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ABSTRACT: Veronaea botryosa has been identified as a pathogen of cultured white sturgeon
Acipenser transmontanus. In 2015, samples from 19 white sturgeon were received for diagnosis,
of which 14 cultured positive for V. botryosa. Intraspecific variability among V. botryosa isolates
from different clinically affected hosts and geographic regions was investigated using repetitive
extragenic palindromic PCR fingerprinting (rep-PCR). The rep-PCR profiles of 16 V. botryosa iso-
lates from a human, sea turtles, and cultured fish were distinct from those of other phaeoid fungi
belonging to the genera Cladophialophora and Exophiala. To gain a better understanding of the
pathogenesis of V. botryosa mycosis, 5 laboratory challenge methods were evaluated in white
sturgeon fingerlings. Intramuscular (IM) and intracoelomic (IC) injection challenges produced
cumulative mortalities of 13.3 % (8/60) and 3.3 % (2/60), respectively, and V. botryosa was recov-
ered from 100 % (10/10) of dead fingerlings. Affected fish exhibited abnormal orientation and/or
failure to maintain neutral buoyancy, emaciation, coelomic distension, exophthalmos, cutaneous
erythema, and ulcerated skin. After 6 wk, surviving fish were euthanized, and samples of liver
were taken for mycological evaluation. Viable fungus was detected in 90 % and 100 % of fish sur-
viving IM and IC challenge, respectively. No V. botryosa-associated mortality was detected in
other groups challenged by immersion, immersion with abrasion, or orally. Both IM and IC chal-
lenge routes appear suitable for the induction of V. botryosa infection in white sturgeon and can
serve as models for the study of disease pathogenesis associated with this emergent pathogen.

KEY WORDS: Fungus - Mycosis - Sturgeon - Veronaea

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

Sturgeons (Osteichthyes: Acipenseridae) represent
25 species of anadromous and potamodromous fishes
of North America and Eurasia, with an evolutionary
history of over 100 million yr (Trifonov et al. 2016).

*Corresponding author: sotomartinez@ucdavis.edu

They are cultured in many countries due to their con-
siderable economic and ecologic value. Sturgeon
aquaculture is important, as many wild populations
have been drastically depleted by overfishing, habi-
tat destruction, and pollution (Pikitch et al. 2005, Mon-
terey Bay Aquarium 2016). In the western USA, stur-

© Inter-Research 2017 - www.int-res.com



8 Dis Aquat Org 125: 7-18, 2017

geon culture is a multi-million dollar industry, and
the production of high-quality caviar has made stur-
geon roe one of the few aquaculture-generated US
exports. In addition, meat is sold locally, nationally,
and internationally. Other value-added products from
farmed sturgeon include medical and health prod-
ucts, cosmetics, and leather (Wei et al. 2011). In 2012,
approximately 1350 t of sturgeon were produced in
North America. It is projected that US production
may surpass 2200 t by the end of 2017, with revenues
exceeding US $20 000 000 annually.

White sturgeon iridovirus and acipenserid herpes-
virus 2 (AciHV-2) cause significant mortality in cul-
tured white sturgeon. In addition, systemic phaeo-
hyphomycosis caused by the dematiaceous mold
Veronaea botryosa (Chaetothyriales: Herpotrichiel-
laceae) is an important emergent disease affecting
white sturgeon A. fransmontanus and Siberian stur-
geon A. baerii aquaculture. The disease, known to
producers as ‘fluid belly," causes mortalities in adult
animals that result in significant economic losses
(Steckler et al. 2014). Associated most commonly with
soil and plants, V. botryosa is a phaeoid, saprobic
mold and zoonotic pathogen in immunocompromised
humans that causes disease in amphibians, reptiles,
and fish (Bonifaz et al. 2013, Donnelly et al. 2015,
Hosoya et al. 2015, Zhu et al. 2015).

Signs and lesions of V. botryosa infection are vari-
able, but can include abnormal buoyancy and orien-
tation, emaciation, coelomic distension, exophthal-
mos, cutaneous erythema, and skin and eye ulceration.
Necropsy findings include serosal petechiation, sero-
sanguinous ascites, organomegaly with nodular and
cystic lesions, and greenish serosal plaques. Micro-
scopically, hyphae are present in serosal plaques and
can invade most organs in association with angio-
invasion. Lesions are a mixture of necrosis, pyogran-
ulomatous inflammation, and occasional granulomas
(Steckler et al. 2014). Mortality in 5 to 8 yr old mature
females results in economic losses to caviar pro-
ducers in the western USA. Anecdotal reports from
industry representatives estimate losses in California
exceeding US $900000 annually (E. Soto et al.
unpubl.).

