
Veterinary Fusarioses within the United States

Kerry O’Donnell,a Deanna A. Sutton,b Nathan Wiederhold,b Vincent A. R. G. Robert,c Pedro W. Crous,c David M. Geiserd

Mycotoxin Prevention and Applied Microbiology Research Unit, Agricultural Research Service, U.S. Department of Agriculture, Peoria, Illinois, USAa; Department of
Pathology, University of Texas Health Science Center, San Antonio, Texas, USAb; CBS-KNAW Fungal Biodiversity Center, Utrecht, the Netherlandsc; Department of Plant
Pathology and Environmental Microbiology, The Pennsylvania State University, University Park, Pennsylvania, USAd

Multilocus DNA sequence data were used to assess the genetic diversity and evolutionary relationships of 67 Fusarium strains
from veterinary sources, most of which were from the United States. Molecular phylogenetic analyses revealed that the strains
comprised 23 phylogenetically distinct species, all but two of which were previously known to infect humans, distributed among
eight species complexes. The majority of the veterinary isolates (47/67 � 70.1%) were nested within the Fusarium solani species
complex (FSSC), and these included 8 phylospecies and 33 unique 3-locus sequence types (STs). Three of the FSSC species (Fus-
arium falciforme, Fusarium keratoplasticum, and Fusarium sp. FSSC 12) accounted for four-fifths of the veterinary strains (38/
47) and STs (27/33) within this clade. Most of the F. falciforme strains (12/15) were recovered from equine keratitis infections;
however, strains of F. keratoplasticum and Fusarium sp. FSSC 12 were mostly (25/27) isolated from marine vertebrates and in-
vertebrates. Our sampling suggests that the Fusarium incarnatum-equiseti species complex (FIESC), with eight mycoses-associ-
ated species, may represent the second most important clade of veterinary relevance within Fusarium. Six of the multilocus STs
within the FSSC (3�4-eee, 1-b, 12-a, 12-b, 12-f, and 12-h) and one each within the FIESC (1-a) and the Fusarium oxysporum spe-
cies complex (ST-33) were widespread geographically, including three STs with transoceanic disjunctions. In conclusion, fusaria
associated with veterinary mycoses are phylogenetically diverse and typically can only be identified to the species level using
DNA sequence data from portions of one or more informative genes.

Best known as one of the most important genera of mycotoxi-
genic plant pathogens (1), Fusarium species (Hypocreales, As-

comycota) and their toxins are responsible for multibillion U.S.
dollar losses annually to the world’s agricultural economy. Due to
the increase in immunocompromised and artificially immuno-
suppressed patient populations over the past 3 decades, Fusarium
has also emerged as an important mycotic agent, causing life-
threatening infections in humans (2, 3). Because fusaria are
broadly resistant to most of the currently available antifungals,
particularly high levels of mortality occur in patients who are per-
sistently neutropenic (4). The greatest impact of Fusarium species
on veterinary science is due to the diverse mycotoxicoses that they
cause in animals that consume feed contaminated with fusarial
toxins, such as trichothecenes, fumonisins, and estrogenic com-
pounds (5, 6).

Judging from isolated reports in the literature, veterinary fusa-
rioses appear to be relatively rare, and those reported typically
involve economically important domesticated animals or animals
housed in zoological parks where a veterinarian is on staff. Fusaria
are responsible for a broad spectrum of mycotic infections in an-
imals, with keratitis and dermatitis being the most common (7, 8).
Less common fusarial infections in animals include melanized
lesions that affect the abdominal segments and cephalothorax of
crustaceans (9), dysecdysis in snakes (10), embryonic death in sea
turtle eggs (11), and invasive sinusitis and facial mycetoma in dogs
(12). In the past, morphology alone was typically used to identify
the etiological agent (1, 8); however, reports of mycotic infections
caused by Fusarium solani, Fusarium moniliforme, and Fusarium
incarnatum that were identified using morphological data are
largely unreliable because these morphospecies have been re-
solved as diverse complexes, comprising �100 phylogenetically
recognizable species (12). Multilocus phylogenetic species recog-
nition of medically important fusaria and important veterinary
fusaria based on genealogical exclusivity (13) has revealed that

approximately three-fourths of clinically relevant Fusarium spe-
cies cannot be identified using phenotypic data (see reference 12
and references therein). To date, only a relatively small number of
Fusarium strains from veterinary sources have been included in
multilocus molecular phylogenetic studies, and they comprised 17
phylogenetically distinct species distributed among six species
complexes, i.e., Fusarium incarnatum-equiseti, Fusarium chlamy-
dosporum, Fusarium sambucinum, Fusarium oxysporum, Fusar-
ium fujikuroi, and F. solani (12, 14–19).

