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INTRODUCTION
The history of mankind has been witness to a struggle between humans and a
multitude of microbes that cause disease. Illnesses such as the bubonic
plague, cholera, the rising incidence of multidrug resistant tuberculosis
(MDR-TB) and the extensively drug resistant tuberculosis (XDR-TB) are
familiar to people from all parts of the globe today (61,180). Historically this
battle has always been an up and down affair, which shifted in favor of
humans only in the early 20th century, with the discovery of antibiotics.
However, usage of antibiotics for the treatment of disease soon led to the
development of antibiotic resistance in pathogenic bacteria (114,173).
Traditionally, the focus of antibacterial development was limited to clinically
relevant bacteria, with each new antibacterial compound eliciting a resistance
response (114,148,149). However, it soon became clear that bacteria can pass
on genetic determinants of antibiotic resistance, not only horizontally among
the same species, but also across to different genera, including both
pathogenic and benign bacteria. Recently it has been speculated that
commensal bacteria may act as reservoirs of antibiotic resistance genes
similar to those found in human pathogens (150,190) with the potential to
transfer these genes to pathogenic bacteria. Such reservoir organisms are
possibly present in various foods products that contain high densities of nonpathogenic bacteria due to the natural production process. Also, antibiotic
resistant bacteria may pass from animal to human population via food
products (114,260). The idea to suppress and displace harmful bacteria from
the gastrointestinal tract by administration of ‘beneficial microbes’ in order to
improve the microbial balance, health and longevity of individuals is fairly
old (55). However, the definition of probiotics was formalized only in the late
20th century (81). Generally, probiotics are defined as “living microorganisms
that confer health benefits on the host when administered in adequate
amounts” (203).
Most food associated bacteria are lactic acid bacteria (LAB) and most of
them are considered as probiotics. These micro-organisms are ‘Generally
Regarded As Safe’ (GRAS). The GRAS status is a way of rationalizing the
use of foods that may not meet the usual requirements for safety assessment
3
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but have been used extensively without any demonstrable harm to consumers
(156). However, it is important to note that such status is very ‘strain’
dependent and also specific for an ‘intended use’ and therefore cannot be
generalized to a species or genus level (1). Although historically the safety of
probiotics has been demonstrated, there are also instances where GRAS
microbes have been shown to adversely impact human health or even
promote mortality (22,39). The potential health risks such as the transfer of
antibiotic resistance genes from lactic acid bacteria (LAB) reservoir strains to
bacteria in the resident microflora of the human gastrointestinal tract has been
poorly addressed (114,173). Moreover, bacterial translocation defined as the
passage of viable indigenous bacteria from the gastrointestinal tract to
extraintestinal sites (20) can also have detrimental effects on the animal host
(3,272). Such phenomenon has been demonstrated for LAB (83).
Our focus of interest Lactococcus lactis, is a non-pathogenic, non-invasive,
Gram-positive, low GC content, acid tolerant LAB that has the GRAS status
(215) and is primarily used to produce fermented foods. L. lactis is formerly
known as Streptococcus lactis or Streptococcus cremoris. These “dairy
Streptococci” were reclassified in 1985 into two L. lactis subspecies, L. lactis
subsp. lactis (previously Streptococcus lactis) and L. lactis subsp. cremoris
(previously Streptococcus cremoris), to distinguish them from the
streptococci sensu stricto, which contain a number of human pathogens
(218,219). L. lactis is of considerable industrial importance and therefore its
physiology and molecular biology has been studied in much detail (200).
Further, the availability of a genetic toolbox and the availability of the
genome sequences of three strains IL1403, SK11, and MG1363 (26,167,259)
makes L. lactis an ideal model organism for low-GC gram-positive bacteria
(157).
Lactococci are mostly used in starter cultures for the production of many
kinds of fermented dairy products. Initially there was little interest in their
probiotic potential, since it was generally assumed that lactococci do not
survive passage through the digestive system owing to the low pH of the
stomach and the presence of bile in the intestine (235). However, later work
showed that lactococci can survive this passage and are able to reach the
4
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human or animal gastrointestinal tract (95,135). This has led to a renewed
focus on investigating their potential as a probiotic (47). More recently, a role
of lactococci in alleviating gastrointestinal inflammation in murine models
(227) has been suggested, whereas other studies suggest that these bacteria
may become pathogenic in immuno-compromised patients (54). Besides their
potential probiotic activity, the ability of lactococci to remove undesirable
microflora from food processing systems and surfaces by competitive
exclusion has received much attention (271). L. lactis has been examined as a
protective biofilm former (101). For instance, through competitive exclusion
L. lactis can control the growth of Listeria monocytogenes, a known Grampositive pathogen from food processing surfaces (270).
It is therefore of interest to assess the mechanisms of resistance that
lactococci can employ and to determine how these microbes interact, adhere
and colonize inanimate surfaces. Here, we present an overview of the
problem of bacterial resistance to antimicrobial agents and the various
resistance mechanisms that Gram-positive bacteria, in particular lactococci,
have developed or may acquire.

Bacterial resistance

Bacterial resistance is defined as the “temporary or permanent ability of a
microorganism and its progeny to remain viable and/or multiply under
conditions that would destroy or inhibit other members of the strain” (49).
Bacteria can manifest a variety of mechanisms that provide resistance to
antibacterial drugs. The intrinsic resistance is the natural ability of the
microorganisms to resist antibacterials, which may differ among different
types, genera, species, and strains of microorganisms under identical
environmental conditions. For instance bacteria such as Bacillus,
Pseudomonas and Corynebacterium, exhibit an intrinsic resistance to
benzoate because they are naturally capable of metabolizing the compound to
succinic acid and acetyl coenzyme A (48). It is in particular the acquired or
extrinsic resistance, a phenomenon where previously susceptible populations
of bacteria ‘acquire’ resistance to an antibacterial agent and spread under the
5
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selective pressure of the use of that agent, that has become a cause for great
concern. Acquired resistance can spread among different bacterial genera via
a number of ways, which includes gene transfer. This is most well
exemplified by the dissemination of ȕ-lactamases that destroy the
antibacterial agent (penicillins & cephalosporins) before it can have an effect.
Acquired resistance to quaternary ammonium compounds (QACs) often
depends on the presence of plasmid-encoded efflux pumps that remove the
QACs (212). Bacteria may also acquire genes for a metabolic pathway, which
converts the antimicrobial into an inactive derivative, or acquire alterations in
the bacterial cell walls such that they no longer contain the binding site of the
antimicrobial agent (36,209). Bacteria may also acquire mutations that limit
access of antimicrobial agents to their intracellular target sites, for instance by
the down regulation of the porin genes in Gram-negative bacteria. Many of
these processes are affected by genetic exchange mechanisms such as
transformation, conjugation and transduction, generally termed as horizontal
evolution.
This is in contrast to vertical evolution, wherein a single chromosomal
mutation may alter the binding site of a target protein such that the
antibacterial agent can no longer bind, or alternatively, may lead to the
upregulation of expression of transport systems that expel the drug from the
cell (177). Vertically acquired resistance may arise from environmental
stresses such as the prolonged exposure to sub-lethal concentrations of the
antimicrobial agent, a phenomenon also called ‘adaptation’ and this can
transiently lead to enhanced mutation rates (214). Often such adaptation
phenomena are unstable, with the microorganism reverting back to the
original sensitive phenotype upon removal of the selection pressure (211)
also known as non-inherited resistance (169). Compensatory secondary
mutations may occur that reduce the fitness cost associated with the original
‘resistance’ mutation and render the resistance hereditary. Short- and longterm exposure to mild stress conditions can activate stress responses in
pathogens resulting in a protective effect towards otherwise lethal stresses
(58). Conditions that have been demonstrated to induce such stress responses
include heat-shock (22,106,186,266), exposure to extreme pH (73,76,77,210),
oxidative shock such as exposure to hydrogen peroxide (159,230), and
6
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osmotic stress (2,35). Temporary resistance in response to aminoglycoside
antibiotics such as tobramycin (13) and ciprofloxacin (93) has been observed
for a number of Gram-negative bacteria. Adaptive resistance to antibiotics
and other chemotherapeutic agents is widespread among bacteria; the
physiological state and the physical structure of the adapted population of
cells have been recognized to contribute to this phenomenon, which is purely
phenotypic in nature (93,146,147). The exact biochemical mechanisms of
adaptive resistance and the cross-resistance of “adapted” strains to various
unrelated chemotherapeutic agents and biocides, as well as the contribution
of these phenomena to multidrug-resistant “superbugs,” remain largely
unknown (33,146,213,222).
Various molecular mechanisms have been reported to play roles in bacterial
adaptive responses to antimicrobial compounds. These mechanisms act either
independently or synergistically. Examples of such mechanisms are “slow”
cellular multiplication that results in “persister cells” (11,152), the SOS
response that blocks cell division during the repair of DNA damage, the cold
shock and stress response, drug detoxification, and an altered permeability of
the cellular membrane. An altered permeability of the outer membrane can be
due to changes in lipopolysaccharide (LPS) composition or outer membrane
proteins and to changes in the fatty acid composition.
In addition, the cytoplasmic membrane content, the cell surface charge and
hydrophobicity, as well as the active efflux of molecules may play a role in
the adaptation to toxic compounds (23,34,126,147,160,168,224). A single
microorganism may rely on multiple, possibly interconnected, adaptive
mechanisms to become resistant to antimicrobial agents (41,234). Moreover,
it has been reported that adaptive mechanisms that provide bacterial
resistance to biocides may also confer cross-protection against certain clinical
antibiotics (28,33,140). Recent years have witnessed much research on the
still nascent subject of the relationship between bacterial pathogenicity and its
ability to tolerate environmental stresses especially in the context of bile
(179).

7
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Resistance to Bile
One of the most important stresses microorganisms encounter in the
mammalian gastrointestinal tract is exposure to bile. Bile is a yellow green
aqueous digestive secretion that plays a major role in the emulsification and
solubilization of lipids during digestion (17). Bile is synthesized in the liver
but stored and concentrated in the gallbladder during the fasting state and
released into the duodenum upon food intake (109). Bile is composed of a
multitude of compounds, including proteins, ions, pigments, cholesterol and
the most abundant component bile acids (12% by weight). The latter are
sodium salts under physiological conditions. All bile salts have a four ring
steroid structure (19 carbon) and a five or eight carbon side chain terminating
in a carboxylic acid group, which may be conjugated (Fig. 1A).
They differ in the number and orientation of substituents (e.g. hydroxyl
groups), and are facially amphiphilic with a convex hydrophobic upper (ȕ)
side comprising the rigid steroid nucleus and a concave hydrophilic lower (Į)
side (264) (Fig. 1B). Bile salts differ markedly from the typical head-tail
detergents in their physicochemical properties because of this rigid planar
structure. Typically the aggregation number per micelle is small ranging from
4 - 6 for sodium cholate, whereas for a classical detergent like sodium
dodecyl sulfate (SDS) this is much larger, i.e. 50 - 80. The critical micelle
concentration (CMC) of bile salts is generally lower than those of aliphatic
surfactants and is defined by a concentration range rather than by a single
value. Consequently micelle formation is a continuous self-association
process with increasing bile acid concentration (82). Micellization of bile
acids is not only distinct from non-bile surfactants but it also varies among
the different bile acid species (185).

8
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Fig 1. (A) Chemical structures of the major bile acids in humans. Primary bile acids are
formed in the liver. Secondary bile acid such as deoxycholic acid and lithocholic acid are
formed in the large intestine by gut bacteria. Bile acids are conjugated with glycine or
taurine by the hepatocytes. (B) Bile acids are facially amphiphilic with a hydrophilic
(polar) Į-face and a hydrophobic (lipid soluble) ȕ-face. Taken from ref. (112) (Copyright
© 1999 American Medical Association. All rights reserved. Adapted 2010 with
permission of the American Medical Association)

Side-chain length and the state of oxidation at carbon 27 (C27) or carbon 24
(C24) is often used to classify bile salts. Three major classes of bile salts can
be distinguished, C27 bile alcohols, C27 bile acids, and C24 bile acids (103). In
mammals, C24 bile acids predominate, whereas in non-mammalian
vertebrates the C27 bile acids are prevalent. Bile acids are water-soluble
amphipathic molecules with the steroid nucleus conjugated to either glycine
or taurine (111) (Fig. 1). The human bile contains a mixture of primary and
secondary bile acids. Primary bile acids are synthesized by the liver, and
comprise predominantly cholate (CA) and chenodeoxycholate (CDCA).
These are mainly conjugated as an N-acyl amidate with either glycine
(glycoconjugated) or taurine (tauroconjugated) prior to their secretion to the
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bile and this modification decreases their pKa by 2.4 units for glycine and by
5 units for taurine conjugates conferring an enhanced water solubility (171).
At physiological pH, these conjugated bile acids are almost fully ionized and
capable of solubilizing lipids and forming mixed micelles (207). Secondary
bile acids are derived from primary bile acids by modifications that are
carried out by intestinal bacteria. In man, the main secondary bile acids are
lithocholic acid (LCA) and deoxycholic acid (DCA). The main modifications
are deconjugation, oxidation of hydroxyl groups at the 3, 7 and 12 positions,
and 7-dehydroxylation (207). The physicochemical properties of bile salts
such as their solubility, ionization, hydrophobicity and micelle formation are
largely determined by the type of conjugation and the number, position and
orientation of the hydroxyl groups (264) (Table 1).
As part of the body's physicochemical defense system, bile salts possess
potent antimicrobial activity, because they are able to solubilize the
phospholipids, cholesterol, and proteins of cell membranes, ultimately
causing cells to lyse (108). In addition, bile acids may cause oxidative stress
to DNA (21). Like all detergents, bile salts tend to self-associate in water with
increasing concentration. The transition point at which single detergent
molecules assemble into micelles is called the critical micelle concentration
(CMC). Below the CMC, no micelles are formed. At submicellar
concentrations, bile salt monomers may intercalate phospholipid bilayers and
change the lipid packing, thereby affecting the membrane permeability (221).
At higher concentrations, mixed micelles of bile salts and the components of
the cellular membrane are formed, eventually leading to a loss of membrane
integrity (70).
This membrane-disrupting effect depends on the molecular structure of the
bile acid (31). The exact mechanism by which bile salts interact with lipid
membranes and mediate either cytotoxicity or cytoprotection is not entirely
entirely resolved (65,189). It has been postulated that bile salts have the
potential to translocate across cell membranes through different pathways,
which include (spontaneous) flip-flop of both fully ionized as well as unchar-
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Table 1. Classes and physiochemical properties of bile acids.

Free bile acids
Cholate
Deoxycholate
Chenodeoxycholate
Glycine conjugates
Glycocholate
Glycodeoxycholate
Glycochenodeoxycholate
Taurine conjugates
Taurocholate
Taurodeoxycholate
Taurochenodeoxycholate

Bile acid
(trivial name)
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ged bile salts, and translocation by high-affinity bile salt transport proteins
(65).
Adaptation and tolerance to physiological concentrations of bile salts (usually
below 5 mM) is a critical factor for bacterial colonization of the human gut
(42). Most of the commensal intestinal micro-organisms, mainly common
Gram-negative (236,250) and Gram-positive bacteria, exhibit either a high
level of intrinsic resistance to bile salts or can readily adapt (17). The effect
of bile on cellular viability is of interest considering the use of probiotics for
therapeutic applications (81). For several lactic acid bacteria (LAB) such as
Lactobacillus, Bifidobacterium and Lactococcus the effect of bile on the
cellular physiology has been studied (131,191). For instance, compared to
other LAB, lactococci typically have a low intrinsic level of resistance to bile
(131), which is a major bottleneck for their potential as a probiotic (130,132).
The adaptive responses upon exposure to bile have not been investigated in
detail so far. Variability exists among Lactococcus strains with L. lactis
subsp. lactis showing a relatively better resistance and adaptation in response
to bile salts than L. lactis subsp. cremoris (128).
Many bacteria show drastic changes in their cell morphology when exposed
to bile acids. Cells may shrink as is the case for Lactococcus acidophilus
(183). Such morphological changes suggest alterations of cell wall (145). Our
findings with cholate adaptation in L. lactis subsp. cremoris show that
exposure of planktonic cells to bile acids is accompanied with cell envelope
changes resulting in flocculation and cell clumping. The latter is likely
because of the elevated expression of cell adhesins (267). This work also
showed the production of extracellular polysaccharide like material that is
loosely bound to the cell surface of the cholate adapted planktonic L. lactis
cells (unpublished results). The nature of the extracellular material and
whether it is present in sessile cells needs to be investigated. Bile resistance is
also believed to be associated with alterations in the cytoplasmic membrane
such as changes in the fatty acid composition (91). This may affect the
membrane viscosity and the effectiveness of the bile acids to solubilize the
membrane (71). In most LAB, as is the case for Oenococcus oeni
(Leuconostoc oenos) (136), Lactobacillus acidophilus (71) and lactococci
12
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(133), the amount of C16:0 and C18:1 fatty acids increases with a concomitant
decrease in C14:0 and C16:1 fatty acids upon bile exposure (or adaptation),
although the effect may vary among species and strains and in addition
depend on growth conditions. Whether such changes in the relative amounts
of certain fatty acids indeed render cells more resistant to bile remains to be
determined.
Changes in membrane fatty acid composition have also been observed in
response to other cellular stresses such as exposure to heat (8,216,253) or
phenol (133). Heat exposure usually results in a decreased amount of
unsaturated fatty acids and an increased number of long saturated fatty acids,
which affects membrane fluidity and maintains membrane integrity at the
elevated temperatures. In the case of phenol exposure, a change in
composition of the fatty acids has been linked to increased oxidative stability,
which in turn may provide resistance to environmental stresses such as
exposure to bile. On the other hand, bile adaptation in L. lactis subsp.
cremoris is not accompanied with a change in membrane fluidity
(unpublished data). Whereas cross tolerance has been demonstrated in case of
environmental stresses such as heat or pH (69,124), this seems not to occur in
the case of adaptive bile resistance.
Additional factors may contribute to bile resistance. By changing the
composition of the fatty acids in the growth medium, an enhanced bile
resistance may occur in sensitive lactococcal strains (129). Also the nature of
the energy or carbon source in the growth medium is a factor that may
influence bile resistance. For instance, L. lactis grown in the presence of
lactose is much more sensitive to bile than cells grown on glucose (134) . The
rapid acquisition of energy appears important in this respect as active
extrusion of bile acids is one of the primary mechanisms of resistance
(161,265,267).
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Efflux mediated Multidrug resistance

Important active mechanisms of bile resistance in LAB and intestinal
microbiota are bile salt hydrolysis (18) and bile acid efflux (193). Bile salt
hydrolysis is the cleavage of the amide bond to liberate the glycine/taurine
moiety from the steroid core of the conjugated bile acid, a reaction catalyzed
by bile salt hydrolases (BSH). The resulting acids are termed unconjugated or
deconjugated bile acids. Approximately 5% of the total bile acid pool (0.3 to
0.6 g) per day in humans is modified by the indigenous intestinal bacteria
(29). Deconjugation is the primary bile acid transformation which allows
further modifications (14). BSH activity has been detected in Lactobacillus
(56), Bifidobacterium (97), Enterococcus (80), Clostridium (50) and
Bacteroides (127). Lactobacilli and bifidobacteria are routinely used as
probiotic strains, while Bacteroides, Clostridium, and Enterococcus spp. are
also commensal inhabitants of the gastrointestinal tract. To date, BSH activity
has not been detected in Lactococcus spp. (18).
Efflux is an active mechanism, which involves membrane transport proteins
that utilize metabolic energy to expel drugs across the cytoplasmic membrane
against their concentration gradients. Active drug efflux mechanisms can be
specific for a given drug, the so-called single-drug or group-specific efflux
systems, or, can have a broad substrate specificity covering a wide range of
toxic compounds that are structurally and functionally unrelated. The latter
process is termed multidrug efflux (162). The phenomenon of simultaneous
resistance of (bacterial) cells to unrelated drugs is called multidrug resistance
(MDR) (155). Generally, drug efflux pumps in bacteria are classified into
four superfamilies based on energy source, amino acid sequence homology,
and substrate specificity: the ABC superfamily (ATP-binding cassette), the
MFS (major facilitator) superfamily, the RND superfamily (resistance
nodulation division), and the SMR superfamily (small multidrug resistance)
(192,251). MDR systems are ubiquitous, being present in all kinds of
organisms and typically confer resistance against several structurally
unrelated toxic compounds (193). Although these transporters have mainly
been implicated in antibiotic resistance, their universal prevalence suggests
that this is not their primary role. Several of these systems are critical in the
14
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process of host invasion (193) and/or play a crucial role in conferring
resistance to bile (98). Bile has been shown to upregulate the expression of
the MDR transporter CmeABC in Campylobacter jejuni (153) and inhibition
of this system reduces the ability of the cells to colonize the intestine (154).
Bile acids also induce the expression of acrAB and other MDR transporter
genes in Vibrio cholerae (44). Similarly, the expression of different MDR
pumps of the intestinal bacterium Bacteroides fragilis is increased by bile
(198).
Several MDR systems have been identified in Gram-positive bacteria
(75,176), but their role in the resistance to bile salts, and the effect of bile on
gene expression has only marginally been studied. L. lactis has been used for
long as a model system for transporter-based MDR in bacteria. Its genome
contains 40 putative drug transporter genes, only a few of which have been
characterized functionally (161). Studies on acquired resistance by L. lactis
revealed efflux-based mechanisms of resistance against a variety of toxic
compounds. Selection of L. lactis mutants that grow in the presence of toxic
compounds, such as ethidium, rhodamine, and daunomycin, resulted in strains
which were not only resistant to the selection drug but also cross-resistant to
structurally unrelated drugs (24).

Fig 2. Schematic representation of the known MDR transporters in L. lactis. Shown are
LmrP, a secondary transporter of the MFS family, LmrA, a homodimeric member of the
ABC family, and LmrCD, a heterodimeric member of the ABC family. (Adapted from
Ref. (162) with permission).

