporum f. sp. dianthi. The potential to produce enniatin
A4, B and B, appeared to be slightly less frequent, with 23 out of 40
isolates producing enniatin B, while production of enniatin A and
B, was observed in only five and four isolates, respectively. These
results generally parallel those obtained from isolates of F. oxyspo-
rum f. sp. melonis by Moretti et al. (2002) who reported that 37 of
44 isolates produced beauvericin, whereas only 11 isolates pro-
duced enniatin B, and none produced A and B, enniatins_ In con-
trast to the apparent limited potential to produce moniliformin
and fumonisins, our results indicate beauvericin and enniatin B
cyclohexadepsipeptide mycotoxin production appears to be wide-
spread among members of the FOSC. Two competing hypotheses
can be proposed to explain the discontinuous phylogenetic distri-
bution of moniliformin and fumonisin production within the FOSC
(Patron et al., 2007): (1) horizontal gene cluster transfer, possibly
mediated by dispensable chromosomes as reported for F. solani f.
sp. pisi (Temporini and VanEtten, 2004), followed by subsequent
inactivation or loss, and (2) phylogenetic inheritance followed by
vertical transmission and subsequent inactivation or loss (Kroken
et al., 2003). Evidence for the latter hypothesis has been docu-
mented in genetically divergent isolates of F. verticillioides from ba-
nana where the fumonisin gene cluster has been completely
deleted (Glenn et al., 2008).

3.4. Conclusions

The widespread genealogical discordance between the IGS
rDNA and EF-1« bipartitions reported herein, together with the dis-
covery of non-orthologous ITS2 types within the FOSC and Gibber-
ella fujikuroi species complexes (O’Donnell and Cigelnik, 1997;
O’Donnell et al., 1998a), provides a compelling argument against
using single-locus data, especially from nuclear ribosomal RNA
genes, for phylogenetic reconstruction and for inferring species
limits within the Fungi (Taylor et al., 2000). Although the IGS rDNA
has become one of the most popular loci for investigating genetic
diversity within the FOSC (Fujinaga et al., 2005; Kawabe et al.,
2005; Mbofung et al., 2007; Enya et al., 2008), and its high levels
of nucleotide diversity provide a high degree of discriminatory
power useful for isolate identification, results of the present study
strongly indicate that the homoplastic evolutionary history of this
locus obscures accurate phylogenetic relationships within this

complex. Of the relatively small number of genes that have been
sampled to date within the FOSC (ex., IGS rDNA, EF-1«, polygalac-
turonases, mitochondrial small subunit ribosomal RNA, phosphate
permease, B-tubulin, nitrate reductase, MAT 1 and MAT2), only the
EF-1o and IGS rDNA genes appear to have much phylogenetic sig-
nal. However, genealogical discordance involving the IGS rDNA
(Mbofung et al., 2007; Fourie et al., 2009; present study) precludes
the use of this locus for molecular phylogenetics within the FOSC.
Similarly, discordant phylogenies were recovered employing four
polygalacturonase genes (Hirano and Arie, 2009) and a mitochon-
drial repeat region (Fourie et al., 2009), which suggests that iden-
tifying an orthologous set of loci for phylogenetic inference
within the FOSC will be a challenging endeavor.

The major limitation of the current version of the FOSC database
is that the resolution is too poor to distinguish all of the formae
speciales and VCGs. Future improvements in the database will take
advantage of the genomes of 10 phylogenetically diverse fusaria
that are being sequenced at the Broad Institute of MIT and Harvard
(H. C. Kistler, personal communication). Once these genomes be-
come available online, it should be possible to profile phylogenet-
ically informative genes (Townsend, 2007; Aguileta et al., 2008) to
identify an orthologous set of loci for a high-resolution MLST typ-
ing schemes for epidemiological investigations (O’Donnell et al.,
2004; Chang et al., 2006) and molecular phylogenetics. In addition,
these genomes should harbor VNTR loci, which might prove to be
ideal for high throughput strain typing (Taylor and Fisher, 2003;
Ward et al., 2008), and these genomic resources should also facil-
itate identification of virulence genes for specific formae speciales
(races) if required (Recorbet et al., 2003; van der Does et al., 2008).

Moreover, a highly resolved phylogeny would provide the nec-
essary framework to address critical questions concerning the pop-
ulation biology and reproductive mode of these fungi including the
degree of clonality within the FOSC (Taylor et al., 1999; Halkett
et al,, 2005), and whether host specificity has evolved vertically
and/or horizontally within the FOSC (van der Does et al., 2008). Gi-
ven their importance to agriculture and medicine, knowledge
gained from these basic studies should promote more informed
disease control strategies and quarantine regulations, and assist
development of cultivars with broad resistance to the plethora of
host-specific pathogens within the FOSC.
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