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SUMMARY 
 
When Lactococcus lactis is challenged with drugs it displays a multidrug resistance 
phenotype. In silico analysis of the genome of L. lactis indicates the presence of at 
least 40 putative multidrug resistance (MDR) transporters, of which only four, i.e. 
the ABC transporters LmrA, LmrC and LmrD, and the major facilitator LmrP, 
have been experimentally associated with the MDR. To understand the molecular 
basis of the MDR phenotype in L. lactis, we have performed a global transcriptome 
analysis comparing four independently isolated drug-resistant strains of L. lactis 
with the wild type strain. The results show a strong and consistent up-regulation of 
the lmrC and lmrD genes in all four strains, while the mRNA levels of other 
putative MDR transporters were not significantly altered. Deletion of lmrCD 
renders L. lactis sensitive to several toxic compounds, and this phenotype is 
associated with a reduced ability to secrete these compounds. Another gene, which 
is strongly up-regulated in all mutant strains, specifies LmrR (YdaF), a local 
transcriptional repressor of lmrCD that belongs to the PadR family of 
transcriptional regulators and that binds to the promoter region of lmrCD. These 
results demonstrate that the heterodimeric MDR ABC-transporter LmrCD is a 
major determinant of both acquired and intrinsic drug resistance of L. lactis. 
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INTRODUCTION 
 
Multidrug resistance (MDR) has been described first as the ability of cancer cells 
to develop cross-resistance to a multitude of cytotoxic agents. The factors 
responsible for this phenomenon include a group of integral membrane proteins 
that extrude a variety of chemically unrelated compounds (23). More than 25 years 
ago, Levy and colleagues reported that the efflux of tetracycline in Escherichia coli 
is mediated by a transport protein (27). Subsequently, an increasing number of 
(multi)drug resistance (MDR) proteins have been reported and it became evident 
that, in analogy to eukaryotes, bacteria utilize MDR pumps for protection against 
toxic compounds.  

The availability of microbial genomic sequences readily allowed the 
prediction and classification of membrane transport systems with a putative role in 
multidrug resistance (36). Multidrug resistance efflux pumps appear to be highly 
ubiquitous among bacteria (33,39,40), and an analysis of more than 100 genomic 
sequences revealed that transporters of this class constitute on average 10 % of all 
the transporters in an organism (30). Multidrug transporters can be grouped into 
five distinct families, namely the Major Facilitator Superfamily (MFS), the Small 
Multidrug Resistance family (SMR), the Multidrug and Toxic compounds 
Extrusion family (MATE), the Resistance-Nodulation-cell Division family (RND), 
all secondary transporters, and the ATP-binding cassette superfamily (ABC), 
which is a group of primary transporters (6,9,22,34,35,45,50). Most of multidrug 
transporters described in eukaryotes including the well-characterized human P-
glycoprotein (Pgp), MRP1, and ABCG2 fall in the latter family, and are ATP 
driven (15,17,23,29,31,43). In contrast, the vast majority of multidrug efflux 
systems described in bacteria belong to the four families of proteins that are driven 
by the proton or sodium motive force (see reviews: 8,14,22,26,28,48). The 
ubiquitous nature of these systems also raises the following questions as to which 
putative multidrug resistance pumps do actually contribute to drug protection? 
What is the common mode of energization of these systems? Why are these 
putative MDR pumps so redundant? 

In Gram-negative bacteria a major role in resistance to drugs has been 
attributed to the action of members of the RND family, such as AcrAB-TolC from 
E. coli or MexAB-OprM from Pseudomonas aeruginosa (22,34). These proteins 
form tripartite complexes that consist of an RND transporter in the cytoplasmic 
membrane, an outer membrane pore and an adaptor protein that connects the 
proteins in both membranes. These systems transport drugs across two membranes 
but also bind drugs in the periplasm to extrude them across the outer membrane.  
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Due to the organization of the cell envelope, the tripartite systems 
transporters are not found in Gram-positive bacteria (22). The best studied 
examples of MDR pumps in these bacteria include MFS transporters such as NorA 
from Staphylococcus aureus or its homolog PmrA from S. pneumoniae. Although 
putative ABC-type multidrug resistance transporters are relatively common in 
bacteria (30,40) (also see: www.membranetransport.org), only a small number of 
them were shown to be associated with multidrug resistance (39). In the non-
pathogenic Gram positive organism Lactococcus lactis, the multidrug resistance 
phenomenon has been studied in great detail. Both secondary and primary active 
transporters have been implicated in the MDR phenotype: the MFS transporter 
LmrP (4), the ABC homodimeric half-transporter LmrA (49), and the recently 
described heterodimeric ABC transporter which consists of two half-transporters, 
LmrC and LmrD (24). L. lactis cells which are challenged for a prolonged period 
of time with drugs display a multidrug resistance phenotype. Therein, L. lactis cells 
were stepwise selected to grow in the presence of increasing concentration of 
different drugs (3). Cells grown in the presence of increasing amounts of ethidium, 
daunomycin or rhodamine 6G were found not only to become resistant to the drug 
used in the challenge, but also to unrelated drugs (3). This phenomenon is 
associated with an increased ability of the cells to extrude the drugs, but the exact 
identity of the transport system(s) responsible for the acquired drug resistance has 
not been determined. Although LmrA and LmrP have been suggested to be main 
determinants of drug resistance in L. lactis, inactivation of their genes has no effect 
on the intrinsic drug resistance of the cells (4,10). This has been taken to suggest 
that regulatory mechanisms that drive the expression of thus far uncharacterized 
drug transporters compensate for the loss of LmrA or LmrP.  