15
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This resistance was shown to be due, at least in part, to the active efflux of the
drugs. Moreover, bioenergetic studies demonstrated that the efflux activity
was either ATP or proton motive force (PMF) dependent (24). Among the
systems identified are the first ABC-type MDR transporter in prokaryotes,
LmrA (249); a member of the MFS, LmrP (25); and the heterodimeric ABCtype MDR transporter, LmrCD (163) (Fig. 2).
LmrA of L. lactis is a so-called half-transporter and homologous to the
mammalian MDR1 protein. Although the heterologous production of LmrA
in E. coli confers resistance to cationic dyes, daunomycin, and
triphenylphosphonium, the inactivation of the lmrA gene in L. lactis has no
effect on the overall drug resistance (182). LmrP is a member of the MFS and
uses the PMF as the energy source for drug efflux. LmrP of L. lactis has been
shown to extrude cationic dyes, daunomycin, tetracyclines, and macrolides
(175). Bile acid extrusion activity has been suggested for L. lactis (265,267)
and Lactobacillus johnsonii (66). In Bifidobacterium this activity has been
related to specific proteins such as BetA (99). LmrA and LmrP of L. lactis
are, however, not involved in bile acid resistance, nor is their expression
affected by exogenous bile acids (unpublished results). In contrast, the genes
encoding the ABC-type MDR transporter LmrCD are upregulated when cells
are exposed to cholate, an unconjugated primary bile acid (267). Moreover,
LmrCD extrudes cholate from the cells, and the inactivation of the lmrCD
genes renders cells sensitive to cholate and other bile acids (267). LmrC and
LmrD are two ABC half-transporters whose genes are organized in a small
operon (163). These proteins are homologous to other members of the ABCtype MDR family, such as LmrA, human P-glycoprotein, and BmrA from B.
subtilis. LmrC and LmrD are each composed of a transmembrane domain
(TMD) containing six putative membrane-spanning segments and a
nucleotide binding domain (NBD) located at the C-terminus. LmrC and
LmrD interact to form a dimer, which is thought to be the functional unit.
Substrates of LmrCD identified thus far are drugs that are typically used in
transport assays, such as the fluorescent dyes acetoxymethyl ester 2,7-bis-(2carboxyethyl)-5(and 6) -carboxyfluorescein (BCECF-AM), daunomycin,
ethidium, and Hoechst 33342 (163) and bile salts such as cholate (267).
16
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Transport of these drugs is independent of the PMF and requires the ATPase
activity of LmrCD. ATP hydrolysis by ABC transporters is typically
stimulated by substrate binding to the transmembrane domains (202).
Recently it has been shown that bile acids, in particular cholate
(unconjugated), not only strongly stimulate the ATPase activity of the
mammalian ABC-type sterol transporter ABCG5/G8 but also stimulate
transport of cholesterol and lipids (121). It could well be that in bacteria, bile
acids are extruded as micelles with phospholipids, a phenomenon that has not
yet been investigated. L. lactis shows a pronounced susceptibility to the more
lipophilic unconjugated bile acids but is tolerant of the conjugated forms even
when provided well above their CMCs.
While di- and trihydroxy bile acids readily form micelles, the triketo
derivative of cholic acid, dehydrocholic acid does not form micelles, even at
very high concentrations (187). LmrCD is involved in the export of cholate
as well as dehydrocholate and glycodeoxycholate (unpublished data) as
planktonic cells of ΔlmrCD strain of L. lactis subsp. cremoris is susceptible
to these compounds (267). Moreover, L. lactis cells lacking the lmrCD genes
are sensitive to a range of toxic compounds, which include ethidium,
daunomycin, Hoechst 33342 and rhodamine 6G. Analysis of the L. lactis
strains ǻlmrCD, ǻlmrA, ǻlmrP and ǻlmrAǻlmrCD has demonstrated that
only LmrCD is involved in the intrinsic drug resistance of L. lactis
(25,161,241). Evidence that LmrCD also plays an important role in acquired
drug resistance comes from studies with L. lactis MG1363 cells that were
selected for growth in the presence of high concentrations of the drugs
ethidium bromide, daunomycin, rhodamine 6G or cholate.
The drug-adapted strains all showed an MDR phenotype and DNA
microarray analysis revealed that in all cases the expression of lmrCD was
greatly increased (161,162). Even in the absence of LmrCD, L. lactis can
readily adapt to bile acids and cationic dyes such as rhodamine 6G. However,
in the case of bile acids the major resistance response is transporterindependent (267). On the other hand, strains adapted to resist high
concentrations of rhodamine 6G seem to dependent on an as of yet
uncharacterized efflux activity (unpublished data).
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Adherence and attachment

When planktonic bacteria are exposed to bile acids, often their cellular
morphology changes. Most notably the membrane characteristics are altered,
which results in a change in the physicochemical nature of the cell envelope.
This global change may lead to a change in the ability of the cells to attach to
surfaces (255) Planktonic cells of Lysteria monocytogenes cells tend to coaggregate when exposed to bile, which in turn leads to a higher incidence of
initial colonization of a surface and eventually an enhanced biofilm
formation. Bile has been shown to influence the formation of biofilms of
pathogenic bacteria like Salmonella enterica var. typhimurium and Vibrio
cholerae (115,197) and indigenous commensal bacteria such as Bacteroides
fragilis and Lactobacillus rhamnosus (143,198). The formation and
development of the biofilm follows distinct steps that may vary depending on
the biological characteristics of the bacteria involved. Four common steps are
usually recognized (9) (Fig. 3).

Fig 3. Biofilm development. Stage I attachment (lag [not inert, but metabolically
reduced]), stage II growth (log [exponential growth]), Stage III maturity (stationary) and
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stage IV dispersal (death). Taken from Ref. (237) (Copyright © 2006 American Dental
Association. All rights reserved. Adapted 2010 with permission of the American Dental
Association).

First, a bacterium is brought into contact with the surface, which may occur
through gravitational forces, Brownian motion or hydrodynamic forces. The
second step of biofilm formation consists of adhesion of the bacteria to the
surface, which in itself is a complex process and the most critical step in
biofilm formation (223). A 2-step model is generally proposed to explain the
attachment of bacterial cells to a surface (94). At the initial stage the
attachment of cells to the surface is reversible, but this is soon followed by a
phase of irreversible attachment.
Bacterial attachment has been conventionally described in terms of physicochemical behaviours of colloidal particles. The adherence of colloidal
particles with surfaces are explained in terms of the surface energies of the
interacting surfaces, also known as surface tensions. The surface tensions are
regarded as the total sum of the apolar Lifshitz-van der Waals force (ȖLW)
forces and the polar acid base forces (ȖAB), the latter usually split into an
electron-donating (Ȗ-) and an electron accepting component (Ȗ+) (53,248).
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (243,245)
proposes a way of quantifying such forces. The DLVO theory defines the
total surface energy (Gibbs free energy, ǻG) as a balance of Lifshitz-van der
Waals force (ȖLW) and the electrostatic forces (30) as measured by the contact
angles (ș) and the zeta potential (ȗ), respectively. This theory was, however,
inadequate when it came to describing bacterial adhesion to solid surfaces
and therefore it was later modified to incorporate the acid base polar forces
(ȖAB) as well. This extended DLVO (XDLVO) theory (248) adequately
describes the forces involved in attachment. The initial reversible attachment
is governed by non-specific weak forces such as electrostatic interactions and
long-ranged apolar van der Waals forces (distances > 150nm), plus the short
ranged, polar Lewis acid-base forces (distances < 3nm). These non-specific
forces account for effects such as hydrophobic attraction, hydrophilic
repulsion and the steric interactions that develop between the bacterial cell
and the surface (242,248). At a later stage of the attachment process, bacteria
attach to already surface bound bacteria (239). When evaluating surface
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hydrophilicity (or hydrophobicity) in the attachment process, the various
types of interactions are examined at the equilibrium distance (231). The
electrostatic interactions are usually minimal under those circumstances
unlike the Lifshitz-van der Waals and Lewis acid/base interactions (244).
While bacterial cells are reversibly attached to a surface they can easily be
removed by shear forces such as rinsing or the turbulent flow of fluid
(16,170). In some cases, the electrostatic repulsion can be greater than the
aforementioned weak attractive forces, for instance when both the bacterial
cell and the surface are negatively charged. In these cases, cellular surface
structures, such as flagella and fimbriae, and exopolysaccharides, can
override the mutual electrostatic repulsion to allow adherence to a surface,
resulting in a nearly irreversible attachment (105,123).
The second phase implies a firmer adhesion and is characterized by
molecular interactions between bacterial surface structures and substratum
surface. Stronger forces such as covalent and hydrogen bonds, as well as
hydrophobic interactions, are also involved in this irreversible attachment
(246). After irreversible attachment occurs, much stronger forces are required
to remove the bacterial cells. The third step of biofilm formation consists of
the proliferation of the adherent bacteria and, in most cases, synthesis of the
biofilm matrix (32) leading to the development of the mature biofilm
associated with a specific bacterial metabolism and physiology (220). The
final step is characterized by breakdown of the biofilm and release of the
cells into the planktonic phase (dispersal).
Whatever the type of macroscopic interaction, the exact molecular origin at
the level of the bacterial cell wall is still not clear (201). Based on the known
composition of the cell wall of L. lactis (57) (Fig. 4) A strong correlation
between the cell wall polysaccharide content and hydrophilicity has been
suggested (27). Acidic or neutral polysaccharides are the most dominant
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Fig 4. Structural model of the cell wall of lactic acid bacteria. (A) lipid bilayer; (B) inner
protein-rich layer of the cell wall; (C) outer layer of the cell wall, rich in polysaccharides
and lipoteichoic acids; (D) surface proteins (S-layer); (E) cross-linked polymer layer
external to the S-layer of proteins. Modified from Ref. (268) with permission.

constituents of the outer surface of the cell wall of LAB (205). The surface
physicochemical properties are also influenced by environmental conditions
including the growth conditions and the nature of the growth medium (231).
The apolar Lifshitz-van der Waals forces at bacterial cell wall surface does
not vary in response to fluctuations in environmental conditions, and is
typically around 40 mJ/m2 (231). In contast, polar acid-base interactions, and
in particular the Ȗ-component are the main physicochemical forces at the cell
surface in aqueous media, and they are much more sensitive to environmental
perturbations (96,247). Both the Lifshitz-van der Waals and Lewis acid-base
interactions are regarded as water mediated interactions. The former is
determined by the dipole moment induced between two surfaces and regarded
as attractive at the bacteria-medium interface (46). However, the polar
interactions arising as a result of differences in water density between the
hydration layers of two surfaces immersed in water, are usually more
variable, e.g., for particles having both Ȗ− and Ȗ+ values greater or smaller
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than those of water, the density of water molecules in the hydration layers
would be less than in the surrounding bulk. Consequently, the surfaces would
be pushed toward each other. The intermolecular Lewis acid/base interactions
are then regarded as attractive and their surfaces are then regarded as more
“hydrophobic”. Otherwise, the intermolecular Lewis acid/base interactions
are repulsive and their surfaces are “hydrophilic” dispersing the bacteria in
the medium (46). An investigation of the physicochemical changes
accompanying the adaptation of L. lactis planktonic cells to bile acids showed
that the surface hydrophilicity of cholate adapted cells is enhanced as
compared to wild-type cells (unpublished data). Possibly, this increased
hydrophilicity serves to provide a repulsing surface to interfere with bile acid
penetration (unpublished data).
All polar and biological surfaces studied so far have shown that the
magnitude of Lewis base component of AB interactions, Ȗ- determines the
strength of surface hydrophobicity. Studies have implicated biological
macromolecules present on the cell surface with more hydrogen accepting
functional groups such as RCOH and RCOO- favoring Ȗ-, whereas functional
groups like –CH=CH- or >C=CH2 lower the magnitude of Ȗ- component
(45,231). A shift towards hydrophobicity has been observed in some bacteria
when the cells transit from log phase to stationary phase (96). In cholateadapted cells of L. lactis, there is a distinct lowering of the Ȗ-component
following exposure to cholate (unpublished results). The surface
hydrophobicity or hydrophilicity when expressed as the free energy of
interaction (ǻGiwi) between two surfaces immersed in water (246) shows that
the overall hydrophilicity of the cholate-adapted cells decreases substantially
upon re-exposure to sub-lethal levels of cholate. This increases the
probability of adhesion of stationary phase cells to a hydrophobic surface
such as polystryene and results in a transition from the free to attached state.
The molecular basis of this phenomenon is unknown but may relate to an
altered exposure or composition of cell wall constituents. In another study,
the increase in cell surface hydrophobicity has been attributed to extracellular
structures (96). Indeed, scanning electron microscopic (SEM) observations of
the cholate adapted cells following growth in cholate shows a profusion of
unidentified extracellular fibril like structures coating the surfaces (Fig. 5).
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Fig 5. Low voltage SEM of stationary phase L. lactis cells grown in liquid GM17
medium with or without 1.5mM cholate exposure. The cells were fixed and visualized as
described elsewhere (67). Greater number of short finger like projections extend
outward from the ¨lmrCDr glycocalyx upon exposure to cholate while the parental and
wildtype glycocalyx have only sparse fibrils.

Extracellular structures also alter the physicochemical nature of the cell
surface. Fimbriae and pili enhance the hydrophobic character of the cell, and
for some bacterial strains the presence of pili appears to be required for
adhesion (96). Cell wall anchored proteins (CWAP) are among the known
bacterial cell surface components with adhesive properties (181). This group
includes adhesins or surface proteins influencing co-aggregation, e.g.,
fibronectin and collagen binding proteins or glucan binding proteins (78,188)
(181). In L. lactis, three well-known surface proteins are CWAP, (i) the
chromosomally-encoded sex factor CluA (90), (ii) the plasmid-encoded
proteinase NisP (252) and (iii) the plasmid-encoded cell serine proteinase
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PrtP (also called lactocepin) (204), the latter two being absent in the plasmidcured L. lactis strain MG1363. CluA is a 136-kDa surface-bound protein
encoded by the chromosomally located sex factor of L. lactis MG1363 (90)
that plays a major role in determining the cell hydrophobic properties (84).
CluA is involved in cell aggregation (clumping phenotype) and biofilm
development (164).The conformational properties of CluA and its spatial
distribution on the cell wall is a major factor in defining the global cell
surface properties (268). Indeed CluA is overexpressed in L. lactis cells that
are adapted to high concentrations of bile acids and these cells exhibit a
flocculant phenotype (267), despite an increased hydrophilic nature of the
cell surface. However, this flocculation per se does not result in an improved
adherence or biofilm formation (unpublished findings), which seems
contradictory with previous observations (164). Rather biofilm formation by
these cells is vastly stimulated by cholate exposure. The process of initial
surface attachment is mainly stochastic. Only a few bacteria remain attached
to the surface for extended periods of time and may undergo the transition
from transient to permanent attachment. It has been suggested that permanent
attachment is influenced by environmental signals, but to date, no such
signals have been identified (125). A recent report suggests, however, that
changes in the transmembrane electrical potential (Δψ) promotes permanent
attachment (240).

The bacterial biofilm
Bacterial adhesion to a surface typically leads to the formation of highly
structured cell clusters (or microcolonies), which further develop wherein
they are stabilized by a complex extracellular matrix (32,258). Thus the
classical definition of a biofilm is a ‘surface-associated community of
bacteria embedded in an organized, self-produced extracellular polymeric
matrix’ (51,120). However, due to progressive insights, this definition has
been extended to provide a more accurate description of biofilms. A biofilm
is defined by ‘a microbially derived sessile community characterized by cells
that are irreversibly attached to a substratum or interface or to each other and
are embedded in a matrix of extracellular polymeric substances that they have
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produced, and exhibit an altered phenotype with respect to growth rate and
gene transcription’ (64).
Biofilms are pervasive and form on almost any abiotic or biological surface.
It is estimated that 65% of all human bacterial infections involve biofilms
(63,85). Once formed, some bacteria are released from the biofilm into the
surrounding medium, enabling the biofilm to spread over a particular surface
(104). The architecture of a mature biofilm can be monolayer-like in which
all bacteria are attached to the surface, or, be multilayered in which some
bacteria are attached to the surface forming an attachment site for further
bacteria that populate the biofilm. These multilayered biofilms have been
shown to include an extracellular matrix with exopolysaccharides, proteins,
and DNA (125) (Fig. 6). In contrast to the more widely studied multilayerbiofilms, it is the monolayer-biofilms, which are believed to predominate in
natural environments and in the interaction of pathogenic bacteria with their
host (125).
Fig 6. The Extracellular polymeric substances in
the biofilm matrix. (A) Model of a bacterial
biofilm attached to a solid surface. (B) The major
matrix components, i.e. polysaccharides, proteins
and DNA are distributed between the cells in a
non-homogenous pattern, setting up differences
between regions within the biofilm . Taken from
Ref. (74) (Reprinted by permission from
Macmillan Publishers Ltd: [Nature ReviewsMicrobiology], copyright (2010).

L. lactis is known to adhere to certain
surfaces and to form biofilms (144).
However, under static conditions L. lactis
MG1363 is known as a weak biofilm
former with a low exopolysaccharide (EPS)
content. In contrast, under turbulent flowing
conditions the cells form a thick, flat, and
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structurally homogenous biofilm (100,102). Such a biofilm appears to be
horizontally stratified. Metabolically active cells are present in the upper
layers and in direct contact with the growth medium, whereas, the cells in the
deeper layers are less exposed to nutrients and are consequently metabolically
less active, a status believed to be similar to stationary-phase planktonic cells
(229). Extracellular DNA rather than EPS (206) appears one of the principal
components of the L. lactis biofilm matrix (102). The extracellular DNA is
believed to arise from cell lysis in the deeper layers of the biofilm and may
therefore also contain cytoplasmic or cell wall components of the dead cells
(199,263). Decreased cell lysis in L. lactis has been linked to poor biofilm
formation (178), which correlates with other findings indicating that death
and lysis of a subpopulation of cells is essential for intercellular cohesion and
biofilm strength (15).
The biofilm extracellular matrix is very heterogeneous in nature as it is
composed of polysaccharides, proteins, lipids, nucleic acids, and other
polymers (Fig. 6) (261). In fact, large tangible biomaterials such as outer
membrane vesicles, flagella, phages, pili, and debris from lysed cells are also
considered part of it (116). Commonly, exopolysaccharides are major
components of most biofilm matrices and contribute to cellular cohesion
within the biofilm.In the absence of exopolysaccharide synthesis and export,
bacteria can adhere to surfaces but are unable to form a complex multilayered
biofilm (125). With cellular chain forming bacteria, their entanglement may
lead to the development of a thinner but cohesive biofilm without extensive
matrix formation (208).
Exopolymers not only contribute to the bulk, physical integrity and stability
of the biofilm matrix, but they also regulate the initial formation, the pattern
of assembly, and the structural organization of microcolonies (262). The
attachment of bacterial cells to animate and inanimate surfaces and the
eventual development of microcolonies has been linked to the ability of
micro-organisms to survive and persist within biofilms (microbial fitness)
(122,141). Biofilm architecture can also be strongly influenced by the
interaction of anionic EPS (containing carboxylic groups) with multivalent
cations. For example, Ca2+ can form a bridge between polyanionic alginate
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molecules, stimulating the development of thick and compact biofilms with
increased mechanical stability (137). Bile acids are one of the few naturally
occurring biomolecules that promote the development of a mature biofilm by
accelerating the synthesis of matrix exopolysaccharides (115). Unlike
antibiotics such as tobramycin which can stimulate the biofilm volume by
increasing the cell number rather than by stimulating the synthesis of EPS
(110), the effect of bile acids has been found to stimulate EPS production
only. For L. lactis, however, this phenomenon appears to be strain specific
(158).
Polysaccharides (PS) are components of the cell surface of Gram-positive
bacteria and are conventionally categorized as (i) capsular polysaccharides
(CPS), usually covalently bound to peptidoglycan (PG), (ii) wall
polysaccharides (WPS), which may be attached to the cell wall covalently or
not, and (iii) extracellular polysaccharides (EPS), which are released into the
environment and thus not attached to the cell surface (43). L. lactis lacks
CPS, while some strains lack the EPS operon (52). A total of 28 putative
glycosyltransferases are present in the MG1363 genome and are proposed to
be involved in the decoration of the lactococcal cell wall with WPS (52). Any
change in their expression may affect the nature of the glycosylation, which
in turn influences the surface attachment properties of the molecules (59).
Biofilm formation by L. lactis is dramatically influenced by the type of bile
acid to which the cells are exposed. The more hydrophilic taurocholate elicits
a much stronger EPS production as compared to the unconjugated cholate.
The taurocholate exposed biofilm also is of a much thicker volume with an
extensive EPS-like matrix with voids and channels typical for a highly
organized biofilm (unpublished data). Any change in biofilm thickness and
volume will affect heat exchange, diffusion rates of antimicrobials and
nutrients (228) and the mechanical properties of a biofilm (138). Therefore, it
is of interest to study the molecular principles that govern this strong biofilmforming effect of taurocholate.
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Mechanisms of biofilm resistance
Cells growing in a biofilm show some remarkable differences in their
metabolism and physiology when compared to planktonic cells. They are
generally more resistant to antimicrobial agents than their planktonic
counterparts (113). This process is only poorly understood (166). The biofilm
matrix provides bacteria with a physical barrier against antibiotics and other
toxic compounds (86). It also provides protection against various
environmental stresses including UV radiation, pH changes, host immune
defenses, and desiccation (74). The EPS produced by L. lactis ssp. cremoris
NZ4010 which is negatively charged at pH 2 protects against cationic
antimicrobial agents such as nisin likely by binding and sequestering these
positively charged molecules (158).
Compared to wild-type biofilms, lactococcal biofilms of cholate-adapted cells
are more sensitive to the cationic glycopeptide bacitracin (unpublished
results). Bacitracins are potent antimicrobials which interfere with the
biosynthesis of bacterial cell walls by inhibiting the dephosphorylation of
C55-isoprenyl pyrophosphate (IPP) to C55-isoprenyl phosphate (IP), thus
reducing the availability of IP, which interferes with the synthesis of the
repeat subunits of peptidoglycan (238). One known mechanism of resistance
to bacitracin is the increased de novo synthesis of IP by elevating intracellular
levels of the lipid kinase responsible for IP phosphorylation (40). The lack of
synthesis of certain membrane-derived oligosaccharides (72), or more
generally the synthesis of exopolysaccharides (195), but also the presence of
an ABC-type efflux system has been reported to contribute to bacitracin
resistance (194). Our findings with L. lactis show that adaptation to cholate
resulted in the elevation of the expression of the mvk gene in planktonic cells
(267). The mvk gene encodes mevalonate kinase, one of the key enzymes of
the mevalonate pathway. Eukaryotes, archaea, and a small number of bacteria
convert mevalonate to isopentenyl diphosphate, the building block of
isoprenoids, via the mevalonate pathway (7). The isoprenoids are involved in
peptidoglycan synthesis as the carrier lipid undecaprenyl pyrophosphate (12).
This points at a change in the peptidoglycan layer or the rate by which it can
be synthesized.
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It has been suggested that the exopolysaccharide matrix that surrounds the
cells in the biofilm prevents diffusion of the antimicrobial agents through the
biofilm, via drug adsorption or neutralization thus preventing direct contact
with the cells. While this may be the case for some antimicrobial agents, for
others it has been shown that they can penetrate the matrix but still cannot kill
the cells in the biofilm (6,256). For instance, EPS production by planktonic L.
lactis NZ4010 did not protect this organism against penicillin G and
vancomycin but conferred protection against lysozyme and nisin (158). Most
known EPS molecules in bacteria are neutral or polyanionic (233). However,
cationic EPS formation (deacetylated PIA) has been reported for some Grampositive bacteria, with a proposed role of the ica gene locus. The cationic
EPS not only confer resistance against cationic antimicrobials but also play a
crucial role in biofilm development (254). Studies show that the same
microorganism in sessile mode can produce different kinds of matrix
polysaccharide polymers depending on factors such as growth phase (118).
Matrix polysaccharides polymers which are qualitatively different can also
interact with each other in the biofilm thereby imparting a significant increase
in matrix viscosity. Such phenomenon is often seen with biofilms containing
a mixture of different bacterial species (5). Overall, little is known about the
mechanisms involved in the biosynthesis and modification of biofilm
exopolymers, especially, how these modifications translate into changes in
biofilm development (254).
Macrolide (azithromycin or erythromycin) exposure has been shown to
increase the expression of ica genes in Stapylococcus epidermidis. The ica
operon is known to be involved in production of polysaccharide intercellular
adhesion (PIA) factor that mediates the intercellular adherence of bacteria and
the formation of multilayered biofilms (92,184). Exposure to macrolides such
as erythromycin results in an increase in matrix polysaccharides production
leading to thicker biofilms without affecting the initial adhesion to the
surfaces (257). The overall increase in biofilm dimension in terms of volume
and thickness does not result in improved resistance to cholate or drugs
(unpublished findings). Indeed, water channels or voids found in many such
extensive biofilms are known to facilitiate drug penetration and access to the
cells (4). The thickness of the biofilm itself besides being implicated in aiding
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bacterial adhesion (32) and facilitating micro-environmental homeostasis
(232) has also been linked to infection and colonization of surfaces. With an
increase in thickness, there is a progressive dispersal of single cells and/or
bacterial clusters of different sizes, which is considered as one of the main
promoters of the infectious process (62).
Cells within the biofilm usually grow slowly and it has been proposed that
this lower growth rate can explain to some degree the level of biofilmspecific resistance, whereas the full extent of resistance cannot be accounted
for by this mechanism only (38,68,256). On the other hand, enhanced gene
expression, generally a sign of strong metabolic activity has been
demonstrated in biofilm cells of B. subtilis and E. coli, when compared to
their planktonic counterparts. (217,226). Possibly, certain biofilm cells can
achieve a faster growth rate than anticipated due to an increased metabolism
of nutrients obtained from the surrounding matrix or through catabolism of
components from dead cells (142). Metabolic stratification of biofilms
characterized by a high level of activity at the surface (facing the surrounding
medium) and slow or no growth in the centre and lower layers (facing the
substratum), also contributes to the increased resistance of biofilms to
antibiotics (117). Moreover, it has been suggested that high cell density
signaling or quorum sensing plays a role in resistance to antimicrobial agents,
but the molecular mechanisms involved are not clear (37).
The contribution of various efflux pumps to drug resistance in planktonic
bacteria is well established (196), but their role in biofilms was initially
unclear as most of the studies focused on the mature biofilms (10). More
recent investigations involving younger biofilms of Pseudomonas aeruginosa
have shown that the RND type MexAB-OprM efflux system that is
constitutively expressed in planktonic cells, is also in the biofilm responsible
for the efflux of substrates, including many antibiotics (172). However, also
the MexCD-OprJ contributes to the resistance but this appears to be biofilmspecific (88). In P. aeruginosa biofilms, an increase in the efflux activity
provides the major resistance mechanism against aminoglycoside antibiotics
and fluoroquinolones (119). Other examples of biofilm-specific MDR
transporters are YhcQ in Escherichia coli (165) and an ABC-type efflux
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transporter in P. aeruginosa (269). Thus, MDR-like transporters appear
important in developing drug resistant biofilms (89) and thus their expression
will impact colonization of inanimate or animate surfaces. This view is
further substantiated by studies wherein the impact of exogenous compounds,
such as antibiotics, on the formation of bacterial biofilms has been
investigated (79,87). Sub-inhibitory concentrations of antibiotics promote
biofilm maturation (174), while the inactivation of efflux pumps by inhibitors
reduces biofilm formation (139). In L. lactis, the MDR transporter LmrCD
fulfils an important role in both biofilm establishment and resistance to drugs
and detergents (unpublished findings). Overall, the exact role of efflux pumps
in biofilm formation and their importance in biofilm-mediated antibiotic
resistance remains a topic of investigation in microbiology (174).
Cells within a biofilm are physiologically heterogeneous because a variety of
micro niches occurs within the biofilm structure. Cells on the surface of the
structure may have ready access to nutrients and thus actively metabolize and
divide, whereas more internally located cells may be largely dormant. The
idea of sessile cells displaying varying physiology has important
consequences because in contrast to planktonic cultures which are
characterized by more or less uniform cell physiologies, the physiological
heterogeneity of biofilms cells implies differences in drug susceptibilities
(19). It is therefore attractive to relate the extensive resistance phenotype of
biofilms to the presence of persister cells (151). It is believed that the
presence of persisters is a strategy evolved in bacteria to produce phenotypic
variants that may provide a selective advantage when exposed to
environmental stress (60).
SCOPE OF THE THESIS
The aim of the work described in this thesis is to elucidate the mechanisms of
toxic compound resistance employed by L. lactis and to examine the
physiological responses when one of the key mechanisms, transporter-based
efflux, is genetically inactivated. Chapter 1 provides an introduction to
transporter and non-transporter based resistance mechanisms in Grampositive bacteria with special reference to lactic acid bacteria. In addition, the
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mechanism of surface adherence and biofilm development is discussed.
Chapter 2 describes how L. lactis cells devoid of the main MDR and cholate
transporter LmrCD can regain resistance when exposed to increasing levels
of cholate. The resultant cholate-adapted strain (¨lmrCDr) showed a number
of alterations when compared to its parental strain, the drug-sensitive L. lactis
NZ9000 ¨lmrCD. The ¨lmrCDr cells exhibit (i) improved resistance toward
several bile acids but not to drugs, (ii) an altered susceptibility to
antimicrobial peptides, and (iii) morphological changes including a tendency
to autoaggregate and flocculate in liquid media. Transcriptome and transport
analyses suggest that the acquired resistance is transport unrelated but instead
arises from various stress responses, changes to the cell envelope and
alterations in metabolism. In contrast, wild-type cells induce the expression
of lmrCD upon exposure to cholate, whereupon the cholate is actively
extruded from the cells. Together, these data suggest a central role for an
efflux-based mechanism in bile acid resistance and implicate LmrCD as the
main system responsible in planktonic L. lactis.
Chapter 3 examines how bile acids influence surface adhesion and biofilm
development by the cholate resistant ¨lmrCDr strain. Importantly, the results
show that bile acids stimulate biofilm formation and render these structures
highly resistant to such compounds. This increased biofilm formation appears
to be related to the production of extracellular polysaccharides. In addition,
the physicochemical aspects of the altered cell surface were studied.
Chapter 4 examines the ability of L. lactis cells lacking the LmrCD
transporter to regain resistance to the cationic dye rhodamine 6G and to
develop multidrug resistance. Obtained resistant strains show a multidrug
resistance phenotype, and express several uncharacterized efflux transporters.
However, the resistance phenotype is likely broader than transporter-based
alone, as also metabolic and physiological changes are observed. The data
indicate that L. lactis is equipped with cryptic resistance mechanisms that can
be activated upon long-term exposure to toxic compounds and provide
multiple lines of defense. Finally, Chapter 5 summarizes the results presented
in the thesis and discusses the broader implications of the work.
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What is this wonderful thing, and for what purpose has it been
made by a Nature who does nothing in vain?
Galen

