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Abstract: The aim of the present study was to assess the transcriptomic response of L. monocytogenes
during co-culture with three S. cerevisiae strains. For this purpose, BHI broth was inoculated with
7 log CFU·mL−1 L. monocytogenes serotype 4b strain LQC 15257, isolated from a strawberry sample
and 4 log CFU·mL−1 S. cerevisiae strains Y32, Y34 and Y37, isolated from spontaneous olive fermenta-
tion. Sampling took place after 24 and 48 h incubation at 5 and 20 ◦C. RNA was extracted, stabilized
and the transcription of virulence associated genes prfA, sigB, hly, plcA, plcB, inlA, inlB, inlC and inlJ,
was assessed by RT-qPCR. Co-culture with the yeast strains mostly affected the transcription of sigB
and inlJ, the upregulation of which during growth at 5 ◦C for 24 h, reached 10.13 and 9.76 log2(fold
change), respectively. Similarly, the effect that incubation time had on the relative transcription of the
genes under study was dependent on the co-cultivating yeast strain. On the other hand, the effect of
the yeast strain was less pronounced when the relative transcription of the genes under study was
assessed between 20 ◦C and 5 ◦C. In that case, incubation temperature seemed to have an important
effect since, in the 79.2% of the samples analyzed, upregulation was evident, irrespective of yeast
strain presence. These results highlight the complex trophic relationships that take place during
co-existence between L. monocytogenes and S. cerevisiae.

Keywords: virulence genes; transcriptomics; foodborne pathogen; microecosystem

1. Introduction

Listeriosis is a serious infection that is caused by ingestion of food contaminated with
the Gram-positive bacterium Listeria monocytogenes; it is characterized by high hospitaliza-
tion and mortality rates on annual basis in the U.S. and the E.U. [1,2].

Control of this pathogen currently relies on implementation of good hygiene practices
and, if applicable, the use of antimicrobial compounds and procedures; the effectiveness
of which, is verified by frequent microbiological testing. However, based on the annual
number of incidents and outbreaks, additional strategies that would assist in eliminating
this bacterium from the food supply chain are still necessary. Science-based, targeted
approaches that may be tailored according to the food matrix, may be enabled through the
thorough assessment of the physiology of the pathogen under conditions encountered in
food processing or storage.

Currently, research is focused in establishing a link between prior exposure to food-
related abiotic and biotic stimuli and virulence potential through the effect on the tran-
scription of virulence-associated genes. L. monocytogenes invasiveness is largely affected
by exposure to environmental stresses, such as cold, heat, osmotic and sub-lethal acidic,
as well as the type of food, in a strain-dependent manner [3–12]. The biotic stimuli that
the pathogen may encounter refer to the co-existence with other microorganisms. Such
co-existence has been reported in fresh produce, dairy and meat products [13–17]. The out-
come of such a co-existence depends on the relative physiological and metabolic attributes
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as well as the environmental conditions, which concomitantly define the relative popula-
tion dynamics of the members of the microecosystem. The effect that such co-existence may
have on the transcription of virulence-associated genes and invasiveness of the pathogen,
has been only marginally studied [18–25]; in some cases, a correlation between the tran-
scriptomic response of the pathogen and its invasiveness has been suggested [6,25].

Saccharomyces cerevisiae is a key microorganism for the beverages sector. Apart from
the central role in the production of alcoholic beverages, its contribution in the production
of fermented milks such as kefir [26,27], Nunu [28] and Lait caillé [29], has been recognized.
The ability of L. monocytogenes to survive the manufacturing process of some of the above
products, has already been documented [30–32]. The aim of the present study was to assess
the transcriptomic response of L. monocytogenes during co-culture with three S. cerevisiae
strains during growth in BHI broth incubated at 5 ◦C and 20 ◦C. More specifically, the
relative transcription of the key transcriptional regulators sigB and prfA as well as the
virulence associated genes plcA, plcB, hly, inlA, inlB, inlC and inlJ were assessed.

