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Biofilm formation capacity evaluated under identical conditions differs among Listeria monocytogenes lineages. The
approach of using one set of factors or one variable at a time fails to explain why some lineages are more prevalent than
others in certain environments. This study proposes the use of multivariate analysis to compare biofilm formation by var-
ious strains and describes the ecological niches of L. monocytogenes lineages. Nutrient availability, temperature, pH and
water activity (a,) at three different levels were used to determine biofilm formation by 41 strains. Despite the high
degree of similarity (< 80%), distinct lineage-associated biofilm formation patterns were identified. A linear regression
model for each strain and a principal component analysis of regression coefficients indicated that Lineages I and III have
different, but overlapping, ecological niches. This study is the first to report the use of multivariate analyses to compare

biofilm formation by various isolates of L. monocytogenes.
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Introduction

Researchers consider L. monocytogenes to be ubiquitous
because it is widespread in natural and human-made
environments. Surface natural waters (Lyautey et al.
2007), as well as farms (Fenlon 1986), food processing
facilities (Barbalho et al. 2005; Chao et al. 2006; Guerini
et al. 2007) and households (Beumer et al. 1996;
Sergelidis et al. 1997; Doorn et al. 2007) are environ-
ments that may serve as contamination routes or reser-
voirs of the pathogen (Oliver et al. 2007).

From a phylogenetic point of view, L. monocytogenes
has been divided into four evolutionary lineages: I, II, III
and IV (Orsi et al. 2010). It has been observed that these
lineages differ in their distribution and prevalence in the
environment (Valderrama & Cutter 2013). Strains from
lineage I are the most prevalent among human clinical
isolates (Sauders & Wiedmann 2007), but are rare in food
processing environments, where lineage II is more preva-
lent (Shank et al. 1996). Lineages III and IV are rare and
more frequently associated with animals (Jeffers et al.
2001; Orsi et al. 2010).

Some researchers have tried to explain these associa-
tions based on the ability of the bacterium to form bio-
films. Several studies suggest that lineage Il is prevalent
in food processing facilities because it has a higher abil-
ity to form biofilms. However, studies designed to
address this hypothesis by ranking and comparing
biofilm formation among L. monocytogenes strains under
similar conditions have led to inconclusive and

contradictory results. For instance, Borucki et al. (2003)
and Lunden (2004) concluded that strains from lineage 11
are better able to form biofilms, compared with lineage
I; the opposite has also been described elsewhere
(Djordjevic et al. 2002; Takahashi et al. 2010), and oth-
ers have claimed that lineages do not differ in their bio-
film formation capacity (Milanov et al. 2009). These
contradictions suggest that L. monocytogenes strains
have lineage-associated environmental requirements for
biofilm development. If this is true, comparison under
the same set of conditions may favor some strains to the
detriment of others and vice versa.

In the present study, the authors propose to reevalu-
ate the paradigm of assessing the biofilm formation
capacity of various lineages under similar conditions and
apply a more comprehensive approach using multivariate
analysis. This approach has been underexploited in the
field of microbial ecology, despite its usefulness
(Ramette 2007). The comparison of biofilm formation
capacity among lineages under a wider array of condi-
tions would help identify unique lineage-associated pat-
terns. Adding this knowledge to epidemiological and
environmental information would enhance the under-
standing of the ecology of L. monocytogenes.

The discussion of the distribution of L. monocytoge-
nes from an ecological perspective requires the review of
key concepts. An ‘ecological niche’ refers to a set of
biotic (ie competitor species or predators) and abiotic
environmental (ie temperature, availability of nutrients,
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and moisture) conditions in which a species is able to
persist (Hutchinson 1957). In other words, abiotic condi-
tions have the potential to determine the ‘fundamental
niche’ and the biotic conditions determine the ‘realized
niche’. A hypothesis based on a microbial survey sug-
gests that different phylogenetic lineages of L. monocyt-
ogenes have different but overlapping ecological niches,
which affect the ability of the pathogen to enter the food
chain (Sauders & Wiedmann 2007). However, experi-
mental evidence of the existence of different fundamental
or realized niches for L. monocytogenes lineages is still
lacking.

