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Abstract

Breeding of ornamental marine fishes was initiated in Makassar, South Sulawesi, Indo-
nesia, to protect reef ecosystems from destructive fishing and to supplement income of
local communities. However, stress associated with captive breeding conditions could
enhance vulnerability of fish to disease. Wild- and captive-bred clownfish Amphiprion
percula showed clinical signs such as white spots and warts typically associated with
lymphocystis disease. Sequencing a portion of the DNA polymerase gene confirmed the
identity of a lymphocystis disease virus (LCDV) in clownfish tissues that closely
resembled LCDV from paradisefish; however, both strains were only 90% similar at
the nucleotide level. Phylogenetic analysis suggests the LCDV is a new strain
representing the first sequence of LCDV in A. percula. To determine the virus presence
in clownfish and other ornamental marine species (OMS) in the hatchery, we developed
conventional PCR and loop-mediated isothermal amplification (LAMP) assays that were
comparatively sensitive at detecting the new LCDV strain. Among the PCR-tested
clownfish, 19.4% (n =14/72) were positive for the LCDV DNA that were either symp-
tomatic or apparently healthy. Other OMS (n=29) bred in the hatchery including
seahorse Hippocampus spp., mandarin fish Synchiropus spp., and pajama cardinal fish
Sphaeremia nepatoptera were negative by the LCDV PCR. The PCR and LAMP assays
developed in this study will facilitate disease management by early detection of the
LCDYV and removal of potential reservoirs of the virus.
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Introduction

The capture of wild ornamental marine species (OMS) provides short-term but an important
source of livelihood in Indonesia (Reksodihardjo-Lilley and Lilley 2007). Recurring destruc-
tive fishing practices, however, such as blast (dynamite) and cyanide fishing, have severely
damaged coral reefs (Williams et al. 2019) and have endangered other wildlife in the region
(Halim 2002). Thus, prospects for environmentally sustainable fishery resources are vital such
as aquaculture although OMS breeding is poorly understood compared with ornamental
freshwater fishes (Tlusty 2002). Among the 100 OMS species bred in captivity (Dawes
1998), only 21 species are deemed commercially profitable (Schiemer 2001).

Stress factors associated with intensive culture conditions such as water quality, handling,
stocking density, and nutrition promote the vulnerability of fish to disease-causing pathogens
(Hedrick 1998). Fish collected from highly polluted coastal waters harbor excessive pathogen
loads that may lead to diseases in captivity (Lafferty et al. 2015). Parasitic, bacterial, viral, and
fungal pathogens have been reported as agents of diseases in ornamental fish production
(Fioravanti and Florio 2017). Lymphocystis disease virus (LCDV) can threaten ornamental
fish through disease and loss of profit due to the warty appearance of fish (Yanong 2013). Our
study is focused on LCDV as there are no cost-effective treatments against viral infections
(e.g., Assefa and Abunna 2018). Lymphocystis is an iridovirus (DNA virus) broadly docu-
mented to occur in many freshwater and marine fish around the world in both wild and farmed
fish (e.g., Sahoo and Goodwin 2012; Yanong 2013; Borrego et al. 2017). Typical signs of
lymphocystis-infected fish are mostly external nodular, wart-like growths on the fins, skin, or
gills that can advance from chronic to systemic infections (Yanong 2013). Lymphocystis
disease has only been identified by histopathology and electron microscopy as reported in
common clownfish, Amphiprion ocellaris (Pirarat et al. 2011). Thus far, there has been no
genetic information on LCDV in clownfish. Studies to address this knowledge gap are relevant
as the two clownfish species A. percula and A. ocellaris are among the top five species in the
aquarium industry (Wabnitz et al. 2003; Rhyne et al. 2012).

In high-density culture environments, LCDV can be horizontally transmitted from fish
surviving the viral infection and remain carriers of the disease (McDermott and Palmeiro
2013; Fioravanti and Florio 2017). Early detection of LCDV is therefore important to minimize
disease transmission and spread through identification and removal of carriers as reservoirs of
infection. One method of pathogen detection is loop-mediated isothermal amplification
(LAMP) assay, which employs a DNA amplification technique with DNA polymerase, 4-6
primers, autocycling strand displacement, and isothermal incubation temperature (Notomi et al.
2000). Unlike conventional and real-time PCR, the LAMP assay with colorimetric detection
eliminates the need for expensive laboratory equipment such as a thermocycler, gel electro-
phoresis, and gel documentation system. The LAMP assay is comparatively sensitive as
conventional PCR with shorter reaction time (Notomi et al. 2000; Ranjbar and Afshar 2015),
providing rapid and sensitive disease diagnosis. Various LAMP assays have been developed for
the detection of several iridoviruses and other fish disease agents (Biswas and Sakai 2014).