The above summary highlights the need for a molecular
phylogenetic study that is focused on elucidating the genetic
diversity of fusaria of veterinary importance. Toward this end,
the present study of 67 fusaria from veterinary sources was
initiated with the following three objectives: (i) elucidate the
evolutionary relationships and the species haplotype diversity
of fusaria associated with veterinary fusarioses within the
United States using genealogical concordance phylogenetic
species recognition (GCPSR) (13), (ii) deposit the sequence
data in the web-accessible Fusarium MLST (http://www.cbs
.knaw.nl/Fusarium) and Fusarium-ID (http://fusariumdb.org)
databases to facilitate the identification of veterinary fusaria via
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the Internet (12, 20, 21), and (iii) make the genetically charac-
terized germplasm available to the scientific community via the
ARS Culture Collection (NRRL) to promote further study.

MATERIALS AND METHODS
Fusarium isolates analyzed. Of the 76 isolates analyzed in the present
study, 67 were cultured from veterinary sources (Table 1) and 62 of these
were from the United States. Strains cultured from veterinary sources
were nested within 8 of the 10 species complexes (Fig. 1). The nine strains
from nonveterinary sources were chosen primarily to provide represen-
tatives of five clades that contain human-pathogenic strains, including
three members of the Fusarium dimerum species complex for rooting the
phylogeny (Fig. 1). All of the strains that were included in this study are
available upon request from the Agricultural Research Service Culture
Collection, National Center for Agricultural Utilization Research, Peoria,
IL (NRRL; http://nrrl.ncaur.usda.gov/TheCollection/index.html).

Molecular biology. A cetyltrimethylammonium bromide (CTAB)
(Sigma-Aldrich, St. Louis, MO) protocol was used to extract total
genomic DNA from freeze-dried mycelium prepared from yeast malt
broth cultures as previously described (12). Portions of the DNA-directed
RNA polymerase subunit 1 (RPB1) and the second largest subunit (RPB2)
were PCR amplified and sequenced using published primers and proto-
cols (see Table 2 in reference 12). The 2-locus sequence types (STs) of
strains nested within the Fusarium oxysporum species complex (FOSC)
were determined by PCR amplifying and sequencing a portion of the
translation elongation factor (TEF1) gene and the entire nuclear ribo-
somal intergenic spacer (IGS) region (IGS rDNA) using published prim-
ers and protocols (12, 17). We employed a published 3-locus typing
scheme that included a portion of TEF1, RPB2, and the nuclear ribosomal
internal transcribed spacer (ITS) region plus domains D1 and D2 of the
nuclear large-subunit (LSU) rRNA to identify species haplotypes within
the F. solani, F. incarnatum-equiseti, and F. chlamydosporum species com-
plexes (12, 16, 18). All PCR amplifications were conducted in an Applied
Biosystems (ABI) 9700 thermocycler (Emeryville, CA) using Platinum
Taq DNA polymerase (Invitrogen, Carlsbad, CA) and the following pro-
gram: 1 cycle of 90 s at 94°C and 40 cycles of 30 s at 94°C, 90 s at 55°C, and
2 min at 68°C, followed by 1 cycle of 5 min at 68°C and a 4°C soak. After
amplicons were electrophoretically size fractionated in 1.5% agarose gels
(Invitrogen), they were stained with ethidium bromide and then photo-
graphed over a UV transilluminator (Fotodyne Inc., Hartland, WI). Mon-
tage96 filter plates (Millipore Corp., Billerica, MA) were used to purify
amplicons prior to cycle sequencing using an ABI BigDye Terminator
version 3.1 reaction mix. Prior to running sequencing reaction mixes on
an ABI 3730 48-capillary automated sequencer, they were purified using
an ABI XTerminator purification kit.