†

†

Greek physician (c. 129–199 A.D). 4XRWHIURP ³*DOHQOn the usefulness of parts
of the body” transl. by M.T. May, Ithaca, New York, Cornell University Press 1968.
56

&KDSWHUWZR
Chapter 2
The ABC-type MDR transporter LmrCD is responsible for an extrusion
based mechanism of bile acid resistance in Lactococcus lactis

Arsalan Haseeb Zaidi 1, Patrick J. Bakkes 1, Jacek Lubelski 2, Herfita
Agustiandari 1, Oscar P. Kuipers 2, and Arnold J.M. Driessen 1,*

1

Department of Molecular Microbiology and 2 Department of Molecular
Genetics, Groningen Biomolecular Sciences and Biotechnology Institute and
the Kluyver Centre for Genomics of Industrial Microorganisms, University of
Groningen, Kerklaan 30, NL-9751 NN Haren, The Netherlands

Published in J. Bacteriol. (2008) 190:7357-7366.

57

&KDSWHUWZR
ABSTRACT
Upon prolonged exposure to cholate and other toxic compounds, Lactococcus
lactis develops a multidrug resistance phenotype that has been attributed to
an elevated expression of the heterodimeric ABC-type multidrug transporter
LmrCD. To investigate the molecular basis of bile acids resistance in L. lactis
and to evaluate the contribution of efflux-based mechanisms in this process,
the drug-sensitive L. lactis NZ9000 ¨lmrCD strain was challenged with
cholate. A highly resistant strain was obtained that compared to the parental
strain showed: (i) resistance towards several bile acids but not to drugs; (ii)
morphological changes; and (iii) an altered susceptibility to antimicrobial
peptides. Transcriptome and transport analysis suggest that the acquired
resistance is unrelated to an elevated transport activity but instead results
from a multitude of stress responses, cell envelope, and metabolic changes. In
contrast, wild-type cells induce the expression of lmrCD upon the exposure to
cholate, whereupon the cholate is actively extruded from the cells. Together,
these data suggests a central role of an efflux-based mechanism in bile acids
resistance and implicate LmrCD as the main system responsible in L. lactis.
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INTRODUCTION
Lactococcus lactis is a nonpathogenic lactic acid bacterium that serves as a
model organism to study bacterial multidrug drug resistance (MDR) (25).
The genome of L. lactis contains 40 putative drug transporter genes of which
several have been characterized in detail. These are LmrP (8), a member of
the major facilitator superfamily (MFS) transporter, and the ABC-type
transporters LmrA (40) and LmrCD (25). L. lactis MG1363 readily acquires a
stable MDR phenotype when challenged with increasing concentrations of
cholate (43) or other drugs (7). An ATP-dependent transporter has been
implicated with cholate resistance but its identity has remained obscure (43).
Recent transcriptome analysis revealed that a common response of the
selected MDR strains is the elevated expression of lmrCD as compared to the
wild-type strain (25). Furthermore, the deletion of the lmrCD genes makes L.
lactis more susceptible to a wide range of toxic compounds, while the drug
resistant phenotype can be restored by the overexpression of lmrCD from a
plasmid (27).
Although the previous studies implicated LmrCD as a major determinant of
drug resistance in L. lactis, it has remained unclear whether other putative
MDR transporters contribute to resistance in the selected strains as the
observed phenotype covers both anionic and cationic drugs such as
daunomycin, rhodamine and ethidium bromide. Moreover, apart from the
lmrCD up-regulation, the cholate resistant L. lactis strain (43) showed a
different gene expression profile as compared to the strains selected for
resistance against cationic drugs (25). The cholate-resistant strain also
showed the strong up-regulation of the arc operon genes involved in the
arginine deiminase (ADI) pathway, and of a gene encoding a putative MDR
transporter of the major facilitator superfamily, i.e., llmg2513 (formerly
named yxbD).
Cholate resistance is of particular interest as lactic acid bacteria are major
components of the human intestinal microflora (35) and are widely used as
probiotics in food supplements. Probiotic survival depends on resistance
against inhibitory compounds present in the intestine such as bile acids (23).
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These compounds are synthesized from cholesterol in the liver and have an
important role in the intestine where they are involved in the absorption of
dietary fats and lipid soluble vitamins (36). Bile acids are released as
conjugates of glycine or taurine in the intestine, where indigenous microbes
such as Bifidobacteria, employing bile acid hydrolases that enzymatically
liberate the free bile acids (FBA) from their conjugated forms (38). FBA are
toxic, weakly acidic and hydrophobic molecules which strongly inhibit the
growth of various intestinal bacteria (6). Cholate which is one of the most
frequently encountered FBA in the gastrointestinal tract is produced by the
gut microflora from conjugated bile salts, such as taurocholate and
glycocholate (23).
The exact mechanism of inhibition is still not clear but may involve
permeabilization of the cytoplasmic membrane (22). The autochthonous
microbiota as well as many Gram negative pathogens have evolved to survive
the bactericidal effects of FBAs (41). The mechanisms underlying bile acid
resistance have been attributed to diverse physiological and cellular responses
such as changes in cell envelope (10), increased activity of bile acid
modifying enzymes in many Gram-positive bacteria (4) while MDR efflux
pumps have been implicated in Gram-negative bacteria (29). In contrast, little
is known about the role of MDR efflux pumps in bile acid extrusion in Grampositive organisms.
Here we have investigated the adaptive response of L. lactis cells that lack the
major MDR transporter, LmrCD when challenged with cholate. The data
suggest that in the absence of LmrCD, cholate resistance relies on a multitude
of transport unrelated cellular responses. This investigation also establishes
for the first time that LmrCD-mediated extrusion of cholate is the primary
mechanism of bile acid resistance in L. lactis.
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MATERIALS AND METHODS
Bacterial strains, media and growth conditions. Lactococcus lactis
NZ9000 is a derivative of the plasmid free L. lactis MG1363 containing
pepN::nisRK (12) and is referred to as the wild-type strain. The derivative L.
lactis NZ9000 ǻlmrCD strain lacks the MDR transporter LmrCD (25). In all
cases, cells were grown at 30 °C in M17 medium (Difco) containing 0.5 %
(w/v) glucose (GM17).
Cholate adaptation assay. Cholate resistant cells were selected by growth of
the L. lactis NZ9000 ǻlmrCD strain in GM17 medium containing increasing
concentrations of cholate. Exponentially growing cells were diluted 1:100 in
5 ml of fresh GM17 containing cholate and grown overnight. This procedure
was repeated several times with a concomitant stepwise increase of the
cholate concentration until a significant increase in MIC had occurred. The
final concentration of cholate used was 4 mM. To obtain single colonies, the
adapted culture was spread plated on GM17 with 1.8 % (w/v) agar containing
3 mM cholate. Thirty colonies were selected and sub-cultured in fresh GM17
broth without cholate. Cultures were supplemented with glycerol at a final
concentration of 10 % (v/v) and stored at -80 °C. After initial growth
analysis, one of the obtained cholate-adapted NZ9000 ǻlmrCD strains was
selected and used for further characterization. This strain is referred to as
ǻlmrCDR.
Growth studies. Overnight cultures of L. lactis wild-type, ǻlmrCD and
ǻlmrCDR strain were diluted in fresh GM17 medium and grown till an OD660
of 0.6. Cells were then diluted to an OD660 of 0.05 and aliquots of 150 μl
were transferred to 96-well microtitre plates that contained 50 μl of GM17
medium containing a range of drugs at varying concentration. Sterile silicon
oil (50 μl) was pipetted on top of the samples to prevent evaporation. Growth
was monitored at 30 °C every 6 minutes for 12 hours at 660 nm using a
multiscan photometer (Molecular devices, spectraMax 340). The maximum
specific growth rate μ was calculated from the exponential growth phase (44),
and plotted against the concentration of the different drugs. Concentrations
which inhibited growth by 50 % (IC50 values) and 100 % (MIC) were
61

&KDSWHUWZR
determined. The experiments were carried out in triplicate and the data shown
are averaged to obtain the standard error of the mean.
Cholate transport assay. Exponentially growing cells were harvested at
OD660 of ~1, washed once with 50 mM potassium phosphate (KPi), pH 7.0
containing 1 mM MgSO4, and resuspended in this buffer to an OD660 of
~20. The cells were de-energized by incubation with 10 mM 2-deoxyglucose
for 30 min at 30 °C, then washed three times with KPi buffer, and finally
resuspended in this buffer to an OD660 of ~8. Aliquots (3 ml) of the cell
suspension were dispensed in glass tubes and preincubated for 5 min at 30 °C
with gentle stirring. Next, 8 μl of 1.82 mM [14C]cholate (55 mCi/mmol) was
mixed with 4 μl of 500 mM non-radioactive cholate in 1 ml of milliQ water
and 150 μl of the mix was added to the cells (final cholate concentration is
~100 ȝM) followed by incubation for 14 min after which glucose (230 mM)
was added as a source of metabolic energy. At the time points indicated the
amount of [14C]cholate associated with cells was determined by a filtration
method. Herein, aliquots of 200 μl were passed over 0.2-μm-pore-size
cellulose-acetate filters that were prewetted in 100 mM KPi, pH 7.0. Retained
cells were then washed two times with 2 ml 100 mM LiCl. Finally, the
radioactivity associated with the cells on the filter was measured by liquid
scintillation counting. Values were corrected for the background level of
radioactivity obtained for control incubations without cells. The amount of
accumulated cholate was related to the amount of cells. Due to morphological
differences (see results) the cellular dry weight rather than OD660 was used. A
similar experiment was performed using L. lactis NZ9000 ǻlmrCD strain
carrying pIL-lmrCD plasmid (lmrCD expression under control of native
promoter) and control plasmid pIL252 (25).
Scanning Electron Microscopy. A drop of a bacterial culture was placed on
fresh cleaved mica surface pre-treated with a 0.5 % poly-L-lysine solution.
Next, cells were washed with 0.1 M cacodylate buffer and fixed with 2 %
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 for 30 min and washed
with the cacodylate buffer. The specimen was dehydrated with ethanol in a
sequence of 30, 50, 70, and 100 % (10 min each), followed by 2 times in 100
% for 30 min. Finally, the specimen was dried in a BAL-TEC Critical Point
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Dryer with CO2 and sputter-coated with 2-3 nm Au/Pd (BAL-TEC sputter
coater). Observation was done with a JEOL FE-SEM 6301F (Cold field
emission scanning electron microscope).
Expression analysis by RT-PCR. Overnight cultures of L. lactis NZ9000
were diluted in GM17 medium to an OD660 of 0.05, and grown at 30 °C until
they reached an OD660 of ~0.6. Cholate (1 mM) was added to the cultures,
and at various time points, aliquots were removed and cells were harvested
by centrifugation (3,500 rpm, 4 °C for 5 min). Total RNA was isolated using
TRIzol reagent (Invitrogen). The RNA concentration was determined and
equal amounts of RNA were transferred into Illustra Ready To-Go RT-PCR
tubes to generate cDNA from the RNA templates. The first synthesis of
cDNA strand was performed at 42 ºC for 40 mins, followed by standard PCR
conditions. RT-PCR products of lmrC, lmrD, and secY genes were obtained
with gene specific primer pairs (Table 1) and samples were analyzed on a 2
% (w/v) agarose gel.
TABLE 1. Oligonucleotide primers used for RT-PCR analysis
Primer name

Primer sequence 5’ĺ 3’

lmrC RT PCR FW
lmrC RT PCR RV
lmrD RT PCR FW
lmrD RT PCR RV
secY RT PCR FW
secY RT PCR RV

GTTGAAGAACGTGGGAATAATTTCTCAGGTGG
CCTCCTGTGCTTTCTGTGTATCGTAGATTTC
CGTTTCTGATGATGAATCAGTCTTCTCAGTTGG
CAAAAACGAATTGATTATGATAAAGTTCAGAG
TACAACTGCTCCAGCTACGA
GTTCCTCCAAGAGCGACAAT

DNA microarray analysis. DNA microarray experiments were essentially
performed as described previously (13),(39). In brief, RNA was isolated from
two replicate cultures of both L. lactis ǻlmrCD and cholate-adapted L. lactis
ǻlmrCDR. Cultures were grown at 30 ºC in GM17 medium in the absence of
cholate and cells were harvested at the OD660 of ~ 1. Next, single-strand
reverse transcription (amplification) and indirect labeling of 20 ȝg of total
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RNA, with either Cy3 or Cy5 dye, were performed (including a sample in
which the dyes were swapped to correct for dye-specific effects). Labeled
cDNA samples were hybridized to microarray slides of L. lactis MG1363
spotted in duplicate. After overnight hybridization, slides were washed for 5
min at 37 °C in 2xSSC (Standard Saline Citrate) containing 0.5 % SDS
followed by 5 min in 1xSSC containing 0.25 % SDS to remove nonspecifically hybridized cDNAs.
Slides were scanned using a GenePix 4200AL (Westburg). Subsequently,
individual spot intensities were determined using ArrayPro 4.5 (Media
Cybernetics Inc., Silver Spring, MD). Slide data were processed and
normalized using MicroPrep, which yielded average ratios of gene expression
with mutant over the control strain. Genes that displayed  1.8 fold change in
expression level were considered strongly differentially expressed.
Expression of a gene was considered to be significantly altered when the
Cyber T Bayesian p value  0.001. The data discussed in this publication
have been deposited in NCBIs Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series
accession number GSE10203).
RESULTS
L. lactis can acquire resistance to cholate in the absence of LmrCD.
Previously, we have demonstrated that L. lactis cells lacking the genes
encoding the heterodimeric ABC-type MDR transporter LmrCD become
about 2-fold more susceptible to cholate as compared to wild-type cells (25).
Transcriptome analysis of the MDR strain of L. lactis selected for cholate
resistance showed amongst others a marked induction of lmrCD expression
(25) that could be related to an inactivation of the transcriptional regulator
LmrR (1). These data suggest an important role of LmrCD in resistance to
cholate, but do not exclude an involvement of other in cholate resistance.
Therefore, the cholate sensitive L. lactis ǻlmrCD strain was repeatedly
exposed to step-wise increasing sub-lethal concentrations of cholate to induce
resistance. In this manner a strain with improved resistance to cholate was ob
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-tained (ǻlmrCDR) (Fig. 1). The observed phenotype was found to be stable
as the ǻlmrCDR strain remained resistant after growth for seven days in the
absence of cholate (data not shown). Cholate-adapted ǻlmrCDR cells were
found to be ~2-fold more resistant to cholate than the parental ǻlmrCD strain

FIG. 1: Sensitivity of L. lactis wild-type (Ƒ) , ǻlmrCD (¨) ǻlmrCDR (Ÿ) strains to
cholate. Cells were grown for 8 h in GM17 medium containing 0 - 6 mM cholate. The
maximum specific growth rate μ is plotted against the cholate concentration.

as judged from the MIC values (1.6 versus 1 mM, respectively). However, in
the absence of cholate, the ǻlmrCDR cells showed a lower growth rate
compared to parental and wild-type L. lactis cells. For reasons that remain
unclear, the IC50 values obtained for the wild-type and the ǻlmrCD strain
were about 2.5-fold lower as reported previously (25). However, the relative
resistance of these strains for cholate (ǻlmrCD/wild-type) was similar as
reported previously.
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Exposure to one specific drug may evoke cross resistance to other toxic
compounds in bacteria (17,34). Therefore, the resistance to structurally and
functionally diverse toxic compounds was determined. To this end, ǻlmrCDR
cells were grown in the presence of a variety of drugs, among which a range
of bile acids, several commonly used antibiotics and structurally unrelated
fluorescent dyes like rhodamine 6G, ethidium bromide and hoechst 33342
(Table 2).
As compared to the wild-type cells, L. lactis ǻlmrCD cells proved to be
susceptible to glycodeoxycholate in addition to cholate, hoechst 33342,
daunomycin, rhodamine 6G and ethidium bromide. The cholate-adapted
ǻlmrCDR cells showed a considerably increased resistance to the
unconjugated bile acids deoxycholate and chenodeoxycholate and the glycoconjugate of deoxycholate.
Interestingly, the acquired resistance to several of these cholate derivatives
even exceeded that of wild-type cells, but the resistance to glycodeoxycholate
by far lagged behind with that of wild-type cells. In contrast, ǻlmrCDR cells
did not show a significant improvement in resistance to any of the antibiotics
and fluorescent dyes tested. Compared to the ǻlmrCD and wild-type strain,
the ǻlmrCDR strain was considerably more susceptible to quinine. Taken
together, the results indicate that the acquired resistance of the ǻlmrCD strain
does not arise from multidrug resistance but is specific for cholate and related
bile acids.
Cholate-adapted L. lactis ǻlmrCD cells exhibit an altered cell
morphology. In the absence of drugs, ǻlmrCDR cells displayed a slower
growth as compared to the parental ǻlmrCD and wild-type strain (Figs. 1 and
3). Interestingly, ǻlmrCDR cells exhibited an unusual flaky morphology when
cultivated in GM17 medium and sedimented more readily than ǻlmrCD and
wild-type cells. Scanning electron microscopy revealed that ǻlmrCDR cells
were similar in size to the ǻlmrCD and wild-type cells but appeared to grow
in unusually long strings of cocci clumped together as large aggregates (Fig.
2).
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Although cell division seems unaffected in the ǻlmrCDR strain, the daughtercells remain attached. Such an altered overall cellular morphology likely
results from changes in the cell envelope.
TABLE 2. Susceptibility of L. lactis wild-type, ǻlmrCD and ǻlmrCDR strain
to various bile acids and drugs
Drug

Relative resistance e
ǻlmrCDR /ǻlmrCD
Wild-type ǻlmrCD ǻlmrCDR

Lithocholate b
Deoxycholate a, c
Chenodeoxycholate a, c
Cholate a, d
Glycodeoxycholate a
Taurocholate a
Glycocholate a
Hoechst 33342
Daunomycin
Rhodamine 6G
Ethidium bromide
Quinine
Tetracycline
Erythromycin
Kanamycin
Chloramphenicol
Puromycin

85
125±15
115
1650±273
6800±566
n.s.
n.s.
1.55±0.13
25.5
5.7
4.8
850
0.26
0.065
35±9
4.0±0.5
27.5

IC50 (μM)

85
120±18
105
1000±146
1063±53
n.s.
n.s.
0.3±0.21
2.8
4.9
3.7
775
0.2
0.067
33±9.5
4.2±0.9
26.5

a

80
190±18
160
1650±261
1625±35
n.s.
n.s.
0.35±0.17
2.8
4.5
3.4
350
0.18
0.061
41±6.8
4.5±0.6
27

0.9
1.6
1.5
1.7
1.5

1.2
1.0
0.9
0.9
0.5
0.9
0.9
1.2
1.1
1.0

Sodium salts (anionic detergent). b one hydroxyl group. c two hydroxyl groups. d three
hydroxyl groups. e relative resistance. n.s., not sensitive, no appreciable growth
inhibition at 6 mM. ± indicates standard errors of IC50 values obtained from at least three
independent experiments.
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FIG. 2: Morphological changes in L. lactis ǻlmrCD following cholate adaptation.
Scanning electron micrographs of ǻlmrCDR cells at 6,000x (A) or 45,000x (B) and of
the parental ǻlmrCD strain at 45,000x magnification (C). Bars represent 1 ȝm (A) and
100 nm (B and C).

