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It has been proposed that plumbing systems might serve as a significant environmental reservoir of
human-pathogenic isolates of Fusarium. We tested this hypothesis by performing the first extensive multilocus
sequence typing (MLST) survey of plumbing drain-associated Fusarium isolates and comparing the diversity
observed to the known diversity of clinical Fusarium isolates. We sampled 471 drains, mostly in bathroom
sinks, from 131 buildings in the United States using a swabbing method. We found that 66% of sinks and 80%
of buildings surveyed yielded at least one Fusarium culture. A total of 297 isolates of Fusarium collected were
subjected to MLST to identify the phylogenetic species and sequence types (STs) of these isolates. Our survey
revealed that the six most common STs in sinks were identical to the six most frequently associated with human
infections. We speculate that the most prevalent STs, by virtue of their ability to form and grow in biofilms, are
well adapted to plumbing systems. Six major Fusarium STs were frequently isolated from plumbing drains
within a broad geographic area and were identical to STs frequently associated with human infections.

Fungi that cause human mycoses usually exist as saprophytes
in the environment. Fusarium is an example; its extreme met-
abolic diversity reflects its diverse ecology, since these fungi are
abundant in soil, as saprophytes, mutualists, and parasites on
plants and animals, in the indoors, and in aquatic habitats (12,
16, 28, 46). Like many fungi, Fusarium is responsible for an
array of mostly opportunistic mycoses, including localized sub-
cutaneous infections and life-threatening invasive mycoses in
immunocompromised and immunosuppressed individuals
(52). Unlike many human pathogenic fungi which enter
through the respiratory tract, Fusarium typically tends to enter
the body through wounds, via catheters and intravenous appa-
rati in the hospital (56), through trauma (20), or through in-
troduction of a biofilm to the eye (8). Fusarium also exhibits
very high levels of resistance to the spectrum of antifungal
drugs currently available, making these infections particularly
difficult to treat (52).

Fusarium consists of over 200 species grouped into at least
10 phylogenetically defined species complexes (45). The 69
known species associated with infections of humans and other
animals reflect a great deal of the ecological and phylogenetic
diversity in the genus, in that they are distributed among six
species complexes. Approximately 80% of all human infections
are caused by members of the Fusarium solani and F. oxyspo-
rum species complexes (FSSC and FOSC, respectively) (45).

Mycotic keratitis appears to be caused disproportionately by
Fusarium species (1). Previous work indicated that F. falci-
forme, a soil-associated phylogenetic species in the FSSC also
known as FSSC 3�4, was the most common species associated

with fungal keratitis, which is consistent with soil and plant
debris particles being the main source of infection (58). How-
ever, in the 2005 to 2006 outbreaks of mycotic keratitis in
Southeast Asia and North America associated with contact
lens use, the most frequent fusaria associated with eye infec-
tions were two unnamed phylogenetic species, FSSC 1 and
FSSC 2 (8). The main environmental sources known for these
species were plumbing systems, suggesting that this was likely
the primary environmental reservoir for eye infections. The
results of the outbreak investigation established that fungal
biofilms can form on contact lenses and lens cases and that 10
isolates from either corneas or patient environments shared
the same multilocus sequence type (ST) (41). Collectively,
these results suggest that patients inadvertently inoculated
their cornea with contaminated lenses (8). This hypothesis is
further supported by the fact that Fusarium has been recovered
in many surveys of water systems, including surveys of munic-
ipal water system pipe sections (11) and from a hospital survey
sampling plumbing fixtures (2). It has also been demonstrated
experimentally that fusaria, particularly members of the FSSC
and FOSC, can attach to and form biofilms on contact lenses
and polyvinyl chloride pipe (14, 25, 32, 51).