To elucidate the molecular basis of the multidrug resistance phenotype of L. 
lactis, we have investigated the gene expression profiles in the previously isolated 
drug-resistant strains of L. lactis (3) using DNA-microarray analysis. Remarkably, 
the results indicate that in all drug-resistant L. lactis strains tested, the lmrCD genes 
are strongly up-regulated, while the expression of genes of other (putative) MDR 
transporters such as lmrA and lmrP remained unaltered. Deletion of the lmrCD 
genes in L. lactis resulted in a strain that is hypersensitive to several toxic 
compounds, a phenomenon associated with a reduced ability to extrude these 
compounds from the cell. These data demonstrate that LmrCD is a major drug 
transporter responsible for the intrinsic and acquired drug resistance in L. lactis for 
the panel of drugs tested.  
 
 

http://www.membranetransport.org/
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EXPERIMENTAL PROCEDURES 
 
Bacterial strains and growth conditions 
 
Lactococcus lactis NZ9000, a derivative of the plasmid free strain MG1363 
containing pepN::nisRK, was used as a host for the gene disruption procedure. 
Cells were grown as described previously to an OD660 of 0.8 in M17 medium 
(Difco) supplemented with 0.5 % (w/v) glucose and 5 μg/ml chloramphenicol. The 
L. lactis MG1363 MDR mutants, selected by growth in the presence of ethidium, 
rhodamine, daunomycin (3) or the drug specific mutant, resistant to cholate (51) 
were described before.  
 
Recombinant DNA techniques 
 
DNA manipulations were performed essentially as described by Sambrook et al 
(42). The lmrCD genes were isolated from genomic DNA of L. lactis MG1363 and 
cloned into pNS8048E, which resulted in pNSCD (24). For Southern blot analysis, 
chromosomal DNA of L. lactis NZ9000 was digested with XbaI and SalI, resolved 
on 1 % agarose gel and transferred to Zeta-probe positively charged membrane 
using 0.4 M NaOH and 0.6 M NaCl. The DNA probe was prepared with PCR DIG 
labelling mixPlus (Roche) and primers: YdaG1F – 5’-cgttcgtgaagcgacttaca-3’; 
YdaG2R – 5’-tggcgttaatacggtccatc-3’. Detection was performed with an alkaline 
phosphatase-labelled anti-DIG antibody. Expected sizes of the target DNA 
sequences were: 4038 bp in case of L. lactis NZ9000 and 2035 bp L. lactis NZ9000 
ΔlmrCD. 
 
Construction of lmrCD deletion strain 
 
A deletion of lmrCD was introduced in the genome of L. lactis NZ9000 by a gene 
replacement method described before (18,21). In order to insert lmrCD into 
pNS8048E using restriction sites NcoI and XbaI, primers: YdaG/YdbA-F 
(cgcccatggggaagcataaatgggttgccttatt); GA-R MG (gcgtctagattcaaaaacgaattgattatg) 
were used to amplify both genes together from genomic DNA of L. lactis MG1363. 
The construct was digested with ScaI and MvaI, treated with Klenow and 
subsequently ligated. Truncated lmrCD was inserted using NcoI and XbaI into 
pORI280 yielding pORIGAMGKO. Since the pORI plasmid and the L. lactis do 
not contain repA for plasmid replication, the plasmid ws maintained in L. lactis 
LL302, which contains a chromosomal copy of the repA gene and allows for pORI 
plasmid replication. Subsequently, pORIGAMGKO was introduced in L. lactis 
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NZ9000 cells containing the temperature sensitive pVE6007 plasmid which 
contains the repA gene. After losing the pVE6007 plasmid by raising the 
temperature to 42°C, the pORIGAMGKO was integrated into the genome. 
Excision of integrated compound and detection of resolution structure was 
facilitated by reporter gene lacZ (21). Strains L. lactis NZ9000 ΔlmrA (13) and L. 
lactis NZ9000 ΔlmrACD (46) are described elsewhere. 
 