Mars Symbioscience Indonesia conducted feasibility projects from 2009 to 2011 to engage
coastal community residents in Badi Island, South Sulawesi, on captive breeding of the
seahorse Hippocampus barbouri (Williams et al. 2014). Breeding efforts subsequently includ-
ed another species of seahorse (H. kuda), the orange clownfish Amphiprion percula, two
species of mandarin fish Synchiropus picturatus (spotted mandarin) and S. splendidus (man-
darin dragonet), and pajama cardinal fish Sphaeremia nepatoptera. During captive breeding
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from 2015 to 2017 at Takalar hatchery, some of these species showed various infections as
reported here. The purpose of our study is to describe a new LCDV strain in wild- and captive-
bred clownfish A. percula in South Sulawesi, Indonesia, and to assess the virus prevalence
among captive-bred OMS by developing conventional PCR and LAMP assays. We identified
the LCDV by sequencing a portion of the DNA polymerase gene and determined its
phylogenetic relationship with other LCDV strains. Early and specific detection of untreatable
viral agent is relevant to ensure fish health in culture conditions where infectious diseases are
highly likely to occur.

Materials and methods
Disease and mortalities

New clownfish broodstock (FO) were introduced to the breeding facility in February 2015
from Balai Laut Ambon (Ambon Marine Aquaculture Center) while F1 generations were bred
in the hatchery from mixed broodstock sourced from various locations in Indonesia including
Balai Laut Ambon and Balai Laut Takalar. Tumors, warts, and white spots were observed in
adult clownfish including chronic fin rot among larvae and broodstock (Fig. 1, Table S1).
Quarantine procedures were initiated in September 2015; however, marine ich, fin rot, rapid
breathing, and flared operculum ensued in clownfish throughout 2015 until 2017 (Table S1)
with increased mortalities (Fig. S1). Fish were also screened for presence of external parasites
or bacteria from tissue scrapes (i.e., skin, gill/operculum, fins) using light microscopy. Kidney/
spleen of clinically infected clownfish were aseptically inoculated onto Brain Heart Infusion
Agar (BHIA) prepared with filtered sterile seawater; dominant representative colonies that
grew on BHIA were processed for genomic DNA extraction using Qiagen Blood and Tissue
Kit, PCR amplified with EUBA and EUBB primers for bacterial 16S rRNA genes (Buller
2004; Austin 2011), and submitted for sequencing at UC Davis (http://dnaseq.ucdavis.edu/).

Water quality in breeding facility

A continuous water flow-through system was in place at the Takalar hatchery during the study.
Incoming ocean water was pumped through an extended intake pipe; filtered through a series
of mechanical filters; stored in a 50-ton reservoir; and passed to sand filtration, microfiltration,
and finally to a UV sterilizer system (Pro Pond Advantage UV 110 W) prior to water inflow
into breeding tanks. Water quality parameters were monitored daily including water temper-
ature using minimum-maximum thermometer (Sper Scientific Direct), salinity (ppt) as mea-
sured with a hand refractometer (Atago Co., Ltd), and pH with HANNA pHep Tester (Hanna
Instruments, Inc.). Dissolved oxygen was measured using HACH LDol101 (Hach), while
ammonia and nitrate levels were measured with Sera test kits (Sera). Water temperature in
larval tanks was maintained at 28-30 °C using water heaters (Resun). Supplemental figures
show the profile of average water quality from 2015 to 2017 (Fig. S2).

Fish samples and genomic DNA extraction

Fish were sampled across tanks and life stages; anesthetized with 50 ppm tricaine methane
sulfonate (Argent); examined for external signs, bacteria, and parasites as above; and collected
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Fig. 1 Clownfish Amphiprion percula showing symptoms and presence of the lymphocystis disease virus
(LCDV) as confirmed by the LCDV PCR developed in this study. a F1 fish (case 070316-1) with whitish wart
(red circle) on dorsal fin from which the LCDV was originally detected, from Balai Laut Takalar (Takalar Marine
Aquaculture Center, Indonesia). b FO fish (case 170215, LCDV-positive wart) showing severe warts (red circle)
on the body surface, from Balai Laut Ambon (Ambon Marine Aquaculture Center). ¢ F1 fish (case 070316-2,
LCDV-positive fin) with severe fin rot and lesions on the caudal fin, from Balai Laut Takalar. The grid indicates
the estimated size of the fish image: 1 grid = 1 cm

tissues for DNA extraction. General health assessment showed clownfish exhibiting flared
operculum, fin rot, white spots, and warts (Fig. 1). For genomic DNA extraction, various OMS
were sampled: clownfish (n=72) that were apparently healthy or symptomatic (Table S1),
seahorses (n=24), mandarin fish (n=4), and pajama cardinal fish (n=1) (Table S2). The
tissues that were collected from these fish include pieces of fins, gills, operculum, skin with
warts or white spots, and other affected tissues (chin, snout) as well as internal organs (spleen,
kidney, liver) (Table S1, Table S2). For larval samples, the whole fish was processed for
genomic DNA extraction. Eggs (n=10/broodstock pair) from three pairs of clownfish
broodstock (male and female/pair) were processed as one sample per pair. Mysids (n=3 at
5 mysids/pool) were also sampled and extracted for genomic DNA (Table S2).