Previous studies have shown that a majority of clinically
relevant fusaria are represented by six STs representing four
different species in three phylogenetically distinct species com-
plexes: one from the FOSC (FOSC ST 33), four from two
species in the FSSC (STs a and b in FSSC 1, and STs d and k
in FSSC 2), and a single ST of F. dimerum (F. dimerum ST a),
in the F. dimerum species complex (FDSC). All six STs have
been recovered from hospital environments, including plumb-
ing systems (2, 8, 38, 41, 43, 49, 58). This connection has led to
the hypothesis that indoor plumbing-associated biofilms may
act as hidden source of infection in hospitals and the commu-
nity.

Although a number of studies have shown that putatively
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pathogenic fusaria inhabit a wide variety of manufactured wa-
ter systems, the frequencies and genetic diversity of common
pathogenic STs has not been investigated over a broad geo-
graphic range. In the present study we assembled a panel of
297 plumbing-associated fusaria collected on a broad geo-
graphic scale and used existing multilocus sequence typing
(MLST) schemes to determine their identities at the species
and ST levels. The distribution of STs collected from sinks was
compared to the distribution of known human pathogenic STs
reported in previous studies.

MATERIALS AND METHODS

Sampling from drains. A total of 471 plumbing drains were sampled, more
than 95% of which were bathroom sink drains. To capture as many different
sampling points over as broad a geographic range as possible, drains were
sampled from 131 buildings including businesses, homes, university dormitories,
and public facilities in Pennsylvania, Virginia, Maryland, North Carolina, South
Carolina, Georgia, Florida, and California. Buildings that were �10 miles apart
were grouped into 57 “sites” for depiction in Fig. 7. To isolate Fusarium, sterile
15-cm cotton-tipped applicators were dipped into bathroom drains, usually
through the openings in drain filters, and used to scour the interior surface of
drainpipes for approximately 5 s. Cotton-tipped applicators, often with visible
detritus, were then immediately streaked onto 5- or 8.5-cm petri plates of Nash-
Snyder agar (Nash), a Fusarium semiselective medium that contains the fungi-
cide pentachloronitrobenzene (33), and the plates were sealed using paraffin
tape. Plates were examined for the presence of fungal colonies under a dissection
microscope 10 to 15 days after collection, and putative fusaria were identified for

subculturing. Growing hyphal tips of Fusarium-like colonies were transferred to
carnation leaf agar (CLA) plates (28) for further identification. Rarely, two
discrete colonies growing on the same Nash plate were treated as potentially
distinct fusaria and independently subcultured from hyphal tips. Fusarium colo-
nies mixed with bacteria and/or other fungi were transferred to another plate of
Nash until it was possible to establish a pure culture from a growing hyphal tip
or single spore. Because other fungi, including Penicillium, Aspergillus, Mucor,
and unidentified dematiaceous hyphomycetes (darkly pigmented fungi producing
mitotic spores), were rarely encountered, they were not included in the present
study. For long-term storage, cultures growing on CLA were transferred to vials
of sterile milk and lyophilized, vacuum sealed, given accession numbers (e.g.,
FRC S-2543), and stored in the culture collection of the Fusarium Research
Center, University Park, PA, where they are available to all authorized users.

DNA manipulation. Total genomic DNA was isolated from mycelium using a
modified DNeasy plant minikit protocol (Qiagen, Valencia, CA) and suspended
in a 100-�l volume. Portions of six gene fragments were used for MLST based on
published phylogenetic analyses, with different combinations of loci used for
different species complexes as previously described: partial translation elonga-
tion factor 1� (TEF), the internal transcribed spacer region of the rRNA gene
and domains D1 and D2 of the LSU (ribosomal DNA [rDNA]), the nuclear
rDNA intergenic spacer region (IGS rDNA), two contiguous regions of the RNA
polymerase II second largest subunit (RPB2), partial benA �-tubulin (�-TUB),
and calmodulin (CAM) (Table 1). PCR was performed for TEF, rDNA, CAM,
and RPB2 using GoTaq PCR kits (Promega, Madison, WI). Because of its longer
amplicon length and secondary structure, PCR was performed for IGS using
Platinum Taq kits (Invitrogen, Carlsbad, CA) as previously described (19, 44).
PCR products were purified for DNA sequencing by incubating 5 �l of product
with 0.33 �l of shrimp alkaline phosphatase (1 U/�l; USB, Cleveland, OH), 0.67
�l of exonuclease I (10 U/�l; Affymetrix, Santa Clara, CA), and 1 �l of shrimp
alkaline phosphatase 10� reaction buffer (USB), prepared in a master mix for 30

