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Abstract 1 

The effect of acylated homoserine lactones (AHLs) and autoinducer-2 (AI-2) 2 

signalling compounds present in the cell-free culture supernatants (CFS), of 3 

Pseudomonas aeruginosa, Yersinia enterocolitica-like GTE 112, Serratia 4 

proteamaculans 00612, Y. enterocolitica CITY650 and Y. enterocolitica CITY844, on 5 

the growth of two Salmonella Enteritidis and two S. Typhimurium strains was 6 

assessed though monitoring of changes in conductance of the medium. Detection 7 

times (Tdet), area and slope of conductance curves were recorded. Except for P. 8 

aeruginosa 108928, which was not found to produce AI-2, all other strains produced 9 

both AHLs and AI-2. Thereafter, aliquots (20% in the final volume) of these CFS 10 

were transferred into NZ Amine broth inoculated with ca. 103 CFU/ml of stationary 11 

phase cultures of each Salmonella strain. While the CFS of P. aeruginosa induced a 12 

shorter detection time, i.e. acceleration of the metabolic activity, the CFS of the other 13 

microorganisms increased the detection time of Salmonella strains compared to 14 

control samples (i.e. without CFS). Results indicate that the growth of Salmonella 15 

may be affected by the presence of Quorum sensing (QS) signalling compounds 16 

and/or other novel signals existing in CFS, produced by other bacterial species and 17 

confirm the complexity of bacterial communication. 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 
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1. Introduction 26 

Salmonella enterica is one of the most prevalent pathogens associated with 27 

foodborne illness worldwide. It is second in the list of human zoonotic diseases across 28 

the EU (EFSA-ECDC, 2007), while in the USA, is a leading cause of foodborne 29 

illness resulting in an estimated 1.4 million infections, with more than 16,000 30 

hospitalizations and nearly 600 deaths each year (Lynch et al., 2006). Salmonella 31 

infections can cause diarrhoea, fever, vomiting, and abdominal cramps. In the EU 32 

Salmonella enterica Typhimurium and Salmonella enterica Enteritidis are among the 33 

most frequently isolated serotypes (EFSA- ECDC, 2007). An array of physiological 34 

functions (e.g. colonization and virulence) that may contribute to its high prevalence 35 

have been reported to be regulated by systems of quorum sensing (QS; Walters and 36 

Sperandio, 2006; Kendall and Sperandio, 2007; Hughes and Sperandio, 2008).  37 

QS involves the production of diffusible low-molecular-weight signalling 38 

molecules called autoinducers (AI), which have been referred to as bacterial 39 

pheromones (Stephens, 1986). When a critical level of such molecules is reached, 40 

signal-recognizing microorganisms sense that a sufficient level or “quorum” of 41 

bacteria is present and consequently regulate gene expression in favour of survival of 42 

the population (Federle and Bassler 2003; Smith et al., 2004). The role of cell-to-cell 43 

communication in food ecological niches has recently received attention from food 44 

microbiologists and a growing body of evidence suggests that bacterial food spoilage 45 

and poisoning could be regulated by QS (Smith et al., 2004; Ammor et al., 2008). 46 

In many Gram-negative bacteria, quorum sensing is mediated by AHLs, 47 

generically called autoinducer-1 (AI-1), that are synthesized and recognized by QS 48 

circuits composed of LuxI and LuxR homologs (Miller and Bassler, 2001; Schauder 49 

and Bassler, 2001). Salmonella does not possess a luxI gene that codes for AHL 50 
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synthetase and thus does not produce AHLs. However, this organism does have a 51 

LuxR homolog, known as SdiA, that enables detecting signals produced by other 52 

microbial species (Michael et al., 2001; Smith and Ahmer, 2003). In addition, 53 

Salmonella use two others QS systems, the luxS/AI-2 (Taga et al., 2001, 2003) and 54 

the AI-3/epinephrine/norepinephrine (Walters et al., 2006) to achieve intercellular 55 

signalling.  56 

So far, the majority of studies on quorum sensing of Salmonella have focused on 57 

studying the genetic processes that regulate the synthesis, release and role of AI-2 58 

production (Surette and Bassler, 1998; Surette et al., 1999; Taga et al., 2001, 2003). 59 

However, limited studies have focused on the ability of the pathogen to sense and 60 

respond to other bacterial species autoinducer signalling molecules (Michael et al., 61 

2001; Smith and Ahmer, 2003). As foods and food processing environments harbour 62 

numerous types of microorganisms, some of which capable of producing QS 63 

signalling compounds, it is of primary importance to elucidate how interspecies 64 

communication modulates the growth responses (i.e. rate of metabolism and kinetic 65 

characteristics) of Salmonella.  66 

Considering the above, the aim of this study was to investigate the effect of 67 

various QS signalling compounds e.g. AI-1 and/or AI-2 produced by Y. enterocolitica, 68 

P. aeruginosa, and S. proteamaculans (Pearson et al., 1994; Pearson et al., 1995; 69 

Throup et al., 1995; Gram et al., 1999; Winzer et al., 2002; Christensen et al., 2003; 70 

Bruhn et al., 2004; Atkinson et al., 2006; Van Houdt et al., 2007) on the kinetic 71 

characteristics of S. Enteritidis and S. Typhimurium. In all cases, Salmonella kinetic 72 

parameters were assessed by conductance measurements, a well-established 73 

methodology which allows monitoring of bacterial activity and kinetic characteristics 74 

(Richard et al. 1978; Firsteberg-Eden and Eden, 1984; Tranter et al., 1993; Silley and 75 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 5 

Forsythe, 1996; Koutsoumanis et al. 1998; Chorianopoulos et al. 2006; Nychas et al. 76 

2009, Chorianopoulos et al. 2010).  77 

 78 

2. Materials and Methods 79 

2.1. Bacterial strains and culture conditions 80 

Pseudomonas aeruginosa 108928, Y. enterocolitica-like GTE112, S. 81 

proteamaculans 00612, Y. enterocolitica CITY650 and Y. enterocolitica CITY844 82 

were propagated and subcultured in brain heart infusion (BHI; LAB M, Lancashire, 83 

UK) broth. Incubation at 28°C (Y. enterocolitica-like GTE112, S. proteamaculans 84 

00612) or 37°C was allowed  (P. aeruginosa 108928, Y. enterocolitica CITY650 and 85 

Y. enterocolitica CITY844) for 24 h prior to use.  The identity of these strains was 86 

confirmed using sequence analysis of the V1-V3 region of the 16S rRNA (Rantsiou et 87 

al., 2006).  88 

For the AHL bioassays, the AHL reporter strain Agrobacterium tumefaciens A136 89 

(pCF218, pCF372) which detects most 3-oxo-N-acyl-homoserine lactones (Shaw et 90 

al., 1997) and the AHL producing strain A. tumefaciens KYC6 (pCF28; a 3-oxo-C8-91 

HSL overproducer) (Fuqua and Winans, 1996), were resuscitated and subcultured in 92 

Luria Bertani (LB; Bertani, 1951) medium. This was supplemented with 4.5 µg/mL 93 

tetracycline and 50 µg/mL spectinomycin for A. tumefaciens A136 and icnucbated at 94 

28°C for 28 h with agitation (160 rpm). Hafnia alvei 718 (a 3-oxo-C6-HSL producing 95 

strain) (Bruhn et al., 2004) was resuscitated and subcultured in BHI broth following 96 

incubation at 37°C for 24 h. 97 

The reporter strain Vibrio harveyi BAA-1117TM (BB170 luxN::Tn5, sensor 1−, 98 

sensor 2+), and the AI-2 producing strain V. harveyi BAA-1119TM (BB152 luxL::Tn5, 99 
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autoinducer-1−, autoinducer-2+) were used for the AI-2 bioassays (Surette and Bassler, 100 