If possible, fresh tissue was used for genomic DNA extraction; alternatively, whole fish
samples were stored in 75% ethanol for DNA extraction of tissue using the Qiagen Blood and
Tissue Kit. Genomic DNA were analyzed for the presence or absence of lymphocystis disease
virus (LCDV) using the LCDV PCR as described below (see “Assessing conventional PCR
and LAMP for sensitivity of LCDV detection”).
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Sequencing a portion of the DNA polymerase gene from LCDV

Clownfish fin with white spots (Fig. 1a) was initially PCR-tested using a set of degenerate
primers HV and Cons lower (Table 1) that amplify a portion of DNA polymerase gene from
iridoviruses and herpes viruses (Hanson et al. 2006). The PCR reaction mixture contained 1x
High Fidelity PCR buffer, 2.0 mM MgSO,, 0.2 mM dNTP mixture, 0.2 pM forward primer
and reverse primer, and 1 U/rxn Platinum Taq DNA Polymerase High Fidelity (Invitrogen Life
Technologies). Cycling conditions included 95 °C for 5 min, 35 cycles at 95 °C for 30 s, 45 °C
for 30 s and 72 °C for 1 min and 30 s, and 72 °C for 5 min.

The PCR products were electrophoresed in 1.5% agarose gel and visualized (Wide Mini-Sub
Cell GT Cell, Bio-Rad). Electrophoresis used 100 V for 30 min in 1x TAE buffer followed by
staining in 1x GelRed dye (Phoenix Research) for 30 min. GelDoc XR (Bio-Rad) was used for gel
imaging; PCR products with strong bands were identified and purified using DNA Clean and
Concentrator-5 Kit (Zymo Research) for cloning reactions. The PCR-amplified DNA fragment
(646 bp) was cloned into a vector (TOPO TA cloning kit pCR 4 vector, Thermo Fisher Scientific),
followed by sequencing with M13 forward and reverse primers (Thermo Fisher Scientific).
Sequencing reaction was performed by UC Davis (http://dnaseq.ucdavis.edu/).

Loop-mediated isothermal amplification primer design and conditions

The LCDV DNA polymerase gene from the clownfish fin tissue (Fig. 1a) was used to design
the inner and outer loop primers for the LAMP assay (Table 1) using PrimerExplorerV5
(https://primerexplorer.jp/lampv5/index.html) (Eiken Chemical Co., Ltd.). The LAMP reaction
mixture contained 1x isothermal amplification buffer, 8 mM MgSQy, 1.4 mM dNTP mix, 1.6
uM FIP/BIP primers, 0.2 uM F3/B3 primers, 0.4 uM LF/LB primers, and 320 U/mL Bst 2.0
DNA Polymerase Warmstart in 25 pL reaction volume (Bst 2.0 WarmStart DNA Polymerase,
New England BioLabs Inc.). Reaction tubes were incubated at 65 °C for 1 h then 80 °C for
5 min in SimpliAMP thermal cycler (Thermo Fisher Scientific).

LAMP products were visualized after electrophoresis (0.8% gel) as described above with
positive and negative controls. Positive controls were genomic DNA samples from which the

Table 1 Primers for screening the presence of the lymphocystis disease virus (LCDV) DNA in clownfish
Amphiprion percula and other ornamental marine fishes from South Sulawesi, Indonesia. The first two primers
were used for iridovirus detection and sequencing. Primers 13 and 14 were designed in the current study for
conventional PCR and/or loop-mediated isothermal amplification (LAMP) assay for detection of the LCDV

PCR Primer name Sequence (5'-3")

Conventional 054 _HV* CGGAATTCTAGAYTTYGCNWSNYTNTAYCC

Conventional 055_Cons lower* CCGAATTCAGATCTCNGTRTCNCCRTA

Conventional, LAMP 13_F3 clownfishLCDV CGACCGATCAAACCCTTA

Conventional, LAMP 14 B3 clownfishLCDV TCCGTATTTTGATTCGATAACG

LAMP 13_FIP_clownfishLCDV GATCCGTAGATGCTGTTGGCCAAATCGT
ATTGGATAAACGACAG

LAMP 14 _BIP_clownfishLCDV CCAAAGGTTATTTACCTTTCATGCCTTTT
CGATGGATAATCTTCCCA

LAMP 13 LF clownfishLCDV GAATTTTACAAGCCAA

LAMP 14_LB_clownfishLCDV GGGTGCTATGTGTATTACGCGTG

*Primer set HV/Cons lower that amplify DNA viruses in vertebrates (Hanson et al. 2006) was used for
degenerate PCR assay in this study. N = A/C/G/T, R = A/G, S =C/G, W = A/T, Y =T/C
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LCDV was originally sequenced (case no. 120415-1 and 070316-1) while negative controls
were nuclease-free water samples treated similarly as fish tissue from collection through
extraction (method control).