Although V. botryosa has been implicated as a
pathogen of cultured sturgeon, controlled laboratory
challenges have not been conducted, and disease
pathogenesis is poorly understood. Little is known
regarding the persistence of V. botryosa in the envi-
ronment, its genetic diversity, or host-related factors,
such as tissue predilection sites during early stages of
infection. This study was undertaken to evaluate
the efficacy of 5 laboratory challenge methods for

the induction of systemic phaeohyphomycosis by V.
botryosa, as well as to establish a reliable model for
future studies of disease pathogenesis and evalua-
tion of therapeutic and prophylactic measures. In
addition, repetitive extragenic palindromic PCR fin-
gerprinting (rep-PCR) was employed to investigate
genetic variability among V. botryosa isolates from
different hosts and geographical regions.

MATERIALS AND METHODS
Fungal culture

In August and September 2015, an aquaculture
farm experienced morbidity and mortality in fresh-
water cultured adult white sturgeon. Samples of liver
and spleen from 19 fish were submitted to the UC
Davis School of Veterinary Medicine for diagnostic
evaluation. Briefly, 5 mm tissue samples were plated
onto potato flake agar (PFA), incubated at 25°C for
14 d in aerobic conditions, and examined for growth.
Hyphae and conidia were observed microscopically
for morphological description. Fourteen-day old iso-
lates were suspended in sterile water and frozen at
-80°C for further use. Other previously identified
phaeoid isolates were obtained from archived collec-
tions of the UC Davis School of Veterinary Medicine
Teaching Hospital and the Texas Health Science
Center at San Antonio, Fungus Testing Laboratory
(Table 1). Archived isolates were streaked on PFA agar
and incubated at 25°C for 14 d in aerobic conditions.

Molecular analysis

Fungal clones were expanded for 2 wk at 22°C on
Mueller Hinton agar plates supplemented with 5%
sheep serum. Plates were flooded with 10 ml of ster-
ile nuclease-free H,O, agitated with a sterile swab,
transferred to a 15 ml conical centrifuge tube, and
centrifuged at 4000 x g (10 min at 15°C). DNA was
extracted from the resulting pellet using a Power-
Soil® DNA Isolation Kit (Mo BIO Laboratories) fol-
lowing the manufacturer's instructions. Genomic DNA
was quantified spectrophotometrically on a Nano-
Drop™ 2000 (ThermoFisher Scientific) and diluted to
approximately 1 ng pl™t.

The identity of suspected Veronaea botryosa iso-
lates from sturgeon, in addition to archived V. botry-
osa, Cladophialophora, and Exophiala aquamarina
isolates from other sources, was confirmed by partial
sequencing of the beta-tubulin (tub2) gene using the
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Table 1. Phaeoid fungi used in this study

sembled contigs using CLUSTALW

(Thompson et al. 1994). The best-fit

Isolate Species Host Year  Location nucleotide substitution model for phy-
logenetic analysis was determined
812064 Cladophialophora sp. Koi carp 2008 California using the Bayesian information crite-
1009407 Exophiala aquamarina Frog fish 2010 California . .
1006392 E. aquamarina Bonita barracuda 2010  California rion as the Kimura-2 parameter model
1102537 E. aquamarina Green sturgeon 2011  California (Kimura 1980), assuming a certain
608911 Veronaea botryosa White sturgeon 2006  California fraction of sites are evolutionarily in-
11-8844 V. botryosa White sturgeon 2011 Cal%forn?a variable (K2+I). Bayesian analysis was
12M06899 V. botryosa Sturgeon 2012  California . .
15M00828 V. botryosa Sturgeon 2015 California | Performed with Markov chain Monte
DI15-136 V. botryosa Unknown 2012  Florida Carlo searches of 2 simultaneous runs
DI15-134 V. botryosa Sea turtle 2007 Florida of 4 chains. Chain sampling occurred
DI14-348 V. botryosa Sea turtle 2014 Florida every 100 tree over 1000000 gen-
DI15-135 V. botryosa Human 2014  California . . o .
F15-3-4 V. botryosa White sturgeon 2015 California | crations, and the first 25% were dis-
F15-3-5 V. botryosa White sturgeon 2015  California carded as ‘burn-in’ with posterior
F15-3-6 V. botryosa White sturgeon 2015  California probabilities calculated from the re-
F15-3-7 V. botryosa White sturgeon 2015  California maining trees.
F15-3-8 V. botryosa White sturgeon 2015 California . e
F15-3-11 V. botryosa White sturgeon 2015 California Rep-PCR flngerprlntl%lg was p.er-
F15-3-12 V. botryosa White sturgeon 2015 California formed on the fungal isolates using
F15-3-14 V. botryosa White sturgeon 2015  California primer sets and protocols previously

Bt2a/T2 and T1/T22 primer combinations (Table 2).
This resulted in congruent products of ~500 and
~1400 bp, respectively. Purified PCR products were
sequenced directly using the same primers used to
produce the amplicon (Eurofins MWG Operon). For-
ward and reverse reads were de novo assembled in
Geneious R9.1.4 (Kearse et al. 2012) and deposited in
the National Center for Biotechnology Information's
(NCBI) GenBank.