Therefore, the present study aimed to demonstrate
that environmental conditions affect the biofilm forma-
tion capacity of L. monocytogenes lineages (I, 11 and III)
and to generate evidence that supports the hypothesis
that these lineages have different but overlapping ecolog-
ical niches.

Materials and methods
Bacterial strains

L. monocytogenes strains were obtained from the charac-
terized collection of the PSU Food Microbiology Culture
Collection, with the exception of some isolates donated
by Dr Luke LaBorde, which were isolated from indepen-
dent mushroom processing contamination events, and
coded LLB-1 to LLB-6. One pair of each of four epi-
demic clones (EC) I to IV (each belonged to a different
outbreak event) was included in the strain set (Table 1).
The lineage of the mushroom-associated strains was con-
firmed previously by standard multiplex PCR procedures
(Chen & Knabel 2007). Information from each strain
(serotype, source, origin, and epidemiology) was gath-
ered from the published literature in order to characterize
the set of available strains for this study.

Culture preparation

Stock cultures of L. monocytogenes were stored at —80°C
in tryptic soy broth (TSB; Difco, Detroit, MI, USA) with
10% glycerol (v/v). Working cultures were maintained on
tryptic soy agar (TSA, Difco) following incubation at
37°C for 24 h. Plates were stored at 4°C for a maximum
of 30 days. Prior to each experiment, a loopful of culture
was transferred from the plates and grown in 9 ml of TSB
supplemented with 6% yeast extract (TSBYE; Difco) and
incubated at 35°C for 24 h. For this study, a total of 41
strains of L. monocytogenes were used.

Biofilm assessment

Biofilm formation was assessed by the microtiter plate
method specifically developed for L. monocytogenes

(Djordjevic et al. 2002) and evaluated in the laboratory.
Among the advantages of the selected method are its
capability to screen a large number of strains, reproduc-
ibility and a strong correlation with the microscopic eval-
vation of L. monocytogenes biofilms (Djordjevic et al.
2002; Borucki et al. 2003; Merritt et al. 2005). The
selected set of abiotic conditions for this study were
those likely to be found in environments of interest, such
as food processing facilities, and included: nutrient avail-
ability, different pH values, water activity (ay,) and tem-
peratures. For the purposes of this study, biofilm
assessment was divided into two consecutive steps: bio-
film development and biofilm quantification.

Biofilm development

In order to evaluate the effect of different, pre-established
conditions on individual strains, distinctive culture media
were developed. Each medium was made by aseptically
combining TSBYE either with a brine solution (20%
NaCl w/v), deionized water, or saline solution (0.8%
NaCl w/v) to achieve the desired a,, measured at 25°C
with an Aqua Lab 4TE water activity meter (Decagon
Devices, Pullman, WA, USA), and adjusting the pH with
either SN HCl or 5N NaOH, as needed, using a
SympHony SP-20 pH meter (VWR, West Chester, PA,
USA). To confirm that a,, was responsible for the effect
on biofilm capacity irrespective of the a,, modifier, a
comparison was performed using KCl and glycerol (pro-
pan-1,2,3-triol) as alternatives to adjust the a,, of the
growth media. The mean value of three different strains
was evaluated independently in triplicate under four dif-
ferent water activity values (0.960, 0.970, 0.980, 0.997)
and compared. The evaluation had the following fixed
conditions: temperature at 30°C; TSBYE% at 30% v/v;
and pH at 7.00 after 48 h incubation under static condi-
tions. The obtained Pearson correlation coefficients
between NaCl and KCIl, NaCl and glycerol, and KCI and
glycerol were r = 0.984, 0.908, and 0.935, respectively at
p <0.05. Since all the evaluated a,, modifiers had a simi-
lar effect, NaCl was chosen to adjust the a,, in the various
media due to its low cost and availability.