FIG. 1. Frequencies of Fusarium species complexes characterized by MLST from clinical sources based on previous studies (2, 8, 38, 41, 44, 49,
58) (A) and from drains based on the present study (B). FDSC, Fusarium dimerum species complex; FIESC, Fusarium incarnatum-equiseti species
complex; FOSC, Fusarium oxysporum species complex; FSSC, Fusarium solani species complex. GFSC, Gibberella fujikuroi species complex; FCSC,
Fusarium chlamydosporum species complex.

TABLE 1. MLST markers used in this study for each species complex, together with primers used for PCR and DNA sequencing

MLST locusa Species complexb Primer(s)c (reference)

TEF FSSC, FOSC, FDSC, FIESC EF1-EF2 (39)
rDNA FSSC, FDSC, FIESC ITS5 (57), NL4 (37)
�-TUB FDSC T1-T22 (37)
IGS FOSC CNS1, NL11, iNL11, NLa, CNSa, iCNS1 (38)
RPB2 FSSC, FIESC 5F2-7CR/7CF-11AR (30)
CAM FIESC CL1-CL2A (43)

a Characteristics of the various loci: TEF, 5� end of the translation elongation factor 1� gene, including three introns; rDNA, portion of the nuclear rRNA gene
operon that includes the ITS regions, 5.8S rRNA gene, and the D1-D2 region of the large (28S) rRNA gene; �-TUB, 5� end of a beta-tubulin gene, including three
introns; IGS, intergenic spacer region of the nuclear rRNA gene operon; RPB2, portion of the second largest RNA polymerase B-subunit gene; CAM, portion of the
calmodulin gene.

b FDSC, Fusarium dimerum species complex; FIESC, Fusarium incarnatum-F. equiseti species complex; FOSC, Fusarium oxysporum species complex; FSSC, Fusarium
solani species complex.

c All primers were used for both PCR and sequencing reactions, with the exception of those for used locus IGS, for which CNS1 and NL11 were used exclusively
for the PCR.
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min at 37°C, followed by 15 min at 80°C. Sanger sequencing was performed at the
Penn State Genomics Core Facility, University Park, PA, on an ABI 3730 XL
automated DNA sequencer (Applied Biosystems, Carlsbad, CA). Sequencher
version 4.8 (Gene Codes, Ann Arbor, MI) was used to edit the raw sequence
data, which was generated in both directions. Sequences were then aligned by
using CLUSTAL W (http://www.align.genome.jp) and improved manually prior
to the addition to existing MLST alignments from previous studies.

MLST. A BLAST search using TEF sequences against the FUSARIUM-ID
(19) and GenBank databases (http://www.ncbi.nlm.nih.gov/GenBank/index.html)
was used as an initial step to identify isolates to species and/or species complex.
The results of these searches revealed that all isolates belonged to one of four
species complexes: the FOSC, FSSC, FDSC, and the F. incarnatum-equiseti
species complex (FIESC). Additional sequences were then generated for each
isolate, using species complex-specific MLST schemes (Table 1). Once edited,
sequences were manually added to existing sequence alignments for the respec-
tive species complex. Missing or ambiguous DNA sequence characters were
assigned Ns in the alignments, and these characters were treated as missing data
in the phylogenetic software PAUP* (Phylogenetic Analysis Using Parsimony
and other Methods) v.4.0.b9 (53). To assign isolates to known STs, a parsimony
tree was first generated for isolates from each species complex using PAUPRat
(34, 50) implemented in PAUP* v.4.0.b9 with the following settings: set seed �
0, nreps � 200, pct � 15, set wtmode � uniform, set terse, with simple sequence