1998); cultures were purchased from LGC Promochem (Teddington, Middlesex, UK). 101 

These strains were grown in the autoinducer bioassay (AB) medium at 28°C for 24 h 102 

with agitation (160 rpm). AB medium was prepared according to Greenberg et al. 103 

(1979).  104 

For conductance experiments, S. enterica serovar Enteritidis strains PT4 and PT7 105 

(supplied by Division of Enteric Pathogens, Central Public Health Laboratory, 106 

London, UK) and S. enterica serovar Typhimurium strains DT193 and DSM554 were 107 

resuscitated and subcultured in tryptone soy broth (TSB; LAB M) at 37°C for 24 and 108 

18 h, respectively. 109 

 110 

2.2. Cell-free culture supernatants (CFS) preparation 111 

Y. enterocolitica-like GTE112, S. proteamaculans 00612 P. aeruginosa 108928, and a 112 

mixture of Y. enterocolitica CITY650 and Y. enterocolitica CITY844, herein after 113 

called tester strains, were grown (ca. 108-109 CFU/ml) in 30 ml of BHI broth under 114 

conditions previously described. Cultures (25 ml) were then individually centrifuged 115 

at 10,000 x g for 15 min (4°C) and the supernatants were filter-sterilized through a 116 

0.22 µm pore-size cellulose acetate filter (Millipore, Malva SA, GR) to obtain CFS 117 

from each tester strain. CFS was immediately screened for the presence of QS 118 

signalling molecules as described below. To increase the range of existing QS 119 

compounds in supernatants, in the case of Y. enterocolitica CITY650 and Y. 120 

enterocolitica CITY844 a mixture (1:1, v/v) of both CFS was prepared (equal 121 

populations) and utilized (unless otherwise stated) in all experiments of this study. 122 

The remaining 5 ml from each culture were used to enumerate bacterial cells 123 

population. In parallel the pH of the CFS was recorded (Metrohm 691 pH meter). The 124 
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initial pH of the CFS were; Y. enterocolitica-like GTE112 - pH 5.80; P. aeruginosa 125 

108928 - pH 7.24; S. proteamaculans 00612  -pH 5.98; Y. enterocolitica CITY650 126 

and CITY844, -pH 5.58  127 

 128 

2.3. Screening for AHL signalling molecules  129 

The A. tumefaciens A136 reporter strain was used for the screening of AI-1 like 130 

signalling molecules in CFS using a well diffusion assay (Ravn et al., 2001). Briefly, 131 

1 ml of the culture was inoculated into 50 ml of melted ABT agar (1.5% agar; ABT 132 

per liter: 0.4 g (NH4)2SO4, 0.6 g Na2HPO4, 0.3 g KH2PO4, 0.3 g NaCl, 1 mM MgCl2, 133 

0.1 mM CaCl2, 0.01 mM FeCl3, 2.5 mg thiamine supplemented with 0.5% glucose 134 

and 0.5% casamino acids). This medium supplemented with the relevant antibiotics 135 

and 50 µg/mL 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal; 136 

AppliChem GmbH, Darmstadt, Germany) and then immediately poured into 5.0 cm 137 

diameter Petri dishes. A portion (150 µl) of pure CFS or 20% CFS in NZ amine broth 138 

(NZA) was pipetted into wells (diameter 6.0 mm) punched in the solidified agar using 139 

a sterile Pasteur pipette. NZA contained per litre: 20 g NZ amine A (Sheffield 140 

Chemical Co. Norwich, NY) and 20 g proteose peptone No. 3 (Difco Laboratories, 141 

Detroit, MI). The plates were incubated at 28°C for 48 h. CFS of the AHL producing 142 

strain A. tumefaciens KYC6 and the reporter strain were used as positive and negative 143 

controls, respectively, in the above assay. 144 

The development of blue colour (hydrolysis of X-Gal) in the plates indicated 145 

presence of AI-1 like substances. The area of the AHL induced zones surrounding the 146 

wells was measured using the Image J software (Wayne Rasband, NIH, Bethesda, 147 

Maryland, USA). The ratio of the coloured surface area in plates containing CFS to 148 

the coloured surface area of the AHL producing A. tumefaciens KYC6 was calculated 149 
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to allow for a semi-quantitative estimation of the AHLs produced by each tester 150 

strain. Two independent assays were performed with two replicate samples analysed 151 

in each assay. 152 

 153 

2.4. Thin-layer chromatography (TLC) 154 

Extracts for TLC were prepared from 5 ml cultures of the tester strains grown as 155 

exactly described above. Bacteria were removed by centrifugation and the 156 

supernatants were extracted twice with equal volumes of ethyl acetate acidified with 157 

0.1% acetic acid (Shaw et al., 1997). The combined extracts were filtered (0.2 µm 158 

pore-size nylon filter; Whatman, Clifton, USA) and evaporated to dryness. Residues 159 

from the cultures were dissolved in 100 µl of HPLC-grade ethyl acetate. The AHLs 160 

compounds were determined using TLC plates (Nychas et al. 2009) and were 161 

visualised as blue spots on the TLC chromatographs. Images of the developed plates 162 

were obtained with a live view digital camera (Olympus, Live View Digital Camera, 163 

E-330, Olympus Imaging Corp., Tokyo, JP).  164 

 165 

2.5. Screening for AI-2 signalling molecules  166 

The luxCDABE-encoded luminescence response of the reporter strain V. harveyi 167 

BB170 was used as the basis for determining AI-2 activity in CFS of tester strains. 168 

The assay was performed as described by Lu et al. 2004, and Nychas et al. 2009  169 

 170 

2.6. Monitoring the effect of the CFS on Salmonella strains metabolic activity 171 

Growth of Salmonella strains was indirectly monitored by conductance 172 

measurements using the Malthus 2000 instrument (Radiometer International, 173 

Copenhagen, Denmark). A typical Malthus conductivity cell contains platinum 174 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 9 

electrodes that allow the detection of conductance changes in liquid systems as a 175 

response to bacterial metabolism in the culture medium (Richard et al. 1978; 176 

Firsteberg-Eden and Eden 1984). Provided that the organisms are allowed to multiply, 177 

they will, in time, reach a number sufficient (105 to 107 CFU/ml) to cause a detectable 178 

conductance change. The conductance detection time (Tdet, h) signal appears when 179 

three consecutive measurements exceed the minimum threshold of detection criteria 180 

(5 µS), and is defined as the time interval between the start of conductance monitoring 181 

and the beginning of the acceleration phase of the signal (Firstenberg-Eden and Eden, 182 

1984; Silley and Forsythe, 1996). It is apparent that Tdet depends on the 183 

microorganisms’ population in the Malthus tubes (log CFU/ml), the growth kinetics 184 

of microorganism and the properties of the test medium, and can be considered as an 185 

indicator of increased microbial metabolism (Tranter et al., 1993; Silley and Forsythe, 186 