2. Materials and Methods
2.1. Bacterial Strains and Sample Preparation

L. monocytogenes strain LQC 15257, serotype 4b, isolated from a strawberry sample [33,34]
and Saccharomyces cerevisiae strains Y32, Y34 and Y37, isolated from fermented olives [35]
were used throughout this study. The strains were stored at −20 ◦C in Nutrient broth (Lab
M, Lancashire, UK) supplemented with 50% glycerol (Applichem, Darmstadt, Germany).
Before experimental use, the strains were grown twice in Brain Heart Infusion (BHI) broth
(Lab M) at 37 ◦C for 24 h and 25 ◦C for 3 days, for L. monocytogenes and S. cere-visiae,
respectively.

Twenty-four hours culture of the pathogen and the yeast strains, incubated at 37 and
25 ◦C, respectively, were centrifuged (12,000× g; 15 min; 4 ◦C), washed twice with sterile
saline, resuspended in the same diluent and used to inoculate BHI broth at ~7.00 log CFU/mL
and ~4.00 log CFU/mL, respectively. Mono-and co-cultures of the pathogen with each of
the yeast strains were incubated at 5 and 20 ◦C for 48 h.

2.2. Sampling and Microbiological Analyses

Sampling was performed after 24 and 48 h of incubation at 5 and 20 ◦C. L. monocyto-
genes and yeast populations were enumerated by plating serial dilutions on the surface of
Polymyxin Acriflavine Lithium chloride Ceftazidine Aesculin Mannitol (PALCAM) agar
(Lab M) and Rose Bengal Chloramphenicol (RBC) agar (Lab M) and incubation at 37 ◦C for
48 h and 25 ◦C for 3 days, respectively.

2.3. Gene Transcription Assay

Samples (10 mL) were centrifuged (12,000× g; 1 min, incubation temperature), the
biomass was mixed with 200 µL of RNAlater ® solution (Ambion, Whaltham, MA, USA)
and stored at −20 ◦C until further analysis. Extraction of RNA was performed using the
Nucleo-Spin® RNA Kit (Macherey-Nagel, Duren, Germany), synthesis of cDNA took place
using random hexamers and the PrimeScriptTM One Step RT-PCR Kit (Takara Bio, Shiga,
Japan). For each sample, two reverse transcription reactions containing ca. 0.5 µg RNA
each, were performed. Relative transcription of the key transcriptional regulators sigB
and prfA, the virulence associated genes plcA, plcB, hly, inlA, inlB, inlC and inlJ, along with
the house-keeping genes IGS, 16S-rDNA and rpob that were employed as references, was
performed using the primers, PCR and melting curve conditions mentioned in Hadjilouka
et al. [36] and presented in Table S1. Real-Time quantitative PCR was performed using
KAPA SYBR qPCR Kit Master Mix (2X) for ABI Prism (KapaBiosystems, Boston, MA, USA).

2.4. Statistical Analysis

The Ct values of all genes were processed according to Hadjilouka et al. [37]; the fold
changes that were calculated were converted to their log2 values for further processing.
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NormFinder v0.953 [38] was used to calculate the stability values of the genes employed
as references. IGS was the most stably transcribed and used for normalization. In each
case, the condition used as control is mentioned. Up- and down-regulation of a gene was
only considered when the log2 value of the fold change (log2FC) was below −1 or above
1, respectively, assessed through one-sample t-test (p < 0.05). The Pearson coefficient was
used to assess the correlation between the log2FC values of the genes. The differences
between the population of the pathogen and the yeast strains in mono-or co-cultures was
assessed by one-way analysis of variance (ANOVA). All calculations were performed in
Statgraphics Centurion XVII (Statgraphics Technologies, Inc., The Plains, VA, USA).