addition and heuristic searches. Isolates were assigned to existing STs when they
shared a common terminal node in the parsimony tree with a previously known
ST, and their exact identity was confirmed by visual scrutiny of sequence align-
ments and chromatograms. Isolates were assigned to new STs when they formed
a unique branch in the parsimony tree, confirmed by scrutiny of the sequence
quality and alignments. Both indels and nucleotide substitutions were taken into
account when assigning STs. (Note that, for the FIESC and FSSC, ST designa-
tions consist of a number indicating the phylogenetic species, followed by a letter
or series of letters indicating the unique ST within the species. For the FOSC,
only a number is provided to indicate the ST, since phylogenetic species bound-
aries have not been elucidated within this complex. ST nomenclature for the
FDSC has not been developed.) To compare the diversity of drain fusaria with
the diversity of clinical fusaria, the frequencies of human pathogenic STs be-
longing to different Fusarium species complexes were compiled from published
phylogenetic analyses (8, 41, 42, 44, 49, 58) using MLST data.

RESULTS

Frequency and phylogenetic distribution of fusaria. A total
of 312 (66%) of 471 sinks sampled and 107 (82%) of 131
buildings in Pennsylvania, Virginia, Maryland, North Carolina,

FIG. 2. Frequencies of 59 STs which represent 297 fusaria isolated from drains in the present study. The six most common clinical STs are
highlighted with asterisks: FSSC 1-a, FSSC 1-b, FSSC 2-d, FSSC 2-k, FOSC ST 33, and Fusarium dimerum a.
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South Carolina, Georgia, Florida, and California yielded at
least one Fusarium isolate, determined by the production of
diagnostic conidia on Nash agar. Of these, 297 were success-
fully obtained as pure cultures and subjected to full MLST
analysis, yielding 59 unique STs (multilocus DNA sequence
data are available at GenBank). A total of 99% of STs were
nested within one of three species complexes: 185 from the
FSSC (62%), 85 from the FOSC (28%), and 25 from the FDSC
(8.5%) (Fig. 1). Among clinical isolates, a review of STs from
previous analyses (n � 717) indicated that ca. 60% came from
the FSSC, 18% came from the FOSC, 5% came from the
FDSC, 7% came from the Gibberella fujikuroi species complex
(GFSC), 7% came from the FIESC, 3% came from the F.
chlamydosporum species complex (FCSC), and �1% came
from other species complexes (Fig. 1). In the present study,
only two isolates were from the FIESC, and no members of the
GFSC or FCSC were obtained from sink drains.

MLST diversity of sink fusaria. A total of 70% (209/297) of
sink isolates belonged to six STs from four species in three
species complexes. Nucleotide sequence data has been depos-
ited in GenBank with accession numbers (JN235143 to
JN235946). From most to least common, the STs were FOSC
ST 33 (n � 71), FSSC 2-d (n � 58), FSSC 1-a (n � 30), F.
dimerum ST a (n � 24), FSSC 1-b (n � 15), and FSSC 2-k (n �
11) (Fig. 2).

Based on our census of isolates from clinical sources in
published MLST studies, these same six STs were the six most
common in human infections (FOSC ST 33 � 74, FSSC 2-d �
44, FSSC 1-b � 29, F. dimerum a � 17, FSSC 1-a � 15, and
FSSC 2-k � 7). FOSC ST 33 was the most common ST isolated
from drain environments and clinical sources (Fig. 3).

Of the 59 STs identified from sinks, 32 had not been ob-
served in previous MLST studies of Fusarium (Fig. 4 to 6).
These novel STs included members of four putatively new
Fusarium species based on their clear sequence divergence,
two in the FIESC (FIESC 29 and 30; Fig. 6), one in the FSSC
(FSSC 39; Fig. 4), and one in the FDSC (FDSC 6; Fig. 5). In
addition, putative interspecific hybrids were detected repre-
senting two novel STs from phylogenetic species FSSC 2, which
possessed ribosomal DNA (rDNA) alleles that were an exact
match for those from a different phylogenetic species, FSSC 9

(data not shown). The remaining 27 STs were known from
previous MLST studies of Fusarium that mostly targeted clin-
ical isolates. All 27 of these STs have been previously associ-
ated with at least one human infection.