1996; Koutsoumanis et al. 1998; Koutsoumanis and Nychas 2000). Conductance 187 

changes are expressed in microsiemens (µS) and are shown graphically as 188 

conductance curves. The greater the activity of the culture, the steeper is the slope or 189 

the higher is the area under the curve (Tassou and Nychas, 1994, 1995; Koutsoumanis 190 

et al., 1998, 2002; Koutsoumanis and Nychas, 2000; Skandamis et al., 2001; Giaouris 191 

et al., 2005; Chorianopoulos et al., 2008; .  192 

 193 

2.7. Reaction cell preparation,  194 

Conductance measurements were performed as follows: first aliquots of NZA 195 

broth (2.8 ml) were dispensed into sterile reaction Malthus tubes. Then aliquots (0.7 196 

ml) of each tester strain CFS or BHI broth (0.7 ml; control) were then transferred to 197 

reaction cells to give final volumes of 3.5 ml. All reaction tubes (with or without CFS) 198 

were inoculated with each Salmonella strain to give an initial concentration of ca. 103 199 
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CFU/ml. The pH of broth (BHI) used was adjusted to the same value recorded on the 200 

corresponding CFS. Other non-inoculated with Salmonella tubes (3.5 ml) were used 201 

as an additional control. Malthus tubes were then incubated into the Malthus 202 

apparatus for 24 h at 37°C while the analyzer was adjusted to measure conductivity 203 

changes every 6 min.  Tests with synthetic compounds was also performed 204 

(Chorianopoulos et al., 2010) and the baseline (measure in mS) of the instrument was 205 

constant and did not vary between different experiments  206 

 207 

2.8 Experimental design and Data analysis 208 

4 strains (2 S. Enteritidis and 2 S. Tymphimurium) x 4 CFS (extracted from Y. 209 

enterocolitica-like GTE112, S. proteamaculans 00612 P. aeruginosa 108928, Y. 210 

enterocolitica CITY650 and Y. enterocolitica CITY844) x 2 treatments (control cells 211 

with no addition of CFS and cells supplemented with CFS) x 12 reaction cells x 2 212 

independent experiments. Thus, data from 768 conductance curves (i.e., changes of µS 213 

with time), derived from the above mentioned plan, were transferred to a Microsoft® 214 

Excel spreadsheet (Microsoft® Corp.) and were then fitted with the model of Baranyi 215 

and Roberts (1994). This primary model was used to empirically estimate the kinetic 216 

parameters of conductance changes: (i) the equivalent to lag phase period (LP; min), 217 

which in our case represents the time needed for conductance changes to occur in the 218 

growth medium and (ii) the Maximum Slope (i.e, the rate) of Conductance Changes 219 

(MSrCC, µSmin-1; Richard et al., 1978; Nychas et al., 2009; Chorianopoulos et al., 220 

2010), which represents the slope of the exponential phase of the sigmoial curve of 221 

changes in conductance due to microbial metabolism. For curve fitting, the in-house 222 

programme DMFit (Institute of Food Research, Norwich, United Kingdom) was used. 223 

The microbial activity of Salmonella was monitored indirectly by calculating the area 224 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 11 

under the conductance/time curves using the trapezoidal rule (Lambert and Pearson, 225 

2000; Chorianopoulos et al., 2006). The statistical significance (p<0.05) of the effect 226 

of each CFS on the activity of Salmonella strains, examined in two independent trials, 227 

was determined by the Student’s t test with SPSS. 228 

 229 

3. Results  230 

3.1. Screening for QS signalling molecules 231 

AHL production was screened using the A. tumefaciens A136 well diffusion assay 232 

(Figure 1) with results shown in Table 1. All testers strains produced AHLs, with Y. 233 

enterocolitica-like GTE 112 illustrating the highest production, followed by S. 234 

proteamaculans 00612, Y. enterocolitica CITY650 and CITY844, and P. aeruginosa 235 

108928. The presence of at least one type of AHL signalling molecules in the CFS of 236 

each tester strain was additionally confirmed by TLC (Figure 2). As expected, the 237 

CFS of the reporter strain did not induce any colour development (results not shown). 238 

AI-2-like activity in the CFS, assessed using the V. harveyi bioluminescence 239 

assay, revealed that with the exception of P. aeruginosa all strains were positive for 240 

the AI-2 extracellular signal. Y. enterocolitica-like GTE112 stimulated the highest 241 

light production in the reporter strain V. harveyi BB170 (18.7-fold, compared with the 242 

negative control) followed by S. proteamaculans 00612 (8.6-fold, compared with the 243 

negative control) (Table 2). 244 

 245 

3.2. Salmonella kinetics with and without tester strains CFS 246 

Salmonella strains were inoculated (ca. 103 CFU/ml) into NZA broth 247 

supplemented with 20% (v/v) of the tester strain CFS or 20% (v/v) of sterile BHI 248 
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broth (control). The pH of BHI was adjusted to the same value recorded on the 249 

corresponding CFS with the purpose to rule out the influence of the pH on the 250 

observed results. Conductance changes obtained by the Malthus instrument followed a 251 

sigmoid curve typical of microbial growth, and thus, the model of Baranyi and 252 

Roberts (1994) was used to empirically estimate the rate parameter MSrCC and the 253 

lag phase period (LP) (Figure 3). In all studied cases, the model provided a good fit 254 

(R2>0.99). 255 

The putative effect of signalling compounds present in CFS on Tdet, on MSrCC, as 256 

well as on the area of the conductance/time curves is shown in Tables 3-6. Non-257 

inoculated BHI broth samples supplemented or not with CFS did not exhibit any 258 

change in conductance during incubation suggesting the absence of any metabolic 259 

activity in the CFS (results not shown).  260 

In comparison to control samples, tester strains grown in the presence of CFS, 261 

containing autoinducer signalling compounds from Y. enetrocolitica, P. aeruginosa 262 

and S. proteamaculans, proved to significantly influence (p<0.05) the kinetic 263 

characteristics of all Salmonella strains, in most cases, but with different trends. In 264 

particular the addition of CFS in the reaction cells influenced the kinetic parameter of 265 

conductance area at the 100% of cases studied (i.e., 32 out of 32 cases). The detection 266 

time (Tdec) was also influenced significantly with CFS, (in 31 out of 32 cases tested), 267 

while the Maximum Slope of Conductance Changes (MSrCC) significantly differed 268 

from that of the control samples in fewer cases (26 out of 32 cases; Table 3 - 6). It 269 

needs to be mentioned that the CFS derived from Y. enterocolitica CITY650 and 270 

CITY844 did not affect this kinetic characteristic of S. Enteritidis (i.e., both strains).    271 

Specifically, the addition of CFS of Y. enterocolitica-like GTE112 or S. 272 

proteamaculans 00612 into inoculated broth, reduced the MSrCC and increased the 273 
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Tdet of S. Enteritidis PT4, S. Enteritidis PT7, S. Typhimurium DSM554 and S. 274 

Typhimurium DT193, indicating that CFS could cause suppression of the microbial 275 

metabolic activity (Tables 3 and 4). The area of the conductance/time curves of the 276 

tubes containing CFS was found to be significant lower that that of the control 277 

samples (32 out of 32 cases shown in Tables 3 to 6). Similar differences on the kinetic 278 

characteristics were observed when the mixed CFS of Y. enterocolitica CITY650 and 279 

CITY844 CFS was used with the exception of MSrCC of both S. Enteritidis strains 280 

that did not present any significant difference as compared to the control samples 281 

(Table 5). When the CFS of P. aeruginosa 108928 was used, however, the values of 282 