To investigate the latter possibility, the sensitivity of the cells against various
bacteriocins was tested. This included peptides that specifically act on the cell
membrane either by a combination of pore formation and inhibition of
peptidoglycan synthesis (nisin) or by exclusively inhibiting peptidoglycan
synthesis (bacitracin and vancomycin) (Fig. 3).
Wild-type and ǻlmrCD cells displayed a very similar sensitivity to the tested
bacteriocins. In contrast, ǻlmrCDR cells were found to be highly susceptible
to the bacteriocin nisin (4-fold lower IC50), while improved resistance to
bacitracin (2-fold higher IC50) was observed. The sensitivity to vancomycin
was similar to that of the control strains. The altered sensitivity of ǻlmrCDR
cells to membrane and peptidoglycan acting compounds likely arises from an
altered cell envelope.
Transcriptome analysis of cholate-adapted L. lactis ǻlmrCD cells. To
investigate the underlying adaptive mechanism(s) of the cholate-adapted
strain, DNA microarray analysis was performed on the global gene
expression profiles of exponentially growing ǻlmrCD and ¨lmrCDR cells in
the absence of cholate. As compared to the parental ǻlmrCD strain, 124
genes of the ǻlmrCDR strain showed  1.8-fold change in expression with a
Bayesian p value  0.001 (Full array data set available at NCBIs Gene expre-
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FIG. 3: Sensitivity of L. lactis wild-type (Ƒ), ǻlmrCD (¨) and the cholate resistant
ǻlmrCDR (Ÿ) strain to cell-wall acting antimicrobials. Cells were grown for 8 h in
GM17 medium containing varying concentration of the indicated antimicrobials: (A)
bacitracin; (B) vancomycin; or (C) nisin. The maximum specific growth rate μ is plotted
against the antimicrobial concentration.

-ssion Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/ accessible through
GEO Series accession number GSE10203).
Of these genes, 87 and 37 showed an increased and decreased expression,
respectively. The maximum level of gene induction and repression was 5-fold
(matR) and 11.6-fold (llmg1356), respectively. The differentially expressed
genes were grouped into functional classes (Table 3) taking into account the
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categories defined earlier for the related L. lactis strain IL1403 (9).
Responsive genes were related to cell envelope biogenesis, stress response
and chaperones, general metabolism, house-keeping functions, and sex factor.
Remarkably, the expression of none of the 40 genes encoding putative MDR
transporters among which the well-characterized LmrA and LmrP was
significantly altered in the ¨lmrCDR strain. This also includes the llmg2513
(yxbD) gene that was up-regulated in the cholate resistant L. lactis strain (25).
Expression of a large number of hypothetical ORFs was also significantly
changed including llmg1960, a putative di- and tricarboxylate transporter.
However, none of the remaining upregulated hypothetical ORFs could be
related to a (drug) transport function (See full array set).
Genes related to cell envelope: Various genes associated with cell envelope
biosynthesis or morphology namely cdsA, murC, rgpE, llmg0215, llmg0538
and llmg1148 showed an increased expression in the ¨lmrCDR strain.
Decreased expression levels were observed for cfa that is involved in
membrane lipid biosynthesis, and mvk, a key gene of the mevalonate
biosynthetic pathway needed for isoprenoid synthesis.
Genes related to stress response and chaperones: A distinct level of
overexpression of the molecular chaperone genes groES, groEL, and hslO
was observed in the ǻlmrCDR strain, as well the gene encoding a serine
protease, htrA implicated in protein folding stress. Also nah, encoding a
Na+/H+ antiporter involved in sodium toxicity and intracellular pH regulation
was expressed at a
TABLE 3. Differential expression of genes in cholate-adapted L. lactis
ǻlmrCDR cells versus ǻlmrCD cells.
Gene

Bayesian p

Sex factor/conjugation
matR
1.38E-10
cluA
2.73E-09

Foldchange

Proposed name and/or function

5.0
3.2

Retron-type reverse transcriptase/LtrA
Cell surface antigen I/II precursor
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Gene

Bayesian p

llmg1399 8.14E-09
ltrC
7.05E-08
ltrB
1.51E-06
ltrD
5.47E-07
ltrE
1.46E-06
traD
5.81E-06
llmg1353 6.39E-11
telB
1.73E-13
telC
5.43E-11
telA
1.32E-10
Stress and Chaperones
groES
7.77E-09
nah
3.96E-09
htrA
4.91E-08
groEL
2.83E-08
hslO
5.55E-08
llmg2047 1.51E-08
uspA2
2.67E-06
uspA
2.02E-07
sodA
1.32E-07
clpE
6.57E-07
gshR
5.95E-07
trxA
3.66E-07
Cell envelope
chiC
8.22E-09
llmg1148 1.65E-07
llmg2420 1.24E-07
chb
2.43E-07
cdsA
7.95E-07
llmg0538 4.95E-07
lplL
1.29E-05
murC
1.93E-04
llmg2421 1.67E-05
llmg0215 6.65E-04
rgpE
2.80E-04
cfa
1.82E-06
mvk
7.80E-07

Foldchange
3.2
2.7
2.5
2.4
2.0
1.8
-11.0
-10.8
-7.1
-6.6

Proposed name and/or function
Putative cell surface antigen
Relaxosome formation
Group II intron-interrupted relaxase
Relaxosome formation
Relaxosome formation
Conjugal transfer protein TraD
Putative tellurite resistance protein
Putative tellurite resistance protein
Putative tellurite resistance protein
Putative tellurite resistance protein

2.9
2.8
2.7
2.5
2.4
-2.8
-2.1
-2.1
-2.1
-2.0
-2.0
-1.9

GroES/Hsp10 chaperone
Na+/H+ antiporter
Housekeeping protease
GroEL/Hsp60 chaperone
Heat shock protein, 33 kDa chaperone
Universal stress protein E
Universal stress protein A2
Universal stress protein A
Superoxide dismutase
ATP-dependent Clp protease ATPGlutathione reductase
Thioredoxin

2.8
2.5
2.3
2.2
2.1
2.0
1.9
1.9
1.9
1.8
1.8
-2.0
-2.0

Acidic endochitinase precursor.
Putative cell surface antigen
Putative glycosyltransferase
Chitin binding protein, putative
Phosphatidate cytidylyltransferase
(3R)-Hydroxymyristoyl-(acylLipoate-protein ligase A
UDP-N-acetyl muramate-alanine
Putative glycosyltransferase
Predicted membrane protein
Glycosyltransferase RgpE
Cyclopropane-fatty-acyl-phosphoMevalonate kinase
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Gene

Bayesian p

General Metabolism
apbE
1.82E-06
rrma
5.78E-09
gltX
3.69E-06
llmg1361 8.96E-06
polC
4.66E-05
ackA1
5.52E-07
lacX
5.87E-07
purA
8.09E-07
hisS
4.30E-08
llmg1089 1.49E-06
ilvB
6.31E-05
butA
6.56E-08
llmg2209 4.46E-07
pheS
2.84E-06
pfl
9.71E-06
recF
3.12E-06
proS
2.16E-06
llmg2205 5.25E-06
polA
2.84E-06
metA
1.32E-06
glmS
7.67E-09
add
2.59E-06
ilvE
5.20E-04
rlrG
8.25E-07
pepC
4.72E-06
serB
2.74E-06
llmg1086 1.91E-06
nadE
5.04E-06
cysD
1.70E-06
fbaA
8.76E-07
dtpT
2.09E-06

Foldchange

Proposed name and/or function

-1.9
3.1
2.6
2.6
2.2
2.1
2.1
2.1
2.0
2.0
2.0
2.0
1.9
1.9
1.9
1.9
1.8
1.8
1.8
1.8
-2.7
-2.6
-2.2
-2.2
-2.1
-2.0
-1.9
-1.9
-1.9
-1.8
-1.8

Thiamine biosynthesis lipoprotein
Putative rRNA (guanine-N1-)Glutamyl-tRNA synthetase
Putative tyrosine recombinase
DNA polymerase III alpha subunit
AckA1 protein (Acetate kinase)
Galactose mutarotase related enzyme
Putative adenylosuccinate
Histidyl-tRNA synthetase,
Carbamoyl-phosphate synthase,
Acetolactate synthase large subunit
Acetoin reductase
tRNA-dihydrouridine synthase B
Phenylalanyl-tRNA synthetase
Pyruvate formate lyase
DNA replication and repair protein
Prolyl-tRNA synthetase
Conserved hypothetical protein
DNA polymerase I
Homoserine O-succinyltransferase
Glucosamine-fructose-6-phosphate
Adenosine deaminase
Branched-chain amino acid
Transcriptional regulator, LysR
Aminopeptidase C
Phosphoserine phosphatase
MgtA-like cation transporting ATPase
NAD+ synthase
O-acetylhomoserine sulfhydrylase
Fructose-bisphosphate aldolase
Di-/tripeptide transporter

A complete DNA micro-array data set is deposited in NCBIs Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series
accession number GSE10203. Statistically significant changes in expression are given as
ratio of cholate-adapted ǻlmrCDR strain versus the control ǻlmrCD strain (fold-change).
For clarity, most hypothetical ORF’s (56) were omitted.
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higher level. In contrast, oxidative stress response genes trxA, sodA, gshR and
the general stress response genes uspA and uspA2 were distinctly repressed.
Genes related to general metabolism and house-keeping functions: A variety
of genes related to various biosynthetic pathways, DNA replication and repair
are differentially expressed. An increased expression of the genes rrma, polC,
polA, recF involved in DNA replication occurred in the ǻlmrCDR strain.
Likewise, an increase in expression of genes involved in amino acid
biosynthesis (i.e., ilvB, metA, proS, llmg1089, hisS, gltX and pheS) and sugar
metabolism (i.e., lacX, ackA1, pfl, and butA) was observed, whereas several
other genes are repressed such as serB and cysD involved in glycine and
serine biosynthesis, respectively, as well as genes involved in nucleotide
biosynthesis. Of the extensive proteolytic system of L. lactis only pepC, an
amino acid peptidase and dtpT, a di- and tripeptide transporter exhibited
significant repression.
Sex factor: The sex factor is a chromosomally-located ~55 kb element
(llmg1411 - llmg1348) involved in conjugation. 41 out of 57 sex factor genes
were significantly differentially expressed. One of the most prominently upregulated genes is cluA. This gene confers a cell aggregation phenotype in L.
lactis (28) which would explain the clumping phenotype observed. A similar
role for the product of llmg1399 can be envisaged as it lies in close proximity
to cluA and shares high homology with it. In addition, traD, involved in
conjugal transfer was distinctly overexpressed. A group of 10 genes located
at the distal end of the element is significantly repressed. Among these, telA,
telB and telC have been implicated in tellurite resistance.
LmrCD is responsible for cholate extrusion. The transcriptome analysis of
the cholate-adapted ǻlmrCDR cells showed no evidence of an altered
expression of any of the putative MDR transporters. To further analyze the
mechanism of cholate resistance, the ability of cholate to enter cells was
examined by means of a [14C]cholate transport assay. Wild-type, ǻlmrCD
and ǻlmrCDR cells showed a similar level of [14C]cholate association when
tested under energy-deprived conditions (Fig. 4A). Upon the addition of
glucose, ǻlmrCD cells accumulated cholate in a time-dependent fashion,
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while wild-type cells showed a strong extrusion of cholate under identical
conditions. For energized ǻlmrCDR cells, initially a minor efflux is observed
followed by an extended cholate accumulation phase, similar to that of the
ǻlmrCD strain. The ǻlmrCDR cells accumulated cholate to a lesser extent
(~2-fold) as compared to the parental ǻlmrCD strain. The cholate extrusion
activity of L. lactis ǻlmrCD cells could be restored by the re-introduction of
the lmrCD genes on a plasmid under control of their native promoter (Fig.
4B). It should be noted

FIG. 4: Accumulation of cholate by L. lactis cells harboring or lacking lmrCD genes (A
and B). De-energized cells were preloaded with [14C]cholate and after 14 min energized
with glucose at a final concentration of 230 mM. (A) Cholate accumulation in the wildtype (Ƒ), ¨lmrCD (¨) and ¨lmrCDR (Ÿ) strain. (B) Cholate accumulation in the
ǻlmrCD strain containing pIL252 (empty vector) (¨) or pIL-lmrCD (Ŷ). The arrow
indicates when glucose was added.

that since cholate is a weak acid, the observed energy-dependent uptake of
cholate by the ǻlmrCD and ǻlmrCDR cells (Fig. 4A) likely results from
passive permeation and a ǻpH-dependent partitioning of the cholate across
the membrane. Taken together, these data unequivocally show that in L.
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lactis, LmrCD efficiently extrudes cholate from the cell in an energydependent fashion. Furthermore, the apparent lack of major extrusion activity
in the ǻlmrCDR cells suggests that LmrCD is the major contributor in cholate
extrusion and lends further support for the notion that the cholate resistance
of the ǻlmrCDR strain is unrelated to a transport phenomenon.
The expression of the lmrCD genes in L. lactis is controlled by the
transcriptional regulator LmrR (1). Previous studies have demonstrated that
drug binding to LmrR relieves the repression of the lmrCD genes thus leading
to the manifestation of the MDR phenotype. Since growth and transport
studies suggest that bile acids are natural substrates of the LmrCD
transporter, the ability of cholate to induce the expression of the lmrCD genes
was investigated. RT-PCR based detection of mRNA revealed a transient
increase (~2-fold) of both the lmrC and lmrD transcripts upon a challenge of
the cells with cholate (Fig. 5). On the other hand, the mRNA levels of the
constitutively expressed secY gene remained unaltered. This indicates that
cholate is an inducer of lmrCD expression.

FIG. 5: Cell-based RT-PCR analysis of lmrCD expression in L. lactis wild-type cells
following cholate induction. PCR products were generated through the use of genespecific primers for lmrCD. Amplified products were separated on 2.0 % agarose gels
and were identified by Ethidium bromide staining. For each time sample, an RT-PCR
with primers specific for the secY gene was run as a control.
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DISCUSSION
The Gram-positive bacterium Lactococcus lactis has been shown to survive
gut passage and to tolerate gut secretions such as bile acids (42). In Gramnegative bacteria, drug extrusion based mechanisms across the outer
membrane are major determinants of bile acid resistance. This resistance
involves MDR efflux pumps that belong to Resistance-Nodulation-Division
(RND) and Major facilitator superfamily (MFS) (24,32) that both utilize the
proton motive force as an energy source. In Gram-positive bacteria the exact
mechanisms of cholate resistance are less clear, but the involvement of
efflux-based mechanisms based on secondary transport have been suggested
(19).
Here, we demonstrate that in L. lactis, the ABC-type MDR transporter
LmrCD is responsible for an extrusion-based mechanism of resistance against
cholate and also provides resistance against the physiological relevant
conjugate glycodeoxycholate. Cells lacking the lmrCD genes are sensitive to
these compounds. However, when challenged with increasing concentrations
of cholate, these cells regain resistance. Remarkably, this resistance is no
longer based on an extrusion mechanism but relates to secondary responses
such as cell envelope changes, stress responses and alterations in metabolism.
On the other hand, in wild-type cells the short term response to a challenge
with cholate is the upregulation of the lmrCD genes resulting in an increased
extrusion of cholate. This upregulation involves the transcriptional repressor
LmrR, that likely interacts directly with cholate whereupon repression of
lmrCD is relieved (1). To our knowledge, this report shows for the first time a
central role of an ABC-type transporter in bile acid resistance in prokaryotes.
In this respect, ABC-type transporters are generally involved in bile extrusion
and transport within the liver (14).
To investigate possible alternative mechanisms of cholate resistance, the
cholate-adapted strain, ǻlmrCDR, and parental strain were subjected to
transcriptome profiling. About 100 genes involved in cellular metabolism and
morphology were found to be differentially expressed in the transcriptome of
the cholate-adapted strain. This is in sharp contrast to what was observed in
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cholate-adapted wild-type L. lactis cells, which showed a prominent defect in
the lmrR gene that encodes a transcriptional repressor of lmrCD expression
result in the constitutive expression of these genes (1,26). Interestingly,
neither the well-characterized transporters LmrA and LmrP nor any of the
other remaining putative MDR transporters were found to be up-regulated in
the cholate-adapted strain, lending further support for the notion that bile acid
secretion is a key activity of LmrCD.
One of the most strongly induced genes in ǻlmrCDR cells is nah which
encodes the Na+/H+ antiporter that has been implicated in intracellular pH
homeostasis and Na+ toxicity. Due to passive permeation of cholic acid, high
concentrations of cholate might interfere with intracellular pH regulation
which may explain this cellular response. Alternatively, upregulation of nah
is a means to counteract Na+ toxicity as cholate is added as a sodium salt.
One of the other remarkable responses is the up-regulation of the genes
associated with the chromosomally embedded ‘sex factor’. This 55 kb region
comprises a unique mobile genetic element in L. lactis that can be excised in
a closed circular form and is readily lost from cells (16). The genes contained
in the proximal region (ltrA/matR, ltrB, ltrC, ltrD and ltrE and traD) show a
strongly elevated expression. LtrA/matR codes for a protein with reverse
transcriptase, endonuclease, and RNA maturase activity (31) that facilitate
retrohoming of ltrB into intron-less alleles. The ltrC, ltrD and ltrE gene
products are involved in relaxosome formation during conjugation (11) while
traD encodes a coupling protein that links to the DNA transfer intermediate,
and perhaps leads the DNA through the mating channel (18). It has been
shown for L. lactis MG1363 that the sex-factor element can mobilize
chromosomal genes (15). Possibly during cholate stress, genetic traits that
confer resistance to cholate may be transferred to the recipient cells. Another
sex factor gene, cluA associated with cell aggregation phenotype also
increased in expression and is involved in cell-to-cell contact necessary for
conjugal transfer (37). CluA is a 136 kDa surface-bound protein, covalently
linked to the cell wall peptidoglycan. It is responsible not only for a
constitutive aggregation phenotype in L. lactis MG1363 but it is also linked
to high-frequency conjugation and transfer of the sex factor (28,35). The upregulation of the sex factor genes might thus be responsible for the major
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morphological change such as the clustering of the cells that may provide a
certain level of protection to the inner cells in the aggregate to cholate.
Several up-regulated genes appear to be associated with cell envelope
biogenesis such as murC, that is involved in the biosynthesis of the
peptidoglycan murein, catalyzing the addition of L-alanine to the nucleotide
precursor UDP-N-acetylmuramoyl and genes such as rgpE, llmg2420 and
llmg2421, encoding putative glycosyltransferases which catalyze the
formation of linear glycan chains. The up-regulation of these genes may
result in an alteration of the cell envelope composition, and thus indirectly
affect cholate permeation and susceptibility. This is further supported by the
altered responses of the cholate-adapted cells to the activity of three peptide
antibiotics nisin, bacitracin and vancomycin. These antimicrobials affect the
cell envelope by different mechanisms of action (2,3,20). The increased nisin
sensitivity in the cholate-adapted strain suggests that either the levels of Lipid
II, the binding site for nisin have increased (2,30) or that lipid II is more
accessible (21,30). Nisin sensitivity frequently links to bacitracin resistance
in bacteria (30) and this also appears to be the case in the cholate-adapted
strain. On the other hand, the vancomycin sensitivity did not change,
demonstrating that vancomycin binding sites have not changed in the mutant,
thus suggesting that the different responses are due to antimicrobial
dependent differences in cell envelope permeation.
Although the cholate-adapted ǻlmrCDR cells show a greater resistance to bile
acids than wild-type cells, this is not the case for all derivatives tested (Table
2). The cholate-adapted cells remained very susceptible to the hydrophobic
bile acid lithocholate and are substantially more sensitive to
glycodeoxycholate as compared to the wild-type. Our data shows that the
unconjugated bile acids (cholate, deoxycholate, chenodeoxycholate and
lithocholate) are more toxic to L. lactis than the conjugated forms
(glycodeoxycholate, glycocholate and taurocholate) as is the case with
bacteria in general (33). The lack of toxicity of taurocholate and glycocholate
may be due to the low pKa values (~ 1.4 and ~ 2.4, respectively) which
renders these compounds fully ionized at neutral pH. Thus, these molecules
are likely highly membrane impermeable. Overall, the susceptibility of L.
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lactis for bile acids seems to be directly related to their hydrophobicity.
Indeed, membrane permeability decreases with the number of the hydroxylgroup additions (22). However, this assessment does not take into account the
extrusion based resistance mechanism that prevails in wild-type cells.
Notably, the toxicity of glycodeoxycholate is strongly dependent on the
activity of LmrCD. This is intriguing since glyco forms of bile acid
conjugates are more toxic than tauro conjugates while the former also
represent the predominant form of bile salt conjugate in human bile (5).
Therefore, the observation that LmrCD renders cells highly resistant against
glycodeoxycholate suggests that bile acids are natural substrates of this
transporter. As homologs of LmrCD are widely distributed among gut
bacteria, ABC-type MDR transporters may be important factors in
colonization and survival in the intestine.
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Sweet is by convention, bitter by convention, hot by convention,
cold by convention, color by convention; in truth there are but
atoms and the void.
Democritus

