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INTRODUCTION

Fungal infections in aquaria are a well-described
problem in many aquatic species and can result from
invasion by a wide range of fungi. Fusarium solani
has been isolated from captive newborn bonnethead
sharks Sphyrna tiburo (L.) (Muhvich et al. 1989,
Smith et al. 1989), has been reported in a case of
ulcerative dermatitis in a captive black spotted sting -
ray Taeniura melanopsila in Taiwan (Fernando et al.
2015), and was implicated in an outbreak in captive
scalloped hammerhead sharks S. lewini in Hawaii,

USA (Crow et al. 1995). Other reports of fungal infec-
tions in elasmobranchs include the description of the
melanized fungus Exophialia pisciphila, which was
observed in skin and brain of a captive smooth dog-
fish Mustelus canis (Gaskins & Cheung 1986). Syste -
mic mycosis caused by the hyaline fungus Paecilo -
myces lilacinus has been documented in a captive
great hammerhead shark S. mokarran (Marancik et
al. 2011). Additionally, concurrent fungal infections
caused by E. pisciphila and Mucor circinelloides
have been diagnosed in a captive juvenile zebra
shark Stegostoma fasciatum (Marancik et al. 2011).
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Recently, multiple species of the genus Fusarium
have been described as being significant emerging
opportunistic pathogens, comprising at least 7 spe-
cies complexes, and have been implicated in infec-
tions of both humans and a range of aquatic animal
species (Fernando et al. 2015, van Diepeningen et al.
2015). Of these, the F. solani species complex (FSSC)
is among the most virulent and frequently isolated
(Zhang et al. 2006, Fernando et al. 2015, van Diepe -
ningen et al. 2015). The clinical spectrum of fusario-
sis caused by FSSC depends primarily on the im -
mune status of the host as well as the portal of entry
of the infection. There are 3 predominant forms of
infection which have been described in both im -
muno compromised and immunocompetent human
patients. These include superficial, locally invasive,
and disseminated infections (Nucci & Anaissie 2007).
In fish, similar presentations consisting of dissemi-
nated and locally invasive forms, including ocular
lesions and fatal necrohemorrhagic and ulcerative
dermatitis, have all been reported (Muhvich et al.
1989, Smith et al. 1989, Noga 2010, Salter et al. 2012).

In elasmobranchs, invasive FSSC has been repor -
ted in the lateral line system of captive scalloped
hammerhead sharks in Hawaii and Taiwan (Crow et
al. 1995, Fernando et al. 2015). However, case reports
of clinical fusariosis caused by FSSC in elasmo-
branchs are still limited. Here we describe a series of
cases of fatal fusarium infections in 7 scalloped ham-
merhead sharks, one of the most enigmatic marine
elasmobranchs in aquaria. The species is listed in
Appendix II of the Convention on International Trade
in Endangered Species of Wild Fauna and Flora
(CITES). In this case series, the disease spectrum was
predominantly concentrated on the head and lateral
line system, and was investigated by means of histo -
pathologic examination, fungal culture, and molecu-
lar PCR characterization. It represents the first
reports of F. solani infection in scalloped hammer-
head sharks reared in Thailand. A nucleotide se -
quence of the internally transcribed spacer region
(ITS-2) and a portion of 5.8S and 28S rDNA was ana-
lyzed and compared with previous F. solani isolates
available in GenBank.

MATERIALS AND METHODS

Animals

Over the course of 2011 and 2012, 7 scalloped ham-
merhead sharks (4 males and 3 females), with body
weights ranging from 3.5 to 7.5 kg and measuring be-

tween 90 and 125 cm in total length, were consecu-
tively submitted to Department of Pathology, Faculty
of Veterinary Science, Chulalongkorn University, for
postmortem examination. The sharks were purchased
from Taiwan and maintained in the same captive
aquarium facility (3 000 000 l tank) in Bang kok, Thai-
land, with multiple cartilaginous and bony fish
species for at least 1 to 2 yr. The sharks were main-
tained in natural seawater which had the following
parameters: temperature = 24 ± 1°C, dissol ved oxygen
= 103.2%, toxic ammonia = 0.007 ppm, pH = 8.13, ni-
trite = 0.034 ppm, nitrate = 104.5 ppm, bromine =
0.03 ppm, and salinity = 33 ppt. Sand filtra tion, biolog-
ical filtration, and activated carbon were applied.
Ozonation was routinely used for water treatment. All
affected sharks underwent a full necropsy. The car-
casses were measured and photo graphed. The
weight, shape, color, and consistency of each organ
were recorded. Fresh samples were aseptically col-
lected for bacterial and fungal culture and stored at
−80°C for molecular PCR and sequence analysis.

