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ABSTRACT: Lactococcus garvieae is the causative agent of lactococcosis, a hyperacute, haemor-
rhagic septicaemia of fish. This bacterium is also considered an emerging zoonotic pathogen,
as reports of human infection are increasing. Significant economic loss in aquaculture is suffered
as a result of lactococcosis, as numerous freshwater and marine species of commercial interest are
affected. Development of antibiotic resistance in L. garvieae to several chemotherapeutic agents
complicates and restricts treatment options. Effective, sustainable treatment and prevention
options are thus needed, but progress is impeded by the lack of knowledge concerning several
aspects of the disease and the pathogen. This review aims to present the latest research on
L. garvieae, with specific focus on pathogenesis, virulence factors, risks associated with
chemotherapeutic administration and possible control options.
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INTRODUCTION

Increasing pressure is being placed on aquacul-
ture as the increasing demand for seafood products
cannot be satisfied solely by wild fisheries. In the
past century, an acceleration in the expansion of
aquaculture as an industry has been observed and,
as the fastest growing agricultural sector worldwide,
the aquaculture industry is currently responsible for
the production of 50% of food fish worldwide.
Despite these demands, quality standards need to
be maintained. Infectious disease caused by viruses,
bacteria, protozoa and trematodes cause severe fis-
cal loss in aquaculture (Austin & Austin 2012). Since
the initial description of a Gram-positive coccus
implicated in septicaemia in rainbow trout Onco-
rhynchus mykiss (Walbaum) in Japan (Hoshino et
al. 1958), the number of reports of streptococcal iso-
lates associated with fish disease has increased
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worldwide (Boomker et al. 1979, Wallbanks et al.
1990, Toranzo et al. 1994, Michel et al. 1997). Based
on phenotypic similarities, etiological agents of these
diseases were initially assigned to the genus Strep-
tococcus. Advancements in genotyping methods
allowed their reclassification into the separate gen-
era Enterococcus (Kusuda et al. 1991), Vagococcus
(Wallbanks et al. 1990, Michel et al. 1997), Carno-
bacterium (Wallbanks et al. 1990) and Lactococcus
(Doménech et al. 1993, Eldar et al. 1996). Presently,
it is believed that certain species (Vagococcus
salmoninarum and Lactococcus piscium) cause
streptococcosis solely in salmonid fish when the
water temperature is below 15°C, while other spe-
cies are responsible for streptococcal outbreaks in
cultured freshwater and marine fish when the water
temperature rises above 15°C (Eldar & Ghittino
1999). This review concerns a bacterium, L. gar-
vieae, grouped in the latter category.
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LACTOCOCCOSIS IN AQUACULTURE
Symptoms and clinical signs

Lactococcosis is defined as a systemic hyperacute
infection with the occurrence of widespread haemor-
rhaging (Austin & Austin 2012). The earliest symp-
toms of infection include anorexia, melanosis and
erratic swimming. Other external signs include uni-
or bilateral exophthalmia, swollen abdomen and anal
prolapsus (Eldar & Ghittino 1999, Bekker et al. 2011).
At necropsy, accumulation of ascitic fluid in the peri-
toneal cavity, congestion of internal organs, enlarge-
ment of spleen and liver, and exudate covering the
brain are observed (Bragg & Broere 1986, Eldar &
Ghittino 1999). During macroscopic examination,
extensive haemorrhaging is commonly observed,
caused by injury to the vascular epithelium that leads
to haemorrhages and petechiae on the surfaces of
internal organs and external surfaces (Bragg &
Broere 1986, Eldar & Ghittino 1999, Vendrell et al.
2006). It is likely that these clinical findings are
caused by toxin production, as Kusuda & Hamaguchi
(1988) have shown that symptoms can be reproduced
in fish upon inoculation with extracellular products of
Lactococcus garvieae.

Host range

The causative agent of lactococcosis, L. garvieae,
has been isolated from a wide range of fish species
(listed in Table 1). Apart from the reputation of L.
garvieae as a fish pathogen contributing to economic
losses, the involvement of L. garvieae in human clin-
ical infections has been well documented (Chan et al.
2011). An increasing number of human infections
due to L. garvieae has been reported in recent years,
where handling and ingestion of raw fish is reported
as a source or risk factor in the majority of clinical
cases (Gibello et al. 2016), giving rise to the status of
an emerging zoonotic pathogen. However, food-
borne transmission of L. garvieae from aquatic prod-
ucts is mostly deduced from patients’ clinical histo-
ries and isolates are often not further characterised
on a molecular level. Thus far, only 2 reports confir-
ming the association between a clinical case of L.
garvieae infection and ingestion of raw seafood have
been published (Wang et al. 2007, Tsai et al. 2012).
The possibility exists that strains of piscine origin are
responsible for human infections, but the data avail-
able to support this claim is insufficient. Whole-
genome sequencing of L. garvieae isolates has re-
vealed putative cell surface adhesin genes present in