Growth studies 
 
The specific growth rates of L. lactis MG1363, L. lactis NZ9000 and L. lactis 
NZ9000 ΔlmrCD in the presence of drugs was determined by growth in 96-well 
microtitre plates as described previously (41). In order to complement the 
multidrug sensitive phenotype of L. lactis NZ9000 ΔlmrCD cells were transformed 
with the control plasmid pIL252 or with pILLmrCD which contains lmrCD and its 
upstream putative promoter region covering ydaF. Additionally, to preclude any 
interference of the lmrCD upstream sequences pNS8048E or pNSCD (formerly 
known as pNSGA) which encodes the lmrCD genes under control of the nisA 
promoter (24), were introduced in L. lactis NZ9000 ΔlmrCD. In addition, plasmids 
were used that encode LmrCD mutants, i.e., pNSLmrC(D495N)/LmrD, 
pNSLmrC/LmrD(E587Q), pNSLmrC(D495N)/LmrD(E587Q), pNSLmrC(D495N) 
or pNSLmrD(E587Q) (25) under control of the PnisA. Overnight cultures of L. 
lactis were diluted into fresh GM17 medium supplemented with chloramphenicol 
when appropriate and grown at 30 °C until the mid-exponential phase (OD660 of 
0.5). Subsequently, cells were diluted into fresh medium to an OD660 of 0.05 and 
150 μl aliquots of the cell suspensions were transferred to 96-well microplates 
(Garnier, Germany) containing 50 μl of various concentrations of different toxic 
compounds in GM17 medium supplemented with chloramphenicol and 100 pg/ml 
of nisin when necessary. Growth of cells was monitored at 690 nm every 10 min 
for 16 h using a multiscan photometer (Molecular Devices, Spectra Max 340). The 
drug concentration that caused inhibition of the growth rate by 50 % (IC50 values) 
was determined. 
 
DNA Microarray analysis 
 
DNA microarray experiments were essentially performed as described (11,47). In 
short, RNA was isolated from five separately grown replicate cultures of L. lactis 
MG1363 and the four L. lactis MG1363 strains that were resistant to daunomycin, 
rhodamine, ethidium (3) or cholate (51). All of these strains were grown in GM17 
medium and harvested at the mid exponential phase. Subsequently, single-strand 
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reverse transcription (amplification) and indirect labelling of 20 μg of total RNA, 
with either Cy3 or Cy5 dye, were performed (including a sample in which the dyes 
were swapped to correct for dye-specific effects). Labelled cDNA samples were 
hybridized to probes representing 2496 open reading frames of L. lactis MG1363 
spotted in duplicate as described (11,47). After overnight hybridization, slides were 
washed for 5 min at 37°C in 2xSSC (Standard Saline Citrate), 0.5% SDS and 5 min 
in 1xSSC, 0.25% SDS to remove nonspecifically hybridized cDNAs. Slides were 
scanned using a GeneTac LS IV laser scanner (Genomic Solutions Ltd.). 
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 wild type strain. Expression of a gene was considered to be 
significantly altered when the Cyber T baysian p value ≤0.001. All DNA 
microarray data obtained in this study are available at 
http://molgen.biol.rug.nl/publication/mdr_data/supplementary.html 
 
Protein expression and purification  
 
A 351 bp PCR fragment which contained the complete open reading frame of ydaF 
was amplified from L. lactis MG1363 strain genomic DNA using a pair of primers 
of ydaF forward 5’ GGCCCATGGGGGCAGAAATACCAAAAGAAATG and 
reverse GCGTCTAGATTTAATCGCTTCACTCTTCTTAT, which were designed 
to create Nco I/Xba I digestion sites at the head and tail of the fragment (indicated 
as underlined and bold letters). The properly digested ydaF fragment was inserted 
into a multiple cloning site of pNSC8048 with a C-terminal strep-tag fused plasmid 
and transformed into L. lactis NZ9000 cells, which is a derivative of strain 
MG1363 harbouring the nisR/nisK genes important for the induction and 
overexpression of YdaF (LmrR) under the Nisin inducible system yielding 
pNSC8048-ydaF. YdaF was overexpressed by growing NZ9000 cells transformed 
with pNSC8048-ydaF in a rich medium (M17, 0.5% glucose and 5 μg/ml 
chloroamphenicol) at 30ºC. When cells were in the mid log phase  (OD660 0.7-0.8), 
5 ng/ml of nisin A was added and growth was continued for one hour.  Cells were 
collected, lysed with 20 μg/ml freshly prepared lysozyme solution, followed by the 
addition of 10 mM MgSO4 and 100 μg/ml Dnase I (Sigma). Cells disrupted by 
French Pressure treatment (15400 psi), and remaining debris was removed by low 
speed centrifugation (14,000 rpm for 15 minutes at 4°C; Sorvall SS34 rotor). YdaF 
was purified from the supernatant using Streptactin Sepharose column 
chromatography according to the manufacture’s protocol (IBA biotagnology 

http://molgen.biol.rug.nl/publication/mdr_data/supplementary.html
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GmbH). The purified protein was stored at -80°C in elution buffer (100 mM Tris-
Cl pH 8.0, 150 mM NaCl, 1 mM EDTA, and 2.5 mM desthiobiotin).  
 