Assessing conventional PCR and LAMP for sensitivity of LCDV detection

Plasmid DNA harboring a portion of clownfish LCDV DNA polymerase gene (199 bp;
GeneArt, Thermo Fisher) was used for 1:10 serial dilutions of DNA standards to compare
PCR and LAMP on detection limit of the LCDV. We designed a total of 9 LAMP primer sets
(data not shown) and ran LAMP reactions with the serially diluted DNA standards and
compared the results. The primer sets 13 and 14 produced DNA band at lower copy numbers
of the target gene with higher signal intensity compared with the other primer sets; hence, we
selected the primer set (Table 1) for amplifying the LCDV DNA in our study. Conventional
PCR used the LCDV outer LAMP primers: primer 13 _F3 as forward and primer 14 B3 as
reverse primer (Table 1). The PCR reaction mixture contained 1x PCR buffer, 1.5 mM MgCl,,
0.2 mM dNTP mixture, 0.8 uM forward primer and reverse primer, and 1 U/rxn Platinum Taq
DNA polymerase (Invitrogen Life Technologies). Cycling conditions included 95 °C for
5 min, 30 cycles at 95 °C for 30 s, 58 °C for 30 s and 72 °C for 30 s, and 72 °C for 5 min.
The LAMP assay followed the reaction steps as described above, products were gel-electro-
phoresed, GelRed-stained, and imaged. Colorimetric LAMP used a colorimetric kit (New
England Biolabs) following the manufacturer’s instructions and cycling conditions like the
non-colorimetric LAMP assay.

LCDV detection in fish tissue

The genomic DNA of tissues from clownfish and other OMS (Table S1, Table S2) were
screened for the LCDV DNA using the conventional PCR assay established in this study.
Furthermore, the detection of the LCDV DNA in fish tissues was compared using conven-
tional PCR and LAMP assay using the primers (Table 1) and conditions described above.
Samples with good DNA quality (>1 ng/uL DNA) were selected for the comparison
(Table S3).

Sequence similarity searches and phylogenetic analysis

A portion of the LCDV DNA polymerase sequence from the Indonesian clownfish was used
for similarity searches by the BLAST programs (Altschul et al. 1990). In addition, the
sequence was used to generate a phylogenetic tree with other LCDV strains (Table 2) as
follows: deduced amino acid sequences of DNA polymerase sequences from various LCDVs
were aligned with MAFFT software ver. 7.427 (algorithm: L-INS-i) (Katoh et al. 2002). Based
on the alignment of DNA polymerase protein sequences, gaps were inserted in the corre-
sponding original nucleotide sequences using a custom perl script. The obtained nucleotide
alignment was then used to generate a phylogenetic tree using MrBayes program ver. 3.2.6
with the following settings: substitution model: Hasegawa-Kishono-Yano (HKY); rate varia-
tion: gamma; outgroup: MG791866.1; gamma categories: 4; number of chains: 4; number of
generations: 25,000,000; temperature: 0.5; subsampling freq: 500; burn-in: 25% (Huelsenbeck
and Ronquist 2001). The jModelTest ver. 2.1.10 selected the HKY 85 model and gamma rate
variation as the best model for the dataset (Guindon and Gascuel 2003; Darriba et al. 2012).
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Results
Disease and mortalities

Infected clownfish showed clinical symptoms such as white spots or small wart on dorsal fin from
which the LCDV was originally detected (Fig. 1a). Fully developed warts on the body surface
were also present (Fig. 1b) including severe fin rot and lesions on the caudal fin (Fig. 1c).

Bacteria and parasites were observed on light microscopy of scrapes from fin rots and gill
tissues of clownfish across life stages (Table S1) in addition to LCDV data (Fig. 1, Tables 3
and 4, Table S1). Marine “ich,” Cryptocaryon irritans, was prevalent in clownfish and in
seahorses (Table S2). Gene sequencing of DNA from dominant bacterial colonies isolated
from diseased clownfish showed Gram-negative bacteria such as Pseudomonas,
Pseudoalteremonas, Vibrio, Enterovibrio, and Photobacterium and Gram-positive bacteria
such as Staphylococcus and Arthrobacter. Numerous clownfish succumbed to infections in
November 2016; rearing to marketable size in 2017 showed even greater mortalities with
increased disease monitoring (Fig. S1).