Table 1. Aquatic hosts of Lactococcus garvieae

Host Area Reference
Japanese eel Anguilla japonica (Temminck & Schlegel) Japan Kusuda et al. (1991)
Red sea wrasse Coris aygula (Lacépede) Israel Colorni et al. (2003)
Brazil Nile tilapia Oreochromis niloticus L. Brazil Evans et al. (2009)
Pintado Pseudoplathystoma corruscans (Spix & Agassiz) Brazil Evans et al. (2009)
Olive flounder Paralichthys olivaceous (Temminck & Schlegel) Japan Kawanishi et al. (2006)
Amberjack Seriola dumerili (Risso) Japan Kawanishi et al. (2006)
Kingfish Seriola quinqueradiata (Temminck & Schlegel) Japan Kawanishi et al. (2006)
Rainbow trout Oncorhynchus mykiss (Walbaum) South Africa Boomker et al. (1979)
Australia Bragg & Broere (1986)
UK Carson et al. (1993), Bark & McGregor (2001)
Taiwan Chang et al. (2002)
France Eyngor et al. (2004)

Bulgaria, Israel, Portugal
Greece

Pereira et al. (2004)
Savvidis et al. (2007)

Iran Sharifiyazdi et al. (2010)
Spain Aguado-Urda et al. (2011a)
Italy Reimundo et al. (2011)
Turkey Didinen et al. (2014)
Grey mullet Mugil cephalus L. Taiwan Chen et al. (2002)
Catfish Silurus glanis L. Italy Ravelo et al. (2003)
Freshwater prawn Macrobrachium rosenbergii (De Man) Taiwan Chen et al. (2001)
Bottlenose dolphin Tursiops truncatus (Montagu) Kuwait Evans et al. (2006)

Common octopus Octopus vulgaris (Cuvier)

Italy

Fichi et al. (2015)
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fish isolates, but absent in human isolates (Miyauchi
et al. 2012). These findings may explain the observed
variation in host specificity (Tiire & Altinok 2016) and
may demonstrate the adaptation of specific strains to
a specific host, refuting the hypothesis of foodborne
transmission of L. garvieae. Additional investigation
is needed to clarify the link between aquatic out-
breaks and human infections.

LACTOCOCCUS GARVIEAE

Lactococcus garvieae is a pathogen of importance
in the aquaculture of freshwater and marine fish
(Collins et al. 1983, Bragg & Broere 1986, Kusuda et
al. 1991, Eldar et al. 1996). Initially named Strepto-
coccus garvieae, it was originally isolated from a case
of bovine mastitis in the UK and this isolate was
selected as the reference strain (ATCC 43921) for this
species (Collins et al. 1983).

Lactic streptococci in the genus Streptococcus
were assigned to a new genus, Lactococcus, in 1985
(Schleifer et al. 1985). Gram-positive fish pathogens
isolated from streptococcal disease outbreaks in
Japanese vyellowtail Seriola quinqueradiata were
later unified under a new species, Enterococcus seri-
olicida (Kusuda et al. 1991). In 1988, a bacterium iso-
lated from the first Spanish lactococcosis outbreak in
rainbow trout was described as an Enterococcus sp.
(Palacios et al. 1993), but was later identified as
L. garvieae based on biochemical characteristics
(Teixeira et al. 1996). South African Gram-positive
cocci, initially described as Streptococcus spp. (Bragg
& Broere 1986) were recently reclassified as Entero-
coccus spp. and L. garvieae based on 16S ribosomal
RNA (rRNA) sequencing (Bekker et al. 2011). Recent

advances in next generation sequencing technolo-
gies have contributed to a steady increase in the
numbers of publically available full and partial gen-
ome sequences of L. garvieae over the last decade, as
described in Table 2.

Phenotypic and biochemical characteristics

L. garvieae is a Gram-positive, facultative anaero-
bic, non-motile bacterium that does not produce
endospores. Growth occurs as cocci in short chains
and pairs at temperatures ranging from 4 to 45°C.
Optimal growth occurs at 37°C (Boomker et al. 1979,
Kusuda et al. 1991, Eldar et al. 1996). The bacterium
grows fast in rich media such as trypticase—soy broth,
bile—esculin agar, and brain-heart infusion broth,
but growth is inhibited on McConkey and Enterococ-
cus agar (Toranzo et al. 1994). It is generally
described as an a-haemolytic bacterium (Ravelo et
al. 2001), but has been noted as B-haemolytic (Teix-
eira et al. 1996). The phenotypic, physiological and
biochemical properties of L. garvieae are listed in
Table 3.

Isolation and identification

As methods for the selective isolation of Strepto-
coccus spp. had not been successfully applied to the
isolation of fish-pathogenic streptococcal bacteria
(Bragg et al. 1989), a biphasic procedure for the
selective isolation of a fish-pathogenic Streptococcus
sp. was developed by Bragg et al. (1989). During a
selective enrichment phase, environmental samples
from freshwater trout farms in South Africa were

Table 2. Lactococcus garvieae whole genome sequences available on the NCBI database (www.ncbi.nlm.nih.gov/)

Strain Source Geographical Accession no. Reference

origin
21881 Human blood Spain AFCC00000000 Aguado-Urda et al. (2011b)
8831 Rainbow trout Spain AFCD00000000 Aguado-Urda et al. (2011a)
ATCC 49156 Yellowtail Japan AP009332 Morita et al. (2011)
Lg2 Yellowtail Japan AP009333 Morita et al. (2011)
UNIUDO074 Rainbow trout Italy AFHF00000000 Reimundo et al. (2011)
DCC43 Mallard duck intestines Norway AMQS00000000 Gabrielsen et al. (2012)
IPLA 31405 Raw-milk cheese Spain AKFO01000000 Florez et al. (2012)
LG9 Rainbow trout Italy AGQY00000000 Ricci et al. (2012)
TB25 Cheese Italy AGQX00000000 Ricci et al. (2012)
1113 Pork sausage Italy AMFDO00000000 Ricci et al. (2013)
Tac2 Turkey meat Italy AMFE00000000 Ricci et al. (2013)
122061 Yellowtail Japan AP017373 Nishiki et al. (2016)
PAQ102015-99 Rainbow trout USA LXWL00000000. Nelson et al. (2016)
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Table 3. Phenotypic characteristics of Lactococcus garvieae (Vendrell et al.
2006). TSI: triple sugar iron; V: variable reaction; (): weak or slow reaction;
A/A-: acidification of medium