3. Results

The S. cerevisiae strains employed in the present study exhibited no antilisterial activity,
assessed through a well diffusion assay performed according to Syrokou et al. [39]. In
Table 1, L. monocytogenes population after incubation in BHI broth, at 5 ◦C and 20 ◦C, for
24 and 48 h, in mono-or co-culture with the yeast strains, is presented. L. monocytogenes
population after incubation as monoculture for 24 h at 5 ◦C and 20 ◦C reached 7.61 and
9.29 log CFU/mL, respectively and no statistically significant change was observed in the
population of the pathogen, after 48 h incubation at both temperatures. Co-culture with
a yeast strain had no statistically significant effect on the population of the pathogen at
both temperatures and times assessed. The population of the yeast strains after incubation
as monoculture for 24 h at 5 ◦C ranged from 4.12 to 4.27 log CFU/mL and at 20 ◦C
from 5.49 to 5.68 log CFU/mL. No statistically significant change was observed in yeast
strains population after 48 h incubation at 5 ◦C. On the contrary, after 48 h incubation at
20 ◦C, statistically significant increase in the population of all yeast strains was observed.
In all cases, yeast population was not affected by the presence of the pathogen at both
temperatures and times assessed (Table 1).

Table 1. L. monocytogenes strain LQC 15257 and S. cerevisiae strains Y32, Y34 and Y37 population
dynamics (log CFU/mL) during mono-and co-culture in BHI broth at 5 and 20 ◦C for 24 and 48 h.

L. monocytogenes
LQC 15257 S. cerevisiae Y32 S. cerevisiae Y34 S. cerevisiae Y37

Initial
inoculum 7.12 (0.20) 4.10 (0.15) 3.95 (0.24) 4.20 (0.22)

Mono-culture
5 ◦C 24 h 7.61 (0.27) a 4.12 (0.20) a 4.27 (0.23) a 4.20 (0.20) a

5 ◦C 48 h 7.72 (0.18) a 4.35 (0.15) a 4.52 (0.20) a 4.40 (0.34) a

20 ◦C 24 h 9.29 (0.21) a 5.68 (0.21) a 5.49 (0.18) a 5.60 (0.25) a

20 ◦C 48 h 9.00 (0.17) a 6.12 (0.24) b 5.95 (0.10) b 6.10 (0.11) b

Co-culture
5 ◦C 24 h 7.75 (0.19) a 4.20 (0.10) a - -

7.70 (0.31) a - 4.36 (0.21) a -
7.71 (0.12) a - - 4.25 (0.15) a

5 ◦C 48 h 7.77 (0.07) a 4.31 (0.12) a - -
7.59 (0.14) a - 4.40 (0.08) a -
7.57 (0.18) a - - 4.35 (0.14) a

20 ◦C 24 h 9.24 (0.12) a 5.57 (0.20) a - -
9.17 (0.14) a - 5.57 (0.15) a -
9.10 (0.15) a - - 5.69 (0.19) a

20 ◦C 48 h 9.07 (0.30) a 6.10 (0.15) b - -
9.14 (0.21) a - 5.97 (0.12) b -
9.11 (0.15) a - - 6.12 (0.17) b

Statistically significant differences between the population of a strain incubated at the same temperature are
indicated by different superscript letters.

Co-culture with yeast strains had no effect on the transcription of the genes under
study in the 82.5% of the samples analyzed. In these cases, the relative transcription of the
genes, expressed in log2(FC), was between −1 and 1, which in the present study was not
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considered as regulation (Figure 1; Table 2). This was particularly visible in the case of inlA
and inlB, the relative transcription of which was not affected by the presence of any of the
three yeast strains examined. In addition, co-culture at 5 ◦C for 48 h had no effect on relative
gene transcription compared to monoculture at the same conditions. However, notable
exceptions did occur, the majority of which were observed during growth at 5 ◦C for 24 h
and 20 ◦C for 48 h. More specifically, co-culture with any of the three yeast strains resulted
in upregulation of sigB and inlJ during growth at 5 ◦C for 24 h. Upregulation of sigB ranged
from 2.65 to 10.13 log2(FC) while upregulation of inlJ from 6.49 to 9.76 log2(FC), depending
on the yeast strain. In both cases, the most pronounced upregulation was observed during
co-culture with yeast strain Y32. Moreover, co-culture with yeast strains Y34 and Y37
resulted in downregulation of prfA, sigB and plcA during growth at 20 ◦C for 48 h. In
addition, co-culture with yeast strains Y32 and Y34 resulted in upregulation of plcB during
growth at 5 ◦C for 24 h. Finally, co-culture with yeast strain Y37 at 5 ◦C for 24 h resulted
in downregulation of inlC. Co-culture with yeast strain Y34 at 20 ◦C for 24 h resulted in
upregulation of inlC and inlJ.