Phylogenetic and molecular evolutionary analyses
were conducted in MEGA 6.06 and MrBayes v3.2.6
(Huelsenbeck & Ronquist 2001, Ronquist & Huelsen-
beck 2003, Tamura et al. 2013). Comparable sequences
of waterborne molds isolated from aquatic animals
and characterized in a previous study (Table 3; de
Hoog et al. 2011) were downloaded from NCBI's non-
redundant nucleotide database and aligned with as-

Table 2. PCR primers used in this study

employed for assessing genetic diver-
sity in bacteria (Versalovic et al. 1991,
1994, Griffin et al. 2013, Chou et al. 2014) (Table 2).
The 50 pl PCRs were performed on a C1000 Touch
thermal cycler (Bio-Rad Laboratories) with previ-
ously described cycling parameters for each primer
set (Griffin et al. 2013, Chou et al. 2014).

Laboratory-controlled infectious challenges

To better understand the pathogenesis of V. botry-
osa infection in fish, 5 challenge methods were evalu-
ated in white sturgeon fingerlings (6 mo old, ~50 g):
(1) immersion, (2) immersion with cutaneous mucus
removal, (3) intracoelomic injection (IC), (4) intramus-
cular injection (IM), and (5) oral. Each treatment used
6 replicate 132 1 tanks (10 fish tank™' for a total of 60
fish treatment™) receiving 18°C fresh water. For each

treatment, a similar set of re-
plicate control tanks were not

Primer Sequence (5'-3")

Reference

exposed to the fungus. One
2015 sturgeon isolate (F-15-3-5)

Beta-tubulin sequencing

Bt2a GGT AAC CAAATCGGT GCTGCTT
T1 AAC ATG CGT GAG ATT GTA AGT
T2 TAG TGA CCC TTG GCC CAGTTG
T22 TCT GGA TGT TGT TGG GAA TCC

Repetitive extragenic palindromic PCR

ERICI ATG TAA GCT CCT GGG GATTCA C
ERICII AAG TAA GTG ACT GGG GTG AGC G
BOX CTA CGG CAA GGC GAC GCT GAC G
GTGs GTG GTG GTG GTG GTG

Glass & Donaldson (1995)

O'Donnell & Cigelnik (1997)
O'Donnell & Cigelnik (1997)
O'Donnell & Cigelnik (1997)

Versalovic et al. (1991
Versalovic et al. (1991
Versalovic et al. (

Versalovic et al. (1994

was grown in PFA as previously
described. Fourteen days post-
inoculation, hyphal and conidia
suspensions were collected after
flooding the plate with 7 ml of
0.1% Tween 80 in phosphate
buffered saline (PBS) and sus-
pended by agitation with a ster-
ile swab. Viability was confirmed

)
)
1994)
)
by plating serial dilutions on PFA.
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Table 3. Nucleotide sequences of waterborne molds used to determine phylo-

genetic placement of suspected Veronaea botryosa recovered from white stur-

geon Acipenser transmontanus. Isolates are identified by their respective

CBS-KNAW Fungal Biodiversity Centre accession number. Associated meta-
data were taken from de Hoog et al. (2011). (-) not reported

Daily morbidity and mortality were
recorded for 6 wk post-challenge. Mori-
bund fish, or those presenting signs of
abnormal swimming, lethargy, exo-
phthalmia, skin lesions, or coelomic

