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Abstract 25 

L. garvieae has emerged as an important zoonotic pathogen. However, information regarding 26 

mechanisms and factors related to its pathogenicity is lacking. In the present study we investigated 27 

the distribution and functionality of genes related to virulence factors in L. garvieae strains isolated 28 

from different niches, using both post-genomic and genotypic analysis. Putative genes encoding 29 

hemolysin, fibronectin binding protein and penicillin acylase were detected in all analyzed 30 

genomes/strains. Their expression was significantly induced by bile salts stress. Putative genes 31 

encoding bile salt hydrolase were found in a few strains from dairy and human sources, as well as 32 

the mobilizable tet genes. Finally, all genomes possessed a folate gene cluster, in which mutations 33 

in the dihydropteroate synthase gene (folP) could be related to sulfonamides resistance.  34 

To the best of our knowledge, this is the first study aimed to explore the pathogenic potential of L. 35 

garvieae through the analysis of numerous L. garvieae genomes/strains, coming from different 36 

sources. This approach allowed the detection of virulence-related genes not yet investigated in the 37 

species and the study of their expression after exposure to different environmental stresses. The 38 

results obtained suggest a virulence potential in some L. garvieae strains that can be exploited for 39 

survival in the human gastrointestinal tract. 40 

 41 

 42 
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 45 

Introduction 46 

Lactococcus garvieae is regarded as an important fish pathogen, affecting different farmed and wild 47 

fish species in many countries (Vendrell et al. 2006). Recent developments in discriminating 48 

molecular analyses have enabled linking this species also with human infections. Human infections 49 

most commonly manifest as infective endocarditis, liver abscess, diverticulitis, peritonitis, 50 
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endophthalmitis and spondylodiscitis (Chan et al. 2011, Kim et al. 2013, Ramussen et al. 2014, 51 

Sachdeva et al. 2016). Even though the source of infection is still uncertain in many cases, the 52 

consumption of contaminated fish, in conjunction with immune-deficient subjects, is suspected to 53 

be the most probable cause of the infection. The frequent recovery of L. garvieae isolates from 54 

milk, dairy products, meat products and vegetables (Aquilanti et al. 2007, Kawanishi et al. 2007, 55 

Ferrario et al. 2012, 2013) and their genetic relatedness with human L. garvieae isolates (Reguera-56 

Brito et al. 2016) suggest that also these foods might represent important sources of human L. 57 

garvieae infection.  58 

Little information, in some cases contradictory, is available on the precise mechanism and 59 

factors related to pathogenicity of L. garvieae. Several studies (Barnes et al. 2002, Kawanishi et al. 60 

2006, 2007) have reported that capsulated fish isolates showed strong virulence in fish (with a few 61 

exceptions), whereas none of the isolates (capsulated or not), obtained from terrestrial animals, were 62 

clearly lethal to fish. The authors did not show any relationship between the strains’ pathogenicity, 63 

capsule and niche of isolation, but assumed that a difference in polysaccharide composition of the 64 

capsule could explain the non-virulence of some strains, regardless of the presence of capsule. 65 

Furthermore, studies on the host specificity of the bacterium have also revealed a behavior 66 

depending more on the strain than on the environment of isolation: isolates pathogenic to fish did 67 

not show pathogenicity in mice. (Kawanishi et al. 2007, Reimundo et al. 2011). Moreover, a strain 68 

isolated from a human patient affected by endocarditis provoked by the bacterium was virulent 69 

neither for fish nor for mice (Reimundo et al. 2011).  70 

Recently, the availability of genome sequences of several L. garvieae strains has provided 71 

specific information on genes related to virulence. For example, analysis of the genome of a fish-72 

isolated virulent strain (Morita et al. 2011) has revealed the presence of a capsule gene cluster 73 

composed of 15 genes that was not found in the non-virulent strain used for comparison. Strains 74 

isolated from a human with endocarditis, seemed to be pathogenic in human. However, they did not 75 

possess genes encoding extracellular envelope (Kim et al. 2015). Comparative genome analysis of 76 
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these strains indicated that the presence of a capsule gene cluster is not the only factor leading to 77 

pathogenicity. Indeed, other potential virulence factors could be found in the L. garvieae genome, 78 

such as adhesion surface proteins, hemolysins, NADH oxidase, resistance to antibiotics, which all 79 

could have an important role in pathogenicity both in humans and in animals. The real involvement 80 

of these genes in virulence remains to be studied, as well as their association with strains isolated in 81 

specific environments and their specificity at the strain-level.  82 

Studies on biodiversity in L. garvieae using different genetic approaches (Ferrario et al. 2012, 83 