Difco™ Oxgall (3 %) and potassium tellu-
rite (10 ppm), which inhibit growth of
most water-borne bacteria. A 9:1 tetra-

‘ ] zolium mixture (2,3,5-triphenyltetrazo-
Property Reaction Property Reaction lium chloride:tetrazolium blue chloride)
Cell morphology  Ovoid cocci Production of: at a concentration of 80 ppm was inclu-
Gram stain + Arginine + ded to differentiate between capsulated
Motility - Ornithine - and non-capsulated L. garvieae isolates.
Growth: i Lysine - Differentiation is based on the conversion
4°C + Acid from: of TeO32" to Te, which stains capsulated
20°C + Glycerol - L. garvieae colonies metallic black, while
37°C + Raffinose - ducti f triph ltet i t d
45°C + Arabinose _ rg uction of triphenylte rago ium to re
pH 9.6 + Sorbitol + triphenyl formazan results in a red halo.
6.5% NaCl + Mannitol + Colonies of capsulated isolates hence ap-
gaeTOIYSiS 0= Cellobiose + pear metallic black with a red halo.
atalase - Galactose * Molecular techniques based on PCR
Oxidase - D-Glucose + .
TSI AJA— Maltose " methods have been shown to be useful in
Oxidative/ F Trehalose + the identification of fish pathogens such
f.ermentative. D-Mfinnose + as L. garvieae, as summarised in Table 4.
Nitrate reduction - Inositol - An assay targeting the dihydropteroate
Citrate - Lactose (+) .
Urea _ Ribose v synthase gene proved to specifically de-
Indole production _ Sucrose v tect L. garvieae in diseased yellowtail S.
Esculin + Adonitol - quinqueradiata (Temminck & Schlegel)
Voges-Proskauer + Glycogen - kidney homogenates (Aoki et al. 2000).
H,S production - Melibiose - An r h using PCR amplification of
Arginine dihydrolase + Melezitose app oach using ) ampihication o
Pyrrolidonyl + Starch _ the internal transcribed spacer (ITS)
arylamidase Tagatose A% region, situated between the 16S and
Alkaline phosphatase - L-Rhamnose 23S small-subunit rRNA genes of bacte-
B-Glgcuromdasg v b-Xylose - ria, was shown to be more specific than
Leucine arylamidase + Salicin + X i
Sodium hippurate _ the previously published 16S rRNA-
hydrolysis based approaches, in addition to being

able to detect quantities as low as 2.63 pg
DNA (Dang et al. 2012). Analysis of ITS
sequence data from lactococci, streptococci and ente-
rococci indicated a high degree of polymorphism,
thus qualifying the ITS region as a valuable target for
reliable differentiation of lactococci (Blaiotta et al.
2002, Dang et al. 2012).

inoculated into nutrient broth (pH 9.6) supplemented
with nalidixic acid (160 pg ml™!), followed by incuba-
tion at room temperature for 48 h (Bragg et al. 1989).
The increased pH served to inhibit the growth of
yeast. In the isolation phase, growth was plated onto
tetrazolium agar (1.4% m/v agar, 1% m/v
peptone, 1% m/vlab-lemco, 0.5% m/v NaCl,
1% glucose and 0.01 % m/v tetrazolium salt)
after which small red colonies were plated

Table 4. Genes targeted by PCR amplification in molecular identifi-
cation of Lactococcus garvieae

onto blood—tryptose agar. Colonle.s Were fgr- Gene Primer Product  Reference
ther characterised by Gram staining. Bio- pairs size (bp)
chemical identification, slide agglutination
and immunofluorescent antibody tests were 16S rDNA pGL-1 1100 Zlotkin et al. (1998)
performed on Gram-positive cocci. This pro- pGL-2
cedure was shown to detect about 2 bacteria Dihydropteroate SA1B10-1-F 709 Aoki et al. (2000)
per ml (Bragg et al. 1989). synthase SAIB10-1-R .
A medium for differentiation between L. 165 rRNA iigg 252 Odamaki et al. (2011)
arvieae and other fish pathogens has re-
g p g 16S-23S rRNA ITSLg30F 290 Dang et al. (2012)
cently been developed (Chang et al. 2014). ITSLg31R
The medium contains the selective agents
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Antigenic characteristics

L. garvieae isolates are divided into 2 serotypes
indistinguishable by biochemical tests (Kitao 1982).
Early work on L. garvieae revealed a high degree of
variability in the surface structure of fresh isolates
subcultured on an artificial medium containing
2,3,5-triphenyltetrazolium chloride or subcultured
repeatedly on Todd Hewitt agar. Surface antigen
variability is evidenced by the inability of antiserum
against subcultured isolates to agglutinate fresh iso-
lates from diseased fish (Kitao 1982). The serotypes
are distinguished by their ability to agglutinate se-
rum raised against L. garvieae. Non-agglutinating
phenotypes are designated KG- and agglutinating
phenotypes KG+ (Hirono et al. 1999). Immunofluo-
rescent staining techniques have been applied to iso-
lates from yellowtail to show that KG+ antigens are
concentrated on the cell surface only, while KG-
antigens are located across the cell capsule (Okada
et al. 2000). Transmission electron microscopy (TEM)
revealed the presence of fimbriae on the surface of L.
garvieae cells accompanied by capsular disruption
following opsonisation with yellowtail immune se-
rum (Ooyama et al. 1999). The antigenicity of these
fimbriae has not yet been investigated.