Species Origin Geography GenBank distension, were euthanized with buf-
Isolate (CBS acc. no.) fered MS-222 (500 mg 17!) and necrop-
’ sied. Explants of spleen and liver
Exophiala angulospora (~20 mg) were collected and plated on
119911 Weedy seadragon USA JN112430 .
Sabouraud dextrose agar and tryptic
E. aquamarina I ol ith 59 h ,
119918 Leafy seadragon USA JN112434 | SOV agar II plates with 5% sheep's
119916 Leafy seadragon USA JN112435 blood (Un}V€r51ty .of California, Biologi-
119919 Leafy seadragon USA JN112436 cal Media Services). Two IM-chal-
120407 Leafy seadragon USA JN112437 lenged whole moribund fish and sam-
119917 Leafy seadragon USA JN112438 ples of liver, spleen, and kidney from 6
119921 Weedy seadragon USA JN112439 IM. 1 IC d3i . hall d
119912 Winter flounder USA JN112440 ' + and S mmmetsion-chalienged,
119915 Little tunny USA JIN112441 mucus-removed freshly dead fish were
. . o .
E. pisciphila fixed in 10 % neutral buffered formalin,
537.73 Catfish USA JIN112493 processed by standard methods, and
119913 Potbelly seahorse - JN112494 stained with hematoxylin and eosin
119914 Potbelly seahorse - JN112495 (H&E) for light microscopic examina-
E. psychrophila tion. Select sections were stained by pe-
191.87 Atlantic salmon Norway JN112497 riodic acid=Schiff and Gomori methen-
256.92 Salmon Ireland JN112498 . .
amine silver methods.
E1 55;1116“701“5 Trout Canad IN112466 At the end of the challenge, all fish
' rou anada were euthanized, and 10 fish treat-
Veronaea botryosa ment™! (challenged and controls) were
121506 Human Japan JN112502 ied. S 1 £ 5
101462 Human Not provided ~ JN112503 | necropsied. Samples of liver (~5 mm)
102593 Human China IN112504 from 10 fish treatment™ (challenged
254.57 Sansa olive slag Italy JN112505 and controls) were plated onto PFA

Fish in the immersion challenge were placed in 101
of static water containing ~10° colony-forming units
(CFU ml™?) for 3 h before water flow was resumed. A
similar method was used for fish exposed by immer-
sion following skin mucus removal. Prior to chal-
lenge, fish were anesthetized in 100 mg 17! of
buffered tricaine methanesulfonate (MS-222) (Argent
Chemical Laboratories), and skin mucus was re-
moved by dragging a paper towel twice, cranially to
caudally, along the lateral line and dorsal portions of
the coelom. For the IC, IM, and oral challenges, fish
were anesthetized as previously described and
administered ~10* CFU fish™! V. botryosa suspension
in sterile water. IC and IM injections were made on
the ventral midline near the base of the pelvic fin and
1 cm dorsal to the lateral line, slightly posterior to the
dorsal fin, respectively. For oral challenges, fungal
suspension was placed directly into the buccal cavity
while physically closing the opercula for 5 s with the
fish out of water. Control fish were administered ster-
ile PBS in a similar manner for each treatment.

and incubated at 25°C for 14 d in aero-
bic conditions for fungal isolation.

RESULTS
Fungal culture

Dematiaceous fungi were isolated from 14 of 19
fish sampled in 2015. Colonies were olivaceous and
velvety, with a black reverse (Fig. 1). Pale, 2-celled,
clavate conidia with rounded apices and truncate
bases were produced from dark, geniculate conidio-
phores, consistent with Veronaea botryosa (Fig. 2).
Fungal identity was confirmed molecularly as de-
tailed below.

Molecular analysis
Direct sequencing reads resulted in contig assem-

blies ranging from 1226 bp for the Cladophialophora
sp. to 1359 bp for the Exophiala aquamarina isolates.
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Fig. 1. Veronaea botryosa isolated from spleen of cultured

white sturgeon Acipenser transmontanus. The 15 d old colony

is (a) olivaceous and velvety with (b) a black reverse when
grown on potato flake agar

Isolates from white sturgeon in California shared
99.9-100 % similarity between themselves and V. bo-
tryosa from different sources. Bayesian inference
based on tub2 gene fragments confirmed preliminary
morphological identification, placing the white stur-
geon isolates within a discrete clade containing other
V. botryosa isolates from a previous study (de Hoog et
al. 2011) (Fig. 3). The ERIC I & II, BOX, GTGs;, and
ERIC II primers generated group-specific profiles that
differentiated V. botryosa from other phaeoid isolates,
with profiles generated by the BOX primer being
most informative (Fig. 4). While other primer sets sep-
arated V. botryosa from the other dematiaceous fungi,
profiles generated by the ERIC and GTG; primers
demonstrated limited intraspecific variability among
the V. botryosa isolates. BOX profiles for V. botryosa
from different hosts and regions were mostly congru-
ent, sharing >87% average similarity (range 59.2-
99.4 %), while demonstrating limited similarity to

g7 W 1}
'ﬁ' m M-*’\

o M i

Fig. 2. Veronaea botryosa hyphae and conidia. Pale, 2-celled,
clavate conidia (*) with rounded apices and truncate bases
arise from dark, geniculate conidiophores (+)

