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Lymphocystis disease virus (LCDV), the causative agent of lymphocystis disease (LCD), is a waterborne pathogen that uses
the external surfaces, including the gills, as portals to gain access to fish host. However, there are no data on LCDV persis-
tence in the aquatic environment. In this study, the persistence of LCDV in natural (raw), treated (autoclaved and filtered)
and synthetic seawater held at 22 and 18 °C has been evaluated. The estimated Tgg values for LCDV in seawater ranged
from 2.7 to 242 days depending on seawater type and temperature, with the highest value recorded at 22 °C in autoclaved
seawater. Microbiota and temperature seem to be the main factors affecting the persistence of LCDV in seawater. The results
indicated that LCDV is more stable in treated seawater than most of the fish pathogenic viruses studied so far, supporting
the relevance of this medium for the prevalence of LCD in fish farms.
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Introduction

Waterborne transmission is the most relevant route for
regional or local spread of fish viral pathogens (Oidtmann
et al. 2014; Foreman et al. 2015). For successful waterborne
transmission, virus must retain infectivity for sufficient time
to reach and infect a susceptible host (Garver et al. 2013;
Munro et al. 2016). Therefore, data on viral persistence in
the aquatic environment allow to determine the risk level
that virus represents for the aquaculture practice (Oidtmann
et al. 2017). Common trends applied to the persistence of
fish pathogenic viruses in water: (i) virus viability decreases
with increasing temperature (Kim et al. 2012; Moser et al
2012; Toffan et al. 2016); (ii) suspended soils negatively
affect the infectivity of viruses (Yoshimizu et al. 1986;
Yoshinaka et al. 2000); (iii) virus decay is a function of time
(Oidtmann et al. 2017); and (iv) the inactivation of viruses
in natural water seems to be related to microbiota present
in these waters (Kamei et al. 1988b; Kimura et al. 1990;
Yoshimizu et al. 2005).

Lymphocystis disease (LCD) is a well-known disease
caused by the iridovirus lymphocystis disease virus (LCDV)

that affects more than 125 fish species from both marine
and freshwater environments (Anders 1989; Plumb 1993).
The typical sign of LCD is the presence of small nodular
lesions, usually grouped in raspberry-like clusters of tumor-
ous appearance, on the fish skin and fins, that may cover
the entire body in severely affected individuals (Smail and
Munro 2001; Borrego et al. 2017).

The prevalence of LCD in aquaculture facilities depends
on several factors, including fish density, human manipula-
tion, temperature, salinity and oxygen content of the water,
and immunological status of fish (Berthiaume et al. 1993;
Sindermann 1996; Kitamura et al. 2007; Colorni and Padrds
2011; Hick et al. 2016). LCD outbreaks in marine farms
occur mainly at temperatures ranging between 20 and 27 °C,
depending on fish species (Paperna et al. 1982; Xing et al.
2006; Kvitt et al. 2008; Hossain et al. 2009). Diseased fish
show low growth rates, which may be caused by the anae-
mia generally associated with LCD (lwamoto et al. 2002);
however, mortalities are typically limited to those fish whose
swimming, breathing or feeding are severely impaired by
a gross development of lymphocystis lesions (Colorni and
Padrés 2011). Moreover, LCD may favour secondary bacte-
rial infections and/or parasitic infestations, increasing fish
mortality rates (Borrego et al. 2017).

Direct contact and waterborne transmission are the routes
accepted for the spreading of LCDV infections; the external
surfaces including the gills appear to be the main portals



of viral entry (Wolf 1988; Bowser et al 1999; Kuvitt et al.
2008). In addition, LCDV has been experimentally trans-
mitted through the oral route (Wang et al. 2007; Cano et al.
2013; Carballo et al. 2019), and there are strong evidences of
vertical transmission, with LCDV carried on the egg surface
(Sun et al. 2003; Cano et al. 2013). Viral contamination of
food and eggs probably derive from LCDV present in the
rearing seawater (Cano et al. 2009, 2013).

Little is known on the fate of LCDV outside the host and
whether the virus is able to remain infective for an extended
period of time in water. Therefore, the objective of this work
was to study the influence of temperature, and the biotic
and abiotic factors present in seawater on the persistence
of LCDV. This information could be used in conjunction
with infectious dose data to make epidemiological inferences
and to inform management and control strategies for LCD
outbreaks.