†

†

Pre-Socratic atomist Greek philosopher (460-370 BCE).
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ABSTRACT
Bile acid resistance by Lactococcus lactis depends on the ABC type
multidrug transporter LmrCD. Upon the deletion of the lmrCD genes, cells
can re-acquire bile acid resistance upon prolonged exposure to cholate
yielding the ǻlmrCDr strain. The resistance mechanism in this strain is nontransporter based. Instead, cells show a high tendency to flocculate
suggesting cell surface alterations. Contact angle measurements demonstrate
that the ǻlmrCDr cells is equipped with an increased cell surface
hydrophilicity as compared to the parental and wild type strain, while the
surface hydrophilicity is reduced in the presence of cholate. ǻlmrCDr cells
are poor in biofilm formation on a hydrophobic polystyrene surface, but in
the presence of subinhibitory concentrations of cholate, biofilm formation is
strongly stimulated. Biofilm cells show an enhanced extracellular polymeric
substance production and are highly resistant to bile acids. These data suggest
that the non-transporter based cholate resistance in L. lactis is due to
alterations in the cell surface that stimulate cells to form resistant biofilms.
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INTRODUCTION
Lactococcus lactis like other lactic acid bacteria survive, albeit weakly in the
human gastrointestinal tract (23). Importantly, bacteria that colonize the
gastrointestinal tract need to be resistant to bile salts. When they successfully
colonize such a niche they must transit from a planktonic to a biofilm phase.
A biofilm community is classically characterized by a sessile mode of
existence, in which cells are encased in a secreted extracellular matrix while
attached or exposed to a surface (21). However, the condition of surface
attachment is flexible since free floating flocs with minimal surface
attachment are also regarded as biofilms (24). Bacteria growing in biofilms
exhibit a specific phenotype and are often, but not always, more resistant (38)
to antimicrobial agents than their planktonic counterparts. Such enhanced
resistance appears to be caused by numerous mechanisms (14). Several
studies have implicated efflux pumps in the antimicrobial resistance of
biofilms (14,25). Although in Gram-positive bacteria ABC-type drug
transporters are known to contribute to drug resistance of planktonic cells (25)
so far none have been implicated in biofilm specific antimicrobial resistance.
A recent report suggests the involvement of a putative ABC transporter in
biofilm specific resistance in Gram-negative bacteria (42).
The ABC-type MDR transporter LmrCD is a major determinant of drug
resistance in L. lactis but it is also involved in bile acid resistance (41).
Consequently, L. lactis cells that lack the lmrCD genes are sensitive to bile
acids like cholate. When these cells are exposed to step-wise increasing sublethal concentrations of cholate they develop an improved resistance to
cholate and several other bile acids (41). The resultant strain was termed L.
lactis ǻlmrCDr. Transcriptome and functional analysis suggests that the
resistance by this strain is no longer transporter-based but due to cell
envelope and metabolism related alterations (41). These cells show a
decreased growth rate and an increased ability to flocculate, but it is unclear
how they perform in biofilms. Biofilm development is a complex multi-step
process and both its initiation and consolidation are greatly influenced by
environmental stresses such as bile acids (3).
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Here we have investigated the surface and biofilm forming properties of three
different strains of L. lactis: (i) wild type; (ii) ΔlmrCD, which lacks the major
multidrug transporter LmrCD (27); and (iii) ΔlmrCDr, a cholate resistant
strain derived from L. lactis ǻlmrCD (41). The data indicate a cholatedependent physicochemical alteration of the ΔlmrCDr cell surface and the
development of biofilms with a distinctly different matrix structure and
composition.
MATERIALS AND METHODS
Bacterial strains and growth conditions. L. lactis NZ9000 is a derivative of
the plasmid-free L. lactis MG1363 strain containing pepN::nisRK (10,12)
referred to as the wild type. L. lactis NZ9000 ΔlmrCD (28) and its cholateresistant derivative ΔlmrCDr (41) lack the ABC-type MDR transporter
LmrCD. Cells were grown in M17 medium (Difco) containing 0.5% (wt/vol)
glucose (GM17) at 30°C. Growth in microtiter plates was monitored by
absorbance using a multiscan photometer at specified wavelengths
(spectraMax 340, Molecular Devices).
Biofilm formation. The ability of L. lactis to form biofilms was assessed by
a previously described method with minor modifications (7). Cells were
grown for 24 h in GM17 and subsequently diluted to an OD660 nm of 1 in fresh
GM17 supplemented with the selected drugs and detergents at indicated
concentrations. Next, aliquots of 200 μl were transferred into the wells of a
96-well flat-bottom microtiter plate. For each drug concentration, 7 wells
were used. Plates were then sealed with parafilm and incubated for 24 h at
30°C. Planktonic cells were transferred to a new microtiter plate and the
OD660 nm was measured. For each drug concentration, the biofilm of a single
well was thoroughly scraped from the walls of the well using a pipette tip and
cells were resuspended in 200 μl of fresh GM17. The OD660 nm was used as a
measure of the biofilm cell density. The biofilms in the remaining wells were
washed twice by fully submerging the plate in deionized water, air dried
overnight, stained for 15 min with an aqueous solution of 0.1 % (w/v) crystal
violet, rinsed with water and air dried overnight. The crystal violet-stained
biofilm was suspended to homogeneity in 200 μl of DMSO and the OD575 nm
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was measured for each of the wells and averaged. Wells containing sterile
GM17 served as controls and were used for background subtraction. To relate
biofilm formation to cell density, the ratio of biofilm OD575 nm to OD660 was
calculated. Assays were repeated three times with independent cultures.
Growth inhibition bioassays. Growth inhibitions assays were performed
with different types of cells that when indicated were pregrown in the
absence or presence of 1.5 mM cholate. All experiments were carried out in
triplicate, and data shown are averaged with indicated standard error of the
mean.
Planktonic cells: Overnight cultures of the indicated L. lactis strains were
diluted in fresh GM17 and grown to an OD660 nm of 0.6. Aliquots of 150 μl
were transferred to 96-wells microtiter plates that contained 50 μl of GM17
medium and when indicated drugs at a given concentration. Plates were
sealed with parafilm and incubated for 12 h after which the OD660 nm was
measured. Concentrations that inhibited growth by 50% (IC50) and 100%
(MIC) were determined.
Biofilm cells: The drug, EDTA and bacitracin susceptibility of L. lactis
biofilms was determined as described previously (17) with minor
modifications. Cells grown for 12 h in GM17 were diluted in fresh GM17
without or with 1.5 mM cholate to an OD660 nm of 0.6. Aliquots of 200 μl
were transferred to each well of a 96-well flat-bottom polystyrene microtiter
covered with a 96-peg lid of polystyrene plate (Nunc, Denmark). Cells were
incubated for 24 h to allow for biofilm formation on the pegs. To remove
non-adherent cells, the peg lid was dipped into a series of three 96-well plates
containing 200 μl of sterile 10 mM phosphate buffered saline (PBS), pH 7.0,
per well. The peg lid was then placed on a fresh plate that contained in each
well 200 μl GM17 with the indicated drug. GM17 medium without drugs
served as positive growth control. Biofilms were incubated overnight at 30°C,
rinsed three times in PBS as described above and placed into a final 96-well
plate containing 200 μl of GM17. Biofilm cells were then dislodged from the
pegs by bath sonication of the microtiter plate for 5 min at 40 kHz (Zenith
Ultrasonics, Norwood, NJ). The peg lid was removed and the OD660 nm of the
remaining suspension in the wells was determined (0 h). The plate was
covered by a normal lid and incubated for 24 h, where after a second OD660 nm
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reading was performed. The IC50 was defined as the drug concentration that
showed 50% of the growth reduction as compared to the growth in control
wells, no drugs. Wells containing sterile GM17 served as spectrophotometric
blanks.
Biofilms derived cells: Biofilms were grown essentially as described above.
After washing in PBS, cells associated with the biofilms were removed from
the pegs by sonication directly in microplate wells and suspended into GM17
containing different concentrations of the drugs. Following a 12-h incubation
in the presence of the drug, OD660 nm was measured.
Determination of colony forming units. Biofilms of L. lactis were prepared
in 96 well polystyrene microtiter plates as described above in which GM17
growth medium was supplemented with 0, 1.5 or 3 mM sodium cholate from
a 500 mM stock solution. After 24 h of growth, the planktonic cells were
pooled from eight wells per strain for each condition tested. CFU were
determined by serial dilution and plating on M17 plates that were incubated
at 30°C for 24 h. Biofilm cell populations were determined by adding fresh
PBS to the wells of the plate from which the planktonic cells were removed.
Cells were detached from the walls with a sterile pipette tip, pooled from
three wells and dispersed by bath sonication for 5 min at 40 kHz (Zenith
Ultrasonics, Norwood, NJ). Microscopic inspection of the cells confirmed
that the biofilms were dispersed by the treatment. Serial dilutions of the cells
were plated on M17 agar and the number of CFU was determined after
growth for 24 h at 30°C. The sonication time was optimized in order to
detach the maximum number of adhered cells without cell disruption
(assessed by plating the final suspension onto GM17 plates).
Contact angle measurements. For cell surface hydrophobicity
measurements, contact angles were determined using cells harvested at midexponential growth phase. Cells were washed twice with 100 mM potassium
phosphate, pH 7.4 and suspended in the same buffer at an OD660 nm of 0.5.
Cells (10 ml) were transferred to cellulose acetate membrane filters (pore size,
0.22 nm; Osmonics) to produce an even bacterial lawn. The sheets were
washed with Nanopure water and air dried for 30 – 40 min until so-called
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‘plateau contact angles’ could be measured using water droplets. Droplets of
four liquids (water, formamide, Į-bromonaphthalene and diiodomethane)
were applied to each bacterial lawn (using a Teflon/glass syringes equipped
with 24-gauge stainless steel Luer-tipped hypodermic needles; Gilmont
Instruments, USA).
The contact angle of the droplet on the bacterial lawn was monitored with an
optical microscope equipped with a charge-coupled device (CCD) camera.
For static contact angles, the droplet was allowed to settle for 2 s without
needle contact. The mean contact angles for each biological sample were
calculated from five droplets, measured on different areas of the membrane
surface. The total surface free energies (SFE) and the polar and non-polar
contribution to the total SFE were determined from contact angle
measurements as described previously (6). The Van Oss equation was used to
calculate the dispersive (ȖLW) and the polar acid/base component (ȖAB), with
the latter subdivided into an acidic (Ȗ+) and a basic (Ȗ-) term. Mean values
were calculated. Based on these parameters, the free energy of adhesion to
polystyrene was also calculated.
Confocal laser scanning microscopy. Confocal laser scanning microscopy
(CLSM) was used to visualize biofilms as described before (30). Biofilms
grown in 24-well tissue culture polystyrene plates in the presence of 1.5-3
mM sodium cholate and 24-48 mM sodium taurocholate for 24 h, washed
with PBS, and stained with the bacterial Live/Dead stain BacLight
(Invitrogen) for 30 min in the dark. Excess stain was removed and the
biofilms were submerged in 2 ml PBS. Images were collected using a Leica
TCS SP2 CLSM with a 40x water objective using 488 nm excitation and 500523 nm (Green, alive) and 622-722 nm (Red, dead) emission filter settings.
Extracellular polymeric substances (EPS) were stained using Calcofluor
(Sigma).
RESULTS
Cell surface properties of bile acid resistant L. lactis. The multidrug
transporter LmrCD of L. lactis contributes to bile acid resistance (27). When
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the lmrCD genes are deleted from the chromosome, cells can re-gain bile acid
resistance when challenged for a prolonged time with increasing
concentrations of cholate. The cholate-resistance in this strain that is termed
ǻlmrCDr is not transporter-based. Transcriptome analysis suggests a high
incidence of genes involved in cell envelope biogenesis that are up- and
down-regulated (41). To determine if the ǻlmrCDr strain is equipped with an
altered cell envelope, we analyzed the global physicochemical properties of
the cell surface. For this purpose, contact angle measurements were
performed on bacterial lawns, partly dehydrated cells. Surface free energies
were calculated from the contact angle measurements in the absence and
presence of cholate, which is a measure of the hydrophilicity of the cell
surface (Table 1).
In the analysis, three strains were compared, i.e., wild type strain, the
derivative that lacks the LmrCD transporter (ǻlmrCD) and the cholate
adapted ǻlmrCDr strain. In the absence of cholate, the surfaces of all three
strains are predictably hydrophilic (19) with water contact angles (șW) in the
range of 18° to 29°. However, when exposed to cholate, the contact angle of
the ¨lmrCDr strain of 1-bromonaphthalene (șB) and formamide (șF)
decreased indicating that the cells became more hydrophilic. On the other
hand, the parental and wild type strains showed similar contact angles in the
presence and absence of cholate. For the ¨lmrCDr strain, exposure to cholate
resulted in an increase of the Lifshitz-Van der Waals component, ȖLW, from
37.7 to 39.3 mJ.m−2, while the Lewis acid-base component, ȖAB, increased
from 13.2 to 16.5 mJ.m−2. This resulted in an overall negative value for the
interfacial free energy of adhesion, ¨Gadh (Table 2) to polystyrene for the
¨lmrCDr strain. The analysis of the polar component of the surface free
energy shows that unlike the parental and wild type cells, ¨lmrCDr cells
show pronounced changes in both the acidic (or electron acceptor)
component (Ȗ+) and basic (or electron donor) component (Ȗ-) upon exposure
to cholate. This implies that the alteration in the cell surface polarity relates to
cholate dependent changes in the acid–base nature of the cell surface with
only a minor role of the apolar Lifshitz–Van der Waals forces. With the wild
type cells, we noted an increase in the basic component (Ȗ-) upon exposure to
cholate, resulting in a slightly positive ¨Gadh and thus a slightly increased
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22 ± 3.2
30 ± 2.9
24 ± 1.5

with cholatec
¨lmrCDr
¨lmrCD
wild type
14 ± 1.2
29 ± 1.5
29 ± 1.5

25 ± 3.2
26 ± 2.6
28 ± 1.0

24 ± 1.0
30 ± 2.4
28 ± 4.9

32 ± 3
29 ± 4.8
32 ± 0.6

43 ± 0.6
51 ± 1.8
52 ± 0.8

44 ± 3
47 ± 2.5
49 ± 7.2

șD

39.3
36.3
36.3

37.7
37.2
36.3

ȖLW

47.8
47.4
53.5

56.4
46.9
48.2

1.4
1.0
0.8

0.8
1.1
1.1

16.5
13.7
13.1

13.4
13.2
14.3

Parameter value (mJ m-2)b
ȖȖ+
ȖAB

55.8
50.0
49.3

50.9
51.6
50.7

Ȗtotal

b

a
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șW, șF, șB, șD,: contact angles of water, formamide, 1-bromonaphthalene and di-iodomethane, respectively.
ȖLW, Lifshitz-Van der Waals component of interfacial tension; Ȗ -, Ȗ +, electron-donor and electron acceptor components of
interfacial tension; ȖAB, Lewis acid-base component of interfacial tension; Ȗtotal , total surface tension which is the additive sum of ȖLW
and ȖAB.
c
Cells were grown till stationary phase in GM17 in the presence or absence of 1.5 mM Na-cholate.
The most pronounced changes by comparing cholate exposed and control cells are highlighted in grey.

18 ± 3
29 ± 1.8
29 ± 0.5

without cholatec
¨lmrCDr
¨lmrCD
wild type

șW

Contact angle (degrees)a
șF
șB

without exposure to cholate.

TABLE 1. Contact angle and surface free energy components of L. lactis ¨lmrCDr, ¨lmrCD and wild type cells with and
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hydrophilicity. Overall, these data demonstrate the cholate-dependent
alterations in the cell surface properties of the ¨lmrCDr cells rendering these
cells more hydrophilic.
TABLE 2. Interfacial free energy of adhesion between polystyrene surface
and cells of L. lactis cells with and without exposure to cholate
Condition

Cells

Without cholate

¨lmrCDr

-5.1

7.9

2.7

¨lmrCD

-5.0

1.8

-3.2

wild type

-4.7

2.8

-2.0

¨lmrCDr

-5.6

3.1

-2.6

¨lmrCD

-4.7

2.0

2.7

wild type

-4.7

5.9

1.2

With cholate

Interfacial free energy of adhesion
¨Gadh(mJ m-2) a
¨GadhLW
¨GadhAB ¨Gadh total, b

a

Cells were grown till stationary phase in GM17 in the presence of 1.5 mM cholate.
The interaction with the surface is thermodynamically unfavorable when the total
interfacial free energy of adhesion is positive. Surface free energy (in mJ m-2) values of
polystyrene are ȖLW : 41.2; ȖAB : 0; Ȗ + : 0; and Ȗ -: 9.06, and used in the calculation of the
¨Gadh.

b

Enhanced biofilm formation by the cholate-adapted L. lactis ΔlmrCD
cells. The cholate-adapted ¨lmrCDr cells show an enhanced flocculation
phenotype in liquid medium as compared to the parental strain (41)
(Supplementary Fig. 1). Unlike the physicochemical changes in surface
hydrophilicity, the flocculation phenotype was not influenced by the cholate
exposure (Supplementary Fig. 1). Therefore, we examined the effect of
cholate on the ability of cells to form biofilms on various surfaces. Herein,
we used a crystal violet based microtiter plate assay. This stain binds to
negatively charged molecules such as peptidoglycan and DNA and its
absorption to cells therefore serves as a measure for biomass at the surface,
i.e., biofilms (7). L. lactis was grown for 24 h in wells of polystyrene
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(hydrophobic) microtiter plates. Next, the planktonic cells were removed and
the remaining wall associated biofilms were stained with crystal violet and
quantitated. In the absence of cholate, the cholate adapted L. lactis ǻlmrCDr
strain showed a considerably poorer ability to form biofilms as compared to
the wild type and ΔlmrCD cells (Fig. 1A). When cells were exposed to
subinhibitory concentrations of cholate, biofilm formation was stimulated for
all three strains tested, but the effect was the most pronounced with the
ǻlmrCDr strain (Fig. 1A). In contrast, the cholate adapted ǻlmrCDr cells
showed more biofilm formation on glass, and this was stimulated more
strongly by cholate than on polystryrene surfaces (Supplementary Fig. 2).
Higher cholate concentrations were inhibitory for growth and consequently
the biofilms were inhibited although the ǻlmrCDr strain remained the most
effective in biofilm formation even at higher cholate concentrations.
To assess the specificity of the cholate promoting effect on biofilm formation
by the ǻlmrCDr strain, several other bile acids and detergents were tested.
Unconjugated bile salts containing one or two hydroxyl groups, such as
lithocholate, chenodeoxycholate and deoxycholate, also stimulated the
biofilm formation. The steroidal anionic detergent CHAPS showed a weaker
stimulatory effect whereas dehydrocholate, a cholate molecule devoid of the
three hydroxyl groups did not affect biofilm formation (data not shown). The
bile acid conjugate taurocholate had a strong effect on biofilm formation by
the ǻlmrCDr strain (Fig. 1B). On the other hand, glycoconjugates such as
glycodeoxycholate (Fig. 1C) and glycocholate showed an overall weak
stimulatory effect. Non-ionic detergents like Tween-20 (Fig. 1D), Triton X100 and Brij58, the anionic detergents sodium dodecyl sulphate (SDS) and
sodium lauroyl sulfate, and the cationic detergent benzalkonium chloride
strongly inhibited biofilm formation at concentrations that only marginally
inhibited growth of planktonic cells (for Tween-20 see inset of Fig. 1D).
These data demonstrate that the stimulatory effect of cholate on biofilm
formation by the ǻlmrCDr strain is not due to a general detergent-like
phenomenon but specific for in particular unconjugated or hydrophilic
conjugated bile acids. To distinguish between a stimulatory effect of
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FIG. 1. Biofilm formation by L. lactis wild type (open bars), ǻlmrCD (gray bars) and the cholate adapted ǻlmrCDr (black bars) cells.
Cultures were grown for 24 h in GM17 medium containing varying concentrations of cholate (A), taurocholate (B), glycodeoxycholate (C)
and Tween-20 (D) in 96-well microtiter plates. OD660nm of the resuspended biofilm was measured, and cells were stained with crystal violet
whereupon OD575nm was measured. (Inset) Tween-20 resistance of L. lactis wild type (Ƒ), ǻlmrCD (ż), and ǻlmrCDr (Ɣ) cells. Cells were
grown for 8 h in GM17 medium in the absence or presence of various concentrations of Tween-20 and the maximum specific growth rate,
ȝ, was determined. Data presented are averages of five replicates and error bars represent calculated standard deviations.
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cholate on the cell number and biofilm matrix, an independent assay was
performed based on the viable cell count in biofilms. Herein, biofilms were
dissolved in growth medium, followed by plating and assessment of the
number of CFUs. Since L. lactis cells grow in short chains, the plating
method provides an underestimate of the number of viable cells. However,
the chain length differences among the strains (41) could be minimized by
sonication (data not shown). Biofilms formed in the absence of cholate
showed no major differences in CFUs for the wild type and ΔlmrCD strains.
However, much lower CFUs were found for the ΔlmrCDr strain (Fig. 2)
consistent with the crystal violet staining data.