In vitro DNA binding assay 
 
The specific interaction of purified YdaF with a 205bp DNA fragment containing 
the putative promoter region of lmrCD was carried out using the Electrophoresis 
Mobility Shift Assay (EMSA) as described (12). The putative promoter region was 
amplified using the PCR primers: 5’ ATTGTAATCTTTAACAGCATTAAC 
(forward) and GGCAACCCATTTATGCTTCA (reverse). The purified PCR 
product was end labelled with 32P-γ-ATP and T4 Polynucleotide Kinase (New 
England Biolabs) at 37 °C for 20 minutes, and further purified using the PCR clean 
up kit (Sigma) to remove the associated proteins. The EMSA assay was performed 
in a total volume of 20 μl containing  80 mM Tris-HCl (pH 8.0), 4 mM EDTA, 20 
mM MgCl2, 2 mM DTT, 400 mM KCl, 40% (v/v) glycerol, the labelled promoter 
DNA fragment (4000 cpm), BSA (1 μg) and poly(dI-dC) (Roche) to compete for 
any unspecific binding. Where indicated purified Strep-tagged YdaF (1 μg) and/or 
an excess of unlabelled promoter DNA fragment was added. After 10 minutes 
incubation at 30°C, samples were loaded on 6 % polyacrylamide gel, and 
electrophoresis was performed in TBE buffer at 100 V for 1 hour. Gel were dried 
and analysed by autoradiography.  
 
Transport measurements 
 
Fluorescent assays of transport were performed essentially as described previously 
(24).  
 
 
RESULTS 
 
Transcriptome analysis of multidrug resistant strains of L. lactis 
 
Previously, it has been demonstrated that cells of L. lactis challenged with 
increasing concentrations of toxic drugs develop an MDR phenotype (3,51). This 
phenomenon is associated with an increased ability to excrete the toxic compounds 
from the cells. As predicted by Paulsen et al. L. lactis IL1403 contains 40 genes 
that specify putative MDR systems (See Table 1 and www.membranetransport.org).  
 

http://www.membranetransport.org/
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Table 1. Transcriptome analysis of L. lactis MG1363 and four drug resistant 
mutants.  
 

Expression ratiob 
Gene namea 

Daur Ethr Rhor Cholr 

ABC superfamily: 

lmrC (ydaG) 5.1 7.3 4.2 9.3 

lmrD (ydbA) 4.3 8.3 7.2 8.0 

ynaD, ynaC, lmrA, yhcA, yfcA, yfcB, ypgD,     

     ysdA, ysdB, yjjC, yjjD, ycfB, ycfC,     

     ecsA, ecsB, ycgA, ycfI - - - - 

Major Facilitator Superfamily (MFS): 

yxbD - - 3.4 3.5 

napC, blt, pmrA, yjdE, pmrB, yddA, yjdA,     

     ypfE, ybfD, ypiB, ydiC, yniG, yfjF, yweA,     

     lmrP, ycdH, yqiA - - - - 
Multidrug/Oligosaccharidyl-lipid/Polysaccharide 
           (MOP) Flippase Superfamily: 
ypbC, yvhA - - - - 
a Tabulation of genes that encode putative multidrug resistant (see www.membranetransport.org) 
transporters belonging to various MDR families (IL1403 nomenclature was used) 
b Mutant over the wild type, Cyber T baysian p value ≤0.001  
*only significant changes in expression (with p value ≤ 0.001) are shown. 
- indicates expression ratio  p value above 0.001 
 
 
These genes are also present in L. lactis MG1363. In our analysis (Table 1), one 
gene, ycgB, was not included because its amplicon was not present on the 
microarray slides. The ABC (20 genes) and MFS transporters (18 genes) are the 
most abundant types of drug transporters, while only two genes specify proteins 
that belong to the Multidrug/Oligosaccharidyl-lipid/Polysaccharide (MOP) 
Flippase Superfamily of a MATE subtype. So far, only four of these gene products 
have been functionally characterized and shown to encode MDR transporters, 
namely the homodimeric ABC half-transporter LmrA (49), the MFS transporter 
LmrP (4), and LmrCD, a heterodimer ABC half-transporter (24). To identify which 
system(s) are responsible for the observed MDR phenotype in L. lactis, we 
performed transcriptome analysis on four MDR strains. The MDR strains were 