Capsular variation is often the basis of serological
differences in pathogens (Yother 2011). However,
few reports on serological variation between capsu-
lated L. garvieae isolates exist. Using dot blot assays
with specific group polysaccharide as antigen,
Eyngor et al. (2004) determined that 2 serovars or
groups (SGT) can be distinguished among Mediter-
ranean isolates: SGT I, inclusive of Italian and Israeli
isolates, and SGT II, including Spanish, Greek and
Bulgarian isolates. Heterogeneity among French iso-
lates was observed, with isolates grouping with both
SGT Iand Il. Eyngor et al. (2004) combined restriction
fragment length polymorphism ribotyping with sero-
logical data, generating clear correlation between
ribotypes and serovars: molecular typing displayed
discriminatory ability superior to serotyping because
related ribotypes could group into a single serotype.
This phenomenon may be caused by strains possess-
ing similarities in sections of their genomes encoding
serotype-specific antigens while displaying a greater
degree of heterogeneity in genome portions sub-
jected to ribotyping. Changes in serovar prevalence
are usually attributed to immune pressure and popu-
lation dynamics, with farmed fish populations compa-
rable to semi-closed communities. Limited selective
pressure in the form of vaccination against L.
garvieae had been imposed on the studied bacterial

populations due to the fact that currently available
vaccines are not wholly effective and that only a frac-
tion of the host population is vaccinated (Eyngor et al.
2004). It can therefore be expected that capsular sta-
bility had been preserved in the endemic sites (Israel,
Italy, Spain, Greece and Bulgaria). The serotypic di-
versity, correlating to clonal diversity, observed in
French isolates is typical of areas where the pathogen
has been introduced recently and disease outbreaks
are infrequent (Eyngor et al. 2004). In a comparative
serological study of Japanese and European capsu-
lated and non-capsulated isolates from rainbow trout,
antisera against all capsulated isolates strongly cross-
reacted with all non-capsulated isolates, regardless of
geographical origin (Barnes & Ellis 2004). Conversely,
antisera against non-capsulated isolates did not react
with any capsulated isolates. No cross-reactions of
antisera against Japanese and European isolates
were observed (Barnes & Ellis 2004). These serologi-
cal differences could be attributed to variations in
surface polysaccharide composition, assayed by ag-
glutination with a panel of 15 lectins. Capsulated Eu-
ropean isolates were agglutinated by concanavalin A,
which specifically binds to o-D-mannose and «-D-
glucose moieties, while Japanese isolates were not
agglutinated by any lectins used in the study. Non-
capsulated isolates were agglutinated by more lectins
in comparison to the capsulated European isolates,
perhaps revealing the carbohydrate diversity of the
cell wall (Barnes & Ellis 2004).

Cell wall proteins are targets of immune surveil-
lance, thereby contributing to serological differences
between strains and forming the focus of vaccine
development studies. A study by Hirono et al. (1999)
identified antigenic proteins in a KG- strain that
were immunologically detected by anti-KG- rabbit
serum. The detected proteins included enzymes
involved in various cellular processes. A protein
with 37.1 % homology to an N-acetylglucosamine-6-
phosphate deacetylase of Vibrio furnissi was
detected in KG- cells, but not KG+ cells (Hirono et al.
1999). Taking into account that N-acetylglu-
cosamine-6-phosphate deacetylase plays a role in
peptidoglycan and lipopolysaccharide synthesis in
Gram-negative bacteria, it can be speculated that
this protein plays a role in capsule synthesis in L.
garvieae. Other proteins found to react with anti-
KG- serum include proteins with 47.7% and 45.8%
sequence homology to a processing protease of
Bacillus subtilis and a trigger factor of Escherichia
coli, respectively (Hirono et al. 1999). The trigger fac-
tor of E. coli, a peptidyl-prolyl-cis/trans-isomerase, is
induced by cold shock and enhances cell viability at
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low temperatures (Hesterkamp & Bukau 1996). A fur-
ther investigation into the immunogenicity of KG+
and KG- cells using 2-dimensional gel electrophore-
sis and immunoblotting assays revealed that elonga-
tion factor G, guanine monophosphate synthetase,
elongation factor thermo-unstable and adenosine tri-
phosphate synthase reacted more intensely with rab-
bit anti-KG+ sera in comparison to rabbit anti-KG-
sera, suggesting that these may be major specific
antigens for the KG+ strain. Glyceraldehyde-3-phos-
phate dehydrogenase, phosphoglycerate kinase,
arginine deaminase and ornithine carbamoyltrans-
ferase were also identified as common antigens in
the 2 serotypes (Shin et al. 2007). Shin et al. (2009)
repeated their 2007 study using olive flounder Par-
alichthys olivaceus (Temminck & Schlegel) sera
instead of rabbit sera, and identified 8 antigenic pro-
tein spots reacting specifically with anti-KG- sera;
however, these proteins could not be identified by
matrix-assisted laser desorption/ionization-time of
flight mass spectrometry.