Materials and Methods
Virus Propagation and Quantification

LCDV strain Leetown NFH (ATCC VR-342), used as
model virus, was propagated in the BF-2 cell line. Cells
were cultured at 25 °C in Leibovitz’s L-15 medium (Gibco,
Life Technologies, Carlsbad, CA, USA) supplemented with
2% L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 1%
penicillin—streptomycin (Sigma-Aldrich) and 10% foetal
bovine serum (FBS) (Gibco). Semi-confluent cell monolay-
ers in 75 cm? Nunc Easyflasks (Thermo Fisher Scientific,
Waltham, MA, USA) were inoculated with 200 pl of a 1:200
dilution (in L-15 medium) of the viral stock, incubated at
20 °C and maintained until cytopathic effects (CPE) were
observed in more than 75% of the cells. At this time, cells
were harvested, washed twice with PBS (0.1 M, pH 7.4)
and lysed by three freeze—thaw cycles (liquid nitrogen-room
temperature). Cells debris were removed by centrifugation at
5000xg for 10 min at 4 °C, and the supernatant containing
the virus was stored at — 80 °C until use.

Viral titration was performed by endpoint dilution assay
using BF-2 cells. Semi-confluent cell monolayers in 24-well
plates (Nunc, Thermo Fisher Scientific) were inoculated
in triplicate with 200 pl per well of the appropriate viral
dilutions. After 2-h adsorption at 20 °C, the inoculum was
removed and replaced with 1 ml of maintenance medium
(L-15 medium with 2% FBS). Inoculated cells were incu-
bated at 20 °C and maintained up to 14 day to observe CPE.
The 50% cell culture infectious dose (TCIDsp) values were
calculated using the Reed and Muench method (Reed and
Muench 1938). The minimum detectable limit of the assay
was 10 TCIDs per ml.

Survival Studies

The persistence of LCDV was determined in raw seawa-
ter (RSW), seawater sterilized by autoclaving at 121 °C
for 15 min (ASW), and seawater filtered through 0.45-
pm pore-size mixed cellulose esters membrane filter
(Millipore Iberica, Madrid, Spain) (FSW). In addition,
autoclaved synthetic seawater (SSW) was used as control
medium. SSW was prepared using 33 g/l of Instant Ocean
(Aquarium Systems, Sarrebourg, France) in Milli-Q water.
Salinity, estimated by conductivity measures using a port-
able conductivity meter (Crison, Barcelona, Spain), was
29.7 ppt for RSW, FSW and ASW, and 24.4 ppt for SSW.
The pH of the seawater samples at time zero ranged from
8.0 to 8.7 for all seawater types tested.

One hundred ml Erlenmeyer flasks containing 50 ml of
each seawater type were inoculated with the LCDV stock
at a viral titre of 10’ TCIDse/ml for RSW and 10° TCIDso/
ml for the other seawater types, and then, they were
incubated at two different temperatures (22 and 18 °C)
at constant 100 rpm orbital shaking in the dark. All the
experiments were performed in triplicate, and sampling
was carried out within the first 30-min post-inoculation
(p.i.) (time 0) and after 1, 3, 7, 15, 30, 90, and 180 days p.i.
for each treatment (4 seawater types and 2 temperatures).
Aliquots of 400 pul were sampled for the titration of infec-
tious virus by the endpoint dilution assay.

Seawater types were tested for cytotoxicity on BF-2
cells. Semi-confluent cell monolayers in 24-well plates
were inoculated with 200 pl aliquots of each seawater type
and incubated at 20 °C for 15 days. Microbiota growth
and toxic effects were observed on BF-2 cells inoculated
with RSW. For this reason, an antimicrobial treatment
was applied to samples of LCDV-inoculated RSW prior
to viral titration. Penicillin—streptomycin and amphotericin
B (Sigma-Aldrich) solutions were used at different con-
centrations (from 1 to 5%) and contact times (6, 12 and
24 h). The antimicrobial treatment was evaluated in terms
of cytotoxicity on BF-2 cells; microbiota inhibition, deter-
mined by reduction of the bacterial colony count on Difco
Marine agar 2216 (BD Life Sciences, Mississauga, ON,
Canada) plates incubated at 20 °C, and effect on the LCDV
infectious titre in BF-2 cells. On the basis of the results
obtained, a final concentration of 200 1U/ml penicillin,
200 pg/ml streptomycin and 5 pg/ml amphotericin B dur-
ing 6 h was used as pre-treatment of the samples of RSW
to determine the survival of LCDV.