Water quality in breeding facility

The mean water temperature in all 3 years ranged from 28 to 31 °C throughout November to
June, decreasing slightly from June to October (Fig. S2). While clownfish prefer 24-28 °C
(Moorhead and Zeng 2010), water temperatures were maintained at 28-31 °C for optimum
growth of OMS bred at the Takalar hatchery. The pH and salinity were at 8.1-8.2 and 33.5—
34.2, respectively; pH spiked to 8.4 and nitrate levels increased to 1.25 ppm in September
2016; ammonia levels were generally above 0.02 mg/L (Fig. S2) deemed sub-optimal for fish
health (Moorhead and Zeng 2010).

Amplification and sequencing of LCDV DNA polymerase gene

The Hanson primers (Hanson et al. 2006) amplified a DNA band in two clownfish
samples at the expected size for iridovirus (ca. 700 bp). The samples were FO fish
with fin rot and F1 fish with fin tumor (Fig. la), each produced a 636-bp sequence
(GenBank accession no. MN123250, Table 2) with high sequence similarity to DNA
polymerase gene from Lymphocystis sp. The BLASTN search showed a query cover
of 99% and identity match of 90% to LCDV-PF from paradise fish Macropodus
opercularis (Table 5). This sequence was used to design LAMP primers that amplified
the LCDV gene fragment by the LAMP and PCR, using the two LCDV-positive fish
as positive controls. Nuclease-free water was used for negative control as fish with no
history of viral infection was not available in the facility. Based on results of the
LCDV PCR (Table 3, Table S1, Table S2), clownfish and other OMS were negative
for the virus suggesting that amplification of the host gene(s) is likely very low.

Sensitivity of conventional PCR and LAMP for LCDV detection
Using the 10-fold dilutions of LCDV plasmid DNA standard as template, the conventional

PCR amplified a 200-bp product (Fig. 2a) while the LAMP assay showed intense streaking
(Fig. 2b). The conventional PCR and LAMP assay detected the LCDV at 100 and 1000 gene
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Table 3 Detection of the lymphocystis disease virus (LCDV) DNA in clownfish Amphiprion percula from
South Sulawesi, Indonesia, using the PCR assay developed in this study. The percentages of LCDV-positive fish
among fish with distinct symptoms are shown

Symptom Number of fish with symptoms Number of LCDV-positive fish % of LCDV-positive fish
Fin rot 22 2 9.1
Warts 6 3 50.0
White spot 3 1 333
Sick! 12 3 25.0
Healthy? 24 5 20.8
Spine curvature 2 0 0.0
Eggs’ 3 0 0.0

I'Sick: fish with discoloration, flared operculum, and/or rapid breathing but excluding fin rot, warts, or white
spots

2 Healthy: fish that did not exhibit fin rot, warts, white spots, or signs of being sick

3 Eggs from three apparently healthy clownfish broodstock (7 =10 eggs/broodstock pair) were assessed for the
LCDV PCR. Each pool of 10 eggs/broodstock pair was homogenized and counted as one sample. Clownfish
eggs were PCR-screened to determine whether the LCDV DNA was present in egg contents suggesting vertical
transmission (parent to offspring) of the virus

copy numbers per reaction, respectively (Fig. 2a, b). The colorimetric LAMP detected the
LCDV at 100 gene copy numbers per reaction (Fig. 2c).

Gel electrophoresis of LAMP products from strongly positive samples and standards with
1 x 106 or higher gene copy numbers showed bright smears that may have overexposed the
gel, making the smears from the 1000 and 100 gene copy number standards dim (Fig. 2b). The
colorimetric detection of LAMP products produced distinct results for positive (yellow-orange
PCR solution) and negative (pink PCR solution) samples (Fig. 2¢).

LCDV detection by conventional PCR
Among the 72 clownfish that were screened for the LCDV DNA, both symptomatic and

apparently healthy fish were LCDV PCR-positive (Table 3, Table S1). Out of the 45 unhealthy

Table 4 Detection of the lymphocystis disease virus (LCDV) DNA across generations and life stages of wild and
captive-bred clownfish, Amphiprion percula, from South Sulawesi, Indonesia, using the conventional PCR
developed in this study

Samples Number of LCDV-positive fish Total number of fish examined % of LCDV-positive fish
FO (broodstock)! 3 8 37.5
F1 (adults)? 6 43 14.0
F1 (larvae)? 5 18 27.8
F1 (eggs)®3 0 3 0.0

1'FO generation were sampled from wild clownfish at Balai Laut Ambon (Ambon Marine Aquaculture Center)

2F1 generation were bred from mixed broodstock sourced from various locations in Indonesia including Balai
Laut Ambon and Balai Laut Takalar (Takalar Marine Aquaculture Center)