FIG. 2. Planktonic and biofilm growth and cholate-induced killing monitored by colony
forming units (CFUs). Biofilm formation by L. lactis wild type (open bars), ǻlmrCD
(gray bars) and the cholate adapted ǻlmrCDr (black bars) cells. Dilutions (10-2, 10-4, and
10-6) of the liquid culture and resuspended biofilms grown with or without 1.5 mM
cholate were spread plated on GM17 agar plates without cholate, and incubated at 30°C
for 24 hrs. The experiments were performed in duplicate in two independent experiments
show a variation was less than 10 %.
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Exposure to a cholate (1.5 mM) concentration that was inhibitory to the
planktonic cells also resulted in lower CFUs for both the wild type and
ΔlmrCD cells extracted from the biofilms. However, the CFU for the
ΔlmrCDr biofilms increased significantly (Fig. 2). Higher concentrations of
cholate (3 mM) were inhibitory to biofilms of all cell types. These data
demonstrate that cholate has strongly stimulates biofilm formation by the
ǻlmrCDr cells.
L. lactis biofilms exhibit an increased resistance to both bile acids and
drugs. Biofilm associated cells typically exhibit an increased resistance to
toxic compounds when compared to the planktonic cells (9). The increased
resistance has been attributed to a variety of phenomena, including a reduced
penetration of antimicrobials, and the production of efflux pumps and
enzymes for drug detoxification (36). Interestingly, upon cholate exposure,
biofilms of the wild type strain yielded higher CFUs than the ΔlmrCD strain
(Fig. 2), suggesting that the MDR transporter LmrCD plays a role in biofilm
survival.
To examine this phenomenon in more detail, the bile acid and drug resistance
profiles of L. lactis wild type, ΔlmrCD and ΔlmrCDr were compared. L. lactis
biofilms were allowed to develop on a polystyrene surface whereupon they
were exposed to different toxic compounds for 18 h. Next the biofilm cells
were harvested and grown in liquid medium for 24 h. Growth was used as a
general measure of survival. Likewise, planktonic cells were harvested from
the liquid medium serving as controls. Typically, the biofilm associated cells
showed a greater resistance to both conjugated and unconjugated bile acids as
compared to the planktonic cells.
Even in the biofilm state, ¨lmrCD cells are more sensitive to cholate as
compared to wild type cells, with IC50 values of 2.3 and 7.4 mM, respectively
(Table 3B). The ǻlmrCDr biofilm cells showed a remarkable high resistance
against cholate (IC50 > 14 mM) exceeding that of the wild type cells.
Compared to the planktonic cells, ǻlmrCDr biofilms exhibit a substantial
increase in the resistance to all conjugated and unconjugated bile acids tested
(Table 3B). L. lactis biofilms also exhibited an increased resistance to toxic
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drugs like daunomycin, rhodamine 6G and quinine, and several none-bile
detergents, as compared to the planktonic cells (Table 3). Interestingly,
compared to the wild type, ΔlmrCD (and ǻlmrCDr) biofilm cells were more
susceptible to the zwitterionic detergent CHAPS and the drugs daunomycin
and quinine. CHAPS is the zwitterionic derivative (18) of cholate. These
compounds are known substrates of LmrCD, indicating that LmrCD
contributes to drug resistance of the biofilms.
Next, we determined whether the pre-exposure to cholate affected the drug
resistance of the cells. While the bile acid resistance phenotype of planktonic
cells was barely altered by pre-exposure to cholate (Table 3A), cells present
in the biofilms gained a large increase in the resistance against cholate (Table
3B). ǻlmrCDr cells were already resistant to the highest concentration of
cholate tested. Up pre-exposure to cholate, the ǻlmrCDr biofilms also showed
an increased resistance to the conjugated bile acid glycodeoxycholate, the
unconjugated bile acids deoxycholate, chenodeoxycholate and litocholate,
and some detergents. In contrast, pre-exposure to cholate rendered wild type
and ¨lmrCD biofilms more sensitive to unconjugated bile acids and the
detergents TX-100 and Brij-58 (Table 3B).
Cholate exposure did not alter the resistance of biofilms of wild type cells
towards drugs. Similarly, taurocholate that promotes strong biofilm formation
in the ǻlmrCDr cells does not improve the resistance to drugs like
daunomycin (Supplementary Fig. 3). Summarizing, these data demonstrate
that biofilms of L. lactis are highly resistant to a range of bile acids, and show
that the resistance of ǻlmrCDr biofilms can be enhanced by pre-exposure of
the cells to cholate. The enhancement of sessile cells is restricted to the
biofilm phase as the cells that are dislodged from the biofilms behave
similarly to the stationary phase planktonic cells (Supplementary Table 1).
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TABLE 3A. Susceptibility of planktonic cells of L. lactis wild type, ǻlmrCD
and ǻlmrCDr to bile acids, detergents and drugs
Planktonic

Pre-exposure cholate
(1.5 mM)

ΔlmrCDr
+

IC50(mM)
ǻlmrCD
+

Wild type
+

Bile acids:
Cholate
2.7
2.1
2.1
1.5
2.4
Deoxycholate
0.63
0.5
0.58
0.5
0.58
Chenodeoxycholate 0.31
0.29
0.09
0.24
0.09
Lithocholate
3.4
> 3.6
> 3.6
> 3.6
> 3.6
Glycocholate
23
> 48
> 48
> 48
> 48
Taurocholate
29
5
> 48
> 48
> 48
Glycodeoxycholate
0.58
0.42
0.43
0.60
25
Taurodeoxycholate
2
6
51.5
63
72.5
Dehydrocholate
47
40
54
39
> 100
Detergents:
CHAPS
2.4
0.03
2.5
0.07
3
Triton X-100
0.086 0.086 0.089 0.089 0.084
Benzalkonium-Cl
0.004 0.004 0.004 0.004 0.007
Sodium
lauroyl
0.7
0.7
0.45
0.45
0.45
sarcosin
SDS
0.19
0.19
0.29
0.29
0.30
Brij-58
0.01
0.01
> 20
> 20
> 20
Drugs:
Daunamycin
0.0016 0.0015 0.0017 0.0018 0.049
Rhodamine 6G
0.0031 0.0051 0.0035 0.0052 0.0071
Quinine
0.40
0.84
0.84
1.24
1.31

100

2.5
0.6
0.09
> 3.6
> 48
> 48
34
80
50
0.14
0.084
0.007
0.45
0.30
> 20
0.088
0.009
1.18
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TABLE 3B. Susceptibility of biofilm cells of L. lactis wild type, ǻlmrCD and
ǻlmrCDr to various bile acids, detergents and drugs.
Biofilm

Pre-exposure cholate
(1.5 mM)
Bile acids:
Cholate
Deoxycholate
Chenodeoxycholate
Lithocholate
Glycocholate
Taurocholate
Glycodeoxycholate
Taurodeoxycholate
Dehydrocholate
Detergents:
CHAPS
Triton X-100
Benzalkonium-Cl
Sodium lauroyl
sarcosine
SDS
Brij-58
Drugs:
Daunamycin
Rhodamine 6G
Quinine

ΔlmrCDr
+

IC50(mM)
ǻlmrCD
+

Wild type
+

> 14
1.15
1.12
5.5
> 48
> 48
37.5
114
> 160

> 14
2.3
2.1
1.18
2.23
1.02
>7.2 > 7.2
> 48 > 48
> 48 > 48
>128 > 128
114 > 128
> 160 >160

> 14
0.3
0.26
> 7.2
> 48
> 48
34
> 128
> 160

7.4
> 14
1.22
1.0
1.15 0.94
> 7.2 >7.2
> 48 > 48
> 48 > 48
> 128 >128
> 128 >128
> 160 >160

0.6
0.02
0.007
2.1

1.26
> 1.5
0.004
3.1

2.65
> 1.5
0.008
2.1

2.45
0.03
0.007
2.9

> 10
10
> 1.5 0.06
0.009 0.008
2.1
3.1

0.30
22

0.33
1.3

0.30
> 100

0.32
9.5

0.29
> 100

0.003
0.011
1.3

0.004
0.018
3.2

0.013 0.010 0.089 0.083
0.017 > 0.02 >0.02 >0.02
1.6
3.3
3.1
3.4

0.31
16

The most distinct change in biofilm cells of the ΔlmrCDr strain as compared to the
parental strain are highlighted in grey.

Role of LmrCD in the drug resistance of L. lactis biofilms. The role of
LmrCD in biofilm resistance was further examined by providing L. lactis
wild type, ¨lmrCD and ΔlmrCDr cells with a plasmid carrying the lmrCD
genes under control of the endogenous promoter (27). Cells carrying the
empty vector served as controls. Both biofilm and planktonic cells harboring
101

&KDSWHUWKUHH
the plasmid-encoded LmrCD were significantly more resistant to cholate and
daunomycin than the control cells (Table 4).
With ΔlmrCDr biofilm cells, which already have an intrinsically high
resistance to cholate, expression of plasmid-encoded LmrCD resulted in a
modest increase in cholate resistance, whereas wild type and ΔlmrCD
biofilms showed a 5- and 8-fold increase in the resistance to cholate,
respectively (Table 4).
Collectively these results demonstrate that LmrCD provides cholate and drug
resistance in the lactococcal biofilms. In addition, other mechanisms persist
in the biofilms that render these structures highly resistant to toxic
compounds.
TABLE 4. Effect of lmrCD expression on the cholate susceptibility of
planktonic and biofilm L. lactis cells
Cholate (IC50, mM)

Daunomycin (IC50,
μM)

pILlmrCD

Vector*

pILlmrCD

Vector*

Planktonic

¨lmrCDr
¨lmrCD
wild type

4.7
4.1
4.1

3.8
2.1
2.6

2.9
49
52

1.9
2.7
24

Biofilm

¨lmrCDr
¨lmrCD
wild type

16
18.2
22

14.6
2.4
4.1

50.5
39
49

2.8
3.2
19.5

* vector without the gene insert.
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Extracellular polymeric substance formation. Extracellular polymeric
substances (EPS) are known to play an important role in biofilm formation.
EPS formation was visualized by confocal laser scanning microscopy
(CLSM) (Fig. 3) using the dye calcofluor (26) that stains the extracellular
matrix blue. In addition, the BacLight LIVE/DEAD stain with the dyes
SYTO9 (green) and propidium iodide (red) was used to differentiate between
viable and nonviable cells, respectively (1).
Under normal conditions of growth the ΔlmrCDr cells produced more EPS
than the parental and wild type cells (Fig. 3A-C). Exposure to 3 mM cholate
resulted in a partial disruption of biofilms of wild type and ΔlmrCD cells as
evident by the high dead cell count (Fig. 3D-E). However, at the same time
EPS formation is stimulated. Cholate stimulated both biofilm and EPS
formation by ΔlmrCDr cells (Fig. 3F). Remarkably, taurocholate (24 mM) had
an even stronger effect on biofilm and EPS formation, in particular with
ΔlmrCDr (Fig. 3I) and wild type cells (Fig. 3G). These data demonstrate that
the ǻlmrCDr biofilm cells produce increased levels of EPS.
Divalent cation dependence of biofilm formation. Since divalent metal
cations are known to be involved in the maintenance and stability of biofilms
(2), the effect of EDTA on the biofilm persistence was determined. While
planktonic cells of the different L. lactis strains exhibited similar EDTA
susceptibility with IC50 values in the range of 0.7 - 0.8 mM (Fig. 4A),
biofilms of wild type and ǻlmrCD cells were entirely insensitive to high
concentrations of EDTA (Fig. 4B). Remarkably, under the same set of
conditions the ǻlmrCDr biofilms collapsed showing hypersensitivity towards
EDTA. This suggests that the integrity of the ǻlmrCDr biofilm to a great
extent relies on the presence of divalent cations.
The susceptibility of the biofilms to the antimicrobial peptide bacitracin was
determined. Bacitracin is a dodecapeptide that inhibits peptidoglycan
synthesis in Gram-positive cocci, a process that is divalent metal cation
dependent (32). In the planktonic phase, the ǻlmrCDr strain showed a
somewhat higher resistance to bacitracin as compared to wild type and
ΔlmrCD cells (Fig. 4C). On the other hand, biofilms of the latter two strains,
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FIG. 3. Confocal laser scanning microscopy of biofilms of L. lactis wild type (A, D and
G), ǻlmrCD (B, E and H) and ǻlmrCDr (C, F and I) formed in the absence and presence
of sodium cholate (3 mM) or taurocholate (24 mM). Biofilms were staining with
BacLight viability stain, indicating live cells in green and dead cells in red. Calcofluor
stains the EPS in blue. The bar marker corresponds to 75 ȝm in all images.

appeared rather insensitive to bacitracin, while the ǻlmrCDr biofilms were
very sensitive to this peptide showing an IC50 of ~ 15 μg/ml (Fig. 4D).
Possibly, the increased sensitivity to bacitracin relates to a requirement for
divalent cations in the integrity of ǻlmrCDr biofilms. On the other hand, the
biofilm cells were about 10-fold more resistant to bacitracin than the
planktonic cells, which may reflect the more recalcitrant nature of biofilms to
antimicrobial agents.
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FIG. 4. Influence of EDTA (A, B) and bacitracin (C, D) on the growth of L. lactis wild
type (Ƒ), ǻlmrCD (ż), and ǻlmrCDr (Ɣ). Planktonic (A, C) cells were grown for 12 h in
96 well microtiter plates in GM17 medium containing 0 – 50 mM EDTA or 0 – 80
μg/ml bacitracin. Growth was determined at OD660nm. Biofilm cells (B, D) were grown
for 24 h on pegs immersed in GM17 medium containing 0 – 50 mM EDTA or 0 - 80
μg/ml bacitracin. Biofilm cells were collected and re-grown for 18 h in GM17 medium
and growth and growth was determined at OD660nm.

DISCUSSION
This study aimed to resolve the physicochemical basis of bile acid resistance
in the lactic acid bacterium L. lactis. Our previous work has shown that in
planktonic L. lactis cells, the ABC type MDR transporter LmrCD is a major
determinant of drug and bile acid resistance (27). Importantly, cells that lack
the lmrCD genes are able to regain bile acid resistance upon a prolonged
exposure to increasing levels of sub-lethal cholate concentrations (41). This
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ǻlmrCDr strain as used in this study shows a bile acid resistance which is not
efflux-based, and that, although more effective than LmrCD-mediated cholate
resistance, is limited to mostly unconjugated bile acids. Transcriptome
analysis and macroscopic visualization of the cells suggests that the cholate
resistance of ǻlmrCDr cells is related to cell surface changes (41). In addition,
ǻlmrCDr cells show an enhanced flocculation.
Recently it has been reported that such cellular aggregates can be considered
as free floating biofilms (34). Therefore, we have investigated the biofilm
forming abilities of the ǻlmrCDr cells. In the absence of cholate, the cells
showed a poor ability to attach to hydrophobic polystyrene surfaces, but
attachment is strongly stimulated by the presence of cholate. Contact angle
measurements suggest that the cell envelope of the ǻlmrCDr cells is
hydrophilic, and this likely makes interactions with the hydrophobic
polystyrene surface thermodynamically unfavorable. However, in the
presence of cholate a shift in the distribution of the cationic and anionic
components of the cell envelope properties is observed and this results in a
reduction in the hydrophilicity. Therefore, biofilm formation on a polystyrene
surface is more likely to occur. It thus seems that cholate alters the cell
surfaces properties of the ǻlmrCDr cells making these cells more effective in
colonizing hydrophobic surfaces. It should be stressed that cholate also
stimulates biofilm formation of wild type and parental cells, but the effects
with the ǻlmrCDr are much more pronounced.
In ǻlmrCDr cells, several cell envelope proteins are differentially expressed.
In particular, the cell wall anchored protein CluA and the serine protease
HtrA are upregulated and both have been implicated in the clumping
phenotype in L. lactis (16,29). The flocculation of the ǻlmrCDr cells in
aqueous media might be due to increased CluA levels (41), a cell wall
anchored adhesin. HtrA is involved in the degradation of misfolded proteins
(41) but also in protein processing such as of the cell wall protein AcmA
(autolysin). In L. lactis, HtrA has been shown to be involved in cell
aggregation due to its role in processing of surface proteins (16). In the
¨lmrCDr strain this may have led to changes in the cell wall protein
composition favoring cell adhesion.
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Biofilm formation is an intricate multistep phenomenon which begins with an
initially weak and reversible adhesion of cells to the surface and gradually
leading to a firm and irreversible attachment involving production of
exopolymeric material (20). This encompasses polysaccharides, proteins,
nucleic acids and other materials and constitutes the major portion of the total
volume of a biofilm (31). The changes in overall physicochemical properties
of the cell surface of the ¨lmrCDr strain most likely relate to a change in the
composition and/or amount of cell wall associated glycopolymers (15) and
polysaccharides (5). The lactococcal cell wall consists of a thick
peptidoglycan layer with interspersed teichoic and lipoteichoic acids, surfaceexposed proteins and polysaccharides (11). We focused on EPS in the
biofilms because of their role in maintaining biofilm integrity (22) and
promoting cell adhesion (8). Even in the absence of cholate, biofilms of
ǻlmrCDr produced greater amounts of EPS than wild type and ǻlmrCD
biofilms. EPS formation is further stimulated by cholate and taurocholate.
The increase in EPS likely contributes to the observed transition from a
hydrophilic to a slightly more hydrophobic cell surface of the ǻlmrCDr cells
when exposed to cholate. In this respect, some other membrane-acting agents
such as ethanol or cinnamon oil (30) have also been reported to stimulate the
production of EPS (13) or alter its composition (35). The biofilm EPS can
also serve to sequester ions from the environment (39), and thereby make
cells more susceptible to antimicrobials such as bacitracin that are cationdependent for their activity. Importantly, EPS has also been shown to reduce
the penetration of some antibiotics into the biofilm (37) and this may also
contribute to the overall bile acid resistance of the biofilms. Another critical
event in adhesion leading to biofilm development is the preconditioning of
the surface by macromolecules (6). Surfactant-like molecules may for
instance promote cell adhesion to the surface, such as surfactants with long
acyl chains that elicit a maximum adhesive response (33). Cholate may have
a similar effect although our observations suggest that this is not a general
detergent-like effect since structurally related (i.e. steroidal) molecules like
CHAPS are only weakly effective.
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L. lactis encodes a large number of (putative) efflux pumps (41). Several of
these, such as the MFS-type pump LmrP (4) and the ABC-type transporters
LmrA (40) and LmrCD (27) have been well characterized and show drug
extrusion activity in planktonic cultures. Wild type lactococcal biofilms are
more resistant to daunomycin and cholate as compared to the ǻlmrCD strain.
Strikingly, wild type L. lactis biofilm cells carrying a multicopy plasmid
encoding LmrCD exhibited an even higher level of resistance and can tolerate
cholate concentrations even up to 20 mM. This demonstrates that the MDR
transporter LmrCD also plays a prominent role in drug and bile acid
resistance during biofilm formation and persistence in addition to the general
impermeable nature of the biofilm matrix. Future experiments should
determine which other transport systems contribute to biofilm resistance and
persistence.
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Supplemental data for chapter 3

SUPPLEMENTARY TABLE 1
Comparison of the cholate susceptibility of biofilm derived, associated and
planktonic L. lactis cells.
IC50 (mM)
Planktonic Biofilm
derived

Biofilm
associated

Without cholate exposure:
¨lmrCDr
¨lmrCD
Wild type

2.7
2.1
2.4

3.4
1.8
2.8

>14
2.3
7.4

With cholate exposure:
¨lmrCDr
¨lmrCD
Wild type

2.1
1.5
2.5

2.9
1.8
2.4

>14
>14
>14

Cells were grown as described in the Materials and Methods section

SUPPLEMENTARY FIG. 1. Autoaggregation (flocculation of L. lactis wild type (open
squares), ǻlmrCD (open circles) and ǻlmrCDr (filled circles) cells grown in the absence
(solid line) or presence (dashed line) of cholate. Cultures were grown overnight in
GM17 medium, collected by centrifugation and resuspended in PBS in the absence or
presence of 1.5 mM cholate. Suspensions were incubated for 6 h in 15 ml test tubes at
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30°C and the OD650nm measured at 1 hours intervals. The degree (%) of auto aggregation
(1) was determined from the OD660nm values using the equation: 100 * (¼ OD t=0 – OD
t=x / OD t=0), with OD t=0 as the initial optical density, and OD t=x as the optical density of
the cell suspension after a short centrifugation step (2,000 rpm for 2 min) at the indicated
times. Data presented are averages of three replicates and error bars represent calculated
standard deviations.



SUPPLEMENTARY FIG. 2. Biofilm formation by L. lactis wild type (open bars),
ǻlmrCD (gray bars) and ǻlmrCDr (black bars) cells. Cultures were grown for 24 h in
GM17 medium containing varying concentrations of cholate in 96-well glass and
polystyrene microtiter plates. The OD650nm of the resuspended biofilm was measured,
and cells were stained with crystal violet whereupon OD575nm was measured. Data
presented are averages of five replicates and error bars represent the standard deviations.
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SUPPLEMENTARY FIG. 3. Susceptibility of biofilm cells of L. lactis wild type (open
square), ǻlmrCD (open circle) and ǻlmrCDr (black circle) cto daunomycin. Cultures
were grown for 24 h in GM17 medium containing 48 mM taurocholate in 96-well
microtiter plates. The peg lids harboring the biofilms were washed and dipped in wells
containing varying concentrations of daunomycin for 12 hrs, removed and washed in
sterile 10 mM PBS and transferred to fresh GM17 medium. Plates were sealed and
incubated for 18 hrs whereupon the OD650nm of the wells was measured as a measure of
growth.
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It is established in the sciences that no knowledge is acquired save
through the study of its causes and beginnings, if it has had causes
and beginnings; nor completed except by knowledge of its
accidents and accompanying essentials.
Avicenna