Each well of a sterile, flat-bottomed, 96-well plate
(Becton Dickinson Labware) was filled with 150 pl of
TSBYE containing ~4 log;o CFU ml™" of the pathogen.
Uninoculated wells were used as negative controls and
blanks. To minimize evaporative loss, plates were sealed
with Parafilm™ (American National Can Company, Mary-
land, USA), and incubated for 48 h at respective tempera-
tures under static conditions to allow biofilm development.

Biofilm and planktonic cell quantification

After incubation, media were removed and the microtiter
plate wells were washed four times automatically with
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200 pl of sterile, demineralized water, per rinse, using a
Wellwash 4 MK2 (Thermo Fisher Scientific, Vantaa,
Finland). To avoid undesired biofilm removal, washing
nozzles were positioned 2.5 mm from the bottom of the
plates. After rinsing, plates were air-dried in a biological
safety hood and once dried, each well was stained with
100 pl of 1% crystal violet solution (Mallinckrodt Baker,
Phillisburg, NJ, USA) for 45 min at room temperature.
Excess crystal violet was removed by rinsing five times
automatically with sterile, demineralized water following
the same protocol described above. To quantify biofilm
production, 150 pl of 95% ethanol were added to each
well and left undisturbed for at least 10 min at room
temperature. After destaining, 100 pl of the ethanol solu-
tion were transferred to a new microtiter plate and the
optical density (OD) at 595 nm of the crystal violet pres-
ent in each well was recorded using a Multiskan Spec-
trum Microtiter Plate Reader (Thermo Lab Systems,
Virginia, USA).

The determination of planktonic cells was performed
by transferring 100 pl of each well to a new plate for the
measurement of the ODggg and subtracting the average
ODgq0 from the negative control wells. Biofilm assessment
was performed three times for all L. monocytogenes strains
and the averages and standard deviations were calculated.
The experiment was carried out following a blind design
so that the identity and the coded information for each
strain were uncovered for further data interpretation upon
completion of the microtiter plate assays.

Experimental design and statistical analysis

The first phase of this study consisted of the construction of
a data set based on biofilm formation by L. monocytogenes
strains using the microtiter plate method in response to
environmental conditions using a full factorial design. After
determining the environmental conditions that affect biofilm
formation, a cluster analysis of the mean values of the entire
data set from each individual strain (n = 41) under each
individual treatment (n = 81) was performed to determine
whether a lineage-related response to the environmental fac-
tors could be detected. Finally, to identify which environ-
mental factor or combinations affected biofilm formation, a
construction of a linear regression equation for each individ-
ual strain, with a subsequent principal component analysis
(PCA) of the regression coefficients, was devised. Only
main effects and linear interactions were included in the
regression model to facilitate interpretation.

Data set construction

The data set was built in two steps: first, the selection of
the appropriate levels (3) for each environmental condition
by means of the traditional one-factor-at-a-time (OFAT)
approach; second, the construction of the database using a
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full factorial design (3*) for each strain. Four experimental
factors, temperature, nutrient availability (TSBYE%), ay,
and pH, were evaluated.

The authors are aware of the impact that other fac-
tors, such as surface material and characteristics, may
have on biofilm formation by L. monocytogenes. This
topic has been discussed extensively (Valderrama &
Cutter 2013). However, in the present study, those fac-
tors were not included, due to the limitations of the
microtiter plate assay.

Selection of appropriate levels for experimental factors

Seven randomly chosen strains were used (four lineage II,
two lineage I, and one lineage III) for this experiment.
Levels for each experimental factor were selected follow-
ing the OFAT approach and based on the evaluated effect
of an individual factor gradient after 48 h, while the other
three factors remained fixed at optimum values as follows:
ay, =0.994, TSBYE% =30% v/v, temperature = 30°C,
and pH = 7. Factor levels were tested using a range of
incubation temperatures (15, 20, 25, 30, 35, 40°C),
TSBYE% (0, 5, 10, 20, 30, 60, 80, 100 v/v), a,, (0.938,
0.955, 0.968, 0.978, 0.983, 0.988, 0.993, 0.998), and pH
4, 5,6,7,8,9) levels. Each condition, with the exception
of temperature, was achieved as described previously.