DISEASE CONTROL OPTIONS
Chemotherapeutic administration

Antibiotics have been widely used to control strep-
tococcal infections in various fish (Aoki et al. 1990).
Administration occurs generally via the oral route by
combining antibiotics with specially formulated feed.
Antimicrobial agents show strong in vitro activity
against Lactococcus garvieae, but perform poorly
under field conditions due to anorexia of infected fish
(Bercovier et al. 1997) and possibly the ineffective
metabolism of antibiotics in fish (Romero et al. 2012).
Lincomycin, oxytetracycline and macrolide antibio-
tics (e.g. erythromycin, spiramycin, kitasamycin and
josamycin) have been widely used to treat lacto-
coccosis in cultured fish (Aoki et al. 1990, Kawanishi
et al. 2005). In rainbow trout, erythromycin, oxytetra-
cycline, amoxicillin and low-level doxycycline are
mostly used to treat outbreaks of lactococcosis (Ven-
drell et al. 2006).

Antibiotic resistance

Dissemination of antibiotic resistance in bacteria
has grown into a global public health concern, accel-
erated by the unregulated and injudicious adminis-
tration of antibiotics in humans and animals (Heuer et
al. 2009). In aquaculture, chemotherapeutic treatment

has led to the emergence of resistant streptococcal
fish pathogens (Aoki et al. 1990, Austin & Austin
2012). Multiple resistance is frequently encountered,
referring to the occurrence of resistance to more than
1 chemotherapeutic agent in 1 isolate. The spread of
antibiotic resistance genes in bacterial populations is
aided by various mechanisms of horizontal gene
transfer, of which plasmid-mediated transfer is the
most widely documented in streptococcal fish patho-
gens. The first report describing antibiotic resistance
in aquatic Streptococcus sp. grouped resistance in
isolates from cultured yellowtail Seriola quinqueradi-
ata from various locations in Japan into 2 categories:
(1) intermediate-level resistance to macrolides, lin-
comycin and tetracycline, in which resistance genes
were constitutively expressed and non-transferable;
and (2) high-level resistance to macrolides, lin-
comycin and either tetracycline or chloramphenicol,
in which resistance genes were inducible and trans-
ferable (Aoki et al. 1990). Those authors surmised
that the antibiotic resistance determinants were lo-
cated either on resistance (R) plasmids or transposons.
These findings led to the characterisation of R plas-
mids isolated from erythromycin-, lincomycin- and
oxytetracycline-resistant L. garvieae isolates, reveal-
ing the presence of the resistance genes ermB and
tet(S) (Hirono & Aoki 2001). The gene ermB con-
tributes to erythromycin resistance by target modifi-
cation mediated by the production of a 23S rRNA
methylase (Leclercq & Courvalin 1991), while the
gene product of tet(S) is a ribosomal protection pro-
tein that confers tetracycline resistance (Chopra &
Roberts 2001). A study by Kawanishi et al. (2005) cor-
roborated the findings of Aoki et al. (1990) as well as
Hirono & Aoki (2001) by reporting a high incidence of
multiple resistance to erythromycin, lincomycin and
oxytetracycline in Japanese L. garvieae aquatic iso-
lates. Antimicrobial susceptibility determination of
170 L. garvieae isolates revealed that nearly half
were simultaneously resistant to erythromycin (mini-
mum inhibitory concentration [MIC] = 2 ng ml™?),
lincomycin (MIC > 128 pg ml™!) and oxytetracycline
(MIC > 4 pg ml™!) (Kawanishi et al. 2005). Addition-
ally, all resistant isolates harboured the resistance
genes ermB and tet(S). A study on resistance to
chemotherapeutic substances in Japanese L. garvieae
isolates by Maki et al. (2008) revealed that 31.5% of
tested isolates were highly resistant (MIC > 400 pg
ml™!) to erythromycin, tetracycline and lincomycin.
Of the highly resistant isolates, 26 % carried R plas-
mids transferable to Enterococcus faecalis by conju-
gation (Maki et al. 2008). The remaining 74 % of
highly resistant isolates were shown to carry the
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same resistance genes present on the R plasmid, sug-
gesting carriage of either an integrated R plasmid or
transferable low frequency plasmids. Further charac-
terisation of the R plasmid pKL0018, described by
Maki et al. (2008), revealed high sequence homology
to pRE25, a plasmid found in E. faecalis isolated from
dried sausage (Maki et al. 2009). Genes related to
multiple drug resistance carried on pKL0018 were
identified as the tetracycline resistance gene tet(S)
and macrolide resistance genes encoding 23S rRNA
methyltransferases (ermB1 and ermBZ2). This work
constituted the first report of the sequence of a
Gram-positive bacterium-derived plasmid from a fish
pathogen (Maki et al. 2009). The presence of tet(S)
and another ribosomal protection protein gene,
tet(M), was simultaneously detected in Japanese L.
garvieae marine isolates (Kim et al. 2004). All but 1 of
these isolates additionally harboured the integrase
gene of the Tn1545-Tn916 conjugative transposon
family, a first indication of horizontal transfer of re-
sistance genes by conjugation in L. garvieae. The
presence of transferable R plasmids and conjugative
transposon-associated integrase genes in aquatic L.
garvieae suggests that these isolates can function as
antibiotic resistance vectors between clinical, terres-
trial and marine environments (Kim et al. 2004).
Chromosomally encoded resistance determinants
have also been detected in L. garvieae. Mutations in
the quinolone resistance-determining regions within
the genes gyrA and parC of isolates highly resistant
to old and new generation quinolones (MICs =200 pg
ml!) have been described (Maki et al. 2008), as well
as a pentapeptide repeat protein (LgaQnr) associated
with decreased sensitivity to quinolones (Gibello et
al. 2014).