†



†

Persian philosopher and scientist (980-1037AD). Excerpt taken from: Charles F.
Horne, ed., The Sacred Books and Early Literature of the East, (New York: Parke,
Austin, & Lipscomb, 1917), Vol. VI: Medieval Arabia, pp. 90-91).
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ABSTRACT
Resistance to toxic compounds is a requirement for bacteria to survive
environmental stresses. Here, we have analyzed the ability of a L. lactis strain
that lacks the major drug transporter LmrCD to regain multidrug resistance.
Cells readily adapted to high concentrations of rhodamine 6G with
considerable cross resistance to many drugs and detergents, most notably
daunomycin. Resistance is accompanied with the up-regulation of the known
MDR efflux protein LmrP, and the daunomycin-dependent upregulation of
another MFS type of transporter llmg_0631. Transport assays suggest that the
resistant strains are active in Rhodamine 6G transport, but the resistance
appears to be derived from multifactorial processes among which an altered
oxidative stress response.
INTRODUCTION
The ABC-type multidrug transporter LmrCD plays a crucial role in the
intrinsic resistance of L. lactis to various drugs and bile acids. In addition, L.
lactis shows an adaptive resistance wherein exposure to sub-inhibitory
concentrations of drugs can transiently induce a multidrug resistance (10).
This process also depends on LmrCD. The genome of L. lactis contains 40
putative drug transporter genes, only a few of which have been characterized
functionally (11). These are the ABC-type MDR transporter LmrA (26); a
member of the MFS, LmrP (2); and the heterodimeric ABC-type MDR
transporter, LmrCD (12). The involvement of the other MDR-like
transporters in the intrinsic and acquired drug resistance in L. lactis remains
unresolved. Previous work has shown that L. lactis mutants that are able to
grow in the presence of increasing concentrations of toxic compounds, such
as ethidium, rhodamine, and daunomycin, results in the development of
strains which are not only resistant to the selection drug but also crossresistant to structurally unrelated drugs (1). The resistance was shown to be
largely due to LmrCD based efflux (11). This raises the question as to
whether in the absence of the lmrCD genes. L. lactis cells are still able to
develop multidrug resistance when exposed to various toxic compounds.
Moreover, if so, it is of interest to determine if this resistance is transporter
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based, possibly revealing the function of cryptic transport genes, or that other
resistance mechanisms prevail that are more specific by nature as for instance
mutations in target proteins or caused by overall physiological changes. In
this work, an LmrCD deleted, drug-susceptible L. lactis MG1363 strain (10)
was challenged with increasing concentrations of a well-known substrate of
LmrCD, Rhodamine 6G. This yielded strains with high and intermediate
resistance. The mechanism by which the cells adapted to this compound was
evaluated by different methods including transport assays and expression
profiling of potential multidrug transporter genes. The data suggests a
transporter-based efflux mechanism in acquired drug resistance indicate a
high degree of adaptability of the L. lactis cells toward notorious compounds
in the growth medium.
MATERIALS & METHODS
Microorganisms, media, and culture conditions. L. lactis NZ9000 is a
derivative of the plasmid-free L. lactis MG1363 strain containing
pepN::nisRK (5,6) referred to as the wild-type. L. lactis NZ9000 ¨lmrCD (13)
lack the ABC-type MDR transporter LmrCD. Cells were grown in M17
medium (Difco) containing 0.5% (wt/vol) glucose (GM17) at 30°C. Growth
in microtiter plates was monitored by absorbance using a multiscan
photometer at specified wavelengths (spectraMax 340, Molecular Devices).
Adaptation conditions and measurement of rhodamine 6G resistance.
Rhodamine 6G-resistant cells were selected by growth of L. lactis NZ9000
ǻlmrCD in GM17 medium containing increasing concentrations of
rhodamine 6G. Exponentially growing cells were diluted 1:100 in 5 ml of
fresh GM17 containing rhodamine 6G and grown overnight. This procedure
was repeated several times with a concomitant stepwise increase of the
cholate concentration until a significant increase in MIC value had occurred.
The final concentration of rhodamine used was 22 μM. Growth curves were
determined at each transfer during the adaptation period. To obtain single
colonies, the adapted cultures were spread-plated on GM17 medium with
1.8% (wt/vol) agar containing 12 and 22 μM rhodamine 6G. Two colonies
from each plate were selected and subcultured in fresh GM17 broth without
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rhodamine 6G. Cultures were supplemented with glycerol at a final
concentration of 10 % (vol/vol) and stored at -80°C. One of the rhodamineresistant variants of L. lactis ǻlmrCD isolated at an early and advanced stage
of adaptation was designated as ǻlmrCD(rho12) and ǻlmrCD(rho22),
respectively. These were used for further characterization.
Growth inhibition bioassays. Planktonic cells: Overnight cultures of
indicated L. lactis strains were diluted in fresh GM17 and grown to an OD660
nm of 0.6. Aliquots of 150 μl were transferred to 96-wells microtiter plates
that contained 50 μl of GM17 medium and when indicated drugs at a given
concentration. Plates were sealed with parafilm and incubated for 12 hrs at
30°C after which the OD660 nm was measured. Concentrations that inhibited
growth by 50% (IC50) and 100% (MIC) were determined. Experiments were
carried out in triplicate, and data shown are averaged with indicated standard
error of the mean. To carry out growth inhibition assays under drug
challenged conditions, same procedure was followed except that the
overnight cultures were diluted in fresh GM17 supplemented with
subinhibitory concentration of daunomycin (1μM) and grown as above.
Biofilm cells: The drug susceptibility of L. lactis biofilms was determined as
described previously with minor modifications (7). Cells grown for 12 hrs in
GM17 were diluted in fresh GM17 to an OD660 nm of 0.6-0.8. Aliquots of 200
μl were transferred to each well of a 96-well flat-bottom polystyrene
microtiter covered with a 96-peg lid of polystyrene plate (Nunc, Denmark).
Cells were incubated for 24 hrs to allow for biofilm formation on the pegs.
To remove non-adherent cells, the peg lid was dipped into a series of three
96-well plates containing 200 μl of sterile phosphate buffered saline (PBS)
per well. The peg lid was then placed on a fresh plate that contained in each
well 200 μl GM17 with the indicated drug. GM17 medium without drugs
served as positive growth control. Biofilms were incubated overnight at 30°C,
rinsed three times in PBS as described above and placed into a final 96-well
plate containing 200 μl of GM17 along with various drug concentrations.
Biofilm cells were then dislodged from the pegs by bath sonication of the
microtiter plate for 5 min at 40 kHz (Zenith Ultrasonics, Norwood, NJ). The
peg lid was removed and the OD660 nm of the remaining suspension in the
wells was determined. The plate was covered by a normal lid and incubated
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for 24 hrs, where after a second OD660 nm reading was performed. The IC50
was defined as the drug concentration that showed 50 % of the growth
reduction as compared to the growth in control wells, no drugs. Wells
containing sterile GM17 served as spectrophotometric blanks.
Biofilm formation. The ability of L. lactis to form biofilms was assessed by
a previously described method with minor modifications (3). Cells were
grown for 24 h in GM17 and subsequently diluted to an OD660 nm of 1 in fresh
GM17 supplemented with drugs at the indicated concentrations. Next,
aliquots of 200 μl were transferred into the wells of a 96-well flat-bottom
microtiter plate. For each drug concentration, 16 wells were used. Plates were
then sealed with parafilm and incubated for 24 h at 30°C. Planktonic cells
were transferred to a new microtiter plate and the OD660 nm was measured.
For each drug concentration, the biofilm of a eight wells was thoroughly
scraped from the walls of the well using a pipette tip and cells were
resuspended in 200 μl of fresh GM17. The OD660 nm was used as a measure of
the biofilm cell density. The biofilms in the remaining eight wells were
washed twice by fully submerging the plate in deionized water, air dried
overnight, stained for 15 min with an aqueous solution of 0.1 % (w/v) crystal
violet, rinsed with water and air dried overnight. The crystal violet-stained
biofilm was suspended to homogeneity in 200 μl of DMSO and the OD575 nm
was measured for each of the wells and averaged. Wells containing sterile
GM17 served as controls and were used for background subtraction. To relate
biofilm formation to cell density, the ratio of biofilm OD575 nm to OD660 was
calculated. Assays were repeated three times with independent cultures.
MDR transport activity. MDR transport activity of the various L. lactis
strains was assessed with daunomycin, Hoechst 33342 and Hoechst 33258
using previously established protocols (12).
Analysis of expression of putative MDR transporter genes. Real time
qPCR was used to analyze of expression of putative efflux pump genes using
the housekeeping gene tufA as a control following exposure or not of the
above mentioned strains to daunomycin. Primer pairs used are listed in Table
1. Total RNA was isolated as described previously (27). Following elution,
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llmg_0320

llmg_2386

llmg_1322

llmg_2446

llmg_1856

llmg_133

llmg_140

llmg_1210

llmg_1202

GACCAGGCATGCGGCTAGGATAATCAAAGAG
CATCGCGAGCTCTCATTCCATAATACTCCGTTTCCG
CGAGGCGCATGCATGAAAATTTTTAAAGATTTGTGG
CAGCATGAGCTCTCAGTAGATTTCTCCATTTTC
AGCCTCTCCACAGCACAAG
CCATCGCCATCACTACACG
CATCTAGCATGCGGGACATTTATGAC
CATCGAGAGCTCCGATTAAGAAGCAAATTGAAC
CATCGAGCATGCATAGCAGTAGCTGAGTCTATT
CATCTAGAGCTCCTACGAATGACCATAGAC
CATTGCACGGGCTTTCTTACG
GTTCATTGTGTTTCCCACTACCTG
GGAGCAGCTTTAGCTATTGCC
CCAAGCACCTAATGCTGCCC
CCTTTGCCAATCGAAGTACAACC
GAATTGTATAATGCAGTACCGGCCC
GACACGTTCTCCTAAACGGAC
CGGCACTTGGAGCAGTTC
AGACCGCTTTGGTCGCAAAC

llmg_0631

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F

Primer sequence 5’ĺ 3’

TABLE 1. Oligonucleotide primers used for qPCR analysis

Primer name
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llmg_1015

llmg_0856

llmg_2513

llmg_0421

TufA2

Primer name
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R
F
R
F
R
F
R
F
R
F
R

AGCAGCAGCTGTCCATCC
TGACGAAATCGAACGTGGTCAAG
GTCACCAGGCATTACCATTTCAG
CCTCACGAAGTTGGGTTCC
TTATCGTCATGGCCAAGCG
GGACACGTTGTGCCAGCTTC
GCATAGGCACGCTCTGCATC
GTGCGTGATGAGAAGAGATATGC
AAAGAATGACTCCAGTCCAATCC
TCTTAAGGAAGCGCCCATCAG
CAAGCGAGTAATGAAGGTTCCAC

Primer sequence 5’ĺ 3’
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nucleic acid concentrations were determined by spectrophotometry
(NanoDrop) and residual DNA contamination was removed by incubating the
samples with 4 units of TURBO DNase (Ambion). After DNase inactivation,
the RNA was recovered, quantified, and used as a template for PCR to
confirm inactivation of contaminating DNA. The PCR-negative RNA was
used for first-strand cDNA synthesis by using SuperScript II reverse
transcriptase (Invitrogen). For cDNA synthesis, the manufacturer's protocol
was followed, starting with 1 μg total RNA template and 50 ng random
hexamers. RNA transcripts were quantified in triplicate on an iCycler iQ 96well PCR plate (Bio-Rad, Hercules, CA) by using the Brilliant SYBR green
QPCR mix (Stratagene) in a 25 μl volume containing 50 ng cDNA. Optimal
primer concentrations were determined empirically. The efficiency of each
primer pair was determined with a dilution series of chromosomal DNA. The
96-well plate was sealed with optical tape, and samples were quantified with
the iCycler (Bio-Rad) using a standard thermal cycling program. Real-time
results were analyzed using the iCycler iQ optical system software, version
3.0a (Bio-Rad). The melting curve profile was analyzed and it was verified
that there was a single product for each sample.
RESULTS
Development of adaptive resistance against rhodamine 6G by
Lactococcus lactis. L. lactis has previously been shown to rapidly develop
resistance against rhodamine 6G and other toxic compounds when exposed to
these drugs. This resistance has been associated with the elevated expression
of the ABC-type MDR transporter LmrCD. To determine the level of
adaptiveness of L. lactis to drugs, a strain lacking the lmrCD genes (10) was
challenged with increasing concentrations of rhodamine 6G. Remarkably,
cells quickly acquired a significant level of resistance (Fig. 1A). To document
the progress of adaptation of the ¨lmrCD strain to high concentrations of
rhodamine 6G, the resistance was assessed at each stage of the drug exposure.
The starting rhodamine 6G concentration of ~7.5 μM was slightly above the
concentration which inhibits the growth rate of the unadapted ¨lmrCD strain
by about 50 %. By day 12, the growth rate of the rhodamine 6G resistant cells
was two-fold higher than that of the parental ¨lmrCD strain i.e., 0.58 h-1
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instead of 0.24 h-1 (Fig. 1A). These adapted cells were designated as ǻlmrCD
(rho12) as they showed colony formation on plates containing up to 12 μM
rhodamine. Adaptation to even higher rhodamine 6G levels was continued
and the most resistant cells isolated at 22 μM rhodamine were designated as
ǻlmrCD(rho22). At the indicated concentrations, the lag phase and the
growth rate of L. lactis ǻlmrCD(rho12) and ǻlmrCD(rho22) were essentially
unaffected as compared to the parental strain in the absence of rhodamine.
However, adaptation to higher rhodamine 6G levels (28 μM) resulted in
cultures with an extended lag phase and poor growth. These were not further
examined.

FIG. 1. Adaptive resistance of L. lactis ǻlmrCD to rhodamine G. (A) L. lactis ǻlmrCD
cells were exposed to increasing concentrations of rhodamine 6G resulting in the
progressive appearance of resistant strains with an increased growth rate in the presence
of 4 μM of rhodamine 6G. The rhodamine adapted strains selected after 12 and 20 serial
transfers (indicated by arrows) were used in the further experiments. (B) Daunomycin
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and (C) Rhodamine 6G resistance of the wild-type (closed squares), ǻlmrCD (open
squares), ǻlmrCD(rho22) (open triangles), and ǻlmrCD(rho12) (closed triangles) strain.
Cells were grown for 12 hrs in GM17 medium containing varying drug concentrations in
96-well microtiter plates.

Adaptation to Rhodamine 6G confers multidrug resistance. L. lactis
ǻlmrCD(rho22) and ǻlmrCD(rho12) cells were tested for resistance to
structurally and functionally diverse toxic compounds. To this end, the
rhodamine-adapted cells were grown in the presence of a variety of drugs and
growth rates were determined. The drugs tested ranged from anthracylines,
structurally unrelated fluorescent dyes like rhodamine 6G, ethidium bromide,
and Hoechst dyes (Table 2) and various cationic drugs. As compared to the
parental cells, both adapted strains exhibited an enhanced resistance to
rhodamine 6G (Fig. 1B) and daunomycin (Fig. 1C). The ǻlmrCD(rho22)
strain showed higher resistance levels than the ǻlmrCD(rho12). Interestingly,
the acquired resistance of ǻlmrCD(rho22) to several of the tested drugs, all of
which are known MDR substrates even exceeded that of wild-type cells.
These data suggest that even in the absence of LmrCD, L. lactis cells can
regain a multidrug resistance phenotype.
Biofilm formation and resistance of rhodamine 6G-adapted L. lactis cells.
The ability of the various L. lactis strains to form biofilms was investigated
using a crystal violet based microtiter plate assay. This stain binds to
negatively charged molecules such as peptidoglycan, acidic polysaccharides
and DNA and its absorption therefore serves as a measure for biomass at the
surface, i.e., biofilms (3). L. lactis was grown for 24 hrs in wells of
polystyrene (hydrophobic) microtiter plates. Next, the planktonic cells were
removed and the remaining wall associated biofilms were stained with crystal
violet and quantitated.
The L. lactis ǻlmrCD(rho22) and ǻlmrCD(rho12) strains showed largely a
similar pattern of biofilm development as the parental and wild type strains
when grown in the absence of added drug (Fig. 2A). We also compared the
effect of daunomycin on the ability of the tested strains to maintain a biofilm,
independent of their effect on cell growth. Because of the spectral properties,
rhodamine 6G could not be used as it interfered with the crystal violet
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1950
270
51
190
1.8
19
11.9
53.2
1.8
26
25.7
12.5
26
775
>50

¨lmrCD

3200
262
49
255
1.7
68
12.5
>64
5.8
142
24.5
11
29
520
49

1800
200
51
240
1.3
3
6.9
48.5
0.75
23.8
24.7
11.8
22.8
800
45

IC 50 (μM)

¨lmrCD
(rho22)

*Cells were grown in liquid culture as described in the Materials and Methods

Cholate
Deoxycholate
Benzalkonium Chloride
N-Lauroylsarcosine
Quinine
Daunomycin
Rhodamine 6G
Rhodamine 123
Hoechst 33342
Hoechst 33258
Acridine orange
Ethidium bromide
9-aminoacridine
2-aminoanthracene
Mitoxantrone

¨lmrCD
(rho12)

L. lactis*

2600
198
51.5
270
1.7
41
13
>64
4.65
89
24.7
11.8
23.5
665
43.5

Wild-type

TABLE 2. Susceptibility of selected L. lactis strains to various dyes and drugs

Drugs/dyes
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detection (not shown). When cells were exposed to daunomycin, biofilms of
the ǻlmrCD(rho22) strain were about as stable as that of the wild type but
both the parental and ǻlmrCD(rho12) strain showed a decreased biofilm
maintenance in the presence of increasing concentrations of daunomycin (Fig.
2A).

FIG. 2. Biofilm formation by selected L. lactis strains. (A) Wild-type (black bar),
ǻlmrCD (white bar), ǻlmrCD(rho12) (light grey bar) and the ǻlmrCD(rho22) (dark grey
bar) strains were grown for 24 hrs in GM17 medium containing varying concentrations
of daunomycin in 96-well microtiter plates. planktonic cells were removed, and biofilms
were collected and resuspended whereupon the OD650nm was measured. Next, cells were
stained with crystal violet, analyzed for OD575nm and the ratio of OD575nm to OD650nm was
used as a relative measure for biofilm formation. (B) Rhodamine 6G and (C)
daunomycin susceptibility of the biofilms of L. lactis wild-type (solid squares), ǻlmrCD
(open squares), ǻlmrCD(rho12 (solid triangles) and ǻlmrCD(rho22) (open triangles)
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cells. Cells were grown for 12 hrs in 96 well microtiter plates in GM17 medium with
various drug concentrations. Growth was determined as OD660nm.

Because of the difference in biofilm development in the presence of
daunomycin, the drug susceptibility of the biofilms was further examined.
Biofilm cells typically exhibit an increased resistance to toxic compounds
when compared to the planktonic cells (4). This increased resistance has been
attributed to a variety of phenomena, including a reduced penetration of
antimicrobials, and the production of efflux pumps and enzymes for drug
detoxification (20). L. lactis biofilms were allowed to develop on a
polystyrene surface whereupon they were exposed to rhodamine 6G (Fig. 2B)
and daunomycin (Fig. 2C) for 18 hrs. Next, the biofilm cells were harvested
and grown in liquid medium for 24 hrs. Growth was used as a measure of
survival. Likewise, planktonic cells were harvested from the liquid medium
serving as controls.
As compared to planktonic cells, biofilm cells of the rhodamine adapted
mutant strains showed a decreased resistance to both daunomycin and
rhodamine 6G. This is in remarkable contrast to biofilms of wild type cells,
which exhibit an increased resistance to these drugs as compared to the
planktonic cells. Overall, these data suggest different resistance mechanisms
in the rhodamine-adapted cells when comparing their sessile and planktonic
states. Also the acquired resistance phenotype is particular pronounced for
the planktonic cells.
Analysis of the expression of putative multidrug transporters genes. To
determine if multidrug transport contributes to the resistance of the
rhodamine 6G adapted strains, the expression of a selected set of putative
multidrug transporter genes was measured in exponentially grown cells by
qPCR (Table 3). Expression profiles were recorded with cells grown in the
absence and presence of sublethal concentrations of daunomycin as the
resistance gained with this drug was greater as compared to rhodamine. Gene
expression was normalized to that of the TufA2 housekeeping gene. The
expression of most tested genes encoding known and putative MDR
transporters appeared unchanged in the rhodamine-adapted strains as
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MFS permease; pmrA
ABC-type transporter
MFS-EmrB/QacA subfamily
MFS permease; pmrB
MFS permease; blt
ABC-type transporter; lmrA
MFS permease; lmrP
MFS permease
Na+-driven permease
MFS permease, putative tetracycline
resistance; napC.
ABC-type transporter, daunorubicin
resistance; drrB
MFS permease
Na+-driven permease; ypbC.
MFS permease; yxbD

llmg_0631
llmg_1202
llmg_1210
llmg_0140
llmg_0133
llmg_1856
llmg_2446
llmg_1322
llmg_2386
llmg_0320

1.5
1.0
1.1

0.7

0.5
0.9
0.9
2.7
0.6
3.1
4.3
0.8
0.6
0.7

-

1.3
0.9
1.0

0.7

6.3
0.1
0.3
1.53
0.9
0.6
0.6
0.4
0.5
0.8

+

¨lmrCD* (rho12)

1.3
0.6
0.8

1.3
0.7
0.8

0.9

5.6
0.9
0.7
2.6
1.2
0.3
0.8
0.5
0.4
0.8

0.8
2.9
0.5
3.3
1.6
2.3
7.0
0.8
0.6
0.7
0.9

+

-

¨LmrCD*
(rho22)

1.2
1.3
0.9

1.0

0.8
0.9
1.3
3.0
0.9
3.2
0.4
1.1
2
1.0

-

1.2
1.3
0.9

1.1

1.2
0.8
1.2
1.0
0.2
0.5
1.4
0.4
1.8
1.0

+

Wild-type*
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The values depicted are in terms of fold change relative to the gene expression in ¨lmrCD strain. + and – indicate growth in the presence
and absence of 1ȝM daunomycin.

llmg_0856
llmg_1015
llmg_2513

llmg_0421

Function; gene name

Locus tag

TABLE 3. Real-time PCR expression analysis of putative MDR transporters in various L. lactis strains grown in the
absence and presence of daunomycin.
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compared to the parental strain. Interestingly, the expression of lmrP, a
known MFS type secondary MDR exporter was significantly elevated in both
the mutants, while expression in the parental was similar to that in the wild
type strain. The expression of lmrA, that encodes an ABC type of transporter
(11) also showed a slight increase in expression in both mutants as well as in
the wild type as compared to the ¨lmrCD strain.
Among the putative MDR type transporter genes, llmg_0631 that encodes a
putative MFS type permease was significantly over-expressed by 6.3 and 5.6fold in the L. lactis ǻlmrCD(rho12) and ǻlmrCD(rho22) cells, respectively.
However, this was observed only when the strains were exposed to
daunomycin. In most cases, daunomycin exposure resulted in a decreased
expression of putative MDR genes. These data indicate that the llmg_0631
and lmrP gene contribute to the resistance of the rhodamine adapted cells,
with the pronounced daunomycin-dependent expression of the llmg_0631
gene.
Transport activity of rhodamine 6G adapted strains. To determine the
relevance of membrane associated transport proteins in rhodamine 6G
resistance, some of the known LmrCD substrates (10) were tested for
transport activity in the L. lactis ǻlmrCD(rho12) and ǻlmrCD(rho22) strains.
The anthracycline drug daunomycin acts on DNA by intercalation between
the base pairs (21). Under these conditions, the fluorescence of daunomycin
is quenched (12), a phenomenon that can be used to monitor the cellular
influx.
When daunomycin is added to L. lactis cells, a rapid increase in fluorescence
is observed followed by a gradual decrease, which signifies the entry of the
drug into the cell and its binding to the DNA. Upon energization with glucose,
wild type cells show the typical profile of LmrCD-mediated daunomycin
efflux evident as an increase in fluorescence (Fig. 3A). On the other hand, the
parental strain and both rhodamine mutants that all lack the LmrCD
transporter pump showed a reduced transport activity (Fig. 3A), which
suggests that the increased daunomycin resistance cannot be attributed to
transport.
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FIG. 3. Transport of various drugs by selected L. lactis strains. (A) Daunomycin
transport. To a washed de-energized cell suspension (OD650nm ~ 0.5), 2 μM daunomycin
was added and after the initial fluorescent spike, the influx of daunomycin was
monitored by the quenching of the fluorescence. Next, glucose was added (arrow) and
the secretion of daunomycin was monitored as an increase in fluorescence. Wild type
(black trace), ¨LmrCD (light gray trace), ǻlmrCD(rho12) (medium gray trace) and
ǻlmrCD(rho22) (dark gray trace) cells. (B) Hoechst 33342 and (C) Hoechst 33258
transport. At the arrow, 2 μM of the Hoechst was added to glucose energized cells and
the increase of Hoechst fluorescence was taken as a measure of transport. (D)
Rhodamine 6G transport. Rhodamine 6G was added to a final concentration of 2 μM to
glucose energized wild type (black bar), ǻlmrCD (white bar), ǻlmrCD(rho12) (light
grey bar) and ǻlmrCD(rho22) (dark grey bar) cells. After 30 mins, the cells were
removed by centrifugation and the free rhodamine 6G concentration was determined
fluorimetrically in the supernatant fraction.

The lipophilic Hoechst 33342 is a cell-permeant, minor groove–binding DNA
stains that shows a bright blue fluorescence upon binding to DNA as well as
upon partitioning into the hydrophobic membrane lipid bilayer (12). Addition
of Hoechst 33342 to the cells results in a rapid increase in fluorescence,
which is substantially similar with the ΔlmrCD cells as compared to the wild
type strain (Fig. 3B). The rhodamine resistant strains that lacks LmrCD
followed a fluorescent signal that is slightly below that of the ΔlmrCD strain
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suggesting a low activity of Hoechst 33342 export (Fig. 3B). On the other
hand, the uptake of the more hydrophilic Hoechst 33258 by the
ǻlmrCD(rho12) strain was similar to that of the ǻlmrCD cells, and
substantially higher than observed for the wild type cells. The ǻlmrCD(rho22)
strain, however, showed a much reduced uptake of the Hoechst 33258 (Fig.
3C) suggesting substantial secretion activity for this compound.
To investigate the efflux of the rhodamine 6G, an indirect assay was used that
monitors the amount of extracellular rhodamine 6G. Addition of de-energized
cells to a buffer with rhodamine 6G resulted in a sharp drop in the measured
free extracellular concentrations of rhodamine 6G. Upon addition of glucose,
the levels of extracellular rhodamine 6G increased, and this increase was
most pronounced with the ǻlmrCD(rho22) strain (Fig. 3D) which is
consistent with an efflux activity in these cells. With the parental strain, the
lowest level of extracellular rhodamine 6G was observed, but still substantial
efflux occurred. These data indicate that the ǻlmrCD(rho22) strain and to a
less extent the ǻlmrCD(rho12) strain exhibit an improved ability to secrete
rhodamine 6G.