Cladophialophora sp. (range 7.8-11.1%) and E. aqua-
marina (range 0-14.2%). BOX profiles from the Cali-
fornia sturgeon isolates possessed a high degree of
similarity (range 96.3-99.4 %) and homogeny (range
90.8-97.4 %) with several V. botryosa isolates from un-
known hosts in California (608911, 11-8844, 12M06899,
15M00828). However, the profiles were disparate
(range: 68.7-83.0%) from a smaller cluster of V. bo-
tryosa that included an isolate of unknown host origin
from Florida, 2 isolates from sea turtles (DI15-134 and
DI14-348) in Florida, and a human isolate (DI15-135)
from California, suggesting a small degree of intra-
specific host- or geographic-based genetic variation.
Consistent with phylogenetic inferences derived from
tub2, BOX rep-PCR profiles clustered the V. botryosa
from sturgeon together, within a larger tribe contain-
ing V. botryosa isolates from different hosts and geo-
graphic regions, and separate from E. aquamarina
and Cladophialophora sp. (Fig. 5).

Infectious challenges

Six weeks post-challenge, cumulative mortalities
of 3.3 and 13.3% had occurred in IC- and IM-chal-
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lenged fish, respectively (Table 4, Fig. 6). Affected
fish exhibited signs and lesions consistent with those
reported by Steckler et al. (2014), including lethargy
and abnormal swimming (negative buoyancy), scol-
iosis, hyphema, and erythematous, primarily ventral,
skin. Gross findings included multiple foci of dark pig-
mentation in the gills, mucohemorrhagic discharge
from vents, pale livers, and erythematous distal intes-
tines. Intramuscularly challenged fish had reddened
and edematous injection sites that exuded friable
purulent-like material. V. botryosa was recovered
from the livers of all dead fish (2 IC and 8 IM injected)
and in 90 % (9/10) and 100 % (10/10) of fish surviving
the 6 wk IM and IC challenges, respectively.

0608911
11-8844
12M06899
15M00828
DI14-348
DI15-134
DI15-135
DI15-136 <
WSTF15-3-4 | &
100 WSTF1535 | S
WSTF15-3-6 |2
WSTF15-3-7 | Q
WSTF15-4-8 | Q
WSTF15-3-11
WSTF15-3-12
WSTF-3-14
CBS 121506
CBS 102593
CBS 101462
CBS 254.57
CBS 119913 (E. pisciphila)
_tCBS 119914 (E. pisciphila)
100 CBS 537.73 (E. pisciphila)
o8 1102537
100 1009407 m
100] 1006392
CBS 119912 _8
CBS 119915 | €
100|CBS 119916 g
100 CBS 119917 | §
— CBS 119918 | 3.
0.05 cBs 119919 | 3
100 CBS 119921
CBS 120417
CBS 157.67 (E. salmonis)
100 CBS 191.87 (E. psychrophila)
CBS 256.92 (E. psychrophila)

CBS 119911 (E. angulospora)
0812064 (Cladophialophora sp.)

Fig. 3. Bayesian inference tree based for a select panel of aquatic
fungi based on partial sequencing of the beta-tubulin gene. Num-
bers above branches represent posterior probability values. Isolates
sequenced in the current study are listed in bold, while isolates re-
covered from white sturgeon Acipenser transmontanus in California

(USA) in 2015 are indicated by grey overlay

Histological changes at IM injection sites varied be-
tween the 2 fish examined whole. In one, lesions were
confined to epaxial muscle, hypodermis, and dermis,
and consisted of large central sheets of macrophages,
with scattered multinucleated giant cells, fibroblasts,
strands of fibrin-like material, and infrequent pig-
mented hyphae. Small numbers of lymphocytes and
scattered granulocytes formed a narrow peripheral
mantle. Inflammatory infiltrates radiated into adjacent
muscle, isolating individual and small groups of myo-
fibers. In the second fish, central regions were com-
posed of pale basophilic, mucinous connective tissue,
with only patchy, small central collections of inflam-
matory cells. Hyphae were few in these areas and
most common within giant cells. Intense inflammatory
infiltrates, as previously described, and large numbers
of hyphae extended along fascial planes to envelop
and infiltrate the notochord and spinal cord (Fig. 7).
Hyphae did not reach the coelomic cavity, although
the swim bladder wall was infiltrated in 1 individual.

Lesions in spleens, kidneys, and livers from both
groups were few. When present, changes most com-
monly involved individual or small collections of
multinucleated giant cells, small ill-defined collections
of macrophages, or combinations of both. Rarely,
slightly larger foci of pyogranulomatous inflammation
were present in the liver. There was no associated
necrosis, and hyphae were rare. In 1 IM-injected fish,
multiple hepatic arterial and venous lumens contained
hyphae that infiltrated the adjacent parenchyma.
Perivascular necrosis and granulomatous inflamma-
tion was mild. In 1 IC-injected fish, extensive necrosis,
with no hyphae and minimal inflammation, affected
an area of mesentery, pancreas, and spleen. Large
numbers of hyphae and granulomatous infiltrates per-
meated the intervening coelomic space and multiple
thrombosed mesenteric arteries (Fig. 8).