Histopathology

Tissues collected at necropsy included the eyes,
brain, skin, heart, liver, kidney, spleen, gill, re -
presentative samples of the intestine, and the repro-
ductive tracts. These were fixed with 10% neutral
buf fered formalin and routinely processed for histo -
pathologic examination. Slides were further stained
by Gomori’s methenamine silver (GMS) and periodic
acid-Schiff (PAS) for screening fungal elements in
accordance with previously described methodologies
(Youngberg et al. 2003). Fungiflora Y fluorescence
stain was also used to demonstrate fungal pathogens
in tissue samples. Positive fungal identification resul -
ted from the use of light microscopy for GMS and
PAS stains and with fluorescence microscopy for
Fungiflora Y stain.

Microbiology, PCR, and sequencing

For fungal cultures, all samples were individually
collected from exudates of the lateral line from all of
the affected animals and separately grown on Sa -
bouraud dextrose agar at room temperature (25°C).
After 1 wk of incubation, each fungal colony was col-
lected and evaluated for fungal morphology. The
exudate samples were also incubated in tryptic soy
agar at 30°C for 24 to 48 h for bacterial identification.
Fungal DNA from 3 shark samples (C1−C3) were iso-

196



Pirarat et al.: Fusarium solani species complex 2 in sharks

lated using a commercial kit used for plant DNA tis-
sue extraction to identify the fungal strain (Vivantis
GF-1 nucleic acid extraction kit). The starting DNA
for the PCR assay was 1 ng quantified by Nanodrop®

Lite (Thermo Fisher Scientific). PCR to confirm the
presence of Fusarium was performed according to
published methods (Hue et al. 1999). Briefly, forward
primer P28SL 5’-ACA AAT TAC AAC TCG GGC CCG
AGA-3’ and reverse primer P58SL 5’-AGT ATT CTG
GCG GGC ATG CCT GT-3’ were used to amplify a
329 bp fragment containing the ITS-2 region and a
portion of 5.8S and 28S rDNA. Positive results indi-
cated Fusarium spp. PCR cycling was carried out in a
thermocycler (Perkin-Elmer cycler, GeneAmp PCR
system 9700, Applied Biosystems) under the follow-
ing conditions: 94°C for 1 min, annealing at 68°C for
1 min, extension at 72°C for 1 min, and final exten-
sion at 72°C for 10 min.

For specific F. solani identification, nested PCR was
performed according to published methods (Ahmad
et al. 2010). Briefly, the first-round primers FSOF1
(forward) 5’-TTA CCG AGT TAT ACA ACT CAT
CA-3’ and FSOR1 (reverse) 5’-GCT CTC CAG TCG
CGA G GT GTT AG-3’ and the nested primers FSOF2
 (forward) 5’-AAC GTT GCT TCG GCG GGA ACA
GA3’ and FSOR2 (reverse) 5’-TAC TAC GCA ATG
GAA GCT G CG G-3’ were used to amplify a final
380 bp product containing a portion of the 18S rRNA
and the ITS region (including portions of ITS-1 and
ITS-2 and 5.8S rRNA). Distilled water was used as a
negative control for the reaction. The PCR products
were analyzed on a 1.5% agarose gel after electro-
phoresis in Tris-acetate-EDTA buffer. A 100 bp DNA
ladder was used as a molecular size marker.