MSrCC and area of the conductance/time curves appeared to be significantly higher 283 

than in control samples for all Salmonella strains. In contrast, the Tdet of Salmonella 284 

was shorter when the Malthus tubes were supplemented with CFS (Table 6).  285 

 286 

4. Discussion  287 

Most of the studies in the area of cell-to-cell communication have mainly focused 288 

on the molecular aspects of this phenomenon (e.g. how QS affects virulence, biofilm 289 

formation, sporulation or conjugation) and much less attention has been paid to the 290 

ecological context of how bacteria respond to both intra- and interspecies signals 291 

(Schauder and Bassler, 2001, Keller and Surette, 2006). This is of great importance 292 

since these signalling compounds are evident in food systems (Ammor et al., 2008; 293 

Nychas et al., 2009), but yet their specific role in such systems has not been fully 294 

elucidated. Indeed, the confirmation of presence ⁄ absence or determination of levels 295 

of QS compounds in foods does not answer the key questions as to how, for example, 296 

they influence other bacteria, what is their contribution (if any) on spoilage or how 297 
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food components are affecting the release and stability of QS molecules (e.g., 298 

inhibitors in the food matrix; Soni et al., 2008).  299 

The presence of at least one type of AHLs and/or AI-2 signalling molecules in the 300 

CFS, confirmed using different bacterial bioassays (Ravn et al., 2001; Surette and 301 

Bassler, 1998) and/or TLC analysis (Shaw et al., 1997), suggests that these molecules 302 

are likely associated with the altered metabolic activity of Salmonella, at least in the 303 

tested broth and under the experimental conditions of this study.   It is notable that the 304 

response of Salmonella to the CFSs tested is quite diverse. In particular, no constant 305 

inhibition or stimulating effect on growth of Salmonella, was observed. Instead, it 306 

seems that the effect of AHLs or AI-2 signalling molecules on growth and metabolic 307 

activity of the bacterium is rather dependent on the strains producing the signalling 308 

compounds in the CFSs. However, although the observed differences between control 309 

and treated cells were of low magnitude, they are statistically significant and basically 310 

consistent over the independent trials, involving 768 independent samples in total. 311 

These may suggest that in addition to the competitive (i.e., neutralization) effect of 312 

QS inhibitors, which are potentially present in foods, on the activity of QS 313 

compounds, the role of the latter on growth of pathogens is also affected by the type 314 

of commensal food microflora capable of producing QS-like compounds. 315 

Nonetheless, the existing reports on the role of QS-compounds in foods are 316 

contradictory. For example, Soni et al. (2008) have reported that the presence of AI-2 317 

molecules promoted the survival of E. coli O157:H7 cells, whereas the protective 318 

effect of AI-2 molecules was negated in the presence of ground beef extracts that 319 

contained significant amount of inhibitory activity.  Although the contribution of 320 

other unknown non-signalling compounds (e.g., products of proteolysis of 321 

carbohydrate hydrolysis) also present in the CFS of the tester strains to the observed 322 
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phenomenon should not be ignored, an extensive GS-MC and HPLC analysis, of the 323 

tested reaction cells with or without CFS, in a similar study, did not reveal any 324 

difference in their composition (Chorianopoulos et al., 2010).   325 

Data related to the rate of conductance changes and Tdet have also been reported, 326 

when synthetic AHLs or cell-free culture fluids of microorganisms (i.e., spent 327 

medium) and cell-free meat extracts, containing AI-1 and AI-2 signals, were used to 328 

evaluate the synergistic or competitive effect of these signals on the evolution of other 329 

pathogenic or spoilage bacteria (Whan et al., 2003; Dunstall et al., 2005; Zhao et al., 330 

2006; Nychas et al., 2009; Chorianopoulos et al., 2010). Contradictory results have 331 

been reported. For example, Dunstall et al. (2005) showed that N-332 

benzoyloxycarbonyl-L-homoserine lactone (Z-HSL) and 3-oxyhexanoyl-DL-333 

homoserine lactone (3-oxo-C6-HSL) significantly reduced the lag phase duration and 334 

increased the exponential growth rate of three strains of P. fluorescens isolated from 335 

raw milk, while in another study, Z-HSL was found to reduce both lag phase and 336 

exponential growth rate of two P. fluorescens strains isolated from pasteurized milk 337 

(Whan et al., 2003). In the present study, it was found that the use of synthetic 338 

compounds did not influence the detection time (Tdet) of Salmonella strains (results 339 

not shown), neither their kinetic parameters and this is in agreement with our previous 340 

studies involving the same pathogenic  (Chorianopoulos et al., 2010) or spoilage 341 

(Nychas et al. 2009) bacteria. On the other hand, cell-free meat extract from spoiled 342 

meat containing QS compounds, increased the MSrCC of P. fluorescens but not of S. 343 

marcenscens (Nychas et al., 2009). Additionally, AI-2 signalling compounds present 344 

in the cell-free culture supernatant of Escherichia coli O157:H7, or in that of mixed 345 

enteric cultures, were shown to aid in the recovery and significantly enhance growth 346 

of stressed E. coli O157:H7 cells (Kolling and Matthews, 2007). Such variations 347 
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could possibly be attributed to the different sources e.g. producing bacteria of QS 348 

signals and/or the different bacterial strains assayed.  349 

The mechanism of action of QS signalling molecules produced by other bacteria on 350 

Salmonella is not clearly elucidated. Knowledge of the exact chemical nature and 351 

concentrations of auto-inducers present in the cell-free culture supernatants may aid in 352 

elucidating their exact role on Salmonella growth and metabolic responses. However, 353 

it could be hypothesized that Salmonella may have responded to the presence of 354 

foreign AHLs and AI-2 compounds by utilising the signalling molecules to sense their 355 

environment and regulate production of substances, (e.g. enzymes, metabolites etc.),  356 

necessary for cell division and increase in population. 357 

In addition to the role of QS signalling compounds in communicating cell density, 358 

these compounds have also been suggested to act as proxies that provide individual 359 

cells with information on the diffusion and flow properties of their environment 360 

preventing the wasteful synthesis of “expensive” extracellular substances, such as 361 

exoenzymes, bacteriocins, siderophores and other effectors (Redfield 2002; Keller and 362 

Surette 2006; Hense et al. 2007). Provided that they remain in the cells immediate 363 

environment, these metabolites, increase nutrient availability and ultimately benefit 364 

the fitness of their producers (Redfield, 2002). This concept could possibly assist in 365 

explaining the results of this study. Indeed, the addition in the reaction cells of the QS 366 

signalling compounds and/or other novel signals existing in CFS, produced by the 367 

tester strains, were rapidly mixed and diffused into the microenvironment of 368 

pathogens, thereby altering Salmonella activity possibly through an over- or under- 369 

production of necessary for growth substances (e.g. enzymes, metabolites etc; 370 

Redfield, 2002).  371 
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The present findings suggest that: (i) the growth kinetic parameters as well as the 372 

microbial activity of four Salmonella strains were affected by the addition of CFS 373 

produced by other pathogenic and spoilage bacteria; and (ii) there was not a uniform 374 

type of response in the bacterial strains tested. The response seems to be mostly 375 

affected by the type of compound(s) present in each CFS and hence, the producer 376 

strains. Direct extrapolation of such findings to real food ecosystems is currently 377 

difficult; however, it is conceivable that our findings may represent situations of 378 

interactions between bacteria and signalling compounds in the microenvironment of 379 

foods. Further experimentation is required to elucidate the implications of such a 380 

hypothesis. In addition,  studies that will use microorganisms and their mutant strains 381 

deficient in QS signalling production are required in order to identify the effect of 382 

each type of signalling molecules on growth kinetics and more specifically on the 383 

growth determinants of Salmonella (i.e. target genes and phenotypes). Such 384 

approaches could potentially lead to the exploitation of these autoinducers as novel 385 

antimicrobial agents and compounds to control microbial growth, survival and 386 

virulence in foods.  387 

 388 

Acknowledgements 389 

This work was partly supported by the European Union Consortium Project 390 

ProSafeBeef (ref. Food-CT-2006-36241) within the 6th Framework Programme. 391 

We thank Dr. Eddy Smid from Agrotechnological Research Institute (ATO-DLO), 392 

NL for kindly providing Y. enterocolitica CITY650, Y. enterocolitica CITY844 and 393 