Morphology of the hyphae and the intensity of pig-
mentation varied, presumptively due to their age. In
actively spreading lesions, hyphae were abundant
and pale golden. Most had thin, parallel walls, with
less frequent septation and acute angle branching. In
more chronic lesions, particularly within multinucle-
ated giant cells, hyphae were often dark bronze, with
short plump segments that tapered adjacent to septa,
and occasional globose swellings (Fig. 8).

Fish challenged orally exhibited no clinical signs,
and no fish died from V. botryosa infection. Three
fish challenged by immersion with mucus removal, 1
immersion-challenged fish, and 1 control fish for
immersion with mucus removal were euthanized due
to abnormal swimming and positive buoyancy. No
gross pathologic changes were observed, and no
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Fig. 4. Repetitive extragenic palindromic PCR amplification of DNA from 16 Veronaea botryosa isolates (Lanes 6-21). Genetic

profiles were generated using (a) BOX, (b) ERICI &I, (c) ERICII, and (d) GTG; primers (see Table 2). Lane designations are as

follows: 1,23 = Hyperladder 50 bp; 2 = Cladophialophora spp. 812064; 3 = Exophiala pisciphila 1009407; 4 = Exophiala spp.

1006392; 5 = Exophiala spp. 1102537; 6 = V. botryosa 608911; 7 = V. botryosa 11-8844; 8 = V. botryosa 12M06899; 9 = V. botry-

osa 15M00828; 10 = V. botryosa DI15-136; 11 = V. botryosa DI15-134; 12 = V. botryosa DI114-348; 13 = V. botryosa DI15-135;

14 = V. botryosa F15-3-4; 15 = V. botryosa F15-3-5; 16 = V. botryosa F15-3-6; 17 = V. botryosa F15-3-7; 18 = V. botryosa F15-3-8;
19 = V. botryosa F15-3-11; 20 = V. botryosa F15-3-12; 21 = V. botryosa F15-3-14; 22 = no template control

008 020 0.40 060 0.80 1.00
812064
1102537
{ 1006392
1009407
DI15-134
DI15-135
DI15-136
11-8844
608911
15M00828
12M06899
F15-3-5
F15-3-4
Fig. 5. Dendrogram generated from BOX repetitive ex- B>l
tragenic palindromic PCR profiles using unweighted pair- F15-3-14
group arithmetic average (UPGAMA) cluster analysis F15-3-12
rooted at Cladophialophora spp. Dice coefficients are F15.3.7
displayed above the dendrogram. Isolates recovered from
white sturgeon Acipenser transmontanus in California F15:3:
(USA) in 2015 are indicated by grey overlay F15-3-6

*dds ojojydox3

DsoA1j0q PIDUOIIA

fungi or bacteria were recovered from
liver or kidney, except for the liver of 1
fish challenged by immersion with
mucus removal that cultured positive
for V. botryosa, despite having no
gross lesions. No fungal growth was
observed on cultures from surviving
fish from the oral challenge or from
either immersion challenge (Table 4).

DISCUSSION

PCR-mediated genomic fingerprint-
ing is a reliable method for systematic
classification and discrimination of
microbial strains (Mehta et al. 2002,
Abdollahzadeh & Zolfaghari 2014).
Not surprisingly, Veronaea botryosa
isolates from California white sturgeon
are highly similar, but differ slightly
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Table 4. Summary of mortality, morbidity, and isolation in white sturgeon
Acipenser transmontanus controls or challenged treatments with Veronaea

botryosa; na: not applicable

(2013), where the intraspecific vari-
ability of 18 V. botryosa isolates from
clinical and environmental sources

Treatment Mortality Isolation ratio (%) was studied usmg‘ amplified fragment
ratio (%) In dead/moribund In survivors length polymorphisms. A V. botryosa
cluster containing strains with similari-
Controls ties of more than 75% was reported.
Intracoelomic injection 0/60 (0) na 0/10 (0) . s .
Intramuscular injection 0/60 (0) na 0/10 (0) No clear differentiation between clini
Oral 0/60 (0) na 0/10 (0) cal and environmental strains was
Immersion 0/60 (0) na 0/10 (0) observed (Badali et al. 2013), although
Immersion + mucus removal  1/60 (1.6) 0/1 (0) 0/10 (0) none of the isolates was obtained from
Challenge models aquatic hosts or en\.flronments. Future
Intracoelomic injection 2/60 (3.3) 2/2 (100) 10/10 (100) research may benefit from other geno-
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Immersion 1760 (1.6) 071 (0) 0710 (0) Infection by V. botryosa is prevalent
Immersion + mucus removal  3/60 (5) 1/3 (33.3) 0/10 (0) , y V. Doty p ,
in cultured, sexually mature white