In order to assess the effect of incubation time on the relative gene transcription, the
transcript levels of the genes under study after growth at 5 ◦C for 48 h were compared
with the respective after growth at 5 ◦C for 24 h. Similarly, the transcript levels of the
genes under study after growth at 20 ◦C for 48 h were compared with the respective after
growth at 20 ◦C for 24 h (Figure 2; Table 2). Incubation time seemed to have a rather
restricted effect on the transcription of the genes under study, since in the 75% of the
samples analyzed, the relative transcription of the genes, expressed in log2(FC), was above
−1 and below 1. This was particularly visible in the relative transcription of inlB and inlC,
which remained without any statistically significant change. However, notable exceptions
were also observed, the majority of which occurred when the transcript levels after growth
at 20 ◦C for 48 h were compared with the respective after 24 h. When L. monocytogenes was
grown as monoculture, upregulation of sigB and inlJ was observed when the respective
transcript levels after growth at 5 ◦C for 48 h were compared with the ones after growth
for 24 h. Similarly, upregulation of prfA and plcA but downregulation of hly and inlA
were observed when the respective transcript levels after growth at 20 ◦C for 48 h were
compared with the ones after growth for 24 h. The effect that co-cultivation had on relative
transcription was dependent on the yeast strain. More accurately, co-cultivation with the
yeast strain Y32 at 5 ◦C, resulted in downregulation of sigB and inlJ and upregulation of
plcA and plcB. Co-cultivation with yeast strain Y34 for 48 h at 20 ◦C resulted in upregulation
of plcB and downregulation of sigB, inlA and inlJ. Finally, the co-culture with yeast strain
Y37 for 48 h at 5 ◦C resulted in upregulation of sigB, whereas after 48 h growth at 20 ◦C,
upregulation of inlJ and downregulation of sigB and inlA were observed.
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Figure 1. Effect of co-culture with S. cerevisiae strains Y32 (red bars), Y34 (yellow bars) and Y37 (blue bars) on the relative transcription of prfA, sigB, hly, plcA, plcB, inlA, inlB, inlC and 
inlJ, during growth of L. monocytogenes strain LQC 15257 in BHI broth at 5 and 20 °C for 24 and 48 h. Growth of the pathogen in monoculture was used as control. Error bars represent 
the standard deviation of the mean value. Presence of asterisks indicates that the relative transcription was above 1 or below −1 (the values that were used as threshold) at p value 
indicated by the number of asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001). 

Figure 1. Effect of co-culture with S. cerevisiae strains Y32 (red bars), Y34 (yellow bars) and Y37 (blue bars) on the relative transcription of prfA, sigB, hly, plcA, plcB, inlA, inlB, inlC and inlJ,
during growth of L. monocytogenes strain LQC 15257 in BHI broth at 5 and 20 ◦C for 24 and 48 h. Growth of the pathogen in monoculture was used as control. Error bars represent the
standard deviation of the mean value. Presence of asterisks indicates that the relative transcription was above 1 or below −1 (the values that were used as threshold) at p value indicated by
the number of asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Table 2. Number of samples in which the relative transcription of the genes under study was below,
above or within the threshold set. Percentage is given in parenthesis.

log2(FC) Effect of Yeast
Strains 1

Effect of Incubation
Time 2

Effect of Incubation
Temperature 3

prfA
<−1 2 (16.7) 0 (0.0) 0 (0.0)

−1 to 1 10 (83.3) 7 (87.5) 1 (12.5)
>1 0 (0.0) 1 (12.5) 7 (87.5)

sigB
<−1 2 (16.7) 3 (37.5) 0 (0.0)

−1 to 1 7 (33.3) 3 (37.5) 3 (37.5)
>1 3 (25.0) 2 (25.0) 5 (62.5)

plcA
<−1 2 (16.7) 0 (0.0) 0 (0.0)