3 Eggs from three pairs of apparently healthy clownfish broodstock (7 =10 eggs/broodstock pair) were assessed
for the LCDV PCR. Each pool of 10 eggs/broodstock pair was homogenized and counted as one sample.
Clownfish eggs were PCR-screened to determine whether the LCDV DNA was present in egg contents
suggesting vertical transmission (parent to offspring) of the virus
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Table 5 Comparison of partial DNA polymerase nucleotide (top right, italicized numbers) and deduced amino
acid sequences (bottom left) from clownfish Amphiprion percula in Indonesia and lymphocystis viruses from
various fish species. Results of comparison are shown as percentages of similarity in the body of the table

Lymphocystis disease virus (LCDV) 1 2 3 4 5 6 7 8 9

1 LCDV-Clownfish-Indonesia 90.0 87.0 873 804 767 740 633 416
2 LCDV-ParadiseFish-China 91.2 86.8 855 799 772 748 643 387
3 LCDV-GiltheadSeaBream-Spain 89.0 838 97.1 782 77.0 723 64.5 387
4 LCDV-SeaBream-Israel 89.7 831 9738 77.7 772 711 633 396
5 LCDV-Flounder-China 86.0 81.6 809 787 79.7 723 650 384
6  LCDV-Rockfish-China 779 735 765 750 787 72.8 657 376
7  LCDV-LargemouthBass-USA 735 750 735 728 728 721 67.1 41.3
8 LCDV-Flounder-NorthSea 543 558 551 543 551 543 609 37.5
9  RNRV-Frog-China* 40.0 393 380 380 40.0 36.7 367 303

*Ranavirus from black-spotted pond frog (Rana nigromaculata) was included as an outgroup

fish, 20.0% were LCDV-positive while among the 24 healthy fish, five fish or 20.8%
were LCDV-positive (Table 3). These five fish were in the same tank holding ca. 100
juvenile fish from different broodstock. Not all symptomatic fish tested positive for
the LCDV. Of fish exhibiting fin rot (n=22), 9.1% tested positive for the LCDV.
Among fish exhibiting warts (n=6) and white spots (n=3), 50.0% and 33.3% were
positive for the LCDV, respectively (Table 3). From fish exhibiting various symptoms
without skin warts (n=12), 25% tested positive for the LCDV. Disparity on LCDV
presence was observed among the clownfish generations. Among the FO broodstock
sampled (n=28), 37.5% were positive for the LCDV while for F1 fish (n=61), 18.0%
were positive for the LCDV (Table 4).

Although most of the LCDV PCR-positive clownfish had warts and tumors
(Table 3), the LCDV DNA was also detected in the spleen of fish whose fin tumor
also tested positive for the LCDV (case # 070316-1, Table S1). From the three
broodstock pairs sampled, the 10 eggs from each pair and processed as a single
sample/pair were all negative for LCDV DNA by conventional PCR (Table 3,
Table S1). All other OMS that were PCR-tested were negative for the LCDV DNA
(Table S2). Mysids (n=3, 5 mysids/sample) were also negative for the LCDV DNA
(Table S2).

The LAMP assay showed comparative sensitivity as the conventional PCR assay
for LCDV detection in clownfish. Fish positive and negative for the LCDV DNA
matched the results of the LAMP assay and conventional PCR (Table S3).

Phylogenetic analyses

The clownfish LCDV in our study was placed in clade I with other lymphocystis
viruses found in marine fish species as shown in the phylogenetic tree generated from
DNA polymerase genes (Fig. 3). The clownfish LCDV in Indonesia is most closely
related to LCDV from paradise fish in China with high sequence similarities at the
nucleotide and deduced amino acid levels (90.0 and 91.2% similarity, respectively)
(Fig. 3, Table 5). The partial DNA polymerase gene distinctly separated the clade for
LCDV-Clownfish-Indonesia and LCDV-ParadiseFish-China from the clade of LCDV-
SeaBream with a high posterior probability (1.00) (Fig. 3).

@ Springer



Aquaculture International (2020) 28:2121-2137 2131

1 0 +(1) +(2) -

Fig. 2 Sensitivity of the PCR and loop-mediated isothermal amplification (LAMP) assays for detection of the
lymphocystis disease virus (LCDV) from clownfish Amphiprion percula in Indonesia using primers designed in this
study. Limit of detection is indicated by a white triangle. a Conventional PCR detects the 200-bp LCDV-amplified
product at 100 gene copy numbers. b LAMP detects the LCDV at 1000 gene copy numbers as shown in gel streaking
of products. ¢ Colorimetric LAMP detects the LCDV at 100 gene copy numbers. 1 kb: 1 kb plus DNA ladder. —
negative control (DNase-free water). +(1): positive control of DNA from fin tumor (case no. 120415-1). +(2): positive
control of the LCDV PCR product. Numbers 0 to 8 indicate the 1:10 serial dilution of LCDV plasmid DNA to create
standard curves that correspond to 10x gene copy numbers of LCDV per microliter of sample