35+
30-
25-
20-
15-
10-

5-

= Intracoelomic
= |ntramuscular

7~

0 )
13 5 7 9 11131517 19 2123 25 27 29 31 33 35 37 39 41
Days post-challenge

Fig. 6. Cumulative percent mortality of white sturgeon

Acipenser transmontanus fingerlings challenged with Vero-

naea botryosa by intracoelomic or intramuscular injection
(60 fish were infected per treatment)

from sea turtle and human isolates, suggesting the
California sturgeon isolates represent a unique geno-
type. A dendrogram generated from BOX profiles
places the V. botryosa sturgeon isolates in their own
group, within a greater V. botryosa cluster and sepa-
rate from the other phaeoid fungi evaluated (Fig. 4).

One limitation to this type of analysis is the identi-
fication of electrophoretic or transillumination arti-
facts, such as slight differences in band position and
light intensity, as genetic variations detected by the
software, even when visual analysis does not identify
significant differences. As such, the cut-offs for estab-
lishing genetic differences are conservatively low.
Still, the BOX profiles of V. botryosa isolates from dif-
ferent hosts and regions shared >87 % average simi-
larity (range: 59.2-99.4 %), which is at or above the
cut-off values for genotypic discrimination used in
similar studies (Biddick et al. 2003, Keymer et al.
2009). Similar results were reported by Badali et al.

sturgeon, particularly at water temper-
atures above 18°C. The use of mature females in
experimental challenges is logistically challenging
due to the high economic value of individual fish, as
well as husbandry requirements associated with
their large size. However, results indicate that white
sturgeon fingerlings provide a suitable model for the
study of systemic V. botryosa induced phaeohypho-
mycosis. Furthermore, limited data are available re-
garding controlled infectivity challenges of dematia-
ceous molds in fish (Otis et al. 1985, Rehulka et al.
2016). Otis et al. (1985) performed experimental inoc-
ulations of Exophiala salmonis in juvenile rainbow
trout Oncorhynchus mykiss (formerly Salmo gaird-
neri) using IC injection routes and doses similar to
those used in this study. However, no mortality was
observed after 12 d, and no fungus was recovered
from the challenged fish. In contrast, E. pisciphila
isolated from cardinal tetras Paracheirodon axelrodi
produced mortalities of 60 and 80 % in naive common
carp Cyprinus carpio injected with ~10° spores via
IM and IC routes, respectively. Clinical signs were
consistent with those observed in naturally infected
fish (Rehulka et al. 2016).

In addition to IM and IC injection, immersion and
oral challenges were conducted to approximate po-
tential routes of natural infection and interaction with
host innate defenses. The death of a fish challenged
by immersion with mucus removal and re-isolation of
V. botryosa from its liver suggests that abraded skin
could provide a portal of entry and that mucus plays a
defensive role in white sturgeon against fungal inva-
sion. The mucus cuticle and its innate immune com-
ponents help protect against infection by bacteria and
yeast in fish (Tsutsui et al. 2007, Subramanian et al.
2008, Bragadeeswaran et al. 2011).
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Fig. 7. Gross and subgross intramuscular injection site lesions (transverse sections) in moribund white sturgeon Acipenser
transmontanus challenged with Veronaea botryosa. (a) Injection sites in expaxial muscle were irregular, pale brown, and often
cavitated (arrows). Inflammatory exudate and hyphae enveloped the vertebral column (V) and destroyed the notochord. Exu-
date also filled the spinal canal and hyphae infiltrated the spinal cord (S). (b) Subgross image of a histological section showing
similar changes. There was no infiltration of the coelomic cavity in this fish. (c,d) Injection site lesions (IS) replaced extensive
areas of muscle and impinged on the dermis (D). The granulomatous inflammatory exudates were typical of fungal infection,
predominated by macrophages, with small numbers of peripheral lymphocytes and granulocytes that radiated outward,
isolating small groups of myofibers. Some lesions were dominated by fibrosis (F), suggesting lesion resolution