Phylogenetic analysis. Raw ABI chromatograms were edited and
aligned using Sequencher version 5.2.4 (Gene Codes, Ann Arbor, MI),
exported as Nexus files, and then edited manually using TextPad version
5.1.0 for Windows (Helios Software Solutions, Longridge, England). The
comprehensive partial RPB1 and RPB2 data set that was published previ-
ously (22) was used as a reference for placing indels in the alignment.
Similarly, the TEF1 plus IGS rDNA sequences of five strains within the
FOSC were aligned with a published data set for this complex (17),
and then Collapse version 1.1 (http://www.softpedia.com/get/Science
-CAD/Collapse.shtml) was used to identify the 2-locus ST of each strain.
Paup version 4.0b10 (23) was used to conduct unweighted maximum
parsimony (MP) analyses on the RPB1 plus RPB2 and TEF1 plus RPB2
plus rRNA data sets as previously described (16, 17). Nonparametric MP
bootstrapping, based on 1,000 pseudoreplicates of the data, was used to
assess clade stability.

Accession number(s). DNA sequences generated in this study were
deposited in GenBank under accession numbers KC808189 through
KC808371 and KX768759 through KX768764, and alignments and
phylogenetic trees were deposited in TreeBASE under accession num-
bers S19744 and Tr98123 through Tr98125. In addition, all of the

sequences have been deposited in the web-accessible Fusarium MLST
and Fusarium-ID databases.

RESULTS AND DISCUSSION
Multilocus DNA sequence-based genotyping of strains. This
study was conducted to characterize the phylogenetic diversity of
the species and multilocus sequence types (STs) associated with
veterinary fusarioses within the United States. Sixty-seven of the
76 analyzed isolates were cultured from veterinary sources (Table
1), and 62 of these were from the United States. To obtain an
initial estimate of their diversity, portions of the DNA-directed
RNA polymerase II largest (RPB1, 1,606-bp alignment) and sec-
ond largest subunit (RPB2, 1,780-bp alignment) were sequenced
and analyzed phylogenetically using MP (23). Sequences of three
human-pathogenic isolates within the Fusarium dimerum species
complex were used to root the phylogenies based on a more inclu-
sive analysis (22). MP bootstrapping (BS) of the combined data set
(3,386 bp) strongly supported the monophyly (MP-BS � 95% to
100%) of the six species complexes that contain two or more
strains (Fig. 1). Evolutionary relationships among the species
complexes received moderate to strong bootstrap support
(MP-BS � 77% to 100%). The molecular phylogeny revealed that
23 Fusarium species distributed among eight species complexes
were associated with veterinary mycoses (Fig. 1).

To identify 3-locus haplotypes of strains within the F. solani, F.
incarnatum-equiseti, and F. chlamydosporum species complexes,
portions of the following three loci were sequenced and analyzed
phylogenetically as described previously (16, 18): TEF1 (692- to
710-bp alignments), RPB2 (1,766- to 1,866-bp alignments), and
the internal transcribed spacer (ITS) region plus domains D1 and
D2 of the nuclear large-subunit (LSU) rRNA (1,009- to 1,153-bp
alignments). Because Latin binomials could be applied with con-
fidence to only 11 of the 23 fusaria of veterinary importance, the
unnamed species were identified using an informal ad hoc alpha-
numeric typing scheme for species haplotypes developed for un-
described species in these groups (12, 16, 18). STs within the F.
oxysporum species complex (FOSC) were identified using a 2-lo-
cus typing scheme (18) that included a portion of TEF1 (634-bp
alignment) and the entire nuclear ribosomal intergenic spacer re-
gion (IGS rDNA, 2,220-bp alignment).