−1 to 1 10 (83.3) 6 (75.0) 6 (75.0)
>1 0 (0.0) 2 (25.0) 2 (25.0)

plcB
<−1 0 (0.0) 0 (0.0) 0 (0.0)

−1 to 1 10 (83.3) 6 (75.0) 2 (25.0)
>1 2 (16.7) 2 (25.0) 6 (75.0)

hly
<−1 0 (0.0) 1 (12.5) 0 (0.0)

−1 to 1 10 (83.3) 7 (87.5) 1 (12.5)
>1 2 (16.7) 0 (0.0) 7 (87.5)

inlA
<−1 0 (0.0) 3 (37.5) 0 (0.0)

−1 to 1 12 (100.0) 5 (62.5) 1 (12.5)
>1 0 (0.0) 0 (0.0) 7 (87.5)

inlB
<−1 0 (0.0) 0 (0.0) 0 (0.0)

−1 to 1 12 (100.0) 8 (100.0) 0 (0.0)
>1 0 (0.0) 0 (0.0) 8 (100.0)

inlC
<−1 1 (8.3) 0 (0.0) 0 (0.0)

−1 to 1 10 (83.3) 8 (100.0) 0 (0.0)
>1 1 (8.3) 0 (0.0) 8 (100.0)

inlJ
<−1 0 (0.0) 2 (25.0) 0 (0.0)

−1 to 1 8 (66.6) 4 (50.0) 1 (12.5)
>1 4 (33.3) 2 (25.0) 7 (87.5)

Total
<−1 7 (6.5) 9 (12.5) 0 (0.0)

−1 to 1 89 (82.5) 54 (75.0) 15 (20.8)
>1 12 (11.0) 9 (12.5) 57 (79.2)

1 the effect of yeast strains was assessed by comparing the transcription of the genes under study during growth
of the pathogen in co-culture with each of the yeast strains using as control the growth of the pathogen in
monoculture. 2 the effect of incubation time was assessed by comparing the transcription of the genes under
study during growth of the pathogen in mono-or co-culture for 48 h using as control the growth of the pathogen
in mono-or co-culture for 24 h. 3 the effect of incubation temperature was assessed by comparing the transcription
of the genes under study during growth of the pathogen in mono-or co-culture at 20 ◦C using as control the
growth of the pathogen in mono-or co-culture at 5 ◦C.
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(red bars) and in coculture with S. cerevisiae strains Y32 (yellow bars), Y34 (blue bars) and Y37 (green bars). Growth of the pathogen in mono-or co-culture for 24 h was used as control. 
Error bars represent the standard deviation of the mean value. Presence of asterisks indicates that the relative transcription was above 1 or below −1 (the values that were used as 
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Figure 2. Effect of incubation time on the relative transcription of prfA, sigB, hly, plcA, plcB, inlA, inlB, inlC and inlJ, during growth of L. monocytogenes strain LQC 15257 in monoculture (red
bars) and in coculture with S. cerevisiae strains Y32 (yellow bars), Y34 (blue bars) and Y37 (green bars). Growth of the pathogen in mono-or co-culture for 24 h was used as control. Error
bars represent the standard deviation of the mean value. Presence of asterisks indicates that the relative transcription was above 1 or below −1 (the values that were used as threshold) at p
value indicated by the number of asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).
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In order to assess the effect of incubation temperature on the relative gene transcription,
the transcript levels of the genes under study after growth for 24 h at 20 ◦C were compared
with the respective after growth for 24 h at 5 ◦C. Similarly, the transcript levels of the genes
under study after growth for 48 h at 20 ◦C were compared with the respective after growth
for 48 h at 5 ◦C (Figure 3; Table 2). Incubation temperature seemed to have an important
effect on the relative transcription of the genes under study, which was also affected by
co-cultivation as well as the respective yeast strain. More specifically, upregulation was
observed in the 79.2% of the samples analyzed and no statistically significant change in the
remaining 20.8%. When L. monocytogenes was grown as monoculture, upregulation of all
genes but prfA and plcA was observed when the respective transcript levels after growth
for 24 h at 20 ◦C were compared with the ones after growth for 24 h at 5 ◦C. Similarly,
upregulation of all genes but hly and inlA was observed when the respective transcript
levels after growth for 48 h at 20 ◦C were compared with the ones after growth for 48 h
at 5 ◦C. Co-cultivation with yeast strain Y32 resulted in upregulation of prfA, hly, inlA,
inlB and inlC at both cultivation times and upregulation of plcA, plcB and inlJ after 48 h.
Co-cultivation with yeast strain Y34 resulted in upregulation of prfA, sigB, hly, inlA, inlB,
inlC and inlJ at both cultivation times and upregulation of plcB after 48 h. Finally, co-culture
with yeast strain Y37 resulted in upregulation of prfA, plcB, hly, inlA, inlB, inlC and inlJ at
both incubation times and upregulation of sigB after 24 h.