S. enterica serovar Typhimurium DSM554. We thank Dr. Robert McLean from 394 

Texas State University, USA and Dr. Lone Gram from Danish Institute for Fisheries 395 

Research, DK for kindly providing A. tumefaciens strains and H. alvei 718. The 396 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 18 

Robert Gordon University, Scotland, UK is acknowledged for providing Y. 397 

enterocolitica-like GTE112 and S. proteamaculans 00612.  398 

 399 

References 400 

Akond, M.A., Alam, S., Hasan, S.M.R., Mubassara, S., Uddin, S.N., Shirin, M., 401 

2009. Bacterial contaminants in carbonated soft drinks sold in Bangladesh 402 

markets. Int. J. Food Microbiol.  130, 156–158. 403 

Ammor, M.S., Michaelidis, C., Nychas, G.-J.E., 2008. Insights into the role of 404 

quorum sensing in food spoilage. J.  Food Prot. 71, 1510–1525. 405 

Atkinson, S., Sockett, R.E., Camara, M., Williams, P., 2006. Quorum sensing and the 406 

lifestyle of Yersinia. Curr. Issues Mol. Biol. 8, 1–10. 407 

Baranyi, J., Roberts, T.A., 1994. A dynamic approach to predicting bacterial growth 408 

in food. Int. J. Food Microbiol.  23, 277–294. 409 

Bertani, G., 1951. Studies on lysogenesis. The mode of phage liberation by lysogenic 410 

Escherichia coli. J. Bacteriol. 62, 293–300. 411 

Bruhn, J.B., Christensen, A.B., Flodgaard, L.R., Nielsen, K.F., Larsen, T.O., 412 

Givskov, M., Gram, L., 2004. Presence of acylated homoserine lactones (AHLs) 413 

and AHL-producing bacteria in meat and potential role of AHL in spoilage of 414 

meat. Appl. Environ. Microbiol. 70, 4293–4302. 415 

Chorianopoulos, N., Giaouris, E., Kourkoutas, I.,  Nychas, G.-J. E., Early stages of 416 

biofilm development by Salmonella Enteritidis on stainless steel are inhibited by 417 

the cell-free culture supernatant of Hafnia alvei  Appl. Environ. Microbiol 418 

76,2018-2022    419 

Chorianopoulos, N., Giaouris, E., Skandamis, P., Xaroutounian, S., Nychas, G.-J. E., 420 

2008. Disinfectant test against monoculture and mixed-culture biofilms composed 421 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 19 

of technological, spoilage and pathogenic bacteria: bactericidal effect of essential 422 

oil and hydrosol of Satureja thymbra and comparison with standard acid-base 423 

sanitizers. J. Appl. Microbiol. 104, 1586–1596. 424 

Chorianopoulos, N.G., Lambert, R.J.W., Skandamis, P.N., Evergetis, E.T., 425 

Haroutounian, S.A., Nychas, G.-J.E., 2006. A newly developed assay to study the 426 

minimum inhibitory concentration of Satureja spinosa essential oil. J. Appl. 427 

Microbiol. 100, 778–786. 428 

Christensen, A.B., Riedel, K., Eberl, L., Flodgaard, L.R., Molin, S., Gram, L., 429 

Givskov, M., 2003. Quorum-sensing-directed protein expression in Serratia 430 

proteamaculans B5a. Microbiology 149, 471–483. 431 

Dunstall, G., Rowe, M.T., Wisdom, G.B., Kilpatrick, D., 2005. Effect of quorum 432 

sensing agents on the growth kinetics of Pseudomonas spp. of raw milk origin. J. 433 

Dairy Res. 72, 276–280. 434 

EFSA-ECDC, 2007, The Community summary report on trends and sources of 435 

zoonoses, zoonotic agents, antimicrobial resistance and foodborne outbreaks in the 436 

European Union in 2006. EFSA J. 130, 2–352. 437 

Federle, M.J., Bassler, B.L., 2003. Interspecies communication in bacteria. J. Clin. 438 

Invest. 112, 1291–1299. 439 

Firstenberg-Eden, R., Eden, G., 1984. Impedance Microbiology. Letchworth, 440 

England: Research Studies Press Ltd. 441 

Fuqua, C., Winans, S.C., 1996. Conserved cis-acting promoter elements are required 442 

for density-dependent transcription of Agrobacterium tumefaciens conjugal 443 

transfer genes. J. Bacteriol. 178, 435–440. 444 

Giaouris, E., Chorianopoulos, N., Nychas, G.-J.E., 2005. Effect of temperature, pH, 445 

and water activity on biofilm formation by Salmonella enterica Enteritidis PT4 on 446 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 20 

stainless steel surfaces as indicated by the bead vortexing method and conductance 447 

measurements. J.  Food Prot. 68, 2149–2154. 448 

Gram, L., Christensen, A.B., Ravn, L., Molin, S., Givskov, M., 1999. Production of 449 

acylated homoserine lactones by psychrotrophic members of the 450 

Enterobacteriaceae isolated from foods. Appl. Environ. Microbiol. 65, 3458– 451 

3463. 452 

Greenberg, E.P., Hastings, J.W., Ulitzur, S., 1979. Induction of luciferase synthesis in 453 

Beneckea harveyi by other marine bacteria. Arch. Microbiol. 120, 87–91. 454 

Hense, B.A., Kuttler, C., Müller, J., Rothballer, M., Hartmann, A., Kreft, J.-U., 2007. 455 

Does efficiency sensing unify diffusion and quorum sensing? Nat. Rev. Microbiol. 456 

5, 230–239. 457 

Hughes, D.T., Sperandio, V., 2008. Inter-kingdom signalling: communication 458 

between bacteria and their hosts. Nat. Rev. Microbiol. 6, 111–120. 459 

Keller, L., Surette, M., 2006. Communication in bacteria: an ecological and 460 

evolutionary perspective. Nat. Rev. Microbiol. 4, 249–258. 461 

Kendall, M.M., Sperandio, V., 2007. Quorum sensing by enteric pathogens. Curr. 462 

Opin. Gastroenterol. 23, 10–15. 463 

Kolling, G.L., Matthews, K.R., 2007. Influence of enteric bacteria conditioned media 464 

on recovery of Escherichia coli O157:H7 exposed to starvation and sodium 465 

hypochlorite. J. Appl. Microbiol. 103, 1435–1441. 466 

Koutsoumanis, K., Giannakourou, M., Taoukis, P.S., Nychas, G.-J.E., 2002. 467 

Application of SLDs (Shelf life Decision System) to marine cultured fish quality. 468 

Int. J. Food Microbiol.  73, 375–382. 469 

Koutsoumanis, K., Nychas, G.-J.E., 2000. Application of a systematic experimental 470 

procedure to develop a microbial model for rapid fish shelf life predictions. Int. J. 471 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 21 