The most common animal infections were ocular (21/67 �
31.3%), followed by dermatomycoses and onychomycoses (Fig. 1;
Table 1). Eight phylogenetically diverse fusaria distributed among
five species complexes were associated with keratitis infections of
veterinary animals. Consistent with previous findings on medi-
cally important fusaria (12, 16, 24), most of the veterinary isolates
(47/67 � 70.1%) were nested within the F. solani species complex
(FSSC), and these comprised 8 phylospecies and 33 unique 3-lo-
cus STs (Fig. 1; see also Fig. S1 in the supplemental material). With
the exception of phylospecies FSSC 43-a from a zebra shark
(Stegostoma fasciatum), the seven other FSSC species have been
reported from human mycoses (16). Three of the FSSC species
(Fusarium falciforme, Fusarium keratoplasticum, and Fusarium sp.
FSSC 12) accounted for 38/47 of the veterinary isolates and 27/33
of the 3-locus STs within this complex. It is noteworthy that all but
three of the 15 genetically diverse F. falciforme strains were recov-
ered from equines in five states (Florida, Georgia, Kentucky, Ten-
nessee, and Texas; Table 1) with keratitis infections. Nine of the 11
unique STs within F. falciforme were singletons. However, F. fal-
ciforme 3�4-eee was isolated from a canine facial mycetoma in
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TABLE 1 Isolates identified using multilocus DNA sequence data