Statistical Analysis

The results were expressed as mean viral titre + standard
deviation. Kruskal-Wallis test (e = 0.05) was applied to
compare the viral titres obtained during the course of the
study for each treatment, as well to compare different types
of treatments at each time point. Multiple pairwise com-
parisons were carried out by using Dunn’s procedure. Sta-
tistical analyses were performed using XLSTAT version
2018.2 software. First-order inactivation rate constant (k)
was computed by performing linear regression analysis
on plots of In (N/No) versus t, where Ny equals the initial
infectious titre and N; equals the titre at elapsed time t (in
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Fig. 1 Inactivation kinetics of LCDV strain VR-342 at 22 °C (a) and
18 °C (b) in raw seawater (RSW) (diamonds), autoclaved seawater
(ASW) (circles), filtered seawater (FSW) (squares) and autoclaved
synthetic seawater (SSW) (triangles). Errors bars represent standard
deviation based on triplicate assays. Dotted line represents limit of
detection

days). Tgg values, time in days for a 2-log reduction of the
viral titre, were calculated by extrapolating in the inactiva-
tion functions.

Results

The temporal evolution of LCDV strain VR-342 infectious
titre in the different experimental conditions studied (sea-
water type and temperature) is shown in Fig. 1. Viral infec-
tivity was maintained (no significant differences, p < 0.05)
in treated (ASW and FSW) and autoclaved synthetic sea-
water (SSW) during the first 30 day (90 day in the case of
virus suspended in ASW at 22 °C) at both 22 and 18 °C,
showing afterwards a decrease that can be assumed to be a
first-order process (R? values higher than 0.93), with reduc-
tions of infectious titres smaller than 2 logs after 180 day.
No significant differences were observed in viral titres at
the end of the experiment for any of the treatments, except
for the virus suspended in ASW at 22 °C (p < 0.05). The
inactivation kinetic of LCDV in RSW was faster than in
the other seawater types, and the infectious titres dropped
below the detection limit after 7 and 15 days at 18 and 22 °C,
respectively.

The estimated inactivation rate constant (k) and Tgg val-
ues are presented in Table 1. The k value for LCDV strain
VR-342 was 0.03 day ' for all treated seawater types,
whereas Tgg values ranged from 157 day in FSW at 18 °C
and 242 day in ASW at 22 °C, being higher at 22 °C than
at 18 °C for each treated seawater type. In the case of RSW,
the inactivation of the virus at 18 °C was 2.25 times faster
than at 22 °C, with Tgg values of 2.7 and 4 day at 18 and
22 °C, respectively.

Discussion

Although a number of studies concerning the survival of
fish pathogenic viruses in seawater have been published
(Toranzo and Hetrick 1982; Barja et al. 1983; Kamei et al.
1988a; Yoshimizu et al. 2005; Hawley and Garver 2008;
Oidtmann et al. 2017), no information is available at pre-
sent on the persistence of LCDV in the aquatic environment.

Table 1 Least square fit 22°C 18°C

computed inactivation rate

constants (k) and Teo values RSW ASW FSW SSwW RSW ASW FSW SSwW

101 LUDV sudlll V-344

in different seawater types k (day") 0.678 0.027 0.027 0.028 1.528 0.027 0.027 0.028

incubated at 22 and 18 °C Too (day) 4 242 172 203 2.7 195 157 183
R? 0.815 1 0.999 0.936 0.995 0.999 0.964 0.989

RSW raw seawater, ASW autoclaved seawater, FSW filtered seawater, SSW autoclaved synthetic seawater, R?