Discussion

Pathogens causing diseases are commonly found in natural environments and can become
problematic once introduced into stressful aquaculture conditions (Lafferty et al. 2015). In our
study, various infections observed in captive-bred clownfish and other OMS are mainly associ-
ated with bacteria and protozoans. While disease associated with these organisms can be managed
with various treatment options, combating viral infections is challenging due to the lack of
effective chemical treatments against viral agents (e.g., Assefa and Abunna 2018). Viral infections
can reduce the production of healthy fish for sustainable aquaculture of OMS (Sivasankar 2017).
For this reason, the focus of our study was to assess virus infections encountered in the captive
breeding of OMS and to develop the tools for specific detection of the viral agent(s).
Clownfish exhibited white spots, warts, and tumors that led to the presumptive identifica-
tion of lymphocystis disease virus (LCDV). Gene sequencing using a portion of the DNA
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Fig. 3 Phylogenetic relationship of the lymphocystis disease virus (LCDV) from clownfish Amphiprion percula
in Indonesia with other LCDV strains. The phylogenetic tree was generated by MrBayes program ver. 3.2.6 using
DNA polymerase nucleotide sequences of LCDV strains. Posterior probabilities are shown at each node. The
scale bar indicates the estimated substitutions per site. Ranavirus from black-spotted pond frog (Rana
nigromaculata) was used as an outgroup

polymerase gene identified the virus as LCDV at 91.2% sequence similarity (amino acid level)
with the DNA polymerase of paradisefish LCDV (Table 5). However, further investigation is
needed to confirm whether the LCDV strain from clownfish is different from the LCDV in
paradisefish. Specific guidelines on cutoff value for species differentiation in iridoviruses that
include the LCDV, based on DNA polymerase and/or other gene markers, are currently lacking.
As such, although the LCDV identified from the Indonesian clownfish likely belongs to a new
species, whole-genome sequencing and electron microscopy are needed for accurate taxonomic
classification of the virus. Using a portion of the DNA polymerase gene addressed our core
objective of describing the identity and prevalence of the new LCDV strain in clownfish and
other OMS in the breeding facility. Furthermore, the partial DNA polymerase gene adequately
established the genetic relationship of the clownfish LCDV with other known LCDV strains
(i.e., phylogenetic tree). Several studies have used a portion of DNA polymerase gene sequence
for screening and initial identification of LCDV (Hanson et al. 2006; Xu et al. 2014).

To the best of our knowledge, the LCDV strain that we found in the Indonesian clownfish
represents the first sequence of LCDV in A. percula. Previous LCDV strains in clownfish were
identified using other methods of virus characterization (Pirarat et al. 2011; Hick et al. 2016;
Borrego et al. 2017). The complete genome of LCDV-1 was first reported from European
flounder Platichthys flesus (Tidona and Darai 1997) then in Japanese flounder Paralichthys
olivaceus (Zhang et al. 2004). LCDV has also been found in Chinese flounder, paradise fish,
rockfish, and gilthead seabream (Zhang et al. 2003; Kitamura et al. 2006; Xu et al. 2014; Valverde
et al. 2017). Our phylogenetic analysis using various LCDV strains suggests that the LCDV from
the Indonesian clownfish is a new strain of LCDV but very closely related to paradise fish LCDV.

The other OMS in the breeding facility were negative for the LCDV suggesting that the
host range of the clownfish LCDV strain is limited. Further investigation is needed to confirm
whether the clownfish LCDV strain is host-specific to clownfish. Previous studies indicate that
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LCDV is host-specific although geographically cosmopolitan in distribution (Kitamura et al.
2006; Hossain et al. 2008; Yan et al. 2011).

We demonstrated that even apparently healthy clownfish harbored the LCDV. The five
generally healthy juvenile fish that were LCDV-positive were from a group of ca. 100 fish
suggesting that the LCDV was horizontally transmitted (fish to fish) among fish sharing the
same tank. Iridovirus can spread among fish in the holding container (Kurobe et al. 2011).
Furthermore, clownfish that succumbed to disease showed the presence or absence of LCDV,
bacteria, and marine “ich” Cryptocaryon irritans suggesting that these pathogens, together,
contributed to disease and mortalities.

Although we did not detect the LCDV DNA from broodstock eggs, LCDV could be
vertically transmitted via egg surface of carrier parents (Cano et al. 2013). Our study design
did not include assessment of the LCDV transmission. The clownfish breeding protocol at the
Takalar hatchery did not separate progenies from the parent broodstock for certain periods, and
in this setting, the LCDV was likely transmitted through direct contact of LCDV-positive fish
with healthy fish or via direct ingestion of feces or food contaminated with the LCDV.
Horizontal fish to fish transmission of disease typically occurs through direct ingestion of
contaminated food particles and feces found in the water (e.g., Baxa-Antonio et al. 1992). The
mysids that were fed to OMS were negative for the LCDV DNA suggesting they are not
potential reservoir of the virus at least from the mysid population examined for the LCDV PCR.