Food Microbiol.  60, 171–184.  472 

Koutsoumanis, K., Tassou, C.C., Taoukis, P., Nychas, G.-J.E., 1998. Modelling the 473 

effectiveness of a natural antimicrobial on Salmonella enteritidis as a function of 474 

concentration, temperature and pH, using conductance measurements. J. Appl. 475 

Microbiol. 84, 911–918. 476 

Lambert, R.J.W., Pearson, J., 2000. Susceptibility testing: accurate and reprodusible 477 

minimum inhibitory concentration (MIC) and non-inhibitory concentration (NIC) 478 

values. J. Appl. Microbiol. 88, 784–790. 479 

Lu , L., Hume, M.E., Pillai, S.D., 2004. Autoinducer-2–like activity associated with 480 

foods and its interaction with food additives. J.  Food Prot. 67, 1457–1462. 481 

Lynch, M., Painter, J., Woodruff, R., Braden, C., 2006. Surveillance for foodborne-482 

disease outbreaks-United States, 1998-2002. MMWR Surveill. Summ. 55, 1–42. 483 

Michael, B., Smith, J.N., Swift, S., Heffron, F., Ahmer, B.M., 2001. SdiA of 484 

Salmonella enterica is a LuxR homolog that detects mixed microbial 485 

communities. J. Bacteriol. 183, 5733–5742. 486 

Miller, M.B., Bassler, B.L., 2001. Quorum sensing in bacteria. Annu. Rev. Microbiol. 487 

55, 165–199. 488 

Nychas, G.-J.E., Dourou, D., Skandamis, P., Koutsoumanis, K., Baranyi, J., Sofos, J., 489 

2009. Effect of microbial cell-free meat extract on the growth rate of spoilage 490 

bacteria. J. Appl. Bacteriol. 107. 1819-1829.   491 

Oliveira, S.R. , Cruz, R.M.S.b  , Vieira, M.C., Silva, C.L.M.  , Gaspar, M.N.. 2009. 492 

Enterococcus faecalis and Pseudomonas aeruginosa behaviour in frozen 493 

watercress (Nasturtium officinale) submitted to temperature abuses. Int. J. Refrig. 494 

32, 472–477. 495 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 22 

Pearson, J.P., Gray, K.M., Passador, L., Tucker, K.D., Eberhard, A., Iglewski, B.H., 496 

Greenberg, E.P., 1994. Structure of the autoinducer required for expression of 497 

Pseudomonas aeruginosa virulence genes. Proc. Natl. Acad. Sci. U.S.A.  91, 197–498 

201. 499 

Pearson, J.P., Passador, L., Iglewski, B.H., Greenberg, E.P., 1995. A second N-500 

acylhomoserine lactone signal produced by Pseudomonas aeruginosa. Proc. Natl. 501 

Acad. Sci. U.S.A.  92, 1490–1494. 502 

Rantsiou, K., Drosinos, E.H., Gialitaki, M., Metaxopoulos, I., Comi, G., Cocolin, L., 503 

2006. Use of molecular tools to characterize Lactobacillus spp. isolated from 504 

Greek traditional fermented sausages. Int. J. Food Microbiol.  112, 215–222. 505 

Ravn, L., Christensen, A.B., Moli, S., Givskov, M., Gram, L., 2001. Methods for 506 

detecting acylated homoserine lactones produced by Gram-negetive bacteria and 507 

their application in studies of AHL-production kinetics. J. Microbiol. Methods 44, 508 

239–251. 509 

Redfield, R.J., 2002. Is quorum sensing a side effect of diffusion sensing? Trends 510 

Microbiol. 10, 365–370.  511 

Richard, J.C.S, Jason, A.C,  Hobbs, G.  Gibson, D.M  and Christie, R.H., 1978; 512 

Electronic measurement of bacterial growth J  Physics E: Scient Instr 11, 560-568 513 

Sahota, P., Jairath, S., Pandove, G., Krishan, M., 2008. Emerging food borne 514 

pathogens - A review. Asian J. Microbiol. Biotechn. Environ. Sci. 10, 921–926.   515 

Schauder, S., Bassler, B.L., 2001. The language of bacteria. Genes Dev. 15, 1468–516 

1480. 517 

Shaw, P.D., Ping, G., Daly, S.L., Cha, C., Cronan, J.E. Jr, Rinehart, K.L., Farrand 518 

S.K., 1997. Detecting and characterizing N-acyl-homoserine lactone signal 519 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 23 

molecules by thin-layer chromatography. Proc. Natl. Acad. Sci. U.S.A.  94, 6036–520 

6041. 521 

Silley, P., Forsythe, S., 1996. Impedance microbiology-a rapid change for 522 

microbiologists. J. Appl. Bacteriol. 80, 233–243. 523 

Smith, J.L., Fratamico, P.M., Novak, J.S., 2004. Quorum sensing: a primer for food 524 

microbiologists. J.  Food Prot. 67, 1053–1070. 525 

Smith, J.N., Ahmer, B.M., 2003. Detection of other microbial species by Salmonella: 526 

expression of the SdiA regulon. J. Bacteriol. 185, 1357–1366. 527 

Skandamis, P., Koutsoumanis, K., Fasseas, K., Nychas, G.-J.E., 2001. Evaluation of 528 

the inhibitory effect of oregano essential oil on Escherichia coli O157:H7, in broth 529 

culture with or without EDTA, using viable counts, turbidity and impedance. Ital. 530 

J. Food Sc. Technol. 13, 65–75. 531 

Soni, K.A., Lu, L., Jesudhasan, P.R., Hume, M.E., Pillai, S.D., 2008. Influence of 532 

autoinducer-2 (AI-2) and beef sample extracts on E.coli O157:H7 survival and 533 

gene expression of virulence genes yadk and hhA. J. Food Sci. 73, 135–139.  534 

Souza, P.A., Santos, D.A., 2009. Microbiological risk factors associated with food 535 

handlers in elementary schools from Brazil.  J. Food Safety 29, 424–429. 536 

Stephens, K., 1986. Pheromones among the prokaryotes. Crit. Rev. Microbiol. 13, 537 

309–334. 538 

Surette, M.G., Bassler, B.L., 1998. Quorum sensing in Escherichia coli and 539 

Salmonella typhimurium. Proc. Natl. Acad. Sci. U.S.A.  95, 7046–7050. 540 

Surette, M.G., Miller, M.B., Bassler, B.L., 1999. Quorum sensing in Escherichia coli, 541 

Salmonella typhimurium and Vibrio harveyi: a new family of genes responsible for 542 

autoinducer production. Proc. Natl. Acad. Sci. U.S.A.  96, 1639–1644.   543 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 24 

Taga, M.E., Miller, S.T., Bassler, B.L., 2003. Lsr-mediated transport and processing 544 

of AI-2 in Salmonella typhimurium. Mol. Microbiol. 50, 1411–1427. 545 

Taga, M.E., Semmelhack, J.L., Bassler, B.L., 2001. The LuxS-dependent autoinducer 546 

AI-2 controls the expression of an ABC transporter that functions in AI-2 uptake 547 

in Salmonella typhimurium. Mol. Microbiol. 42, 777–793.  548 

Tassou, C.C., Nychas, G.-J.E., 1994. Inhibition of Staphylococcus aureus by olive 549 

phenolics in broth and in food model system. J.  Food Prot.57, 120–124. 550 

Tassou, C.C., Nychas, G.-J.E., 1995. Inhibition of Salmonella enteritidis by 551 

oleuropein in broth and in a model food system. Lett. Appl. Microbiol. 20, 120–552 