Vaccination

Vaccination is considered the best option to control
lactococcosis, due to the poor efficiency of chemo-
therapeutic agents under field conditions and the
risks associated with the spread of antibiotic resist-
ance determinants. Practices include intraperito-
neal injection 1 mo prior to the water temperature
increasing over 15°C, with care being taken to main-
tain fish in optimum health and reduce stress. For
rainbow trout, vaccination is performed when fish
weigh approximately 50 g and when the water tem-
perature measures between 12 and 14°C (Vendrell et
al. 2006). Autogenous formalin-inactivated vaccines
against L. garvieae are commonly implemented, with
protection of 80 to 90% observed upon intraperi-

toneal injection (Bercovier et al. 1997) and persisting
for up to 5 mo with adjuvanted vaccines (Vendrell et
al. 2006). The application of different adjuvant for-
mulations in inactivated vaccines has been investi-
gated. Vendrell et al. (2007) assessed the safety and
efficacy of an inactivated vaccine Ichtiovac-Lg, emul-
sified with a mineral oil adjuvant (Aquamun), in rain-
bow trout. In a vaccine safety trial, an intraperitoneal
injection of a double dose of vaccine (0.2 ml) admin-
istered to a treatment group resulted in 100 % sur-
vival. The side effects observed in the vaccinated
group during necropsy are considered acceptable by
the European Pharmacopoeia. The side effects re-
corded were mild, localised adhesions and minor
pigmentation of the visceral peritoneum and moder-
ate adhesions between viscera. To test the efficacy of
Ichtiovac-Lg, rainbow trout were intraperitoneally
injected with the recommended dosage (0.1 ml) and
challenged with a capsulated strain of L. garvieae
(CLFP LG1) 29 d post-vaccination. Fish were kept at
19°C during challenge and post-vaccination to allow
proliferation of the pathogen. A cumulative survival
rate of 94 % was reported for the vaccinated group,
while a 4% cumulative survival rate was reported
for the control group (Vendrell et al. 2007). Those
authors believe that the observed efficacy of the vac-
cine might have been partially attributed to the
immunostimmulatory effect of the mineral oil adju-
vant. The efficacy of a bivalent vaccine against L.
garvieae and Aeromonas hydrophila formulated with
a non-mineral oil adjuvant (Montanide ISA 763 AVG)
in rainbow trout has recently been demonstrated
(Bastardo et al. 2012). During vaccination trials, fish
were maintained at an average temperature of 14 +
1°C during intraperitoneal vaccination and chal-
lenged with A. hydrophila and L. garvieae at 30 and
90 d post-vaccination, respectively. Results indicated
that the non-mineral oil adjuvanted vaccine con-
ferred higher levels of protection in comparison with
a bivalent aqueous vaccine. Several studies have
shown that subunit vaccines (i.e. vaccines consisting
of immunogenic fractions) are capable of eliciting
higher levels of protection in comparison to whole
cell vaccines in fish (Ra et al. 2009, Zhou et al. 2010).
Bacterial outer membrane proteins are often targets
of subunit vaccine development, because their expo-
sure on the cell surface promotes recognition by the
host's immune system (Kawai et al. 2004). Despite
promising results obtained with bacterial subunit
vaccines in fish (Liu et al. 2005, Ra et al. 2009),
reports on the development of subunit vaccines
against lactococcosis are scarce. In a study by Tsai et
al. (2013), an antigen common to both KG+ and KG-
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L. garvieae serotypes, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Shin et al. 2009), was
cloned and expressed in Escherichia coli BL21 (DE3).
Western blotting analysis was used to show that both
rabbit and tilapia antiserum reacted strongly with
recombinant GAPDH. In addition, higher GAPDH-
specific antibody titres were reported in tilapia
immunised with recombinant GAPDH plus whole
cells, in comparison to tilapia immunised with whole
cells only. However, fish immunised with recombi-
nant GAPDH alone showed a higher percentage
cumulative mortality over a period of 14 d post-chal-
lenge than fish immunised with whole cells only
and fish immunised with whole cells plus recombi-
nant GAPDH. Tsai et al. (2013) partially attributed
this observation to the immunostimulatory effect of
peptidoglycan in the whole-cell vaccine. The dura-
tion of protection afforded by the GAPDH vaccine in
comparison with a whole-cell vaccine has not been
investigated.