Full factorial

A 3* full factorial design was carried out to determine
the individual effects of temperature, TSBYE %, a,, and
pH and their interactions on biofilm formation. Minitab
version 16 (State College, PA, USA) was used for
regression and graphic analyses of the data. Three repli-
cates were performed for the 81 runs, for a total of 243
data points per each strain (n = 41).

For this experiment, bacterial cultures individually
grown in full strength TSBYE for 24 h at 35°C were
serially diluted in saline solution to achieve
~10” CFUml™", and 10 pl transferred to a 96 deep-well
plate (VWR, Radnor, PA, USA) containing 1990 pl of
medium under appropriate conditions. The 96 deep-well
plate served as a template to make identical replicates
stored at the selected three different temperatures (20,
25, 30°C). From the 96 deep-well plate, 150 pl were
transferred to each well of a flat-bottomed, polystyrene
96 well plate (Becton Dickinson Labware; Franklin
Lakes, NJ, USA) containing 150 pl of the corresponding
treatment. The initial inoculum in each well was
~10* CFU ml™".

Cluster analysis

The cluster analysis was carried out using Minitab
(version 16) software, with Euclidean distances and the
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Table 1. General information and characteristics of the 41 representative strains used in this study.

Epidemic
clone,
Strain name Lineage Serotype Ribotype Source Origin outbreak Epidemiology Reference
FSL J1-126 I 4b DUP-1038B  Human CH EC 1, Epidemic (Food microbe Tracker
cheese, 2003-2013)
1983-1987
FSL J1-003 1 4b DUP-1038 Human CA EC I, Epidemic (Chen et al. 2007)
coleslaw,
1981
H3396 I 4b DUP-1044 NA USA EC 11, hot Epidemic (Chen et al. 2007)
dog, 1998
J2685 | 4b DUP-1044A NA USA EC II, deli.  Epidemic (Chen et al. 2007)
meat, 2002
FSL J1-129 1 4b DUP-1042B  Human UK EC 1V, pate, Epidemic (Chen et al. 2007)
1989
FSL J1-220 | 4b DUP-1042 Human USA EC 1V, Epidemic (Chen et al. 2007)
vegetable,
1979
ATCC 19115 I 4b NA Human USA NA (Chen et al. 2007)
FSL R2-502 I 1/2b DUP-1051B  Food USA Epidemic (Chen et al. 2007)
FSL F2-239 I 1/2b DUP1042C  Food USA Sporadic (Chen et al. 2007)
FSL J1-225 | 4b DUP-1042B  Human USA Epidemic (Chen et al. 2007)
FSL R2-501 1 4b DUP-1042B  Human USA Epidemic (Chen et al. 2007)
FSL C1-122 1 4b DUP-1038B  Human USA Sporadic (Chen et al. 2007)
FSL J2-044 I 4b DUP-1042 Primate USA Sporadic (Chen et al. 2007)
FSL N3-010 I 4b NA Food UK Sporadic (Chen et al. 2007)
FSL F2-293 I 1/2b DUP1031A  Food USA Sporadic (Food microbe Tracker
2003-2013)
FSL J1-049 I 3C DUP1042C  Human Sporadic (Food microbe Tracker
2003-2013)
FSL J1-169 I 3b DUP-1052A  Human USA Sporadic (Food microbe Tracker
2003-2013)
FSL J1-177 I 1/2b DUP-1051D  Human USA Sporadic (Food microbe Tracker
2003-2013)
FSL J1-012 | 4b DUP-1038B  Human USA Epidemic (Food microbe Tracker
2003-2013)
FSL N1-011A I 1/2b NA Food Epidemic (Chen et al. 2007)
environment
FSL F2-525 I 4b DUP-1061A  Human Sporadic (Chen et al. 2007)
FSL S4-436 1 1/2b DUP-1025A  Non-food Sporadic (Chen et al. 2007)
environment
FSL R2-603 11 1/2a DUP-1053A USA EC III, deli. Epidemic (Chen et al. 2007)
meat 2000
FSL N3-031 1I 1/2a DUP-1053A  Food USA EC III, hot  Sporadic (Chen et al. 2007)
dog 1989
FSL J1-094 I 1/2¢ NA Human UK Sporadic (Chen et al. 2007)
FSL C1-115 II 3a NA Human USA Sporadic (Chen et al. 2007)
FSL F2-373 11 1/2a DUP-1039C  Food Sporadic (Chen et al. 2007)
FSL N1-014 1I 1/2a NA Food Sporadic (Chen et al. 2007)
LLB-1 II 1/2a NA Food USA Sporadic *
LLB-2 II 1/2a NA Food USA Sporadic *
LLB-3 1T 1/2a NA Food USA Sporadic *
LLB-4 11 1/2a NA Food USA Sporadic *
LLB-5 1T 1/2a NA Food USA Sporadic *
LLB-6 1I 1/2a NA Food USA Sporadic *
FSL J1-105 1T 1/2a DUP-1030 Human Epidemic (Chen et al. 2007)
FSL N4-588 II NA DUP-1045B  Non-food USA Sporadic (Chen et al. 2007)
environment
FSL L3-151 1I 1/2a DUP-1039A  Food Sporadic (Chen et al. 2007)
environment
FSL R2-499 II 1/2a DUP-1053A  Human Epidemic (Chen et al. 2007)