Fusarium species
complexa Species�MLSTb

NRRL
no.c Equivalent no.d Host

Geographic
origin

F. chlamydosporum FCSC 2-b 34015 DI16-453 Equine eye Alabama
F. concolor F. concolor 25728 CBS 463.91 Human nail Germany
F. dimerum F. delphinoides 36160 CBS 110140 Human eye Florida
F. dimerum F. dimerum 36140 CBS 108944 Human blood The Netherlands
F. dimerum F. penzigii 20711 ATCC 15621 Human eye Sri Lanka
F. fujikuroi F. proliferatum 54994 DI16-447 Rhinoceros horn California
F. fujikuroi F. proliferatum 62546 DI16-448 Equine eye Florida
F. fujikuroi F. verticillioides 54997 DI16-452 Feline sinus exudate Illinois
F. incarnatum-equiseti FIESC 1-a 43637 DI16-456 Canine skin lesion Pennsylvania
F. incarnatum-equiseti FIESC 1-a 43640 DI16-457 Canine nose Texas
F. incarnatum-equiseti FIESC 1-a 45996 DI16-458 Canine nasal cavity New York
F. incarnatum-equiseti FIESC 4-a 20423 IMI 300797 Lizard skin India
F. incarnatum-equiseti FIESC 6-a 43638 FRC R-3500 Manatee skin Florida
F. incarnatum-equiseti FIESC 13-a 43635 DI16-454 Equine placenta Nebraska
F. incarnatum-equiseti F. equiseti (FIESC 14-c) 43636 DI16-417 Canine Texas
F. incarnatum-equiseti FIESC 17-c 34070 Loyola W37591 Tortoise Illinois
F. incarnatum-equiseti FIESC 19-a 43639 DI16-455 Manatee skin Florida
F. incarnatum-equiseti FIESC 20-c 54973 DI16-459 Rhinoceros eye Ohio
F. oxysporum F. oxysporum ST-33 54984 DI16-437 Mouse mucosa Massachusetts
F. oxysporum F. oxysporum ST-33 54996 DI16-438 Little blue penguin foot Massachusetts
F. oxysporum F. oxysporum ST-33 62542 DI16-439 Unknown feces Texas
F. oxysporum F. oxysporum ST-33 62545 DI16-440 Endoscope from veterinary clinic California
F. oxysporum F. oxysporum ST-33 62547 DI16-441 Canine stomach California
F. redolens F. redolens 54967 DI16-449 Feline granuloma California
F. sambucinum F. armeniacum 43641 DI16-416 Equine eye Missouri
F. solani F. falciforme (FSSC 3�4-d) 54989 DI16-418 Equine eye Texas
F. solani F. falciforme (FSSC 3�4-dddd) 54976 DI16-419 Equine corneal ulcer Florida
F. solani F. falciforme (FSSC 3�4-eee) 32872 JCM 11488 Canine facial mycetoma Japan
F. solani F. falciforme (FSSC 3�4-eee) 54964 DI16-420 Equine eye Tennessee
F. solani F. falciforme (FSSC 3�4-eeee) 54978 DI16-421 Equine corneal ulcer Florida
F. solani F. falciforme (FSSC 3�4-eeee) 54987 DI16-422 Equine eye Florida
F. solani F. falciforme (FSSC 3�4-eeee) 54991 DI16-423 Aldabra tortoise carapace lesion Florida
F. solani F. falciforme (FSSC 3�4-eeee) 62543 DI16-424 Equine eye Florida
F. solani F. falciforme (FSSC 3�4-ffff) 54966 DI16-425 Equine eye Georgia
F. solani F. falciforme (FSSC 3�4-gggg) 54983 DI16-426 Equine eye Florida
F. solani F. falciforme (FSSC 3�4-hhhh) 54977 DI16-427 Equine corneal ulcer Florida
F. solani F. falciforme (FSSC 3�4-uu) 62548 DI16-428 Equine eye Florida
F. solani F. falciforme (FSSC 3�4-uuu) 54980 DI16-429 Equine eye Florida
F. solani F. falciforme (FSSC 3�4-ww) 32754 FRC S-0449 Turtle head lesion Florida
F. solani F. falciforme (FSSC 3�4-yy) 32778 FRC S-0802 Equine eye Kentucky
F. solani F. keratoplasticum (FSSC 2-dd) 54162 G8 lesion Indigo snake skin Alabama
F. solani F. keratoplasticum (FSSC 2-ff) 54975 DI16-431 Equine corneal ulcer Florida
F. solani F. keratoplasticum (FSSC 2-g) 54998 DI16-435 Gray seal nail California
F. solani F. keratoplasticum (FSSC 2-g) 54999 DI16-436 Gray seal nail California
F. solani F. keratoplasticum (FSSC 2-g) 62544 DI16-432 Gray seal nail California
F. solani F. keratoplasticum (FSSC 2-h) 22791 IMI 095994 Iguana tail England
F. solani F. keratoplasticum (FSSC 2-i) 54965 DI16-433 Lung fish skin Massachusetts
F. solani F. keratoplasticum (FSSC 2-m) 22645 ATCC 46940 Kuruma shrimp gill Hawaii
F. solani F. keratoplasticum (FSSC 2-p) 25391 ATCC 32751 California brown shrimp gill California
F. solani F. keratoplasticum (FSSC 2-u) 32780 FRC S-0906 Sea turtle head Texas
F. solani F. keratoplasticum (FSSC 2-ww) 54963 DI16-434 Bonnet head shark eye Florida
F. solani F. petroliphilum (FSSC 1-a) 54985 DI16-442 Dolphin digit bone Georgia
F. solani F. petroliphilum (FSSC 1-a) 54988 DI16-443 Whale skin Georgia
F. solani F. petroliphilum (FSSC 1-b) 54986 DI16-444 Pygmy sweeper skin Georgia
F. solani F. petroliphilum (FSSC 1-b) 54995 DI16-445 Dolphin stomach Bahamas
F. solani F. petroliphilum (FSSC 1-c) 32317 DI16-446 Treefish eye Texas
F. solani F. solani (FSSC 5-gg) 54969 DI16-450 Canine foot mass biopsy California
F. solani F. solani (FSSC 5-v) 54981 DI16-451 Unknown California
F. solani FSSC 9-a 32755 FRC S-0452 Turtle head lesion Florida
F. solani FSSC 12-a 22642 ATCC 38341 Kuruma shrimp gill Japan
F. solani FSSC 12-a 54720 DI16-460 Lined sea horse Georgia
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Japan and an equine eye in Tennessee. In addition, F. falciforme
3�4-eeee was associated with ocular mycoses of three equines and
a lesion on the carapace of an Aldabra tortoise (Geochelone gigan-
tea) in Florida. Each of these strains was collected in a different
year between 2006 and 2011. Two of the equines were in Ocala and
the third in Gainesville, which is only 38 miles away.

By way of contrast, 19 of the 22 strains of F. keratoplasticum and
Fusarium sp. FSSC 12 were isolated from marine vertebrates and
invertebrates, which suggests they may be adapted to the habitats
of these hosts (Fig. 1; Table 1). Nine of the 11 STs within F. kera-
toplasticum were singletons compared with only two of the six STs
within Fusarium sp. FSSC 12. Four of the six STs in the latter
species were represented by geographically distant STs (i.e., 12-a,
12-b, 12-f, and 12-h). Fusarium sp. FSSC 12 has been reported to
cause mycotic infections in humans (16) and in a number of cap-
tive marine animals, including a recent epizootic at a public
aquarium in the United States that resulted in 100% mortality of
lined seahorses (Hippocampus erectus) (19), cutaneous lesions in
scalloped hammerhead sharks from Japan in a public aquarium in
Hong Kong (Sphyrna lewini) (14), black gill disease of kuruma
prawn (Penaeus japonicas) in Japan (25), and fatal mycotic infec-
tions of lobsters in Australia and New York (26). The etiological
agents in the latter two studies were reported as F. solani and
Fusarium sp., respectively, based on morphological species recog-
nition. However, it should be noted that F. solani was recently
epitypified and corresponds to phylospecies FSSC 5 (27). Prior to
the application of GCPSR within the F. solani species complex
(16), most of the �60 species within this clade were reported as F.
solani in the medical and plant pathological literature (1).