2013), have revealed that L. garvieae population could be separated into independent genomic 84 

lineages. However, this discrimination was not coherent with the ecological niche of origin. 85 

Another study on comparative genome analysis (Miyauchi et al. 2012) did not allow grouping of 86 

strains associated with infection both in animals and in humans.  87 

In the present study we investigated the distribution and functionality of genes related to 88 

virulence factors in L. garvieae strains isolated from different niches, using both post-genomic and 89 

genotypic analysis. The study also aimed to evaluate, through RT-qPCR experiments the expression 90 

profile of the detected genes in different conditions. 91 

 92 

Materials and methods 93 

 94 

Data source for comparative genome analysis 95 

 96 

Information of publicly available L. garvieae genomes was retrieved from the National Center for 97 

Biotechnology Information (NCBI, available at http://www.ncbi.nlm.nih.gov/). Genome analysis 98 

was carried out using the Rapid Annotation using Subsystem Technology (RAST) Server (Aziz et 99 

al. 2008). The NCBI BLAST software was used for sequence-similarity search (Altschul et al. 100 

1997). 101 

 102 
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Bacterial strains and culture conditions 103 

 104 

The source and origin of the tested strains are listed in Table 1. Strains were maintained in M17 105 

broth (Difco Laboratories, Detroit, MI, USA) supplemented with 1 g/L glucose (M17-G) at 30 °C 106 

for 24 h; serial transfer was minimized to prevent the occurrence of mutations as a result of 107 

adaptation to laboratory medium and conditions. Stock cultures were maintained at -80 °C in M17-108 

G with 15% glycerol. 109 

To study gene expression in different conditions, selected strains were grown in M 17-G, as 110 

reference medium for all experiments, M 17-G supplemented with sub-lethal antibiotic 111 

concentrations (M17-GAR), M17-G with addition of 0.2% bile salts salts (Sigma-Aldrich, St. 112 

Louis, MO, USA), (M17-GBS), Brain Heart Infusion (BHI) broth (Sigma-Aldrich) and Meat 113 

Simulation medium (MSM) broth (Leroy and De Vuyst 2005). The exponentially growing cell 114 

cultures in M17-G (OD600 =0.9) were collected through centrifugation (9600 x g at 4 °C for 10 115 

min), washed three times with phosphate buffered saline (PBS: 130 mM NaCl, 2 mM KCl, 10 mM 116 

Na2HPO4, 1.7 mM KH2PO4, pH 7.4), resuspended in sterile water and distributed into the selected 117 

prewarmed media. These conditions were applied for 1 h at 30 °C for MSM and at 37 °C for BHI 118 

and M17-GBS. For M17-GAR cells were incubated at 30 °C for 8 h before RNA was extracted for 119 

gene expression analysis. Samples were taken subsequently, centrifuged and the pellets obtained 120 

used for RNA extraction.  121 

 122 

DNA extraction and quantification 123 

For strains grown in pure culture, DNA was extracted as previously described by Fortina et al. 124 

(2003).The concentration and purity of the DNAs were determined using a UV-Vis 125 

spectrophotometer (SmartSpec™ Plus, Bio-Rad, Hercules, CA, USA). 126 

 127 
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Gene targets and DNA amplification 128 

 129 

Internal fragments of loci hly III, fbp, pva, bsh1, bsh2, and folP identified through BLAST and 130 

codifying for hemolysin, fibronectin binding protein, penicillin acylase, bile salt hydrolases, and 131 

dihydropteroate synthase respectively, were amplified using primers developed in this study. The 132 

specific primers and conditions used and their amplification products are reported in Table 2. PCRs 133 

were performed in a 25 μL reaction mixture containing 100 ng of bacterial DNA, 2.5 μL of 10× 134 

reaction buffer (Thermo Fisher Scientific, Vilnius, Lithuania), 200 μM of each dNTP, 2.5 mM 135 