124. 553 

Throup, J.P., Camara, M., Briggs, G.S., Winson, M.K., Chhabra, S.R., Bycroft, B.W., 554 

Williams, P., Stewart, G.S., 1995. Characterisation of the yenI/yenR locus from 555 

Yersinia enterocolitica mediating the synthesis of two N-acylhomoserine lactone 556 

signal molecules. Mol. Microbiol. 17, 345–356. 557 

Tranter, H.S., Tassou, C.C., Nychas, G.-J.E., 1993. The effect of the olive phenolic 558 

compound, oleuropein, on growth and enterotoxin B production by 559 

Staphylococcus aureus. J. Appl. Bacteriol. 74, 253–259. 560 

Van Houdt, R., Givskov, M., Michiels, C.W., 2007. Quorum sensing in Serratia. 561 

FEMS Microbiol. Rev. 31, 407–424. 562 

Walters, M., Sircili, M.P., Sperandio, V., 2006. AI-3 synthesis is not dependent on 563 

luxS in Escherichia coli. J. Bacteriol. 188, 5668–5681. 564 

Walters, M., Sperandio, V., 2006. Quorum sensing in Escherichia coli and 565 

Salmonella. Int. J. Food Microbiol.  296, 125–131. 566 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 25 

Whan, L., Dunstall, G., Rowe, M.T., 2000. A study of the growth kinetics of two 567 

pseudomonads from pasteurized milk and the possible role of quorum sensing. 568 

Milchwissenschaft 55, 371–373. 569 

Winzer, K., Hardie, K.R., Burgess, N., Doherty, N., Kirke, D., Holden, M.T., 570 

Linforth, R., Cornell, K.A., Taylor, A.J., Hill, P.J., Williams, P., 2002. LuxS: its 571 

role in central metabolism and the in vitro synthesis of 4-hydroxy-5-methyl-3(2H)-572 

furanone. Microbiology 148, 909–922. 573 

Zhao, A.L., Montville, T.J., Schaffner, D.W., 2006. Evidence for quorum sensing in 574 

Clostridium botulinum. Lett. Appl. Microbiol. 42, 54–58. 575 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 26 

FIGURE 1. Representative photos exhibiting the presence of acylated homoserine 576 

lactones (AHLs) in the cell-free culture supernatants (CFS) of A. tumefaciens KYC6 577 

(donor) (A), Yersinia enterocolitica-like GTE 112 (B), S. proteamaculans 00612 (C), 578 

Y. enterocolitica CITY650 and CITY844* (D) and P. aeruginosa 108928 (E). Tester 579 

strains CFS were added to wells in agar containing A. tumefaciens A136. Zones of 580 

AHL(s)-induced blue color production are seen surrounding the wells. * Mixture (1:1, 581 

v/v) of the CFS of the two Y. enterocolitica strains. 582 
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FIGURE 2. Thin layer chromatogram profiles of the AHLs present in the cell-free 618 

culture supernatants (CFS) of the tester strains used in this study. Samples were 619 

chromatographed on c18 reversed-phase TLC plates, developed with methanol/water 620 

(60:40, v/v) and the spots were visualised by A. tumefaciens A136 reporter strain. 621 

Lanes: (1) synthetic C6-AHL; (2) A. tumefaciens KYC6 (donor); (3) H. alvei 718; (4) 622 

Yersinia enterocolitica-like GTE 112; (5) S. proteamaculans 00612; (6) Y. 623 

enterocolitica CITY650; (7) Y. enterocolitica CITY844; (8) P. aeruginosa 108928. 624 
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 628 

 629 

 630 

 631 

TABLE 1. Autoinducer-1 activity of tester strains cell-free culture supernatant (CFS) 632 

in the well diffusion assay using the A. tumefaciens A136 reporter strain 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

a 20% CFS; the concentration of CFS used in conductance experiments.  642 

b Results are displayed as the mean value (n=2) of the ratio of induction zone (area) of CFS of the tester 643 

strain to the induction zone (area) of the AHL producing A. tumefaciens KYC6.  644 

c nt; not tested. 645 

d Mixture (1:1, v/v) of the CFS of the two Y. enterocolitica strains. 646 

 647 

 648 

  AI-1 activity  
Tester strain Assay CFS 20% CFSa 

A. tumefaciens KYC6 1 1.00b ntc 
 2 1.00 nt 

Y. enterocolitica- like GTE112 1 1.59 1.08 

 2 1.54 1.18 

P. aeruginosa 108928 1 0.47 0.18 

 2 0.37 0.23 

S. proteamaculans 00612 1 0.92 0.50 

 2 0.98 0.47 

Y. enterocolitica CITY650 and CITY844d 1 0.94 0.39 

 2 nt nt 
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TABLE 2. AI-2 activity in the cell-free culture supernatants (CFS) of V. harveyi 649 

BB152 and the tester strains 650 

* Relative AI-2 activity (x-fold increase) was calculated as the ratio of luminescence of each CFS to the 651 

control (negative) sample. Results represent mean values of two independent assays.  652 

 653 

Tester  strain CFS Relative AI-2 activity * 

V. harveyi BB152 33.3 

Y. enterocolitica- like GTE112 18.7 

P. aeruginosa 108928 1.3 

S. proteamaculans 00612 8.6 

Y. enterocolitica CITY650 3.8 

Y. enterocolitica CITY844 4.2 
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TABLE 3. Effect of addition of 20% in the final volume of cell-free culture supernatant (CFS) of Y. enterocolitica-like GTE112, in the growth 654 

medium, on the kinetics of S. Enteritidis (strains PT4, PT7) and S. Typhimurium (strains DSM554, DT193).  655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 
* Tdet: Detection Time (h) as provided from Malthus instrument; MSrCC: Maximum Slope (rate) of Conductance Changes (µSmin-1) as determined by fitting the conductance 670 

curves with DMFit software; Area: the area under the conductance/time curve. 671 

** Mean values with different letters (a, b) within rows for each experiment are significant different (p < 0.05). 672 

 673 

  Trial 1 Trial 2 
Microorganism Kinetic parameters* CFS Control CFS Control 

Tdet 8.85**  ± 0.37a 7.64 ± 0.46b 9.50 ± 0.34a 8.25 ± 0.14b 
MSrCC 2.10 ± 0.23a 2.02 ± 0.21a 2.13 ± 0.19a 2.69 ± 0.16b 

S. Enteritidis PT4 

Area 13907 ± 3064a 21422 ± 3704b 14557 ± 2138a 30175 ± 642b 
      

Tdet 11.89 ± 0.48a 11.19 ± 0.18b 10.69 ± 0.72a 9.78 ± 0.32b 
MSrCC 1.23 ± 0.20a 1.50 ± 0.20b 1.72 ± 0.22a 2.09 ± 0.18b 

S. Enteritidis PT7 

Area 7703 ± 1977a 13219 ± 3108b 10943 ± 2975a 23562 ± 3183b 
      

Tdet 9.74 ± 0.23a 9.28 ± 0.04b 9.78 ± 0.34a 8.41 ± 0.32b 
MSrCC 2.21 ± 0.29a 2.45 ± 0.22b 2.35 ± 0.37a 2.84 ± 0.31b 

S. Typhimurium DSM554 

Area 13154 ± 3463a 23542 ± 2374b 15793 ± 2023a 28548 ± 2371b 
      

Tdet 9.43 ± 0.20a 8.77 ± 0.60b 8.21 ± 0.65a 7.63 ± 0.46b 
MSrCC 2.13 ± 0.31a 2.57 ± 0.53b 2.38 ± 0.19a 2.84 ± 0.47b 