Our sampling suggests that the F. incarnatum-equiseti species
complex (FIESC), with 10/67 (14.9%) of the isolates, 8/23 species,
and 8 unique STs, may represent the second most important clade
of veterinary relevance within Fusarium (Fig. 1; see also Fig. S2 in
the supplementary material). Members of this clade have only

rarely been reported to cause fusarioses (18, 28). Although this
complex contains at least 28 phylospecies (18), Latin binomials
cannot not be applied to 25 of them. Therefore, six of the FIESC
species included in this study were reported here using an infor-
mal alphanumeric nomenclature (Table 1), and they include
FIESC 1-a from canines in three different states (Table 1), FIESC
6-a and 19-a from manatee skin in Florida (Trichechus manatus),
FIESC 17-c from a tortoise in Illinois, FIESC 19-a from an equine
placenta in Nebraska, and FIESC 20-c from the eye of a rhinoceros
in Ohio. The two named animal-associated species that we ana-
lyzed within this complex included Fusarium lacertarum (FIESC
4-a) from lizard skin in India and Fusarium equiseti (FIESC 14-c)
from the nose of a dog in Texas. The fact that many members of
this complex are found in soil may help explain a possible epide-
miological link between FIESC 1-a and nasal infections of canines
and humans (18).

We determined that the five isolates within the F. oxysporum
species complex (FOSC) were all members of the widespread
clonal lineage ST33 using the TEF1 plus IGS rDNA 2-locus typing
scheme (17). Similar to other medically important fusaria (28), F.
oxysporum clonal lineage ST33 is common in plumbing systems
and appears to be responsible for the majority of mycoses in hu-
man and other animals caused by members of the FOSC (17, 29),
as well as a pseudoepidemic associated with bronchoscopy speci-
mens at a San Antonio, TX hospital in 1997 and 1998 (30). Phy-
logenetically diverse fusaria are known to colonize plumbing sys-
tems via biofilms (16, 31–33), and this may explain their near
exclusivity in the contact lens solution-associated keratitis out-
breaks in the United States, Singapore, and Hong Kong (34, 35).
Our finding that Fusarium redolens was associated with the gran-
uloma of a cat in California to our knowledge represents only the
second report of this soilborne fungus associated with a mycotic
infection. This species was originally reported as causing human
onychomycosis in Malaysia as F. oxysporum var. redolens (36);

TABLE 1 (Continued)