MgCl2, 0.5 μM of each primer, and 0.5 U of Taq polymerase (Thermo Fisher Scientific). After 136 

incubation for 2 min at 94 °C, samples were subjected to 35 cycles of 60 s at the annealing 137 

temperature (Table 2), followed by 1 min at 72  C; the reaction was completed by 7 min at 72  C 138 

and kept at 4 °C using a PCR instrument Mastercycler® 96 (Eppendorf, Hamburg, Germany). 139 

Amplification products were separated on a 1.5% agarose gel stained with ethidium bromide in 1× 140 

TAE (40 mM Tris-acetate, 1 mM EDTA, pH 8.2) buffer and photographed. 141 

 142 

RNA extraction and RT-qPCR experiments 143 

 144 

L. garvieae cells, obtained as above reported, were washed three times with PBS buffer and 145 

resuspended in 1.5 mL RNase-free water (Macherey-Nagel, Düren, Germany). Total RNA was 146 

isolated using NucleoSpin RNA II (Macherey-Nagel), according to manufacturer’s protocol.RNA 147 

concentration and purity were optically determined at 260 and 280 nm using a UV-Vis 148 

spectrophotometer (SmartSpecTM Plus, Bio-Rad). RNA integrity was assessed by electrophoresis. 149 

Residual contaminating DNA was hydrolyzed with DNaseI (RNase-free) (Thermo Fisher Scientific) 150 

at 37 °C for 1h. Subsequently, 1 µg of RNA was converted into cDNA using RevertAid First Strand 151 

cDNA Synthesis Kit (Thermo Fisher Scientific) in accordance with manufacturer’s instructions. 152 
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The level of gene expression was determined fluorimetrically using SYBR Green I (Bio-Rad). A 153 

master mix containing, per sample, 7.5 µL of qPCR Master mix (EURx, Gdansk, Poland), 1.78 µL 154 

RNase-free water, 0.36 µL of each primer (final concentration 300 nM), was combined with 5 µL 155 

of each cDNA sample. This mixture was placed into a LineGene 9620 (BIOER Technol., 156 

Hangzhou, China) for real time analysis of PCR amplification. The qPCR temperature procedure 157 

was performed according to the manufacturer’s recommendations and corresponded to an initial 158 

cycle of denaturation at 94 °C for 5 min, followed by 40 cycles of denaturation 95 °C for 30 sec, 159 

annealing and extension 60 °C for 30 sec. Fluorescence acquisition was done at the end of each 160 

amplification. A melting curve analysis was performed to verify the identity of the PCR products. 161 

The optimization of the qPCR protocols (temperature of annealing, concentrations of primers and 162 

reaction efficiency) was carried out before gene expression quantification. The housekeeping gene 163 

gapC (encoding a glyceraldehyde-3-phosphate dehydrogenase) was used as internal control to 164 

which all other gene expressions were normalized. The primers used are reported in Table 2. 165 

Samples were examined for differences in gene expression using relative quantification in which 166 

relevant gene expression is normalized to a housekeeping gene, using the 2-ΔΔCT method, as reported 167 

elsewhere (Livak and Schmittgen, 2001). All gene expression results are based upon independent 168 

experiments per environmental condition. Statistical comparison of means was performed using 169 

Student’s test. 170 

 171 

Results and discussion 172 

 173 

L. garvieae has gained recognition as an opportunistic emerging human pathogen and a transient or 174 

commensal intestinal bacterium (Kubota et al. 2010). However, its pathogenic mechanism is yet 175 

poorly understood. A comparative genomic analysis of four L. garvieae strains (Miyauchi et al. 176 

2012) confirmed that a capsule gene cluster was found only in one fish-pathogenic strain and 177 

reported other possible virulence genes, such as genes encoding hemolysins and adhesins. The 178 
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availability of other sequenced strains, isolated from various environments, could allow refining the 179 

pan-genome structure and predicting new candidate genes responsible for host specificity of L. 180 

garvieae. 181 

In this study, we carried out a comparative genomic analysis on 15 sequenced L. garvieae 182 

genomes; the detected virulence-related genes, also searched in the genome of 22 L. garvieae 183 

strains of our collection, coming from different sources, were subjected to gene expression studies 184 

to improve our understanding on adaptive biology of this emerging pathogen. There is an almost 185 

complete lack of knowledge on gene expression in L. garvieae. Aguado-Urda et al. (2013) carried 186 