(Continued)
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Epidemic
clone,
Strain name Lineage Serotype Ribotype Source Origin outbreak Epidemiology Reference
FSL J1-101 11 1/2a DUP-1053A  Human Epidemic (Chen et al. 2007)
FSL J1-031 11 4a DUP-1059A  Human Sporadic (Food microbe Tracker
2003-2013)
FSL J1-168 11 4a 116-110-S-2 Human Sporadic (Food microbe Tracker
2003-2013)
FSL F2-695 11 4a DUP-1061A  Human Sporadic (Food microbe Tracker
2003-2013)
FSL F2-655 11 NA 116-110-S-2 Human Sporadic (Food microbe Tracker
2003-2013)

Note: NA: not available.
*strains found in mushrooms and obtained from Dr .Luke LaBorde

Ribotyping pattern designations followed by a capital letter indicate subribotype (eg DUP-1044A is a subribotype of ribogroup DUP-1044)

Ward hierarchical method. The single, complete, average,
or median linkage methods displayed similar results.

Multiple linear regression and principal component
analysis

A multiple linear regression was performed for each
strain in order to reduce the number of explanatory vari-
ables. Equation 1 describes the linear regression model
as a response function of the environmental factors:

Yso5s = oo + o1 X1+ o2 Xo+ o3 X3+ g X4

+ ocs X Xo+ o X1 X3+ o7 X Xy+ ocg XoX3

+ o9 XoXy+ oo XzXg+ o XX X3Xy

+ oy X XoXy+ o3 XXX+ ocpa XoX3Xy

+ ocys X1 XoX3Xy

0]

where Yso5 (ODsos) is the measured response associated
with each factor combination; oy to a5 are the regression
coefficients; and X1, X2, X3, and X4 are the factors. The
principal component analysis (PCA) of these regression
coefficients from the linear regression of each strain was

carried out using the Minitab statistical package version
16 by means of the correlation matrix approach.

Results and discussion
Strain collection

The set of strains obtained for this study is described in
Table 1. The profile of the strain collection was as fol-
lows: 21 belong to lineage I; 15 to lineage II; and four to
lineage III. Lineage I is predominant in culture collec-
tions due to its high association with human illnesses and
thus, higher numbers of this lineage strain were obtained
for this study. The reduced number of strains belonging
to lineage III was expected and is in agreement with the
scarcity of this lineage in microbial collections.

Regarding sample size, a few studies comparing bio-
film formation between lineages have used a larger num-
ber of strains (>100) (Norwood & Gilmour 1999;
Borucki et al. 2003; Harvey et al. 2007) while others
had used smaller (<40 strains) sample sizes (Lunden
et al. 2000; Kalmokoff et al. 2001; Djordjevic et al.
2002; Folsom et al. 2006; Milanov et al. 2009). Thus,
the strain set of 41 used in the present study was consid-
ered adequate and representative of the diversity among
L. monocytogenes strains.