For sequence analysis, 3 PCR products from nested
PCR amplicons (380 bp) from 3 infected sharks were
purified using a commercial purification kit (Nucleo -
Spin Extract IITMPCR purification kit, Macherey-
Nagel) and were submitted for genetic sequencing
(SolgentTM, Korea). Derived sequences were deposi -
ted in GenBank under accession numbers KT323358
(C1), KT323359 (C2), and KT323360 (C3). Sequence
similarity was compared with the database available
in GenBank, and a phylogram was constructed using
Mega 6 software (Tamura et al. 2013).

RESULTS

Pathology

Clinical signs of head swaying, tank- or rockwork-
bumping, surface swimming, restlessness, and panic

prior to death were noted in several of the affected
sharks. Decreased appetite and overt anorexia were
also observed 1 to 2 wk prior to death. The severity of
clinical signs varied between individual animals. In
all cases, the animals died naturally and antemortem
clinical signs consisted of severe ulcerative wounds
with white discharge concentrated along the head
and lateral line (7/7). Subcutaneous swelling and
multiple open pores were evident on the skin through-
out the supraorbital cephalic canal and body lateral
line (7/7). Bilateral (4/7) or unilateral (1/7) corneal
opacity was observed, and cataractous change and
eventual blindness were also noted. Macroscopically,
all 7 sharks were observed to have bilaterally exten-
sive skin lesions associated with the canal pores along
the lateral line system (Fig. 1A,B). Lesions were
observed along the entire body length in all sharks.
These consisted of irregularly shaped, but well-
demarcated nodular lesions elevating and ulcerating
the skin overlying the lateral tract (Fig. 1C,D). Multi-
focally, the ulcerated skin exposed the white under-
lying dermal tissues. Whitish creamy exudate filled
both the canals and the tubules underneath the epi-
dermis and was often observed seeping through the
canal pores in between the denticles. The overall dis-
tribution of the lesions and variation in severity dif-
fered largely between individuals. After dissecting
the skin through the hammerhead cephalo foil and
orbital subcutaneous area, necrotic lesions varied
from focal dermatitis to extensive necrotizing celluli-
tis which extended into the underlying muscularis
and cartilaginous tissues. Multifocal ulcerative der-
matitis was occasionally noted on the ventral aspect
of the head. Occasional erosion oc curred at the apex
of the anterior dorsal fin and tail.

Histopathologically, lesions most commonly invol -
ved the lateral line system specifically concentrated
within the cephalic, orbital, and body lateral lines.
Dermal and subdermal necrosis underlying the skin
was significant in all samples (Fig. 2A). In cases of
epidermal ulceration, the exposed dermal tissues
were typically necrotic and edematous, character-
ized by a loss of tinctorial properties, accumulating
of cellular and nuclear debris, and disruption of col-
lagen fibers admixed with and separated by homo -
geneous eosinophilic proteinaceous material inter-
preted as edema. Fungal organisms were observed
in the lateral line organs and canals. Fungal hyphae
were also present in the necrotic skin and were
observed to invade deeper into subjacent skeletal
muscle in all of the sharks with varying severity.
Granulomatous inflammation was typically observed
throughout the lesions as evidenced by numerous
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macrophages, eosinophilic granulocytes, and poly-
morphonuclear leukocytes, with rare multinucleated
giant cells. Angioinvasion was a prominent feature
of the lesions in all cases. Thrombosis and infarction
of surrounding perivascular tissues was significant
in all animals, and frequently there was accompany-
ing granulomatous rhabdomyositis and dermatitis.
Lateral line histopathology showed a loss of the nor-
mal parallel architecture of the neuromast receptor-
epithelial cells. Necrosis and degeneration of re -
ceptor cells were characterized by a continuum of
cytoplasmic vacuolar degeneration (Fig. 2B) and the
sporadic presence of the condensed and dark nuclei
and fragmented cytoplasm. A disrupted staircase
ar rangement of stercocilia was frequently seen, as
was the distortion of the neuromast canal (Fig. 2C).
 Exudates composed of macrophages, eosinophilic