out a whole genome DNA microarray of two strains, evidencing an efficient adaptive response of 187 

the strains to low-temperature conditions. No other data regarding the expression of virulence genes 188 

in L. garvieae are available. 189 

Among the 15 genomes of L. garvieae available in Genebank (Table 3), five were related to 190 

strains coming from diseased fish, four to strains of the dairy sector (cheeses or bovine mastitis), 191 

two to strains isolated from meat, two from human and two from animals. The search of 192 

hypothetical virulence factors carried out by RAST server showed the presence of genes that could 193 

be involved in pathogenicity. In particular, we found an ORF exhibiting significant similarity to the 194 

known sequences of hemolysin genes (hly). This ORF was present in all genomes tested and its 195 

nucleotide sequence seemed highly conserved among the genomes (92-100%). L. garvieae 196 

hypothetical hemolysin exhibited the highest levels of similarity to a hemolysin III of Lactococcus 197 

lactis (69% identity) (accession number WP_012897263). It also exhibited significant similarity to 198 

hemolysin III of Lactococcus raffinolactis (CCK20048) and Enterococcus faecalis 199 

(WP_033624268) (64 and 56% identity, respectively). We referred to this ORF as the L. garvieae 200 

hly gene. L. garvieae genomes also contained two ORFs, previously annotated in LG2 genome 201 

(Morita et al. 2011) as encoding for putative hemolysins. However, the proteins contained 202 

conserved domains not related to the domain of the hemolysin III superfamily. The functions of 203 

these proteins remain still unknown. 204 
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Among the candidate genes encoding cell surface adhesins, we found an ORF codifying a 205 

protein that exhibited significant similarity to the known sequences of fibronectin binding proteins 206 

(FnBPs) belonging to the family of the FnBP A N-terminus (FBPA) of L. lactis (81%) 207 

(KRO21949), Streptococcus mitis (64%) (EFM31516.1) and Streptococcus pyogenes (60%) 208 

(ESA50946). Also in this case this ORF was present and highly conserved in all genomes tested 209 

(nucleotide similarity ranging from 94 to 100%): we referred to this ORF as the L garvieae fbp 210 

gene. Most of the understanding of bacterial FnBPs has emerged from the study of the proteins of 211 

Staphylococcus aureus and S. pyogenes (Terao et al. 2002, Speziale et al. 2009). The binding of 212 

FnBPs to fibronectin mediates not only the adherence of these pathogens to extracellular matrices 213 

but also to the surface of a number of host cell types, including endothelial and epithelial cells. It 214 

has been demonstrated that S. aureus–endothelium interaction mediated by the FnBPs can cause 215 

inflammation, procoagulant activity and endocarditis formation (Heying et al. 2009). In the last 216 

decade, several studies have revealed that a wide range of bacteria possess adhesin-like proteins 217 

with very different characteristics, but able to bind to fibronectin, such as proteins containing the 218 

FbpA motif. This motif, occurring widely in Streptococcus spp., could play a direct role in bacterial 219 

colonization and bacteria–host interactions (Henderson et al. 2010). 220 

Concerning the genes involved in bile salts hydrolysis, the analysis carried out by RAST server 221 

showed the presence of ORFs that exhibited significant similarity to the known sequences of genes 222 

encoding different enzymes belonging to the superfamily of linear amide CN hydrolases. This 223 

superfamily comprises bile salt hydrolases (BSHs, also designated as conjugated bile acid 224 

hydrolases, CBH or conjugated bile acid hydrolases, CBAH) that catalyze the hydrolysis of bile 225 

salts; it also contains penicillin V acylases (PVAs), capable of hydrolyzing the same type of 226 

chemical bond, but using penicillin as substrate (Lambert et al. 2008). Even if it has been suggested 227 

that they may hydrolyze bile acids, the role of PVAs has not yet been elucidated (Begley et al. 228 

2005). In our strains, the amino acid sequence encoded by one of these ORFs, present in all 229 
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genomes tested, showed the highest similarity to penicillin acylases of L. lactis (60%) 230 