http://www.membranetransport.org/
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obtained previously by challenging L. lactis with increasing concentrations of 
daunomycin, ethidium, rhodamine 6G (3) or cholate (51). Their MDR phenotype is 
a stable attribute, and is maintained even when cells are grown in the absence of 
added drugs (data not shown). Therefore, in our analysis, cells of the wild type 
strains and derived drug-resistant mutants were grown in GM17 medium in the 
absence of added drugs. Table 1 shows the changes in the expression levels of the 
genes of all putative MDR systems of L. lactis MG1363 in the various drug 
resistant strains relative to the parental wild type strain. Strikingly, only the lmrCD 
genes are significantly (Cyber T baysian p value ≤0.001) and strongly (6.7 fold on 
average) up-regulated in all four drug resistant strains whereas the expression 
levels of lmrA, lmrP and the genes of the other putative MDR transporters were not 
significantly affected. Only yxbD, a gene encoding a putative MFS MDR 
transporter, was significantly up-regulated in the cholate and rhodamine resistant 
strains. These data suggest that the elevated expression of lmrCD is the major 
cause of the acquired MDR phenotype of the drug-challenged L. lactis strains. 
 
The lmrR (ydaF) gene encodes a negative transcriptional regulator of the lmrCD 
genes 
 
The microarray analysis demonstrated that an additional gene, lmrR (ydaF), which 
is located next to the lmrCD genes, is significantly and strongly (9.4 fold on 
average) up-regulated in all four drug resistant strains of L. lactis. LmrR 
(Lactococcal multidrug resistance Regulation) is a protein, which, based on amino 
acid homology can be annotated as putative transcriptional regulator that belongs 
to the PadR family (pfam03551). The high level of up-regulation (see 
supplementary data) of ydaF in the MDR mutants of L. lactis suggests an 
involvement of this protein in the regulation of the adjacent lmrCD genes. Thus, 
the upstream region of lmrCD, including the lmrCD promoter area and lmrR of all 
four mutants were sequenced and compared to the wild type. Fig. 1 shows the 
DNA sequences indicate that in the Daur, Ethr, Chor mutants full length LmrR is 
not produced. The lmrR gene in Daur strain contains a point mutation that changes 
the glutamate codon at position 7 into a stop codon, while in the Ethr and Chor 
strains out of frame deletion early in the gene prevents the expression of the full 
length protein. Interestingly, lmrR in the Rhor strain contains only a single point 
mutation that changes a threonine residue at position 82 in LmrR to an isoleucine. 
This mutation took place in a conserved part of the proteins of the PadR family but 
is clearly outside of the Helix-Turn-Helix motif (underlined in Fig.1), which 
suggests that Thr-82 is important for LmrR regulatory activity. 
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A 
 
                                                                               T     Dau 
                                                                                     X    Eth 
TACATAGTAATGTGAAGTATAATATACTTTGTTTAAAATGATAGAAAGGAAAAAGAATGGCAGAAATACCAAAAGAAATGTTACGAGCCCAAACCAATGT 100 
                                                   LmrR  M  A  E  I  P  K  E  M  L  R  A  Q  T  N  V 
 
                                                                               XXXXXXXX  Cho 
AATTTTGCTCAATGTCCTAAAACAAGGAGATAATTATGTTTACGGTATTATCAAACAAGTCAAGGAAGCCTCGAATGGAGAAATGGAACTTAATGAAGCC 200 
  I  L  L  N  V  L  K  Q  G  D  N  Y  V  Y  G  I  I  K  Q  V  K  E  A  S  N  G  E  M  E  L  N  E  A  
 
C                                             T                                   C        Eth 
ACGCTCTATACGATCTTTAAAAGACTTGAAAAGGATGGGATTATCAGTTCTTATTGGGGAGATGAAAGTCAAGGCGGGCGTCGCAAGTATTACCGACTGA 300 
 T  L  Y  T  I  F  K  R  L  E  K  D  G  I  I  S  S  Y  W  G  D  E  S  Q  G  G  R  R  K  Y  Y  R  L   
 
T  Rho 
CAGAGATTGGTCATGAAAATATGCGACTTGCCTTTGAATCTTGGTCAAGAGTCGATAAAATTATTGAAAATTTAGAAGCAAATAAGAAGAGTGAAGCGAT 400 
T  E  I  G  H  E  N  M  R  L  A  F  E  S  W  S  R  V  D  K  I  I  E  N  L  E  A  N  K  K  S  E  A  I 
 