granulo cytes, and polymorphonuclear leukocytes
were noted in the affected canals and pores in
which there was microscopic evidence of fungal
hyphae (Fig. 3A). Inflammatory cells were highly
infiltrated into the epithelial layer of the lateral line
(Fig. 2D). Microscopic findings in other organs con-
sisted of splenitis characterized by an inflammatory
eosino philic granulocytic infiltration that was noted
focally in a female shark without evidence of fungal
elements. Necrohemorrhagic and suppurative menin-
gitis was observed in 1 male shark without micro-
scopic evidence of fungal hyphae. Additionally,
ulcerative keratitis and uveitis characterized by an
infiltration of eosinophilic granulocytes and macro-
phages into the corneal epithelium and vascular
rich area of uvea as well as corneal edema was
observed in all sharks, although fungal hyphae
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Fig. 1. Gross appearance of the affected head and lateral line canal system of a captive scalloped hammerhead shark Sphyrna
lewini. Severe ulcerative wounds with white discharge concentrated along (A,B) the supraorbital cephalic canal (arrows) and 

(C,D) body lateral line (arrows)
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were not noted in any portion of the eyes of any of
the affected sharks.

Microscopically, the fungal hyphae were moder-
ately basophilic with hematoxylin and eosin
(Fig. 3A), magenta with PAS (Fig. 3B), and black with
GMS (Fig. 3C). Hyphae were morphologically con-
sistent in all sharks, presenting thin, predominantly
parallel walls that were 2 to 9 µm in diameter, with
variably spaced septa, extensive vacuolation, and
right angle branching. Fungiflora Y stain highlighted
the branching septate hyphae of fungal elements
throughout the lateral line canals as well as within
subcutaneous connective tissue and invading the
vascular lumena of subepithelial vessels (Fig. 3D) in
all affected sharks. Furthermore, some positive fun-
gal elements were also observed within the hyper-
plastic epithelium adjacent to areas of ulceration
along the body lateral line. Fungal elements were
rarely seen in the necrotic areas of the cephalic canal
of cephalofoil and the infra-orbital canal.

Microbiology

All samples showed rapidly growing fungal colo -
nies that produced woolly to cottony, flat, spreading
colonies within 3 to 4 d on Sabouraud dextrose agar
at room temperature. From the front, the color of the
colony was white, cream, and pink. From the reverse,
it was tan and brown. Microscopically, the fungal
morphology was characteristically composed of hya-
line, septate hyphae with macroconidia. Typical
sickle-shaped septate macroconidia with a foot cell at
the base were noted. Microconidia were abundant
and oval shaped. Bacterial culture on tryptic soy agar
revealed Vibrio cholerae in 2 of the 7 sharks.

PCR amplification and sequencing

The PCR methodology demonstrated that DNA
extracted from 3 sharks’ lateral line exudates con-
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Fig. 2. (A) Dermal and subcuticular necrosis underlying the skin (arrow) of a captive scalloped hammerhead shark Sphyrna
lewini. (B) Necrosis and degeneration of receptor cells of the lateral line epithelium (arrows). (C) Sporadic presence of the
darkly dense necrotic nuclei (arrows). (D) Inflammatory neutrophils and macrophages infiltrated into epithelial layer of the 

lateral line. All panels: hematoxylin and eosin (H&E) stain; scale bars = 250 µm (A) and 50 µm (B−D)
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tained Fusarium spp. DNA. Amplification with pri -
mers P28SL and P58SL yielded the expected 329 bp
product from all samples (Fig. 4A). Amplification
with primers FSOF1 and FSOR1 yielded the ex -
pected 440 bp product from all samples (Fig. 4B), and
amplification of this product with nested primers

FSOS2 and FSOR2 yielded the expected 380 bp
product from all samples, confirming the presence of
Fusarium solani (Fig. 4C).

DNA sequencing demonstrated that C1 and C3
were identical, whereas C2 contained a G deletion
near the 3’ end. Comparative sequence analyses
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Fig. 3. Branching septate hyphae of fungal elements (arrows) found in a captive scalloped hammerhead shark Sphyrna lewini,
shown with different stains: (A) hematoxylin and eosin, (B) periodic acid-Schiff, (C) Gomori’s methenamine silver, and (D) 

fluorescein Fungiflora Y. Scale bars = 25 µm (B, C) and 50 µm (A, D)

Fig. 4. PCR results of DNA extracted from 3 captive scalloped hammerhead shark Sphyrna lewini lateral line exudates that
contained Fusarium spp. DNA: (A) using primers P28SL and P58SL; (B) using primers FSOF1 and FSOR1; (C) using primers 

FSOF2 and FSOR2. M: 100 bp DNA marker; C1: Case 1; C2: Case 2; C3: Case 3; N: negative control
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and phylogenetic analyses revealed that all 3 iso-
lates were most closely related to F. solani species
complex 2 (FSSC 2), which belongs to Clade 3 of
the FSSC with 100% ITS sequence identities
(Fig. 5).