(NP_267291). We referred to this ORF as the L. garvieae pva gene. 231 

Two other ORFs were present only in the genome of specific strains. In particular, in the genome 232 

of strains TB25 and M14 (from dairy products), and 21881 (from human source) we found a 233 

candidate gene showing the highest similarity with a gene codifying a bile salt hydrolase that 234 

exhibits greatest homology to the BSHs of Enterococcus mundtii (WP_019723927) (68% amino 235 

acid identity), and Enterococcus durans (WP_053109026) (66% identity). These ORFs were named 236 

L. garvieae bsh1 genes. In strain TB25 we found another putative BSH-encoding gene, sharing 64% 237 

identity with bsh1; this ORF, named bsh2, exhibited significant similarity to bsh genes present in 238 

Enterococcus faecium (WP_010724277) (85% identity) and Enterococcus faecalis 239 

(WP_016622461) (81% identity). 240 

PCR experiments carried out with primers designated on L. garvieae conserved sequences, 241 

testing a collection of strains coming from different sources (Table 1), confirm that hly, fbp and pva 242 

genes could be considered as part of the core genome of the L. garvieae species. On the contrary, 243 

putative genes encoding BSH, which contributes to survival of strains in the intestinal tract, can be 244 

considered as part of the dispensable genome of L. garvieae. Indeed, only one strain of the 245 

collection (G01), in addition to the three sequenced genomes, showed a positive PCR signal for 246 

bsh1.  247 

Regarding genes encoding antibiotic-resistance determinants, the mobilizable tet genes could be 248 

considered as part of the dispensable genome of L. garvieae; indeed tetM determinants were found 249 

only along the genome of two L. garvieae strains, IPLA 31405 and I113, this last also harboring the 250 

tetS determinant. The multidrug transporter mdt(A) gene, previously detected in some L. garvieae 251 

strains (Walther et al. 2008), was present on all available genomes: sequence analysis of all mdt(A) 252 

revealed the presence of mutations generating the two substitutions Val154Phe and Ile296Val in 253 

each antiporter motif C, that have been related to the susceptibility of L. garvieae to erythromycin. 254 

In agreement with reported data, all strains of the collection were susceptible to erythromycin (data 255 
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not shown). On the contrary, the 22 strains of the collection resulted resistant to sulfonamides 256 

(SUL) (data not shown). SUL acts as competitive inhibitor of the dihydropteroate synthase (DHPS), 257 

enzyme involved in bacterial pathway leading to formation of tetrahydrofolate (Huovinen et al. 258 

1995). SUL resistance can be mediated by the acquisition of alternative DPHPS genes (sul1, sul 2, 259 

sul3) (Byrne-Bailey et al. 2009, Wang et al. 2014), or by mutations in the DHPS gene (folP) (Yun et 260 

al. 2012). Along the 15 L. garvieae genomes, no sul genes were detected; on the contrary, the 261 

sequenced strains harbored a folate biosynthesis cluster that includes folA, encoding dihydrofolate 262 

reductase, folB, predicted to encode neopterine aldolase, folE, predicted to encode GTP 263 

cyclohydrolase I, folP, predicted to encode dihydropteroate synthase and folC, predicted to encode 264 

folate synthetase. Sequence comparison showed an identical genetic organization with folate cluster 265 

present in L. lactis, with an amino acid sequence identity ranging from 63 to 85%. Amino acid 266 

sequences of DHPS from the 15 L. garvieae genomes, were all identical and contained, within the 267 

conserved loop 1 and 2 regions (two catalytic sites of the enzyme), mutations that have been 268 

associated to sulfa drug-resistance in other bacteria (Baca et al. 2000, Babaoglu et al. 2004).  269 

To verify the expression of the putative virulence-associated genes and to determine the extent to 270 

which this expression could be influenced by infection-relevant environmental cues, we quantified 271 

virulence factor-encoding mRNA following growth in different conditions, and compared it to 272 

mRNA abundance in laboratory medium-grown cultures, using quantitative real-time PCR. For 273 

these experiments, we selected strains TB25 and LG9, as representatives of the two different 274 

lineages within that L. garvieae population can be distributed (Ferrario et al. 2013) and designed 275 

environmental conditions simulating those associated with both infections and foods. Brain Heart 276 

Infusion (BHI) broth was used due to association of L. garvieae with different cases of endocarditis; 277 

M17 with addition of 0.2% bile salts and meat simulation medium (MSM) were prepared to 278 

represent  the digestive tract of the host and the conditions in meat products respectively.  279 