Fusarium species
complexa Species�MLSTb

NRRL
no.c Equivalent no.d Host

Geographic
origin

F. solani FSSC 12-a 54974 DI16-461 Honeycomb cowfish facial lesion Massachusetts
F. solani FSSC 12-b 25392 ATCC 32752 American lobster gill New York
F. solani FSSC 12-b 54970 DI16-462 Antler crab tissue Connecticut
F. solani FSSC 12-e 32821 FRC S-1230 Turtle egg Texas
F. solani FSSC 12-f 54979 DI16-463 Kemps Ridley turtle flipper Massachusetts
F. solani FSSC 12-f 62549 DI16-464 Horseshoe crab gill Maryland
F. solani FSSC 12-g 54968 DI16-465 Bonnet head shark New York
F. solani FSSC 12-h 54971 DI16-466 Reptile bronchus Florida
F. solani FSSC 12-h 54982 DI16-467 Kemps Ridley turtle carapace lesion Massachusetts
F. solani FSSC 20-g 54972 DI16-468 Equine eye Florida
F. solani FSSC 43-a 54992 DI16-469 Zebra shark multiple tissues Georgia
F. solani FSSC 43-a 54993 DI16-470 Zebra shark multiple tissues Georgia
F. tricinctum F. acuminatum 36147 CBS 109232 Human bronchial secretion Unknown
F. tricinctum F. acuminatum 45994 DI16-415 Cloaca Texas
F. tricinctum F. flocciferum 45999 DI16-430 Human scalp California
a Species complexes are as previously defined based on phylogenetic analysis of partial RPB1 plus RPB2 sequence data (22).
b Multilocus sequence typing (MLST) followed published protocols (12, 16–18). Arabic numerals identify species, and lowercase roman letters identify unique haplotypes within
each species. FCSC, Fusarium chlamydosporum species complex; FIESC, F. incarnatum-equiseti species complex; FSSC, F. solani species complex. F. oxysporum ST33 was identified
using a portion of TEF1 and the entire IGS rDNA (17).
c NRRL, ARS Culture Collection, NCAUR-ARS-USDA, Peoria, IL.
d Abbreviations: ATCC, American Type Culture Collection, Manassas, VA; CBS, Centraalbureau voor Schimmelcultures-KNAW—Fungal Biodiversity Center, Utrecht, the
Netherlands; DI16, University of Texas Health Sciences Center, San Antonio, TX; FRC, Fusarium Research Center, The Pennsylvania State University, State College, PA; JCM,
Japanese Collection of Microorganisms, Tokyo, Japan; Loyola, Loyola University, Chicago, IL; IMI, CABI Biosciences, Egham, Surrey, England.
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however, the F. redolens and F. oxysporum clades are phylogeneti-
cally distinct (22, 37).

All of the DNA sequence data generated in this study have been
incorporated into the following web-accessible sites dedicated to
facilitating accurate identification of fusaria via the Internet: Fus-

arium-ID at the Fusarium Research Center (FRC), Pennsylvania
State University (20, 21), and Fusarium MLST at the Centraalbu-
reau voor Schimmelcultures (CBS-KNAW) Fungal Biodiversity
Center, Utrecht, the Netherlands (12). For these databases to
reach their full potential, veterinarians and clinical microbiolo-

20423 4-a F. lacertarum lizard skin-India 
43637 1-a canine skin-PA
43640 1-a canine nose-TX
45996 1-a canine nasal cavity-NY

43635 13-a equine placenta-NE
43638 6-a manatee skin-FL

43636 F. equiseti 14-c canine-TX
34070 17-c tortoise-IL

54973 20-c rhinoceros eye-OH
43639 19-a manatee skin-FL

34015 2-b equine eye-AL 
43641 F. armeniacum equine eye-MO 

25728 F. concolor human nail-Germany
54967 F. redolens feline granuloma-CA

54984 ST-33 mouse mucosa-MA
62542 ST-33 feces-TX
54996 ST-33 little blue penguin foot-MA          
62547 ST-33 canine stomach-CA
62545 ST-33 endoscope-CA

54994 F. proliferatum rhino horn-CA     
62546 F. proliferatum equine eye-FL
54997 F. verticillioides feline sinus-IL

36147 F. acuminatum human bronchus-?
45994 F. acuminatum cloaca-TX      

45999 F. flocciferum human scalp-CA
22642 12-a Kuruma shrimp gill-Japan
25392 12-b American lobster gill-NY
32317 12-c treefish eye-TX
32821 12-e Turtle egg-TX
54971 12-h reptile bronchus-FL
54982 12-h Kemps Ridley turtle carapace-MA
54968 12-g bonnethead shark-NY
54970 12-b antler crab tissue-CT
54979 12-f Kemps Ridley turtle flipper-MA
62549 12-f horseshoe crab gill-MD
54720 12-a lined seahorse skin-GA
54974 12-a Honeycomb cowfish face-MA
54985 1-a dolphen diget bone-GA
54986 1-b pigmey sweeper skin-GA
54988 1-a whale skin-GA
54995 1-b dolphin stomach-Bahamas 
54992 43-a zebra shark tissue-GA
54993 43-a zebra shark tissue-GA