Geographic distribution. Of the 107 buildings that yielded a
Fusarium culture, 86 (79%) yielded one of the six common STs
known from human infections. FOSC ST 33 was the most
common ST recovered; it was found 71 times in 42 buildings
(see Table S1 in the supplemental material) and has been
previously described as a widespread clonal lineage associated
with human infections (44). Moreover, FOSC ST 33 was found
in every state sampled (Fig. 7 [the data for California are not
shown]); it has been reported from human infections in five
countries on two continents, as well as from a wide variety of
environmental sources such as hospital water systems (see Ta-
ble S2 in the supplemental material). FSSC 2-d, the next most
commonly isolated ST, was found 58 times in 27 different
buildings, 20 of which were in Florida. We found that 21/23
(91%) of residences and 86/108 (80%) of public buildings
yielded Fusarium. Multiple STs were found in two of the eight
sinks that were swabbed twice: one sink yielded STs FSSC 2-d
and FOSC ST 128, and another yielded FSSC 2-d and FSSC
2-ii.

DISCUSSION

Widespread occurrence of pathogenic fusaria. With 66% of
sinks and 82% of buildings found to harbor Fusarium, it is clear
that their inhabitants are exposed to these fungi on a regular
basis. Because our swabbing method was far from exhaustive,
these frequencies should be considered a minimum estimate.
The fact that the six most common STs found in drains, rep-
resenting 70% of the fusaria recovered, are the same six most
common STs responsible for human infections strongly sup-
ports the hypothesis that plumbing surface biofilms serve as
reservoirs for human pathogenic fusaria (2, 3, 8, 32). However,
while we hypothesize that STs of opportunistic fusaria are very
common in our indoor environment, we are quick to point out
that Fusarium infections are relatively rare, even among the
severely immunocompromised and immunosuppressed (31, 35,
48). Victims of the 2005–2006 outbreak of Fusarium keratitis

FIG. 3. Frequencies of FOSC STs isolated from clinical sources from previous studies (A) and drains in the present study (B). Asterisks
highlight FOSC ST 33, the widespread clonal lineage known from human infections.
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did not show any tendency toward immune deficiency, but the
frequency of infections was also very low, with approximately
255 confirmed cases worldwide among the many millions of
users of the contact lens solution associated with the infections
(13, 15, 41). It is noteworthy that five of the six most common
STs we isolated from sinks represented 54% of the 67 isolates
analyzed from infected corneas (i.e., FSSC 1-a, n � 13; FSSC
1-b, n � 3; FSSC 2-d, n � 9; FOSC 33, n � 10; and F. dimerum
a, n � 24). This striking concordance supports the hypothesis

that the water systems in the patients’ communities and/or
homes served as the environmental reservoir in the keratitis
outbreaks (8).

Diversity of sink fusaria. The six most common STs reflect
a great deal of phylogenetic diversity within the genus, cover-
ing a minimum of four phylogenetic species in three divergent
species complexes. In addition, based on their phylogenetic
divergence at multiple loci, four isolates appear to represent
putative novel phylogenetic species in three different species