The correlation between the transcriptomic responses of the genes under study were
collectively assessed by the Pearson correlation coefficient (Table 3). Out of a total of
36 correlations that were assessed, only in 10 cases, no statistically significant correlation
was observed. Moderate correlation (0.30 < r < 0.49) was indicated in 9 cases and strong
correlation (0.50 < r < 0.99) in 17 cases. The strongest correlation (r > 0.90) was observed
between prfA and inlC.

Table 3. Pearson product moment (r) correlations between the relative transcription of each pair
of genes.

prfA sigB plcA plcB hly inlA inlB inlC

sigB r 0.4792
p 0.0099

plcA r 0.6961 0.6497
p 0.0000 0.0002

plcB r 0.6065 0.7028 0.7614
p 0.0006 0.0000 0.0000

hly r 0.4862 0.2925 0.2265 0.3533
p 0.0087 0.1309 0.2465 0.0652

inlA r 0.5698 0.5640 0.2897 0.3161 0.6024
p 0.0015 0.0018 0.1349 0.1013 0.0007

inlB r 0.8461 0.4665 0.4898 0.5449 0.4646 0.8140
p 0.0000 0.0123 0.0081 0.0027 0.0128 0.0000

inlC r 0.9004 0.3930 0.6235 0.4746 0.3879 0.5914 0.8211
p 0.0000 0.0385 0.0004 0.0107 0.0414 0.0009 0.0000

inlJ r 0.1837 0.7920 0.4719 0.6052 −0.0284 0.3145 0.2403 0.3003
p 0.3495 0.0000 0.0112 0.0006 0.8860 0.1031 0.2180 0.1205

Statistically significant correlations (p < 0.05) are presented in bold.
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Beverages 2021, 7, 55 10 of 13

4. Discussion

The effect that co-culture with another microorganism may have on L. monocytogenes
virulence gene transcription and virulence capacity has been assessed by a limited num-
ber of studies [18,19,23–25,40]. Although strain diversity may be expected to play an
important role, this has not yet been experimentally verified. In this study, the effect that
co-culture with three different S. cerevisiae strains may have on the relative transcription of
L. monocytogenes key virulence genes was assessed.

Co-culture had no effect on the population of the L. monocytogenes or the S. cerevisiae
strains at any temperature or time assessed. This may be attributed to the absence of any
antagonistic or mutualistic relationship between the strains employed under the specific
conditions of the present study. The ability of several food borne yeasts to inhibit growth of
L. monocytogenes has been reported, including two S. cerevisiae strains [41–44]. In addition,
the L. monocytogenes anti-biofilm capacity of five S. cerevisiae strains was reported by Kim
et al. [45] and attributed to the decrease of auto-aggregation, cell surface hydrophobicity
and exopolysaccharide production by the pathogen.

Addressing the relative transcription of the genes under study collectively, only one
trend could be identified. This was the relative upregulation of all genes, under mono-
or co-culture, which was observed at 20 ◦C compared to 5 ◦C. This finding deserves
further attention and the physiological basis of this response as well as the effect that such
upregulation may have on the invasion efficiency of the pathogen, must be elucidated.