DISCUSSION

In this report, we demonstrate the fatal infection
with Fusarium solani of 7 scalloped hammerhead
sharks maintained in a captive aquarium in Thailand.
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Fig. 5. Phylogenetic analysis, showing the relationship of the internal transcribed spacer (ITS) region of 3 isolates (C1−3) to
other members of Clade 3 of the Fusarium solani species complex (FSSC). Bootstrap values were calculated on 1000 replicates
of the alignment and the tree was constructed by the maximum likelihood method with the Kimura 2-parameter substitution
model. DNA sequences of 3 isolates reported in this study () were deposited in GenBank. Accession numbers, common
names of hosts, and the countries in which Fusarium spp. was isolated are given in parentheses; CHN: China, HK: Hong Kong, 

JP: Japan, SLK: Sri Lanka, TH: Thailand
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The animals had widespread necrosis and necrotizing
and granulomatous inflammation of the cephalic
canal and body lateral line. The most consistent
histopathologic lesion observed consisted of a severe
necrotizing cellulitis with high numbers of eosino -
philic granulocytes, polymorphonuclear leukocytes,
and macrophages infiltrating into the lateral line
canal and adjacent subcutaneous tissues in associa-
tion with abundant and readily observable septate
hyphae which are consistent with Fusarium infection.
Taken together, the presence of the hyphae, which
are phenotypically consistent with Fusarium spp., as
well as the associated histopathological le sions
strongly suggest a clinical manifestation of invasive
fusariosis. Furthermore, with the presence of fungal
hyphae in thrombotic vessels and the evidence of
necrotic myositis and splenitis in 1 female shark, the
manifestation of the mycosis mimics those instances
of fusariosis in humans in which a locally invasive
presentation enters the circulation and re sults in sys-
temic dissemination. Interestingly, the presence of
adventitious sporulation (yeast-like structures) which
aids in facilitating the dissemination and growth in
blood and tissues as mentioned previously (Liu et al.
1998) was not detectable in the affected viscera by
means of histopathology or fungal culture.

Based uniquely on histopathology, it is difficult to
distinguish fusariosis from hyalohyphomycosis, a
mycotic infection caused by a number of hyaline
(non-dematiaceous) hyphomycetes wherein the tis-
sue morphology of the causative organism is myce -
lial; this includes species of Aspergillus, Penicillium,
Paecilomyces, Acremonium, Beauveria, Fusarium,
and Scopulariopsis. The typically hyaline and septate
hyphae are similar to those of Aspergillus species
(Hayden et al. 2003). However, by conducting mor-
phological evaluations of the fungal cultures, the
production of hyaline, sickle-shaped, multi-cellular
macroconidia with a foot cell at the base are con -
sidered to be highly conserved for the genus Fusar-
ium (Nucci & Anaissie 2007), which is consistent with
the observations described in the study. The nested
PCR and sequence identification used in the study
showed high identity with FSSC 2, which is com-
monly found in soil, plant debris, and other organic
substrates and is present in water worldwide as part
of water structure biofilms (Nelson et al. 1994, Elvers
et al. 1998), confirming the clinical evidence of the
presence of an invasive fusariosis in these hammer-
head sharks. Recent studies have shown that mem-
bers within FSSC can be classified into 3 major
clades (Clades 1, 2, and 3) and that most of the clini-
cal or veterinary FSSC isolates belonged to Clade 3,

including those identified in the present study
(Zhang et al. 2006, Fernando et al. 2015). However, to
exactly identify FSSCs based purely on the rDNA-
ITS region is insufficient for distinguishing many
species of FSSC. A multilocus sequence typing tech-
nique is now available for specific identification (van
Diepeningen et al. 2015).