FIG. 4. Cladogram of the FSSC based on TEF, rDNA, and RPB2 highlighting the spectrum of FSSC diversity found in drains. The tree is
rooted at F. staphyleae (NRRL 22316). All drain isolates (indicated by black dots) are members of FSSC clade 3 (36). Gray and black shading
identify, respectively, novel FSSC STs and species discovered in the present study. Black arrows indicate the four most common FSSC STs
recovered from sinks. Numbers in parentheses indicate the number of isolates recovered from drains in the present study. Numbers above nodes
represent MP bootstrap support based on 1,000 replicates. MP, most-parsimonious; CI, consistency index.
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complexes, designated FIESC 29, FIESC 30, FSSC 39, and
FDSC 6. Because evolutionarily defined fungal species are
often morphologically cryptic (54), it is not surprising that
putatively novel species were discovered in this survey, partic-
ularly in the species-rich FIESC, which has not been studied
exhaustively (42). In addition to the four putatively new spe-
cies, 28 novel STs were found within known phylogenetic spe-
cies in the FSSC and the FDSC (Fig. 4 and 5), as well as within
the FOSC (Fig. 3) where phylogenetic species delimitation has
been confounded by clone-like reproduction and genealogical
discordance (38). The 32 novel STs were observed most fre-
quently as single isolates, with only 6 of them occurring
more than once (Fig. 2). Of the 27 previously known STs, all
had been associated with at least one human infection. Pre-
vious MLST surveys of clinical isolates indicate that such
“singleton” STs are commonly associated with human infec-
tions (43–45, 58).

Connections to clinical fusaria. Fusarium has been shown to
comprise at least 10 phylogenetic groups referred to as species
complexes, 7 of which are known to harbor human pathogens

(45). Four of the seven Fusarium species complexes known to
harbor human pathogens were isolated from drains in our
study, with the GFSC, F. sambucinum species complex
(FSamSC) and FCSC not observed and the FIESC only iso-
lated twice. Although the FIESC, GFSC, and FCSC are less
commonly associated with human infections, together they
represent 	17% of the fusaria known from human infections;
however, they represented �1% of the sink isolates recovered
in our survey. In contrast, more than 99% of the fusaria iso-
lated from drains in the present study were members of the
FOSC, FSSC, and FDSC, which were associated with 	85% of
human clinical isolates genotyped previously (Fig. 1). The six
dominant STs represented a great deal of diversity, four com-
ing from two species of the FSSC (FSSC 1-a, FSSC 1-b, FSSC
2-d, and FSSC 2-k), one from a species in the FDSC (F.
dimerum a), and one from the FOSC (FOSC ST 33) (Fig. 2).
These same species and STs are known to be the most common
in Fusarium infections across different continents (see Table S2
in the supplemental material). The application of molecular
markers with higher resolution at the population level, as has
been previously applied to FOSC ST 33 (44), may reveal clonal
and/or recombinant patterns of propagation within these com-
mon STs. We hypothesize that these cosmopolitan STs may
thrive in manufactured water systems and may have been dis-
tributed around the world anthropogenically.

Biofilm adaptation and its role in infection. Biofilms on
plumbing surfaces are known to be communities comprising a
diverse spectrum of fungi and other microbes (11). The wide-
spread distribution of certain Fusarium species and STs in
drains suggests that they are particularly well adapted to this
environmental niche and/or highly fecund. Even though it is a
semiselective medium containing the fungicide pentachloroni-
trobenzene (PCNB), we observed some other fungi and bac-
teria in the drain samples streaked onto Nash agar, including
unidentified dematiaceous hyphomycetes (darkly pigmented,
putatively asexual fungi), Aspergillus (which is known to occur
in some hospital water systems) (4), and Penicillium. However,
based on its very high frequency, it is clear that Fusarium is a
ubiquitous component of biofilm microbial communities in
plumbing systems.

The adaptations that make Fusarium biofilm growth possible
may also facilitate infection of humans. For example, in the
2005–2006 mycotic keratitis outbreak, it was hypothesized that
noncompliant use of a contact lens solution led to reduced
efficacy of its antimicrobial properties, which allowed fusaria to
establish biofilms on contact lens surfaces and in lens cases (8,
29). Likewise, Fusarium can form biofilms on surfaces of in-
dwelling catheters (56). The biofilm may also play an important
role in established infections in the human host by protecting
the fungus from antifungal drug treatments, as biofilm-phase
fusaria tend to be more resistant to antifungal drugs than those
growing planktonically (14).