The genes that have a profound effect on homeostasis under stress conditions and
virulence of L. monocytogenes are sigB and prfA, respectively [46]. A cross talk between
the two regulatory elements σB and PrfA is evident [47], allowing successful colonization
of diverse niches. In the present study, a moderate degree of correlation between the
transcription of these genes was revealed, possibly indicating that both σB-dependent
(P2prfA) and σB-independent (P1prfA) promoters were implicated in the transcription of
prfA. The former seems to be the case after 48 h at 20 ◦C, in which both sigB and prfA were
upregulated at comparable levels during co-culture of the pathogen with two of the three
yeast strains assessed. On the contrary, P2prfA was not activated after 24 h at 5 ◦C, in
which the upregulation of sigB observed during co-culture of the pathogen with the three
yeast strains employed, was not accompanied by upregulation of prfA. The contribution
of the bicistronic plcA-prfA mRNA seems unlike since it has been reported to be absent at
temperatures below 37 ◦C [48]. However, regulation of plcA was observed in many cases,
which was accompanied by a similar regulation of prfA, with only one exception, in which
the high standard deviation of prfA transcription level prevented statistical significance.
This was also revealed by the high degree of correlation indicated by the Pearson correlation
coefficient. Thus, a possible contribution of this bicitronic message is indicated.

hly possesses a very important role in virulence potential of L. monocytogenes strains; it
encodes for listeriolysin O, absence of which results in tissue-dependent avirulence [49].
Two prfA-dependent and one prfA-independent promoter sites control transcription of
hly. In the present study, the moderate correlation between prfA and hly, as indicated by
Pearson correlation coefficient, suggested that the prfA-independent promoter was also
activated. This was particularly evident during co-culture of the pathogen with Y34 and
Y37 for 48 h at 20 ◦C, in which downregulation of prfA was accompanied by upregulation
of hly.

Internalins are proteins that contain leucin-rich repeats and facilitate internalization
of the pathogen into non-phagocytic cells. Thus, they are necessary for effective invasion,
at least as far as InlA, InlB, InlC and InlJ are concerned [49–52]. The genes encoding for
InlA and InlB form the inlAB operon, the transcription of which is controlled by both
σB and PrfA. The latter also initiates transcription of inlC, whereas transcription of inlJ
is not affected, at least directly, by none of the above. The high degree of correlation
between the transcription of prfA, inlA, inlB and inlC, which was evident in the present
study, is in accordance with the literature. In addition, the high degree of correlation
between the transcription of sigB and inlA and the moderate between sigB and inlB as well
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as between sigB and inlC are also in accordance with the literature. Interestingly, in the
present study, high degree of correlation was also revealed between the transcription of
sigB and inlJ, which was also reported by Hatzilouka et al. [37] and may indicate that inlJ
transcription may be at some degree σB-dependent. Another interesting result was the
large upregulation of inlJ during co-culture of the pathogen with all yeast strains after 24 h
at 5 ◦C. Such upregulation was also observed after co-culture of the pathogen with Y37 for
24 h at 20 ◦C. These are also findings that deserve further attention.

plcB is another very important gene for the intracellular lifestyle of L. monocytogenes.
In the present study, high degree of correlation between plcB and prfA as well as plcB and
sigB were revealed, which is in accordance with the literature [53].

5. Conclusions

The strain dependent character of L. monocytogenes transcriptomic responses to biotic
and abiotic stimuli has been adequately documented. This strain dependent character
refers not only to the microorganism under study, L. monocytogenes in this case, but to the co-
cultivating microorganisms as well. Thus, the transcriptomic response of L. monocytogenes
was in the majority of the cases dependent on the yeast strain. The major findings of this
study include the increased transcript levels of all genes under study at 20 ◦C compared
to 5 ◦C and the contribution of the bicitronic plcA-prfA message to the prfA transcript
levels, even at temperature below 37 ◦C. In addition, the moderate correlation between the
transcription of prfA and hly indicated the contribution of the prfA-independent promoter
to hly transcription. Finally, the σB-dependence of inlJ transcription that was indicated
by the high degree of correlation between the transcription of inlJ and sigB, needs to be
experimentally verified.
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