22645 2-m Kuruma shrimp gill-HI
22791 2-h Iguana tail-England
25391 2-p California brown shrimp gill-CA
54162 2-dd indigo snake skin-AL
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54998 2-g gray seal nail-CA
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62544 2-g gray seal nail-CA
32780 2-u sea turtle head-TX
54963 2-ww bonnethead shark eye-FL
54965 2-i Lung fish skin-MA
32755 9-a turtle head lesion-FL
32754 3+4-ww turtle head lesion-FL
54964 3+4-eee equine eye-TN
54980 3+4-uuu equine eye-FL
32778 3+4-yy equine eye-KY
54966 3+4-ffff equine eye-GA
54977 3+4-hhhh equine eye-FL
54978 3+4-eeee equine eye-FL
54991 3+4-eeee Aldabra tortoise carapace-FL
62543 3+4-eeee equine eye-FL
54987 3+4-eeee equine eye-FL
62548 3+4-uu equine eye-FL
54976 3+4-dddd equine eye-FL
54983 3+4-gggg equine eye-FL
32872 3+4-eee canine facial mycetoma-Japan
54989 3+4-d equine eye-TX
54972 20-g equine eye-FL
54969 5-gg canine foot-CA
54981 5-v unknown-CA

20711 F. penzigii human eye-Sri Lanka
36160 F. delphinoides human eye-FL

36140 F. dimerum human blood-Netherlands
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FIG 1 Maximum parsimony phylogram inferred from a 2-locus data set comprising portions of the DNA-directed RNA polymerase II largest (RPB1, 1,607 bp)
and second largest (RPB2, 1,779 bp) subunits for 67 veterinary strains and nine fusaria from other sources. Gray highlight is used to identify the fusaria from other
sources. Sequences of three medically important species within the F. dimerum species complex (32) were used to root the phylogram based on more inclusive
analyses (22). Isolates of veterinary importance are nested within eight species complexes (identified using bold internodes) and comprise 23 phylogenetically
distinct species. Each isolate is identified by a 5-digit ARS Culture Collection accession number (http://nrrl.ncaur.usda.gov/). Because Latin binomials cannot be
applied with confidence, Arabic numbers and lowercase Roman letters, respectively, were used to identify species and 3-locus haplotypes within the F. solani, F.
incarnatum-equiseti, and F. chlamydosporum species complexes as previously reported (16, 18). In addition, a 2-locus typing scheme (17) was used to identify five
isolates within the F. oxysporum species complex as ST33. Numbers above internodes represent maximum parsimony bootstrap support based on 1,000
pseudoreplicates of the data. CI, consistency index; PIC, parsimony informative character; RI, retention index.
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gists are encouraged to deposit strains in a publically accessible
microbial culture collection, such as the CBS-KNAW, FRC, or the
ARS Culture Collection (NRRL), to facilitate future studies.

We recommend that veterinarian researchers and diagnosti-
cians who are interested in identifying isolates molecularly to the
species level first generate a partial TEF1 or RPB2 sequence and use
it to conduct a blastn query of Fusarium-ID and/or Fusarium
MLST and carefully examine the accessions with the top maxi-
mum identity scores (38). If similar BLAST queries are made of
GenBank (http://www.ncbi.nlm.nih.gov/), researchers may find
instances where different taxon names are applied to records with
similar maximum identity scores. When encountered, this should
alert individuals that one or more accessions is probably misiden-
tified. Researchers need to be aware that if a precise species iden-
tification is required, additional loci may need to be sequenced if
the result of a blastn query using a partial TEF1 or RPB2 is equiv-
ocal. It is also worth noting that loci, such as the nuclear ribosomal
ITS rRNA and mitochondrial cytochrome b gene, which were
used, respectively, to identify the etiological agent associated with
the ulcerative dermatitis of a canine in Japan as Fusarium sporo-
trichioides (38) and the granulomatous dermatitis in a cat as Fus-
arium proliferatum (39), are too conserved to obtain a reliable
species-level identification in Fusarium.

Looking to the future, Fusarium comparative genomics (40)
offers enormous potential for accelerating the discovery of addi-
tional phylogenetically informative loci, thereby greatly advanc-
ing our understanding of the population structure, reproductive
mode, and species limits of fusaria of medical and veterinary im-
portance. This information will become increasingly more valu-
able given that climate change has been predicted to contribute to
the emergence of novel fungal diseases of domestic animals and
wildlife worldwide (41).
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