TAAATAAATTCACGATTCATTCCTTACTTTAAATTCTAAATTTATAAAAACATAAGAAGATACAAATAACGTCGTAAATCGTTGACTTAAACTTTAAAAA 500 
 -->                                                                                                 
 
GCGTTACAATATTTTTGTTAGTTTACCATTTATGAAACTAACTATTGTAATCTTTAACAGCATTAACAATTAATGCTTGTTTACTAAAAAAAATAATGTT 600 
                                                                                                     
                                               T                            Cho 
ATAATTATCTTCTCAAAAAATTTATTGAAATTATTTTGAAGTAAAATGAAATTGAAAATTCAATTTAATGTAAAGTAGTTTACATTATTTAACTCTAGAA 700 
                                                                                                     
 
AGGAATTTTATGATTTTCAAATCAATCATGAAGCATAAATGGGTTGCCTTATTCTCAATCTTTTCAACCTTTGTTTATGCAGGAGTACAGCTTTACCAGC 800 
    LmrC  M  I  F  K  S  I  M  K  H  K  W  V  A  L  F  S  I  F  S  T  F  V  Y  A  G  V  Q  L  Y  Q   
 

 
B 

 
 
Figure 1. (A) Sequence of the upstream region of lmrCD including the lmrR (ydaF) gene in L. lactis 
MG1363. Above the sequence shown are mutations in the upstream regions of the same region in the 
L. lactis MDR mutants (X stands for deletion of one nucleotide). Specified in the right margin: (Dau) 
daunomycin, (Eth) ethidium bromide, (Cho) cholate and (Rho) Rhodamine 6G resistant strains, 
respectively. The underlined amino acid residues represent a putative Helix-Turn-Helix DNA-binding 
motif (as predicted by the program available at http://npsa-pbil.ibcp.fr/cgi-
bin/npsa_automat.pl?page=/NPSA/npsa_hth.html). (B) Schematic representation of localization of 
lmrRCD operon in genome of L. lactis MG1363 with indicated putative promoters of lmrR (P1) and 
lmrCD (P2, P3) and the terminator. 
 
 

A lack of full LmrR protein production in 3 out of 4 MDR mutants of L. 
lactis and the fact that all four strains show highly elevated levels of mRNA of the 
three genes lmrC, lmrD and lmrR leads us to propose that LmrR is a repressor that 
regulates the transcription of lmrCD while it autoregulates the expression of lmrR. 
The lack of functional LmrR would relieve the repression of both the lmrCD and 

http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_hth.html
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_hth.html
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lmrR genes. The point mutation in LmrR in the Rhor strain most probably affects 
the functionality of the protein. 

To investigate the function of LmrR, the protein was overexpressed in L. 
lactis with a C-terminal Strep-tag and purified to homogeneity with a streptactin 
column. Purified LmrR was subjected to an electrophoretic mobility shift (EMSA) 
assay with a radiolabelled DNA fragment corresponding to a 205 bp upstream 
region of lmrC which comprises the putative lmrCD promoter. Addition of LmrR 
resulted a major shift in the mobility of the radiolabelled DNA fragment while no 
shift was observed when the assay was performed in the presence of an excess of 
unlabelled DNA fragment (Fig. 2). This result indicates that LmrR (YdaF) binds 
specifically to the promoter region of lmrCD which is consistent with its predicted 
function as a transcriptional regulator. 
 
 
 
 
 
 
 
 
 
                        
 
Figure 2. Gel retardation assay using the purified YdaF and the promoter region of lmrCD. A 32P-
labelled DNA fragment corresponds to a 205 bp upstream region of lmrC comprising the putative 
lmrCD promoter region was incubated in the absence (lane 1) and presence of purified YdaF (lane 2), 
and in the presence of both purified YdaF and an excess unlabelled promoter DNA fragment (lane 3). 
Arrows indicate the retarded and non-retarded bands. 
 
 
Other changes in gene expression patterns of L. lactis MDR mutants 
 
The whole transcriptome data is provided in the supplementary materials. Among 
the other genes that show significant (Cyber T baysian p value ≤0.001) deviations 
in expression in the MDR mutants relative to the wild type, three genes showed 
significant changes in 3 of the mutants, 43 genes showed different expression 
levels in 2 of the mutants and 214 genes showed  change in only one of the mutants. 
Among those genes sets of genes that are organized in operon-like structures where 
upregulated, such as the genes involved in purin ribonucleotide biosynthesis, a 
cholin ABC transport system, an oligopeptide ABC transport system, a phosphate 
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ABC transport system, a cytochrome d ABC transport system, genes involved in 
riboflavin biosynthesis,  lipoprotein precursors, and a number of genes involved in 
amino acid and amine metabolism (7). These genes were not studied further 
because none of them specifies a (putative) MDR transporter, nor were they up-
regulated in all four drug resistant L. lactis strains, suggesting they are indirectly 
affected, e.g. as a result of various stress responses 
 
The L. lactis ΔlmrCD is hypersensitive to drugs 
 
The two ABC half-transporters LmrC and LmrD form a stable heterodimeric 
complex that functions as an MDR transporter (24). In order to further investigate 
the physiological role of LmrCD in L. lactis, a large internal deletion of both 
contiguous genes lmrC and lmrD was created using the  method described by 
Leenhouts et al (21) for marker-free gene replacement. Briefly, plasmid 
pORIGAMGKO, which contains a truncated version of lmrCD, with a large 2.1 kb 
deletion, was used to replace wild-type lmrCD by homologous recombination. 
Southern blot hybridization confirmed the deletion (Fig. 3).  
 