Environmental conditions influencing biofilm formation

Figure 1 demonstrates biofilm formation and growth of
planktonic cells under different conditions of tempera-
ture, TSBYE%, a,, and pH. Identification of favorable
conditions for biofilm development has received little
attention since it has been assumed that the same opti-
mum growth conditions for planktonic cells enhance bio-
films. The results of the OFAT approach demonstrate that
temperature, TSBYE%, a,, and pH have an independent
effect on biofilm and planktonic cells (Figure 1). Maxi-
mum absorbance levels were different for biofilm and
planktonic cells. Ranges of temperature of 30-35°C,
TSBYE% of 10-20% v/v, a,, of 0.978-0.988, and pH
values of 7-8 yielded maximum absorbance for biofilms.
For all evaluated strains, biofilms exhibited a sigmoid
curve as a function of TSBYE%, a,, and pH. When the
effect of temperature was evaluated individually, linecages
I and II demonstrated a distinct behavior. All strains
from lineage I showed maximum biofilm development at
30°C, while lineage II exhibited maximum biofilm pro-
duction at 35°C (Figure 1, left). These results support
the hypothesis that L. monocytogenes lineages (I vs II)
respond to environmental conditions differently when
forming biofilms. Significant differences (p <0.05) in
biofilm formation were observed at 25°C and 30°C
between lineages I and II, while lineage III was similar
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Figure 1. Effect of environmental factors on biofilm formation (right) and planktonic cells (left) expressed as the mean OD of seven
strains of L. monocytogenes belonging to lineages I (—), II ( — ) and III (...) under fixed conditions: temperature 30°C; 30% v/v
TSBYE%; 0.99 aw and pH 7.00 after incubation for 48 h.
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Figure 1. (Continued).

to lineage I under similar conditions. Comparable results
were observed when pH was evaluated; OD values
exhibited a high variability at pH 7, demonstrating that
strains from lineages I and II have different biofilm
development patterns. Finally, when the effect of nutrient
availability was evaluated, TSBYE% < 30% (ie limited
nutrient availability) resulted in a peak of biofilm
formation for all strains and agreed with other studies
(Hood & Zottola 1995, 1997).

Growth patterns of planktonic cells as a function of
the evaluated conditions are observed on the right of
Figure 1. For all strains, a temperature of 20°C favored
maximum biofilm formation. When TSBYE% was modi-
fied, a positive relationship was observed for all strains
so that an increase of nutrient availability boosted the
number of planktonic cells. As expected, cell growth
occurred only at pH values > 4, and was enhanced at a,,
> 0.96.

A comparison between the conditions that favored
biofilm development and those that enhanced planktonic
growth reveals that the effect of environmental factors is
completely different and even opposite, especially for
TSBYE% and temperature (see Figure 1). This result is
particularly relevant for understanding the ability of
L. monocytogenes to grow and survive under certain
conditions. The traditional approach has been to assess
free-living bacteria (planktonic), although it is widely
recognized that most bacteria are found as biofilms
(Davey & O’Toole 2000). The present study demon-
strates that the conditions that enhance growth of plank-
tonic cells differ from those that favor biofilm formation
and supports the approach of assessing biofilm formation
in order to understand the pathways of colonization of
specific environments by L. monocytogenes.

The OFAT analysis also allowed for the identification
of environmental conditions that reveal differences
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between lineages. These levels are summarized in Table 2
and were used to perform the full factorial, cluster and
PCA analysis.

Relationship between lineages and biofilm patterns

The results from the cluster analysis are summarized in
Figure 2. The mean ODsqs values obtained from the bio-
film assessment of the 41 strains, in response to 81 dif-
ferent conditions, were used to obtain the observed
clusters. The dendrogram revealed different biofilm
development patterns grouped according to their similar-
ity level. At 80% similarity, five clusters, based on path-
ogen lineage, are revealed (Table 3). The other, so called
‘label information’ of the strains (serotype, ribotype, and
origin), was unable to provide identifiable clusters at any
level of similarity (data not shown).