Even if the hly, pva, and fbp expression was different under the selected growth conditions and 280 

in relation to L. garvieae strains, the three genes were up-regulated in response to bile salts stress 281 
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(Table 4). In particular, fbp and hly genes in strain TB25 were significantly over-expressed after 282 

exposure to bile salts (12- and 9-fold). Transcription of bsh1 and bsh2 genes was also significantly 283 

induced by TB25 strain in response to bile salts (3.9- and 7.5-fold respectively). Lower values of 284 

up-regulation were observed in MSM medium. While statistically significant, the expression of all 285 

genes tested in BHI cultures was modest.  286 

It is known that enteric bacteria respond to bile by altering protein production and by increasing 287 

mechanisms of resistance (Begley et al. 2005). Gram negative bacteria can also utilize bile as a 288 

signal for the temporal production of virulence factors (Gunn 2000). This is the case, for example, 289 

of Vibrio spp., the growth of which in presence of bile salts increases the production of hemolysin 290 

(Osawa and Yamai 1996); other studies indicate that bile salts can stimulate bacterial co-291 

aggregation, bacterial adhesion to human cells and biofilm formation (Pumbwe et al. 2007, Ruiz et 292 

al. 2013). On the contrary, the effect of bile on Gram positive bacteria is not well understood, even 293 

if the presence of the same mechanisms found in Gram negative bacteria has been hypothesized 294 

(Gunn 2000).  295 

Finally, when the strains were grown in presence of sub-lethal concentration of sulfamethoxazole 296 

(1 mg/mL), no change of expression in folP was observed, compared to levels in reference medium 297 

without antibiotic. The constitutive levels of expression of folP in presence of SUL, the absence of 298 

sul drug resistance genes (in all sequenced genomes) and the high sulfamide resistance in all L. 299 

garvieae strains tested, suggest that the observed mutations in folP gene (and consequently in 300 

DHPS catalytic site) could be responsible of sulfa-drug-resistance in L. garvieae The correlation 301 

between these mutations and SUL resistance has been already described in other species (Baca et al. 302 

2000, Babaoglu et al. 2004).  303 

 304 

Conclusions 305 

 306 
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This is the first study aimed to explore the pathogenic potential of L. garvieae through the analysis 307 

of numerous L. garvieae genomes/strains, coming from different sources. This approach allowed 308 

the detection of virulence-related genes not yet investigated in the species. Additionally, to the best 309 

of our knowledge, this is the first study on the expression of virulence-related genes in L. garvieae 310 

exposed to different environmental stresses. The results obtained suggest a virulence potential in 311 

some L. garvieae strains that can be exploited for survival in the human gastrointestinal tract. This 312 

evidence agrees with the genetic relatedness previously found between human and food isolates and 313 

the hypothesis that contaminated foods can represent important sources of human L. garvieae 314 

infection (Reguera-Brito et al. 2016). Further studies are currently in progress to verify this 315 

hypothesis.  316 
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Table 1 L. garvieae  strains used in this study, and their origin 465 

  466 

L. garvieae  strains Source of isolation  
aDSMZ 20684T Cow with mastitis 

G27 Cow milk 

TB25b; G01; G07 Italian cheeses 

BL 7; BL 15; BL 23 Bedding litter from American dairy 

farms 

Far 1 Wheat flour 

Br 3; Br4; Sed 2; Ins 1 Vegetables   

V63; V79; LG9; Lg19 Diseased fish  

Po1; Tac 2; Bov 3 Raw meat 

I113;  Smp3 Meat products 

 467 
a DSMZ= Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany; 468 

T= type strain of the species 469 

 470 
b TB25 = synonymous of G9 strain reported in Ferrario et al. (2012)471 
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Table 2 PCR primers and conditions used in this study 472 

 473 

Gene/product Primer-pair (5’-3’) 

Annealing 

temperature 

(°C) 

Amplicon 

(bp) 

hly III (hemolysin) F: TAGCACTTGTTTGGCTTTGTGC 

R: CCATAGATGGAGAACCACATCA 

 

60 301 

fbp (fibronectin 

binding protein) 

F: CGGTTCGTTCAGGAAGAACATC 

R: CGGTCATTGCCTACTTGCTCAA 

 

60 181 

pva (penicillin V 

acylase) 