 
 
 
Figure 3. Southern hybridization analysis of chromosomal DNAs of L. 
lactis. Genomic DNAs of L. lactis NZ9000 ΔlmrCD (1) and L. lactis 
NZ9000 (2) were digested with XbaI and SalI, and analyzed for the 
presence of lmrCD using an lmrCD-selective probe prepared with the 
PCR DIG labelling mixplus and the primers specified in the 
Experimental procedure section. Lane M represents the molecular 
weight DIG-labelled marker II.  
 

 
L. lactis NZ9000 ΔlmrCD and the parental strain L. lactis NZ9000 were grown in 
the presence of several toxic drugs and the half-maximal growth inhibitory drug 
concentration (IC50) was determined. The ΔlmrCD strain was found to be 
significantly more sensitive to a series of MDR substrates, i.e., Hoechst 33342, 
Daunomycin, Rhodamine 6G, and Cholate (Table 2) that were used to obtain the 
drug resistant variants of L. lactis. On the other hand, the strain shows an unaltered 
sensitivity to a series of antibiotics. The observed drug susceptibility of L. lactis 
NZ9000 ΔlmrCD could be completely rescued by the introduction of a low copy 
number plasmid bearing the lmrCD genes under control of their endogenous 
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promoter (Fig. 4, Hoechst 33342 and Daunomycin) or the nisin-inducible promoter 
PnisA (Fig. 5). 
 
 
Table 2. Susceptibility of L. lactis NZ9000 parental and ΔlmrCD strain for toxic 
compounds. 
 

 

IC50 (μM)a 
Drug 

wild type ΔlmrCD 
Relative resistance 

wild-type/ ΔlmrCDb 

Hoechst 5.55  1.55 3.6 
Daunomycin 55 4.5 12.2 
Cholate 5000 2500 2 
Rhodamine 6G 6.9 4.1 1.7 
Ethidium 4.8 3.7 1.3 
Quinine 2.5 2.5 1 
Tetracycline 0.124 0.124 1 
Erythromycine 0.079 0.074 1 
Kanamycin 57.9 54.8 1 
Chloramphenicol 3.50 3.50 1 
Puromycin 24.2 24.2 1 

aResults shown for two independent experiments. 
 
 
However, cells were not rescued by introduction of a plasmid encoding the LmrCD 
complex with a mutation in the putative catalytic base, E587Q, of LmrD which is 
essential for ATP hydrolysis and functionality (Fig. 5) (25). When LmrCD was 
expressed with the corresponding mutation in the putative catalytic base of LmrC, 
D495N, which only partially interferes with the ATPase and drug extrusion activity 
(25), the drug resistant phenotype of L. lactis NZ9000 ΔlmrCD was partially 
rescued. These data demonstrate that LmrCD is a major determinant of the intrinsic 
drug resistance of L. lactis. 
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Figure 4. Sensitivity of L. lactis strain NZ9000 and ΔlmrCD to daunomycin and Hoechst 33342. 
Cells of L. lactis NZ9000 ΔlmrCD harboring pILLmrCD (1), L. lactis NZ9000 (2), L. lactis NZ9000 
ΔlmrCD harboring the control plasmid pIL252 (3) and L. lactis NZ9000 ΔlmrCD (4) were grown in 
GM17 medium in the presence of increasing concentrations of daunomycin (Panel A) or Hoechst 
33342 (Panel B). The growth rates are plotted as a function of the drug concentration.  
 