Due to the detection of the LCDV in clownfish across life stages and health status,
assessing the virus presence among sick as well as in apparently healthy fish in the hatchery
was deemed relevant. We demonstrated that non-lethal sampling and the LCDV PCR testing
of fin clips and skin scrapes of fin rots and lymphocytis lesions successfully detected the
presence or absence of the LCDV. The LCDV PCR screening informed the prevalence of fish
harboring the virus within suspect populations. Removal of LCDV-positive fish may help to
diminish likely reservoirs of the virus in rearing tanks.

Following disease outbreaks in the hatchery, decreased egg production (data not shown)
and sudden death among clownfish juveniles and adults ensued in the absence or presence of
the LCDV. Bacterial infections and parasites that occurred at the time of the LCDV outbreak
combined with elevated water temperatures, and high concentrations of ammonia and nitrates
in 2015 and 2016, potentially contributed to clownfish stress that led to mortalities. The first
disease outbreak occurred after the arrival of new broodstock, which likely introduced the
virus and other pathogens from polluted marine environments (Lafferty et al. 2015). Interest-
ingly, the FO wild broodstock had a higher percentage of LCDV-positive (37.5%) compared
with F1 apparently healthy adults (14%) suggesting that FO wild broodstock are potential
reservoirs of the LCDV in the culture facility over time (Valverde et al. 2017).

The LAMP assay showed comparable sensitivity as the conventional PCR on the LCDV
detection in symptomatic and asymptomatic fish indicating that both methods could suffi-
ciently detect the LCDV even in carrier state. The LAMP method can be adapted for on-site
field-testing at fish farms or culture facilities along coastal Sulawesi without access to
pathogen identification. The PCR and LAMP assays that we developed will aid in the
detection of the LCDV at critical phases of OMS breeding: (1) LCDV screening of new
broodstock and their progeny; (2) quarantine of infected fish from other healthy fish; and (3)
screening of various OMS, live diets, and other potential reservoirs of the LCDV.

Although quarantine and disease screening likely helped in minimizing the LCDV spread
among stock fish, total elimination of the virus in the OMS populations is not feasible. Good
husbandry can help to reduce disease outbreaks that cause loss of expensive fish stocks and
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progeny. More importantly, the new feeding regimes containing enriched algae and rotifers
improved fish nutrition. These changes in fish care significantly reduced the development of
warts and white spots as well as decreased the incidence of mortalities associated with bacterial
infections. Mediating risk factors that enhance the transmission and progress of viral infections
is critically important for sustaining fish health in captivity (Stevens et al. 2017).

As only a few OMS are bred using aquaculture technology (Dawes 1998; Schiemer 2001),
studies that focus on species-specific biology can help to improve broodstock, larval production, and
nutrition (Tlusty 2002). Discovering breeding technologies for OMS that are less intricate to breed
can be collaborated with academic research (Pouil et al. 2019). To date, clownfish are deemed the
most abundant species traded in the industry (Maison and Graham 2016). Although captive
breeding is costly and untenable in the long term for fish farmers (Williams et al. 2014), sustainably
sourced OMS support environmentally friendly practices and supplement livelihoods of coastal
communities (Williams et al. 2014; Militz et al. 2017; Marchio 2018; King 2019). The benefits of
OMS breeding compared with wild harvesting deemed detrimental to the environment, due to
destructive fishing practices and overfishing, must be balanced in a broader context (Tlusty 2002).

Our study underscores the importance of partnership between academic research (University
of California, Davis) and business enterprise (Mars Symbioscience) to inform the relevance of
disease screening in OMS breeding. Developing the tools for detection of causative agents is
vital for health assessment of OMS that are vulnerable to disease under stressful breeding
conditions. Early detection of pathogens prior to disease onset is essential for the viability of
OMS that undergo a supply chain from breeding facilities to business retailers to consumers.

Conclusion

We discovered a unique LCDV strain in captive-bred clownfish in Indonesia representing the
first gene sequence of LCDV in clownfish. The LCDV strain in our study was detected by
PCR from 14 of 69 clownfish tested (20%) on the skin and fin tissues of symptomatic and
asymptomatic fish including wild broodstock (F0) and F1 generation. Eggs from clownfish
broodstock sourced from various locations in Indonesia including other OMS bred in the
facility were all negative for LCDV. The conventional PCR and LAMP assays developed in
this study will facilitate LCDV disease management via early detection of the virus and
removal of LCDV-positive fish as reservoirs of contamination and transmission. Although
intensive breeding conditions may enhance fish vulnerability to stress and disease, good
husbandry, early detection of pathogens causing diseases, and improved nutrition are useful
measures to address fish health management aimed at attaining sustainable OMS production.
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