 

F: AGCTCGCGCCTTTTGAATTTG 

R: ACGACCTGTTGGATCGACAG 60 164 

bsh1 (bile salt 

hydrolase) 

 

F: AATACGGGTTAAGTATGGCTGG 

R: AGCTAACAGTTCTCTAGCTTC 60 152 

bsh2 (bile salt 

hydrolase) 

 

F: GGCTTATCCATGGCTGGATTAA 

R: GGGATAAAGGAAGCTCTTCACT 60 196 

folP (dihydropteroate 

synthase) 

 

F: GTAAGTCTTCTCGCCCAGG 

R: TGCCCGCTCGACCATTATTC 58 240 

gapC 

(glyceraldehyde-3-

phosphate 

dehydrogenase) 

F: TATCGGTCGTCTTGCTTTCC 

R: TCAGCCCAGTTGATGTTAGC 
58 225 

 474 
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Table 3 L. garvieae strains used for genome sequence analysis 475 

 476 

Strain Lenght 

(bp) 

Number 
of 

contigs 

Genes tRNA % GC Isolation 
Accession 

number 
Reference  

LG9 2,087,705  139 2,069 43 38.5 
Diseased Rainbow 

trout 
AGQY00000000 Ricci et al. 2012 

 

ATCC 49156 1,950,135 Complete 1,983 79 38.8 Diseased yellowtail AP009332 Morita et al. 2011  

Lg2 1,963,964 Complete 1,998 62 38.8 Diseased yellowtail AP009333 Morita et al. 2011  

UNIUD 074 2,171,966 25 2,178 63 38.7 
Diseased Rainbow 
trout 

AFHF00000000 Reimundo et al. 2011 
 

IPLA 31405 2,052,310 23 2,030 46 38.5 Spanish cheese AKFO00000000 Florez et al. 2012  

Tac2 2,242,860 97 2,194 43 38.2 Turkey meat AMFE00000000 Ricci et al. 2013  

NBRC 100934T 2,028,350 56 1,934 47 38.5 Bovine mastitis BBJW00000000 Unpublished  

TRF1 2,204,910 112 2,394 60 38.5 
Fecal material of a 
timber rattlesnake 

AVFE00000000 Unpublished 
 

TB 2.5 2,014,328 92 1,995 38 38.1 Italian cheese AGQX00000000 Ricci et al. 2012  

21881 2,164,557 91 2,209 42 37.9 Human blood AFCF00000000 
Aguado-Urda et al. 

2011a 

 

8831 2,087,226 87 2,030 48 38.0 
Diseased Rainbow 

trout 
AFCD00000000 

Aguado-Urda et al. 

2011b 

 

M14 2,253,704 13 2,273 45 37.7 Fermented milk CCXC00000000 Moumene et al. 2016  

Lg-ilsanpaik-

gs201105 
1,958,880 53 1,934 47 38.1 Human gall bladder JPUJ00000000 Kim et al. 2015 

 

DCC43 2,239,000 67 2,228 49 37.8 
Mallard duck 

intestines 
AMQS00000000 Gabrielsen et al. 2012 

 

I113 2,178,730 49 2,151 49 37.9 Pork sausage AMFD00000000 Ricci et al. 2013  

 477 

 478 

 479 

 480 
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Table 4 Influence of different growth conditions on the expression levels of virulence genes in L. 481 

garvieaea 482 

 483 

  Fold change when cultured in /in presence of: 
      

Strain Gene 0.2% bile 

salts 

BHI MSM Sulfamethoxazole 

(1 mg/ml) 

      
L. garvieae TB25 hly 9.0 1.2 5.5  

 fbp 12.0 1.5 5.2  

 pva 4.0 0.5 1.2  

 bsh1 3.9 2.0 4.2  

 bsh2 7.5 4.3 6.7  

 folP    0.5 

L. garvieae LG9 hly 3.5 1.5 3.0  

 fbp 4.5 1.0 4.0  

 pva 5.0 0.5 1.2  

 folP    0.3 

 484 
a Values greater than 1 reflect a relative increase in gene expression compared to the reference 485 

medium. Values in boldface type represent changes with a statistical significance (P) of < 0.05. 486 

Each data point is derived from the mean and standard deviation of three independent 487 

experiments 488 

 489 

 490 

 491 