VIRULENCE FACTORS
Toxins

Toxigenesis plays a crucial role in the pathologic
processes of various Gram-positive bacteria (Barnett
et al. 2015). Early studies on the toxins of a non-
Lancefield Streptococcus sp. isolated from yellowtail
(presumably Lactococcus garvieae) showed the pres-
ence of a haemolytic toxin in the culture supernatant
(Kusuda & Hamaguchi 1988). Mortalities caused
by intramuscular injection of this toxin were low
(<20 %), but characteristic symptoms of streptococco-
sis (i.e. exophthalmus, ocular haemorrhaging and red-
dish fin base) were elicited. An intracellular toxin
showing weak leukocidal activity (<44 %) was re-
sponsible for higher mortality rates of up to 60 % upon
intramuscular injection (Kusuda & Hamaguchi 1988).

A study by Aguado-Urda et al. (2012) identified
and characterised 5 circular plasmids in a clinical iso-
late of L. garvieae strain 21881. The largest of these
plasmids (68798 bp), pGL5, was shown to encode
putative virulence factors, including a protein that
possesses the enzymatic domain corresponding to
the family of actin-ADP-ribosyltransferases (Aguado-
Urda et al. 2012). Bacterial ADP-ribosyltransferase
toxins Kkill eukaryotic cells by transferring ADP-
ribose to essential proteins, contributing to virulence
in a range of pathogens (Holbourn et al. 2006). How-
ever, toxicity of this protein remains to be demon-
strated experimentally.

Immune evasion mechanisms

It has long been known that virulence of L. gar-
vieae is largely influenced by capsule formation
(Vendrell et al. 2006). Encapsulation contributes to
virulence in both Gram-positive and Gram-negative
bacteria in a number of ways, for example by confer-
ring resistance to phagocytosis (Musher 1992) and
exhibiting molecular mimicry of host tissue (Johnson
1991). Even though the polysaccharide capsule is
widely regarded as a major virulence factor of L.
garvieae, Tire et al. (2004) reported that the non-
capsulated strains Lgper and ATCC 49156 are patho-
genic to rainbow trout, causing 98 % and 90 % mor-
tality, respectively. However, ATCC 49156 was
shown to be less virulent by immersion exposure in
comparison to intraperitoneal injection (12% and
90 % disease related mortality, respectively) (Tire et
al. 2014). Detection of putative virulence genes in 34
fish-pathogenic L. garvieae isolates revealed that the
capsule gene cluster could only be amplified by mul-
tiplex PCR in the strain Lg2 (Tire & Altinok 2016).
These results suggest that the presence of the poly-
saccharide capsule cannot be directly correlated to
pathogenicity in fish. A comparative genome analy-
sis of the virulent strain Lg2 and sATCC 49156 (pre-
viously believed to be avirulent toward fish) identi-
fied a 16.5 kb capsule gene cluster which is present
in Lg2, but absent in ATCC 49156 (Morita et al.
2011). The capsular gene cluster consists of 15 genes,
of which 8 (eps-R, -X, -A, -B, -C, -D and cps-L, -W)
are conserved in the exopolysaccharide (EPS) bio-
synthesis gene cluster of 4 L. lactis strains isolated
from human faecal samples (Morita et al. 2011).
Analyses indicate that the capsular gene cluster is a
genomic island, due to the presence of insertion
sequences on both ends of the capsular gene cluster.

The KG- phenotype of L. garvieae possesses a cap-
sule rich in hydrophilic monosaccharides, possibly
contributing to an observed increased resistance to
phagocytosis by Seriola quinqueradiata phagocytes
in comparison to KG+ cells: the respiratory burst in
phagocytic cells was suppressed in response to the
KG- phenotype, indicating inhibition of the binding
of phagocytes to the encapsulated strain (Yoshida et
al. 1996). These in vitro findings are supported by
challenge studies that indicate lower serum aggluti-
nating antibody titres in fish challenged with KG-
cells in comparison to KG+ cells (Yoshida et al. 1996).
Noncapsulated L. garvieae isolated from radish and
broccoli sprouts were found to be nonpathogenic
toward mice and yellowtail. In addition, the avirulence
of non-capsulated isolates correlated with their sus-
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ceptibility to rainbow trout normal serum, while cap-
sulated isolates were not susceptible to either normal
or immune rainbow trout serum (Barnes et al. 2002a).
Protection against capsulated isolates was afforded by
passive immunisation of rainbow trout with specific
antiserum against L. garvieae, leading those authors
to speculate that specific antibodies enhance phago-
cytosis and bactericidal activity by macrophages
(Barnes et al. 2002a). They did indeed show that the
anti-phagocytic properties of the polysaccharide cap-
sule can be overcome in the presence of specific anti-
bodies (Barnes et al. 2002a). The observed increased
bactericidal activity of immune serum was likely
not due to complement, as the serum was heat-
treated. Fluorescence microscopy of fluorescein-iso-
thiocyanate labelled bacteria incubated with macro-
phages indicated that 90 % of macrophages contained
internalised bacteria treated with immune serum,
while between 0 and 2 % of macrophages internalised
bacteria treated with non-immune serum (Barnes
et al. 2002b). Many Gram-positive bacteria employ
non-specific binding of immunoglobulins by their
crystallizable fragment region as a virulence factor
(Agniswamy et al. 2004). Binding of antibodies by
non-immune mechanisms inhibits activation of com-
plement by the classical pathway and allows the bac-
terium to shield itself from specific antibodies and
evade phagocytosis. Barnes et al. (2002b) showed
that non-capsulated L. garvieae was capable of non-
specifically binding immunoglobulin more efficiently
than capsulated isolates, an observation which seems
inconsistent with the avirulence of non-capsulated
isolates. However, it must be considered that surface
proteins play integral roles in adhesion and colonisa-
tion of host tissues, and that non-specific binding to
host serum proteins might therefore inhibit adhesion
of non-capsulated isolates to host cells (Barnes et al.
2002a). Interestingly, capsulated L. garvieae Lg2
has been shown to be avirulent toward mice (Kawa-
nishi et al. 2007) and L. garvieae 21881 (isolated from
blood of a septicaemic patient) lacks a capsule gene
cluster (Miyauchi et al. 2012), perhaps indicating
that encapsulation is not a prerequisite for virulence
in mammals.