FIG. 4. Reduction of various concentrations of K2TeO4 by cell suspensions of the
ǻlmrCD(rho12) (I), ǻlmrCD(rho22) (II), ǻlmrCD (III), and wild type (IV) L. lactis cells.
Assays were performed in microtiter plate wells following 12 hrs of incubation at 30ºC.
The reduction activity is evident from the black coloration.
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Tellurite reduction. The strains were also tested for tellurite resistance, an
indicator of toxicity of oxidative stress. Herein, cells were grown on GM17
plates containing 0.5 to 6 mM K2TeO3 (mM) and the reduction to elemental
tellurite was followed by the appearance of a black color (24) (Fig. 4). Strain
ǻlmrCD(rho22) showed a significantly reduced ability to reduce K2TeO3 as
compared the control strains (Fig. 4), while with the ǻlmrCD(rho12) strain,
an increase reduction is observed. These data indicate a different phenotype
for the ǻlmrCD(rho22) and ǻlmrCD(rho12) strains, suggesting a decreased
and increased resistance to oxidative stress, respectively.
DISCUSSION
L. lactis can manifest a variety of drug resistance mechanisms, including drug
export, and altered metabolism, membrane composition, and/or cell wall
structure. These mechanisms may confer different levels of resistance to
drugs, but also vary in specificity. To understand these processes, we have
examined a L. lactis strain that lacks the major drug transporter LmrCD and
subjected this strain to an evolution process by re-challenged these cells with
a toxic drug, i.e., rhodamine 6G. Rhodamine 6G is not only a substrate for
LmrCD but it has been shown to be a good substrate for other types of
multidrug transporters (23). It is known that the MIC values of drugs can be
significantly increased by extending the duration of sub lethal exposure as
well as by gradually increasing the drug concentration (9) Therefore, the
strain was gradually adapted to increasing concentrations of rhodamine 6G.
Such adaptation is not transient but the result of the accumulation of multiple
mutations, possibly causing the deregulation of MDR transporter expression
and other processes. The adaptation process resulted in the isolation of two
resistant strains with distinct phenotypes in their resistance to rhodamine 6G.
Examination of the expression of putative MDR transporter genes in the two
L. lactis ǻlmrCD(rho22) and ǻlmrCD(rho12) strains relative to the parental
strain and the wild-type, suggests the up-regulation of LmrP, a known
multidrug transporter that belongs to the MFS. Several other putative MDR
transporters were altered in their expression, but this did not correlate with
the observed drug resistance phenotypes. However, in the presence of the
drug daunomycin, both strains show the significant upregulation of
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llmg_0631, a sofar uncharacterized MDR-like transporter belonging to the
MFS. Likely, the latter transporter is involved in the resistance phenotype of
the two selected drug resistant strains. Transport assays with intact cells
indeed demonstrate that the resistant strains have regained the ability to
secrete Rhodamine 6G and in the case of the highly resistant ǻlmrCD(rho22)
strain also of Hoechst33258. However, export of daunomycin in
unchallenged cells seemed not to be restored. Unfortunately, the fluorescent
assay yielded inconclusive results with daunomycin challenged cells likely
because of carry over of the daunomycin from the challenge stage. We
therefore conclude that at least for rhodamine 6G, an improved export
activity contributes to the resistance phenotype.
The apparent role of the MFS type llmg_0631 transporter in the drug
resistance is unclear. This gene is up-regulated in the resistant strains, but
only when the resistant cells are exposed to daunomycin while rhodamine 6G
as inducer was not tested. This would be the first example of a MFS
transporter involved in daunomycin export as in the producing microbe S.
peucetius, resistance and secretion are mediated by an ABC type transporter
(22). It will be necessary to examine the daunomycin transport activity of a
strain in which the llmg_0631 gene is deleted or overproduced in order to
firmly demonstrate a role of this transporter in daunomycin (and possibly
rhodamine) transport. The observation that the llmg_0631 expression in the
drug resistant strains is dependent on the presence of daunomycin in the
medium suggests the involvement of a regulator. In wild-type strain this
phenomenon was not apparent suggesting that the evolution experiment has
led to the activation of a cryptic regulatory process. It will be a challenge to
identify this regulator in order to reveal the nature of the cryptic expression of
the llmg_0631 transporter.
The high level of resistance of the planktonic cells to daunomycin is an
intriguing phenomenon. The drug is a potent chemotherapeutic agent and is
widely used for the treatment of hematopoietic and solid tumors. In addition,
anthracylines are also known to have antibacterial activity, particularly
against Gram positive bacteria (16). In mammals, several mechanisms of
action have been proposed for daunomycin-mediated cell death: (i) DNA
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damage through doxorubicin-induced DNA intercalation; (ii) ROS generation
by redox cycling of the quinone structure; and (iii) inhibition of DNA
synthesis by stabilizing the topoisomerase II–DNA complex (15,17). An
increase in the intracellular GSH pool has been shown to correlate with
reduced doxorubicin sensitivity of tumor cells. It has been suggested that
cancer cells can exert an adaptive activation of the antioxidant defense
systems thus gradually raising its level in response to daunomycin exposure,
leading to chemoresistance (19). This suggests a link between daunomycin
resistance and oxidative stress, but it is unclear if the same mechanism may
exist in bacteria. Interestingly, the ǻlmrCD(rho12) strain, which shows an
increased daunomycin resistance, also is more resistant to tellurite toxicity
that has been associated with oxidative stress. However, this correlation does
not seem to exist for the ǻlmrCD(rho22) strain which is even more sensitive
to tellurite while maintaining a high daunomycin resistance. Tellurite toxicity
although still no fully understood is believed to function through the
generation of ROS and O2- during intracellular reduction to elemental
tellurium (18,25). Also, tellurite resistance in L. lactis has been linked to
genes involved in redox functions and oxidative stress (25). Since there is a
different response of the two resistant strains to tellurite, we conclude that the
resistance mechanisms involved in both strains must be vastly different.
The distinct differences in susceptibility of the rhodamine adapted mutants
between mitoxantrone and daunomycin suggests alternations in the cell
envelope composition. Mitoxantrone is an anthracenedione derivative similar
to daunomycin, both are known to affect membrane fluidity by binding to
ionized phospholipids, daunomycin binding to negatively charged
phospholipids whereas the mechanism by which mitotraxone binds is not
clear (14). Adherence of cells to surfaces and to each other is critical for
biofilm development (8) and any drug interfering with cell adherence will
prevent biofilm formation as well. The inhibitory effect of rhodamine 6G and
daunomycin on the adhesion and biofilm formation of the rhodamine mutants
as well as the control strains is very different from our previous results with
strains resistant to cholate (submitted) and related bile acids. Biofilms of the
rhodamine mutants were found to be more susceptible to daunomycin and
rhodamine 6G while the planktonic cells are highly resistant. This is an
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uncommon phenomenon as biofilms are usually more resistant than
planktonic cells (7). The apparent discrepancy might be the result of a
different gene regulation pattern in planktonic and biofilm cells.
In conclusion, our data demonstrates that even in the absence of the LmrCD
transporter, L. lactis can regain multidrug resistance when challenged for
prolonged periods of time to an increasing concentration of drugs. However,
the extensive cross-resistance but also differences in resistance levels in the
rhodamine adapted strains suggests that the conferred drug resistance is most
likely a multifactorial phenomenon, i.e., the result of a number of resistance
mechanisms acting in synergy.
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Summary
Gram-positive bacteria fulfill a vital role in food and health. Gram-positive
bacteria exist as gastroenteric commensals, but also find application in food
fermentations and are used as probiotics. Whereas the latter are “generally
regarded as safe” (GRAS), also many Gram-positive bacteria are human
pathogens.
The mammalian gastrointestinal milieu, which is acidic in nature and
enriched in surfactant like antimicrobials, presents a formidable challenge for
microbes to colonize it. Hence, the mechanisms used by the Gram-positive
organisms to overcome such challenges have been a focus of study in the
field of microbiology for quite sometime.
The active efflux of toxic drugs by by transport proteins located in the
cytoplasmic bacterial membrane has been known to play a prominent role in
the resistance to individual drugs. However, in addition to single or groupspecific efflux pumps, bacteria also harbour systems capable of flushing out
structurally and functionally distinct toxic molecules in a process called
multidrug resistance (3). The MDR phenomenon has been well studied in
Lactococcus lactis with around 40 putative efflux pumps identified in its
genome (2). However, only few have been characterized functionally. L.
lactis is capable of adapting to structurally diverse synthetic and naturally
occuring drugs and surfactants using ATP-binding cassette (ABC) transporter
LmrCD as the primary mechanism of defence (2,7). The studies presented in
chapter 2 demonstrate that L. lactis when deprived of the LmrCD based
efflux mechanism can still develop a resistive response against naturally
occuring gastrointestinal surfactants, namely the bile acids. Previously,
LmrCD was shown to provide protection against the bile acids cholate and
the conjugated forms of deoxycholate. On the other hand, cells lacking
LmrCD are still able to adapt to high concentrations of cholate, but this
resistance cannot be attributed to an active efflux mechanism. DNA microarray analysis showed no evidence of139
an altered expression of (putative)
membrane transport proteins. Rather, cholate adaptation involved changes in
the cell envelop resulting in an altered cell-morphology and a slower gowth
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rate. Whereas wild-type L. lactis has a typical diplococcal appearance,
cholate-adapted cells showed an enhanced flocculation that is governed by
the aggregation of long strings of cells, which is reminiscent of free floating
biofilms (5). In this respect, bile acids have been shown to promote bacterial
biofilm formation (1) suggesting a tentative link between the resistance and
the ability to form biofilms. Chapter 3 deals with the phenomenon of cell
adherence, biofilm formation and biofilm drug resistance in L. lactis. The
wild-type and ΔlmrCD L. lactis cells are equally capable of forming biofilms
on a hydrophobic polystyrene surface under typical growth conditions. In
contrast, the slow growing cholate-adapted cells are poor in biofilm
formation.
This indicates that adaptation to bile acids has a fitness cost to it. However, in
the presence of sub-inhibitory concentrations of cholate, the cholate-adapted
cells in particular showed a strong enhancement in biofilm formation. Such
biofilms contain a higher number of viable cells that exhibit an enhanced
exopolymer production and are highly resistant to bile acids. Contact angle
measurements revealed global changes in the physicochemical characteristics
of the cell envelop (most likely peptidoglycan macromolecules and other
macromolecules at the outer cell surface), which promote a hydrophobic
behaviour of the otherwise hydrophilic L. lactis surface. This would explain
the better adherence of the cholate-adapted cells (when challenged with bile
acids) to hydrophobic abiotic surfaces. Bile acids have been shown to
stimulate biofilm formation in bacteria via the induction of
exopolysaccharides synthesis genes (1). However, our findings showed that
this is not the case for all types of bile acids. CLSM imaging revealed that the
stimulatory bile acids increase the volume and thickness of the mature
biofilm formed by the cholate adapted mutant cells. Taurocholate, the most
hydrophilic of all bile acids had the strongest effect on the biofilm matrix
volume in a dose dependent manner. However, these studies also show that
matrix thickness is not directly related to microbial fitness. The changes in
biofilm volume seems to have little effect on the resistance, suggesting that
the voids and channels that are formed in the mature biofilm facilitate the
entry rather than retarding diffusion of molecules into the biofilm. Taken
together the data suggest that the non-transporter based cholate resistance in
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L. lactis is due to changes in the cell surface that stimulate cells to form
resistant biofilms. On the other hand, the studies also demonstrated that
LmrCD plays an important role in lactococcal biofilm resistance. To our
knowledge this is the first report that shows that an ABC-type MDR
transporter of a Gram-positive micro-organism contributes to biofilm
resistance.
The extensive resistance to various bile species left open the possibility of
other (putative or known) efflux pumps with a role in the adaptive resistance
in L. lactis. This question was addressed in chapter 4 where rhodamine 6G, a
substrate for LmrCD and some other known lactococcal efflux pumps (4,6)
was used as the adaptation agent. Planktonic cells lacking LmrCD readily
adapted in small incremental steps. Interestingly, the cells did develop
adaptive resistance not only to rhodamine 6G but also to structurally different
dyes, drugs and detergents, thus adaptation resulted in the typical MDR
phenotype that what not observed with cholate adaptation (Chapter 3). Real
time PCR analysis of a screen of putative and known efflux genes suggests
that LmrP is involved in this resistance, and possibly some other efflux
transporters. Importantly, an unknown MFS type transporter llmg_0631 was
upregulated in the daunomycin exposed resistant cells. The notion that the
resistance is partly due to transport also followed from Hoechst 33258 and
Rhodamine 6G transport assays. However, unlike the cholate adaptation an
alterated biofilm phenotype, no such similar change was detected in the
rhodamine 6G adapted cells. In contrast, Rhodamine 6G interfered with cell
adherence to abiotic surfaces and it significantly impaired tolerance of mature
biofilms of the adapted cells to drugs including rhodamine 6G and
daunomycin. Thus, rhodamine resistance was only related to the planktonic
phase. The multifactorial nature of this mechanism of resistance was further
corroborated by the high susceptibility of one of the mutants to tellurite, an
anionic metal which is reduced to elemental tellurium in the cells. Possibly,
these cells are equipped with an altered oxidative stress response, a
phenomenon that may relate to the mode of action of some of the drugs that
causes the formation of oxygen radicals. A detailed investigation of the
knockout of putative transporter and LmrP along with their overexpression is
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need to fully understand the mechanism of drug resistance in L. lactis strains
lacking the LmrCD transporter.
Summarizing, we conclude that L. lactis has a remarkable ability to resist all
kinds of natural and unnatural compounds. Once the first line of defense is
inactivated (loss of the major MDR transporter), various specific and less
specific backup mechanisms allow the cells to regain resistance, albeit at a
fitness cost.
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Samenvatting
Gram-positieve bacteriën vervullen een belangrijke rol in de voeding en
gezondheid van de mens. Deze bacteriën komen onder andere voor als
commensalen in het maagdarmkanaal, worden gebruikt in voedingsmiddel
fermentaties, of vinden toepassing als probiotica. Micro-organismen
behorende tot deze laatste twee groepen worden over het algemeen
beschouwd als veilig en dragen daarom de GRAS status (‘generally
recognized as safe’). Desalniettemin zijn belangrijke humane pathogenen,
zoals Staphylococcus aureus en Listeria cytogenes Gram-positieve bacteriën.
Het maagdarmkanaal van de mens heeft een zuur milieu en is rijk aan
oppervlakte-actieve stoffen met antibacteriële werking. Het koloniseren van
een dergelijk vijandige omgeving is daarom een geweldige uitdaging voor
microben. De verschillende mechanismen die door bacteriën worden
aangewend om deze horde te overwinnen en het maagdarmkanaal op een
succesvolle wijze te koloniseren vormen daarom een belangrijk onderwerp
van studie in de microbiologie.
Een van de belangrijkste mechanismen van bacteriële resistentie tegen
toxische verbindingen is de actieve uitscheiding van dergelijke stoffen door
gespecialiseerde transporteiwitten die gelokaliseerd zijn in de
cytoplasmatische membraan. Deze transporteiwitten zijn ofwel
gespecialiseerd in de uitscheiding van een specifieke drug of groep van
vergelijkbare drugs, ofwel ze katalyseren de uitscheiding van structureel en
functioneel zeer verschillende giftige moleculen. Dit laatste proces is ook
bekend als multidrug resistentie (MDR) (3).
MDR is in detail bestudeerd in de Gram-positieve bacterie Lactococcus
lactis dat over een 40-tal vermeende drug transporteiwitten beschikt (2). Van
deze groep zijn er slechts enkele functioneel gekarakteriseerd. De ATPbindende cassette (ABC) transporter LmrCD vormt wellicht de belangrijkste
eerste verdediging van L. lactis tegen een scala van synthetische en
natuurlijke toxische drugs, maar ook tegen oppervlakte actieve stoffen zoals
de galzouten cholaat en glycodeoxycholaat (2,7). De studies gepresenteerd in
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hoofdstuk 2 laten zien dat L. lactis cellen zonder LmrCD (ΔlmrCD)
aanzienlijk gevoeliger zijn voor deze toxische stoffen. Opvallend is dat deze
cellen nog steeds resistentie tegen galzouten kunnen ontwikkelen wanneer ze
blootgesteld worden aan stapsgewijs toenemende cholaat concentraties
(ΔlmrCDR). Deze adaptieve resistentie blijkt echter niet toegeschreven te
kunnen worden aan een actief uitscheidingsmechanisme. DNA micro-array
analyse toonde aan dat de expressie van genen die coderen voor
transporteiwitten onveranderd was, maar dat met name de expressie van
genen die coderen voor celoppervlakte eiwitten significant was veranderd.
Inderdaad hebben de cholaat-geadapteerde ΔlmrCDR cellen een zichtbaar
andere celvorm wat resulterend in vlokvorming en een langzamere
groeisnelheid in vloeibaar medium. Scanning elektronenmicroscopie (SEM)
laat zien dat de wild-type L. lactis een typische diplococcus morfologie heeft.
Daarentegen groeien de cholaat-geadapteerde cellen in lange ketens die grote
aggregaten vormen, een fenotype dat doet denken aan vrijdrijvende biofilms
(5). Eerdere studies hebben reeds aangetoond dat galzouten de vorming van
bacteriële biofilms kunnen bevorderen (1). Er lijkt dus een link te bestaan
tussen het vermogen om biofilms te vormen en bacteriële drug resistentie.
Hoofdstuk 3 behandelt verschillende aspecten van L. lactis biofilms, te weten
celadhesie, biofilm ontwikkeling en biofilm resistentie. Onder standaard
groeiomstandigheden vormen wild-type en ¨lmrCD L. lactis cellen in gelijke
mate biofilms op een hydrofoob oppervlak van polystyreen. De cholaatgeadapteerde cellen daarentegen hebben een sterk verminderd vermogen tot
biofilm vorming, wat aangeeft dat de cholaat-adaptatie ten koste gaat van
fitness. Echter, sub-remmende concentraties van cholaat stimuleren de
cholaat-geadapteerde cellen aanzienlijk tot het vormen van biofilms, daarmee
zelfs de wild-type en ¨lmrCD cellen overtreffend. Dergelijke ΔlmrCDR
biofilms bevatten een hoger aantal levensvatbare cellen, ze worden
gekenmerkt door een verhoogde productie van exopolymeren en ze zijn zeer
resistent tegen galzouten. Contacthoekmetingen tonen globale veranderingen
aan in de fysisch-chemische eigenschappen van het celoppervlak van de
ΔlmrCDR cellen. Deze veranderingen, meest waarschijnlijk in de
peptidoglycaan macromoleculen of andere celoppervlakstructuren, lijken het
hydrofobe gedrag van het anders hydrofiele L. lactis celoppervlak te
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bevorderen. De betere adhesie van
cholaat-geadapteerde cellen aan
hydrofobe abiotische oppervlakken, wanneer gestimuleerd met galzouten,
zou hierdoor kunnen worden verklaard.
Voor galzouten is aangetoond dat ze de vorming van bacteriële biofilms
kunnen stimuleren door inductie van genen die verantwoordelijk zijn voor de
synthese van exopolysacchariden en andere polymere substraten (1). Echter,
onze bevindingen laten zien dat dit niet het geval is voor alle typen galzouten.
Confocale laser scanning microscopie (CLSM) beelden tonen dat de
stimulerende galzouten het volume en de dikte van de cholaat-geadapteerde
ΔlmrCDR biofilms vergrootten. Taurocholaat, het meest hydrofiele galzout,
had het sterkste effect op de biofilm matrix volume in een dosis-afhankelijke
wijze.
Uit deze studies is verder gebleken dat de matrix dikte niet direct gerelateerd
is aan microbiologische fitness. Een toename in biofilm volume lijkt weinig
effect te hebben op de drug resistentie. Een groter matrix volume lijkt de
diffusie van moleculen in de biofilm dus niet te remmen, waarschijnlijk
omdat in de volwassen biofilm holle ruimten en kanalen de toegang van
(toxische) moleculen vergemakkelijken.
Tezamen suggereren de resultaten dat de (niet-transporter-gebaseerde)
cholaat resistentie in L. lactis te wijten is aan veranderingen in het
celoppervlak die cellen aanzetten tot het vormen van drug resistente biofilms.
Anderzijds is gebleken dat LmrCD, wanneer voor handen, een belangrijke rol
speelt in L. lactis biofilm resistentie. Daarmee is dit de eerste studie die
aantoont dat een ABC-type MDR transporter bijdraagt aan drug resistentie in
biofilms van een Gram-positieve micro-organisme.
Het vermogen van L. lactis cellen zonder LmrCD (ΔlmrCD) om resistentie te
ontwikkelen tegen toxische stoffen is verder onderzocht (Hoofdstuk 4). De
ΔlmrCD cellen werden blootgesteld aan Rhodamine 6G, een substraat voor
LmrCD en enkele andere bekende L. lactis efflux pompen (4,6). Opvallend
was dat de ΔlmrCD cellen niet alleen resistentie ontwikkelden tegen
Rhodamine 6G, maar ook tegen structureel zeer verschillende toxische
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stoffen waaronder kleurstoffen, drugs en detergentia. De adaptieve
Rhodamine 6G resistentie resulteerde dus in het typische MDR fenotype, dit
in tegenstelling tot wat werd gezien voor cholaat (Hoofdstuk 3). Real-time
PCR-analyse van een selectie van efflux genen impliceert dat de MDR
transporter LmrP en een nog niet gekarakteriseerde MFS type transporter
llmg_0631, betrokken zijn bij deze resistentie. Transport assays met Hoechst
33258 en Rhodamine 6G ondersteunen verder het idee dat de ontwikkelde
drug resistentie deels is te wijten aan actief transport. In tegenstelling tot
cholaat adaptatie leidde Rhodamine 6G adaptatie niet tot een duidelijke
verandering in celmorfologie. Blootstelling aan Rhodamine 6G bleek de
adhesie van de geadapteerde Rhodamine 6G cellen aan abiotische
oppervlakken te verminderen. Daarnaast bleken aldus gevormde biofilms
zelfs gevoelig voor Rhodamine 6G en daunomycin. De adaptieve Rhodamine
6G resistentie van de ΔlmrCD cellen beperkt zich dus tot planktonische
cellen.
Het multifactoriële karakter van dit mechanisme van resistentie werd verder
geïllustreerd door de hoge gevoeligheid van een van de Rhodamine 6G
mutanten voor telluriet, een anionische metaal dat gereduceerd wordt tot
elementair tellurium in de cellen, wat aangeeft dat deze cellen een gewijzigde
oxidatieve stress respons bezitten. Om het mechanisme van drugresistentie
van L. lactis cellen waarin de transporter LmrCD ontbreekt beter te kunnen
begrijpen is een gedetailleerd onderzoek nodig naar de rol van de transporters
LmrP en llmg_0631 in dit proces.
Samenvattend kunnen we concluderen dat L. lactis een opmerkelijk
vermogen heeft om resistentie te ontwikkelen tegen allerlei natuurlijke en
onnatuurlijke toxische verbindingen. Zelfs als de eerste lijn van verdediging
ontbreekt, bijvoorbeeld wanneer de MDR transporter LmrCD afwezig is,
treden diverse specifieke en minder specifieke back-up mechanismen in
werking die de cellen resistent(er) maken. Vaak gaat dit echter ten koste van
de “overall fitness” .
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