Results also indicate that both the IM and IC injec-
tion routes provide an easy and effective method to
administer consistent challenge doses of suspended
fungus, although injection challenges circumvent
innate immune defenses in the skin, gills, and other
mucosal surfaces. However, injection with 10* CFU
fish™! produced a pattern of chronic mortality consis-

tent with that seen under typical culture conditions,
particularly above 18°C (Fig. 4). Industry practices,
such as coeliotomy to assess egg maturity, might con-
tribute to the implantation of fungal spores from the
environment. In these cases, the IC route more accu-
rately reproduces natural infection and provides an
ideal model. Similarly, trauma-induced skin lesions
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Fig. 8. Histological changes in laboratory-challenged white sturgeon Acipenser transmontanus. (a) Muscle lesion composed of
sheets of macrophages with scattered multinucleated giant cells containing bronze hyphal fragments (arrow). (b) Thrombosed
artery containing a mixture of fibrin, mononuclear inflammatory cells, and hyphae. Remnants of the necrotic arterial wall are
indicated by arrows. (c¢,d) Morphology of the hyphae varied. In more chronic lesions (c), particularly within multinucleated
giant cells, hyphae often had short plump segments that tapered adjacent to septa, and occasional globose swellings (arrow).
In actively spreading lesions with large numbers of organisms (d), most hyphae had 3-5 pum, thin, parallel walls, with less
frequent septation and acute angle branching. (e,f) Hyphae were often pale staining and inconspicuous with H&E stains and
were more readily visualized with Gomori methenamine silver (e) and periodic acid—Schiff (f) stains
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and others associated with viral agents, like AciHV-2
(Watson et al. 1995, Soto et al. 2017), might promote
fungal invasion of sub-epithelial tissues in compro-
mised fish. In these cases, the IM injection route pro-
vides a suitable model of infection.

Microscopic findings were consistent with those of
natural infection reported by Steckler et al. (2014).
Angioinvasion appears important to dissemination
of the agent, and in some lesions, significant tissue
damage can result from infarction, rather than from
direct effects of the fungus. While splenic and hepatic
lesions likely resulted from hematogenous seeding,
kidney lesions could be the result of direct extension
from affected muscle. Following IM injection, hyphae
and inflammatory cell numbers were highest on the
margins of spreading lesions, while fibrosis occurred
centrally. Lesions in coelomic organs were inconsis-
tent between individual tissues and fish, even within
the same challenge groups. As a result of this and the
small sample size, no conclusions were made regard-
ing lesion distribution and development between the
IM and IC challenge groups. No morphologic features
of the fungus were observed that might aid in the
differentiation of V. botryosa from other pigmented
fungi in tissue sections.

The oral and immersion methods more closely re-
semble natural routes of infection, as the fungus must
overcome innate defenses. However, these exposure
methods produced no mortalities, and fungus was
not recovered from survivors in these groups. These
findings suggest that V. botryosa is largely an oppor-
tunist, requiring a compromised host to initiate infec-
tion. However, it is difficult to ensure that all fish are
given the same dose using the different exposure
routes. In the oral challenge, numbers of V. botryosa
reaching the stomach were not quantified, but much
of the fungal dose was likely flushed away when fish
were placed back into water. In this regard, chal-
lenge by gastric gavage is warranted to investigate
uptake of spores by the gastrointestinal tract. To our
knowledge, this route has not been explored in fish
with respect to fungal infections.

Environmental conditions, such as water tempera-
ture, play a critical role in the development of innate
and adaptive immune responses in fish, as well as the
ability of certain pathogens to produce disease (Hrubec
et al. 1996, Watts et al. 2001, Soto et al. 2012). White
sturgeon are subjected to a range of temperatures,
particularly in aquaculture, where higher tempera-
tures accelerate growth, decreasing time to repro-
ductive maturity and caviar production. However, lit-
tle is known concerning the effects of temperature on
immune responsiveness and subsequent impacts on

disease susceptibility or the success of vaccination
and other prophylactic measures in this species.
Stressors, such as transport, suboptimal environmen-
tal conditions, and chlorine exposure, are suspected
to have precipitated viral and bacterial co-infections
in cultured shortnose sturgeon Acipenser brevi-
rostrum (L.) and white sturgeon (La Patra et al. 2014,
Soto et al. 2017). Additionally, differential expression
of virulence factors in some fungal species are de-
pendent on temperature (Wang & Szaniszlo 2000,
Keeratijarut et al. 2015); thus, future studies investi-
gating the presence and expression of virulence fac-
tors in V. botryosa under different environmental
conditions are warranted.

In conclusion, our findings indicate that V. botryosa
isolates from cultured California white sturgeon rep-
resent a clonal group within a larger cluster of V.
botryosa isolates from other hosts. Additionally, fin-
gerlings injected by IM and IC routes at 18°C can
serve as useful models of systemic infection. Further
investigations into interactions between environmen-
tal-, host-, and pathogen-related factors conducive to
infection are justified and essential to the develop-
ment of prophylactic, therapeutic, and biosecurity
regimens aimed at reducing losses from ‘fluid belly’
and improving profitability in sturgeon aquaculture
facilities in the western USA.
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