Adhesion

Both commensal and pathogenic bacteria express
adhesins to facilitate binding to host cell receptors
(Kline et al. 2009). Genes encoding 2 putative surface
proteins that contain a cell wall sorting motif associ-
ated with covalent binding to peptidoglycan, LPXTG

(Leu-Pro-any-Thr-Gly), have been identified on the
plasmid pGL5 of a clinical L. garvieae isolate (21881).
The gene orf5 encodes a protein containing 3 mucin-
binding protein domains in addition to a cell wall
sorting motif (LPQTG) at the carboxy terminal, sug-
gesting that protein Orf5 might aid in adhesion of
L. garvieae to mucosa by interaction with mucosal
receptors (Aguado-Urda et al. 2012). Another puta-
tive cell surface protein, encoded by orf25, contains a
collagen-binding domain which could allow adhe-
sion of the cell to collagenous host tissues.

Based on the work of Miyauchi et al. (2012), Tiire &
Altinok (2016) determined the prevalence of a vari-
ety of putative virulence genes among 34 fish-patho-
genic L. garvieae isolates by PCR. The adhesin-
encoding genes adhesin Pav (adhPav) and adhesin
PsaA (adhPsaA), LPxTG-containing surface proteins
2 and 3 (LPxTG-2, -3) and adhesin clusters 1 and 2
(adhClI, adhCII) were present in all isolates tested.

Diversification of virulence factor content

Insertion sequences, plasmids and lysogenic bacte-
riophages are mobile genetic elements which play an
important evolutionary role by promoting adaptabil-
ity in prokaryotic genomes (Eraclio et al. 2015). Dur-
ing horizontal gene transfer, insertion sequences can
play an important role in bacterial pathogenesis and
exchange of virulence factors. Fifteen insertion se-
quences have been identified in the publically avail-
able genomes of L. garvieae (Eraclio et al. 2015). The
close relatedness described between insertion se-
quences in L. garvieae and L. lactis may suggest
genetic exchange between the species.

Bacteriophages are viruses that infect and kill
bacterial cells with great efficacy and are present in
all ecosystems that support the growth of bacteria
(Elbreki et al. 2014). The presence of a lysogenic
bacteriophage (PLgT-1) in the genomes of L.
garvieae strains isolated from Japanese marine fish
species has recently been discovered (Hoai &
Yoshida 2016). Bacteriophages were induced by
mitomycin C treatment, integrated genomes of bac-
teriophages (prophages) were detected by a PCR
assay and morphological study of the phage parti-
cles by TEM revealed characteristics congruent
with the morphology of phages from the family
Siphoviridae. Considering the high incidence of
prophages in strains isolated from Japanese marine
fish revealed by this study in conjunction with the
high virulence of marine isolates compared to trout
and terrestrial mammalian isolates (Kawanishi et al.
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2006), it is thus probable that prophages contribute
to the virulence of L. garvieae.

CONCLUSION

Lactococcosis is a globally occurring disease of
cultured fish caused by a Gram-positive bacterium
Lactococcus garvieae. In addition to causing mone-
tary damage to the ever-growing aquaculture indus-
try globally, it is considered an emerging zoonotic
agent placing immunocompromised individuals at
risk (Gibello et al. 2016). Application of chemothera-
peutic agents is effective under experimental condi-
tions, but is ultimately an unsustainable strategy in
the control of lactococcosis due to the development
and spread of antibiotic resistance. Many reports
concerning high levels of multiple resistance to fre-
quently used antibiotics (macrolides, lincomycin and
tetracycline) exist, creating the need to investigate
alternatives for disease prevention and control. Pre-
ventative measures in the form of biosecurity and
vaccination can be investigated as alternatives to
antibiotic dependency. The possible application of
new generation vaccines for the prevention of lacto-
coccosis is yet to be fully investigated.

Although putative adhesion factors have been
identified in a clinical L. garvieae isolate, this inte-
gral step in the infection process has not been further
elucidated. The polysaccharide capsule of L. gar-
vieae has been widely described as a major virulence
factor involved mainly in the evasion of the host
immune response, although none has been struc-
turally characterised. Serologically differing, capsu-
lated, geographically distinct isolates have been
shown to possess differences in capsular carbohy-
drate composition, suggesting that EPS structure
may form the basis of serological variability as ob-
served in various Gram-positive pathogens. Under-
standing of the underlying genetic basis of variability
in EPS structure and its likely interrelationship with
serological variability in L. garvieaeis currently lack-
ing. Recent findings suggest that the EPS capsule is
not the sole determinant of pathogenicity and various
virulence factors are involved in the pathogenesis of
L. garvieae. Lack of knowledge of virulence factors,
pathogenesis and serology of L. garvieae is an im-
pediment to the development of effective typing
methods and control measures.
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