The clinical presentation of disease in these 7
sharks, including the presence of ulcerative wounds
along the lateral line and head and several cases of
ophthalmic disease and blindness, allows us to
hypothesize that the physical dimensions and con-
straints of the aquarium, as well as the decorations,
substrates, and potentially the population of co-
exhibited animals resulted in highly and chronically
stressful conditions for the animals, which were sub-
sequently immunocompromised. A common prob-
lem, which occurs in both ornamental freshwater and
marine fish maintained in captive aquariums, are the
varied syndromes of head and lateral line disease
(HLLD), marine head and lateral line erosion
(MHLLE), or hole-in-the-head, which are generally
described as affecting the head and lateral line sen-
sory systems (Corrales et al. 2009, Stamper et al.
2011). The disease encompasses a spectrum of patho -
logies and theorized etiologies in a wide range of
species, leading to a significant degree of confusion
(Steven 2005). This group of similar diseases, while
affecting many species of fish, has not been specifi-
cally described in scalloped hammerhead sharks or
any other cartilaginous fish. The typical feature of
chronic erosive pitted lesions of skin epithelium over-
lying the lateral line system was not observed in
these cases, and it therefore seems inappropriate to
include these fusarium infections under the title of
HLLD or MHLLE. Anatomical variation of the typical
lateral line and nature of the host inflammatory re -
sponses differ between the wide range of fish species
affected by these erosive disorders. With the lack of
evidence supporting a specific agent or environmen-
tal condition as the sole contributing factor in the
development of HLLD and MHLLE, it seems improb-
able that these cases are consistent with a similar
process. In contrast, the swelling and/or protrusion of
the epithelium with whitish mucopurulent exudates
were consistent with the lesions reported in other
reports in hammerhead sharks infected with Fusar-
ium. As such, there may be a predilection for mycotic
infection of the lateral line system in elasmobranchs
(Crow et al. 1995, Fernando et al. 2015). The common
factor in these animals, being maintained under sim-
ilar environmental conditions, likely promoted their
susceptibility to Fusarium spp. infection.
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As was reported in other cases of fusariosis in
elasmo branchs, the primary site of invasion appears
to be along the craniodorsal integument (Fernando et
al. 2015). Hammerhead sharks have a unique cranial
structure which features a vertical blind spot
(McComb et al. 2009). As a result, the animals have
special sensory organs of the head and lateral line
which detect electrical fields (Freitas et al. 2006).
These organs, called ampullae of Lorenzini, mech -
ano receptor, and neuromast, play critically important
roles in compensating for this evolutionary anatomi-
cal weak point in movement, hunting, or swimming
control (Boord & Campbell 1977, McComb et al.
2009, Castro 2011). Visual impairment and under -
lying factors affecting the head and lateral line sys-
tem are frequent problems in this species, especially
when reared in small captive environments with
abrasive substrates or decorative rocks. The histo -
pathological evidence of the disrupted staircase
arrangement of the stercocilia receptor cells, the dis-
tortion of the neuromast canal, and the inflammation
of the lateral line epithelium throughout the body in
the present study confirmed the specific involvement
of lateral line ampullae and sensory systems of af -
fected sharks resulting in an impairment of move-
ment. However, the question as to whether the sen-
sory canal system is more prone to FSSC infection
remains unclear.

FSSC Clade 3 is the most virulent of the Fusarium
species and possesses several virulence factors, in -
cluding the ability to produce proteases and collage-
nases and the ability to produce mycotoxins which
suppress humoral and cellular immunity and may
also cause tissue breakdown (Nelson et al. 1994,
Nucci & Anaissie 2007). The pathogenesis of invasive
fusariosis in these sharks was theorized to be either a
cofactor or secondary to injury caused by impairment
of visual perception as well as the likelihood of
chronically stressful conditions in the captive envi-
ronment. As the lateral line pores serve as the pro-
posed route of entry for the fungus followed by
focally extensive development of a necrotizing infec-
tion with ulceration and underlying development of
cellulitis, F. solani is theorized to be invasive in these
cases and in several animals may have led to dissem-
inated infections.
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