Considering the definition of fundamental niche as
the set of abiotic or environmental requirements for a
given organism, ‘fitness’ can be defined as the favorable
or unfavorable response of that organism to a specific
set of conditions. Theoretically, the amount of biofilm
produced by two or more bacteria under a specific set of
environmental conditions can provide an estimate of the
degree of fitness (Valderrama & Cutter 2013). Thus,
the knowledge of an organism’s niche is essential for

Table 2. Levels of factors chosen for the experimental design.

Factors Variable Levels

Temp (°C) X, 20 25 30
TSBYE% v/v X5 20 40 60
ay, X5 0.96 0.97 0.98
pH Xy 6 7 8
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(80% similarity)
Strain ID Lineage Clusters

A8 5.8 7.9
Similarity

Figure 2. Dendrogram of the 41 L. monocytogenes strains
based on biofilm formation in response to 81 different condi-
tions using Ward’s hierarchical lineage method.

Table 3. Distribution of lineages of L. monocytogenes and
total strains comprising each cluster obtained by performing
Ward’s hierarchical clustering of the absorbance values (ODsos)
at 80% similarity level.

Lineage
Cluster | I 111 Total strains
1 6 2 0 8
2 1 0 0 1
3 8 0 3 11
4 4 0 0 4
5 3 13 1 17
Total strains 22 15 4 41

two or more species. If the microorganisms have similar
biofilm patterns, they may share the same fundamental
niche, and potentially, a similar ecological niche.

The distribution of L. monocytogenes strains among
the clusters (see Figure 2) demonstrate that, irrespective
of the variability and high degree of similarity (80%),
common biofilm patterns and lineage-related clusters can
be distinguished. For instance, strains belonging to line-
age II predominate in cluster 5 (see Table 3), strains
from lineage I were present in every cluster, and strains
from lineage III were grouped in only two clusters
(1 and 5).

These results demonstrate that lineage II is less vari-
able in its ability to form biofilm, as compared with line-
age 1. This finding supports the hypothesis that lineage 11
may have adapted to a specific environment, such as
food processing facilities (Sauders & Wiedmann 2007),
where abiotic conditions (ie temperature, pH) are closely
monitored, and therefore more stable, as compared with
natural environments.

The cluster analysis also revealed that lineages 1 and
III have indistinguishable biofilm formation patterns,
probably because these lineages are genetically related
(Nightingale et al. 2005). The results also may support
the hypothesis that L. monocytogenes lineages 1 and II
have different but overlapping ecological niches. Lineage
I has been described as ‘highly clonal’, and lineage II as
having greater genetic diversity (Nightingale et al. 2005).
This diversity may explain why this lineage would exhi-
bit greater biofilm formation versatility in response to
environmental factors. However, the cluster analysis
reveals the opposite.

Finally, the cluster analysis in terms of epidemic
clones demonstrate that strains belonging to EC III have
a fundamental niche different from EC I, II, and IV,
which were grouped in different clusters (Table 4). These
results suggest that, despite their common ancestor, these
EC do not share biofilm patterns, have different funda-
mental niches, and thus may differ in their contamination
pathways.

Table 4. Distribution of epidemic clones of L. monocytogenes
contained in each cluster obtained by performing Ward’s hierar-
chical clustering of the absorbance values (ODsgs) at 80% simi-
larity level.

Epidemic clones

Cluster EC-1 EC-II EC-III EC-IV  Total EC

understanding and even predicting its geographic distri-
bution (Polechovd & Storch 2008). The evaluation of
biofilm formation under a wide variety of environmental
conditions allows the comparison of patterns between

1

—
—_
\S]

00 B = =

1
2
3
4 1
5
T

otal EC 2 2 2 2
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Multiple linear regression and principal component
analysis

To further identify environmental factors responsible
for biofilm formation, a PCA was performed using the
coefficients obtained from the multiple linear regression
analysis (data not shown) obtained for each isolate.
The first two PC with eigenvalues >1 explained the
88% of the total variance in biofilm formation and are
plotted in Figure 3. In order to interpret this figure the
highest positive and negative loading factors (Table 5)
for each PC, were selected to plot the 41 evaluated
strains.