coefficient of determination



The results obtained in our study demonstrate that LCDV
can persist for an extended period under certain laboratory
conditions. Furthermore, LCDV persistence is significantly
influenced by the type of seawater and water temperature.
The temperatures chosen in the present study represent
the mean seawater temperatures in fall-spring (18 °C) and
summer (22 °C) in our geographical area, the latter corre-
sponds with the minimal temperature associated with LCD
outbreaks in gilthead seabream (Sparus aurata) farms in
the Mediterranean basin (Colorni and Padrés 2011). Viral
infectivity decays very slowly in treated and synthetic sea-
water, with infectious titres over 10° TCIDs/ml at the end
of the experiment. The Tgy values calculated for LCDV in
these seawater types are markedly higher (months versus
days or weeks) than those reported for the majority of rel-
evant fish viruses, both in freshwater and seawater, and only
comparable with the persistence of infectious pancreatic
necrosis virus (IPNV) in freshwater (Oidtmann et al. 2017).
However, LCDV persistence in raw seawater was shorter
than that obtained in treated seawater, being similar to that
reported for other fish viruses (Afonso et al. 2012; Kell et al.
2014). Interestingly, LCDV viability is higher at 22 °C than
at 18 °C, which is the opposite situation to that described
for most viruses (Toranzo and Hetrick 1982; Barja et al.
1983; Hawley and Garver 2008; Tapia et al. 2013), includ-
ing the ranavirus frog virus 3, the only iridovirus that has
been studied so far (Nazir et al. 2012; Munro et al 2016). A
possible explanation of the different effect of temperature
on LCDV persistence is that LCDV might present a better
infectivity or replication on host cells at high temperature
(20 °C or higher) (Kitamura et al. 2007; Hossain et al. 2009;
Moser et al. 2012). Thus, Paperna et al. (1982) and Xing
et al. (2006) noted that the occurrence of LCD in fish farms
depended on the increase of water temperature at > 20 °C.
Water temperature becomes one of the key factors for viral
replication capacity, as it has been described for several viral
fish pathogens (Vo et al. 2015; Toffan et al. 2016).

There is clear evidence that the type of water and treat-
ment of the water prior to virus seeding have a substantial
impact on viral persistence (Kamei et al. 1988a; Shimizu
et al. 2006; Hawley and Garver 2008; Garver et al. 2013).
Inactivation times in filtered and autoclaved seawater were
longer compared to raw seawater, which can be attributed to
the presence of microbiota, mainly bacteria, with antiviral
activity (Kamei et al. 1988b; Kimura et al. 1990; Yoshimizu
and Ezura 1999; Yoshimizu et al. 2005; Shimizu et al. 2006).

We have used three seawater types: filtered seawater,
autoclaved seawater, and synthetic seawater to obtain cer-
tain information on the influence of abiotic factors on LCDV

persistence. The persistence of LCDV was significantly
higher in ASW compared to FSW at both temperatures,
and to SSW at 22 °C. These results could be explained by
the presence of a filterable antagonistic to virus survival in

raw seawater. Both proteolytic enzymes and heavy metals
have been proposed as filterable virucidal agents that can
be eliminated by autoclaving (Gerba and Schaiberger 1975;
Kapuscinski and Mitchell 1980). Alternatively, particulate
matter or sediments present in seawater, but not in synthetic
seawater, may have a protective effect on virus infectivity
that can be removed by filtration (Yoshinaka et al. 2000;
Yoshimizu et al. 2005). This protective effect may result
from the adsorption of viral inactivating agents or the virus
itself to particulate matter (Gerba and Schaiberger 1975).

Evaluating the risk of waterborne transmission requires
knowledge of the rate of viral shedding from infected ani-
mals, the stability of virus in seawater and the minimal infec-
tious dose to produce the disease (Foreman et al. 2015).
None of these key parameters have been estimated for LCDV
infections. Nevertheless, the persistence observed in this
study, combined with the infectious titres retained after a
6-month period in treated seawater, supports the relevance
of this transmission route for the prevalence of LCD in fish
farms.

In short, LCDV persists for prolonged periods in treated
seawater, which it is generally used in the aquaculture prac-
tice, with higher survival times at 22 °C. The stability of
LCDV in treated seawater highlights the importance of
establishing biosecurity measures to prevent the spread of
LCDV through the aquatic environment in the fish farms.
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