Fusarium taxa not sampled. Additional studies of biofilms
are needed to assess the extent to which sampling biases may
have affected the observed frequencies of taxa due to the use
of a semiselective medium. Although it is difficult to draw
definitive conclusions about species that may have been ex-
pected based on published surveys of water systems (10, 17), it
is important to note that the majority of the fusaria previously
reported from water are known to grow competitively on the

FIG. 5. Phylogram of the FDSC based on TEF, rDNA, and TUB
highlighting the spectrum of FDSC diversity found in drains. The tree
is rooted at F. domesticum (NRRL 29976). A black dot is used to
identify two phylogenetically distinct STs within the FDSC isolated
from sinks; black shading indicates the putatively novel species FDSC
6. Numbers of sink isolates from the present study are indicated in
parentheses. Numbers above nodes represent MP bootstrap support
based on 1,000 replicates. MP, most-parsimonious; CI, consistency
index.
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semiselective medium we used. Although members of the
GFSC (reported as F. moniliforme and F. dlaminii), FIESC
(reported as F. pallidoroseum and F. equiseti), and FSamSC
(reported as F. graminearum, F. sporotrichoides, and F. culmo-
rum) have been reported from water systems, these need to be
verified molecularly because most of these species cannot be
identified reliably using phenotypic data. Thus, our working
hypothesis is that a large portion of the species previously
reported from water systems were probably misidentified be-
cause the majority of these morpho-species harbor multiple
phylogenetically distinct species (37, 40, 43, 45).

The near absence of representatives of the GFSC, FIESC,
FCSC, and FSamSC in sinks may be explained in part by the
way these fungi produce asexual spores. Members of the these
species complexes typically produce dry, small asexual spores
(microconidia), whereas members of the FSSC, FOSC, and
FDSC produce microconidia in a wet or adhesive material,
either in small masses (false heads) that adhere to the spore-
forming cells (phialides) or in larger masses (pionnotes). Al-

though biofilms in plumbing systems may prove to represent
the most important environmental reservoir of human patho-
genic fusaria, other sources, including dry indoor surfaces, soil,
and plant material may be significant sources for infections
caused by taxa within species complexes that do not form
biofilms.

Biofilms may play a role in dispersal and metabolic diver-
sity. Adaptation and spread through indoor environments is
likely enhanced by water dispersal, as a number of mycological
surveys have recovered Fusarium in activated sludge (7), from
tap water (26, 27), and specifically from tap water in hospitals
(5, 6, 23, 24, 47, 55). In addition to their wide distribution in
plumbing systems and in human infections, the common bio-
film-forming Fusarium species are known to colonize other
unusual manufactured substrates, as contaminants of soap,
paint, ointments, pasteurized beverages in manufacturing
plants, lubrication oils in heavy machinery, oily water, and
coolant fluids (20, 45, 49, 58). Biofilms also may facilitate
interactions between Fusarium and other metabolically di-

FIG. 6. Phylogram of the FIESC based on TEF, rDNA, RPB2, and CAM highlighting the spectrum of diversity found in drains. The tree is
rooted at F. concolor (NRRL 13459). Black dots and shading identify two putatively novel FIESC species and STs, designated FIESC 31-a and
FIESC 32-a, which were discovered in the present study. Numbers above nodes represent MP bootstrap support based on 1,000 replicates. MP,
most-parsimonious; CI, consistency index.
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verse, plumbing-associated microbes (21). Biofilm-associated
fusaria and their coresident microbes may function as polyex-
tremophiles in plumbing systems by virtue of novel metabolic
capabilities that allow them to exploit a variety of challenging
environmental niches, including the ability degrade keratin (9,
18) and other refractory compounds (22). Metagenomic ap-
proaches for dissecting the biofilm microbiome are needed to
fully characterize the microbial communities and to determine
what impact they have on the diversity of fusaria and vice versa.
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