The highest positive and negative loading factors for
PC; (0.30, —0.30) were associated with temperature and
the interaction TSBYE%*pH, respectively. This observa-
tion suggests the presence of two sub-groups, across all
the evaluated lineages with an unknown common data
label. PC, exhibited a high positive loading factor (0.40)
associated with the interaction temperature*a,, *pH, and a
high negative loading factor (—0.38) associated with the
interaction of a,*pH. Only PC, was effective in distin-
guishing phylogenetic lineages (see Figure 3), such that
the upper section of the plot was dominated by strains
belonging to lineage II, with some overlapping strains of
lineages I and III. High temperature, a,, and pH values
favor lineage II biofilm formation, while lineages I and
IIT have lower biofilm capacity at high a,, and pH val-
ues. In general, high nutrient availability negatively
affects biofilm formation, but this is particularly true for
lineages I and III.

64
.
-} -1-
£ jeoep o
£ i
1] = -
*
E el
5 * *.& « |2
A %
_6_
*
-12 5 ] 6 12
First component

Figure 3. Score plot for PCA of biofilm formation data from
41 L. monocytogenes strains. * = lineage I; @ = lineage II;
A = lineage IIL
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Table 5. Loading factors obtained from the PCA analysis of
the coefficients obtained from the multiple linear regression of
each strain.

Principal components

Factors PC1 PC2
Constant -0.27 0.19
Temperature (Temp) 0.30 —-0.09
TSBYE% 0.23 —-0.32
ay, 0.28 —-0.13
pH 0.23 0.23
Temp*TSBYE% —0.26 0.25
Temp*a,, —0.27 0.11
Temp*pH —0.21 -0.33
TSBYE*a,, -0.25 0.26
TSBYE% *pH —0.30 0.01
ay, *pH —0.18 —0.38
Temp*TSBYE% *a,, 0.26 -0.24
Temp*TSBYE% *pH 0.28 0.05
Temp*a,, *pH 0.17 0.40
TSBYE%*a,, *pH 0.25 0.27
Temp*TSBYE%*a,, *pH —0.23 -0.32

These results suggest that temperature might be the
key factor responsible for differential fitness between
L. monocytogenes lineages. For instance, in food process-
ing facilities where abiotic conditions, such as tempera-
ture, are controlled and predictable, lineages positively
affected by this factor may have an advantage in forming
biofilms in comparison with lineages with lower ability to
use temperature as an asset to colonize the same environ-
ment. Although these results provide some insights,
future research in the field is needed to confirm this state-
ment through the collection of environmental information
associated with positive L. monocytogenes samples col-
lected at food processing facilities.

The present study demonstrates that multivariate
analysis is more powerful than a side-by-side compari-
son of individual conditions to evaluate biofilm forma-
tion capacity among strains and to provide sufficient
evidence to differentiate lineages. The cluster and PCA
analysis demonstrate that L. monocytogenes strains have
individual environmental requirements related to their
lineage and, thus, different fundamental ecological
niches. The data also support the hypothesis that the
prevalence of the pathogen in a determined niche (eg
food processing facilities) may be influenced by the
existing environmental factors. While further research is
needed to confirm this statement, the results demonstrate
the importance of understanding the influence of envi-
ronmental factors on biofilm formation, transmission
pathways and true reservoirs of L. monocytogenes
(Valderrama & Cutter 2013). Nevertheless, this study
provides a framework for future studies on the environ-
mental specificity and transmission characteristics of
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different L. monocytogenes strains and lineages. The
amount of biofilm formation has the potential to be used
as a fitness indicator (Valderrama & Cutter 2013) and
provide some rationale for the different prevalence of
certain microorganisms in specific habitats.
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