S. Typhimurium DT193 

Area 5462 ± 856a 7807 ± 2337b 5346 ± 911a 14909 ± 2637b 
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TABLE 4. Effect of addition of 20% in the final volume of cell-free culture supernatant (CFS) of S. proteamaculans 00612, in the growth 674 

medium, on the kinetics of S. Enteritidis (strains PT4, PT7) and S. Typhimurium (strains DSM554, DT193)  675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 
* Tdet: Detection Time (h) as provided from Malthus instrument; MSrCC: Maximum Slope (rate) of Conductance Changes (µSmin-1) as determined by fitting the conductance 689 

curves with DMFit software; Area: the area under the conductance/time curve. 690 

** Mean values with different letters (a, b) within rows for each experiment are significant different (p < 0.05). 691 

 692 

  Trial 1 Trial 2 
Microorganism Kinetic parameters* CFS Control CFS Control 

Tdet 9.45**  ± 0.27a 9.31 ± 0.40a 9.62 ± 0.39a 9.09 ± 0.39b 
MSrCC 1.68 ± 0.34a 1.97 ± 0.24b 1.74 ± 0.19a 2.00 ± 0.26b 

S. Enteritidis PT4 

Area 27757 ±  3356a 31850 ± 2865b 11801 ±2657a 19796 ±3521b 
      

Tdet 13.20 ± 0.48a 12.34 ± 0.25b 12.47 ± 0.25a 11.08 ± 0.11b 
MSrCC 1.00 ± 0.25a 1.61 ± 0.17b 1.26 ± 0.30a 1.59 ± 0.14b 

S. Enteritidis PT7 

Area 32482 ± 3123a 45869 ± 4650b 6501 ± 1505a 21014 ± 2602b 
      

Tdet 9.89 ± 0.27a 9.62 ± 0.23b 10.01 ± 0.10a 9.53 ± 0.16b 
MSrCC 1.66 ± 0.19a 2.07 ± 0.23b 1.87 ± 0.36a 2.63 ± 0.25b 

S. Typhimurium DSM554 

Area 28925 ± 3401a 36807 ± 4863b 12554 ± 3045a 18004 ± 2109b 
      

Tdet 9.30 ± 0.24a 8.94± 0.40b 9.11 ± 0.16a 8.60 ± 0.35b 
MSrCC 1.83 ± 0.27a 2.61 ± 0.23b 1.76 ± 0.41a 2.73 ± 0.24b 

S. Typhimurium DT193 

Area 27563 ± 2691a 31686 ± 2970b 9289 ± 3455a 16161 ± 3016b 
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TABLE 5. Effect of addition of 20% in the final volume of cell-free culture supernatant (CFS)† of Y. enterocolitica CITY650 and CITY844, in 693 

the growth medium, on the kinetics of S. Enteritidis (strains PT4, PT7) and S. Typhimurium (strains DSM554, DT193).  694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

† Mixture (1:1, v/v) of the CFS of the two Y. enterocolitica strains. 705 

* Tdet: Detection Time (h) as provided from Malthus instrument; MSrCC: Maximum Slope (rate) of Conductance Changes (µSmin-1) as determined by fitting the conductance 706 

curves with DMFit software; Area: the area under the conductance/time curve. 707 

** Mean values with different letters (a, b) within rows for each experiment are significant different (p < 0.05). 708 

  Trial 1 Trial 2 
Microorganism Kinetic parameters* CFS Control CFS Control 

Tdet 8.93**  ± 0.63a 8.18 ± 0.68b 10.81 ± 0.14a 9.47 ± 0.09b 
MSrCC  1.83 ± 0.21a 1.56 ± 0.31a 2.05 ± 0.40a 2.22 ± 0.33a 

S. Enteritidis PT4 

Area 14217 ± 1725a 19443 ± 6552b 15879 ± 2312a 25002 ± 4722b 
      

Tdet 11.33 ± 0.47a 10.93 ± 0.28b 12.13 ± 0.39a 11.55 ± 0.19b 
MSrCC  1.85 ± 0.14a 1.74 ± 0.23a 1.39 ± 0.14a 1.50 ± 0.30a 

S. Enteritidis PT7 

Area 18260 ± 2609a 29931 ± 4602b 15000 ± 1520a 22263 ± 3056b 
      

Tdet 9.57 ± 0.32a 9.11 ± 0.27b 10.22 ± 0.16a 9.34 ± 0.29b 
MSrCC  2.08 ± 0.15a 2.63 ± 0.20b 2.03 ± 0.30a 2.36 ± 0.30b 

S. Typhimurium DSM554 

Area 30889 ± 4441a 40207 ± 4432b 15917 ± 1912a 27289 ± 3674b 
      

Tdet 8.73 ± 0.53a 8.03 ± 0.45b 9.33 ± 0.14a 8.80 ± 0.14b 
MSrCC  1.92 ± 0.36a 2.35 ± 0.20b 1.59 ± 0.17a 1.75 ± 0.04b 

S. Typhimurium DT193 

Area 14898 ± 1433a 19066 ± 3337b 13017 ± 1415a 17933 ± 1691b 
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TABLE 6. Effect of addition of 20% in the final volume of cell-free culture supernatant (CFS) of P. aeruginosa 108928, in the growth medium, 709 

on the kinetics of S. Enteritidis (strains PT4, PT7) and S. Typhimurium (strains DSM554, DT193) 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 
* Tdet: Detection Time (h) as provided from Malthus instrument; MSrCC: Maximum Slope (rate) of Conductance Changes (µSmin-1) as determined by fitting the conductance 724 

curves with DMFit software; Area: the area under the conductance/time curve. 725 

**  Mean values with different letters (a, b) within rows for each experiment are significant different (p < 0.05).  726 

  Trial 1 Trial 2 
Microorganism Kinetic parameters* CFS Control CFS Control 

Tdet 7.07**  ± 0.05a 7.30 ± 0.05b 6.34 ± 0.39a 6.88 ± 0.63b 
MSrCC 3.19 ± 0.23a 2.79 ± 0.361b 3.27 ± 0.36a 2.65 ± 0.41b 

S. Enteritidis  PT4 

Area 19532 ± 1991a 14579 ± 1240b 31578 ± 2285a 27279 ± 2674b 
      

Tdet 7.72 ± 0.08a 7.88 ± 0.16b 7.97 ± 0.67a 8.56 ± 0.24b 
MSrCC 2.28 ± 0.23a 1.89 ± 0.27b 2.51 ± 0.27a 2.22 ± 0.33b 

S. Enteritidis PT7 

Area 13723 ±  2485a 10910 ± 1837b 30206 ± 4806a 27443 ± 1864b 
      

Tdet 7.17 ± 0.08a 7.40 ± 0.05b 7.16 ± 0.45a 7.53 ± 0.05b 
MSrCC 3.13 ± 0.43a 2.76 ± 0.54a 3.66 ± 0.38a 3.24 ± 0.32b 

S. Typhimurium DSM554 

Area 18603 ± 2446a 14606 ± 2842b 30645 ± 3727a 26762 ± 1841b 
      

Tdet 6.63 ± 0.05a 6.79 ± 0.07b 7.01 ± 0.39a 7.40 ± 0.17b 
MSrCC 3.47 ± 0.23a 3.22 ± 0.12b 3.52 ± 0.41a 3.15 ± 0.29b 

S. Typhimurium DT193 

Area 20369 ± 1461a 18418 ± 1037b 27014 ± 2771a 24180 ± 1500b 
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