 
 
 
 
 
 
 
 
                                         
Figure 5. Expression of LmrCD restores the daunomycin sensitive phenotype of L. lactis NZ9000 
ΔlmrCD. Cells of L. lactis NZ9000 ΔlmrCD harboring pNS8048E vector bearing the wild type 
LmrCD (1), LmrC(D495N)/LmrD (2),  LmrC(D495N) (3), LmrD(E587Q) (4); LmrC/LmrD(E587Q) 
(5), LmrC(D495N)/LmrD(E587Q) (6) or no insert (7) were grown in GM17 medium supplemented 
with 5 μg/ml chloramphenicol, and increasing concentrations of daunomycin. The growth rates are 
plotted as a function of the drug concentration. 
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The L. lactis ΔlmrCD shows an increased accumulation of toxic compounds 
 
Overexpression of LmrCD in wild type L. lactis results in a decreased 
accumulation of several drugs (24). Since the deletion of lmrCD renders cells 
hypersensitive to a range of drugs, while the drug sensitivity can be restored by 
expression of lmrCD, drug export assays were performed with L. lactis NZ9000 
ΔlmrCD cells. The accumulation of the DNA binding dye Hoechst 33342 and the 
pH-sensitive fluorophore BCECF was monitored in the parental and the ΔlmrCD 
strain. Hoechst 33342 is a membrane permeable substrate of LmrCD (24) that is 
essentially non-fluorescent in an aqueous environment, whereas it becomes 
fluorescent upon membrane- and DNA-binding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                              
 
Figure 6. L. lactis NZ9000 ΔlmrCD exhibits an increased level of drug accumulation. The influx of 
Hoechst 33342 (A) and BCECF-AM (B) into L. lactis NZ9000 and L. lactis NZ9000 ΔlmrCD was 
followed fluorometrically in time. Cells were energized with glucose after  approximately 5 min. 
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This feature of Hoechst 33342 allows a rapid monitoring of its intracellular 
accumulation. BCECF-AM is another substrate of LmrCD (24) that can permeate 
the cell. Upon entry, an intracellular esterase cleaves the non-fluorescent BCECF-
AM ester to liberate the membrane- impermeable, fluorescent acid. Since the 
fluorescence of BCECF depends on the pH, the presence of a pH difference across 
the membrane was prevented by the inclusion of the ionophores nigericin and 
valinomycin to the reaction buffer. As shown in Fig. 6, both Hoechst and BCECF 
are accumulated more rapidly and to higher levels in glucose energized NZ9000 
ΔlmrCD cells as compared to the parental strain. The increased drug accumulation 
in L. lactis NZ9000 ΔlmrCD cells could be reversed by the expression of lmrCD, 
demonstrating that LmrCD is responsible for efflux of these toxic compounds.   
 
 
DISCUSSION 
 
In order to determine which gene(s) are responsible for the acquired MDR 
phenotype of a set of multidrug resistant strains of L. lactis that were individually 
selected to grow in the presence of increasing concentrations of rhodamine, 
ethidium, daunomycine or cholate (3), we have performed a combined 
transcriptome/gene disruption analysis. To our surprise, the transcriptome analyses 
of the four MDR strains revealed only the significant up-regulation of the lmrCD 
genes within this large set of putative MDR transporter genes. The lmrCD genes 
encode two ABC half-transporters that have previously been identified to form a 
heterodimeric active MDR pump (24). Sequence analysis of the lmrCD genes from 
the MDR strains did not reveal any mutations that could further add to the drug 
resistance phenotype (van Merkerk, Lubelski and Driessen, unpublished). However, 
the transcriptome analyses showed that another gene, lmrR (ydaF), was found to be 
consistently up-regulated in all of these strains. The gene lmrR is located 
immediately upstream of the lmrCD genes and encodes a putative transcriptional 
regulator of the PadR family. Sequence analysis of lmrR in all four strains suggests 
that the molecular basis of the elevated expression of lmrCD in the MDR mutant 
strains lies in the mutational inactivation of LmrR. Furthermore, the specific 
binding of the purified LmrR to a 205 bp upstream region of the lmrC gene 
comprising the putative promoter region of lmrCD further suggests that LmrR is 
involved in controlling the expression of lmrCD. Based on our transcriptome data, 
LmrR appears to be a negative regulator of lmrCD expression but also of its own 
gene. Future studies should more specifically address the mechanism of regulation 
of drug resistance in L. lactis and reveal the sensing mechanism involved. Another 
putative drug transporter, YxbD, is up-regulated only in the Rhor and Chor strains. 
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YxbD belongs to the MFS of transporters and is homologous to quinolone 
resistance protein NorA from Bacillus thuringiensis (25 % identical amino acids). 
Since this protein was not up-regulated in all four MDR strains it was not studied 
further. The data presented in this study demonstrate that LmrCD is a major drug 
resistance pump involved in acquired drug resistance in L. lactis rather than LmrA 
and LmrP which have previously been characterized in great detail. It should be 
stressed that our current analysis only involved drug resistant strains that were 
challenged with four small molecule toxic compounds. It is well possible that other 
MDR transporters are up-regulated when L. lactis is selected to grow on drugs 
and/or antibiotics different from the ones tested here. 

Our data show that deletion of lmrCD renders L. lactis sensitive to 
daunomycin, hoechst, cholate and rhodamine 6G, and that the increased 
susceptibility is due to a reduced capacity to secrete these compounds from the cell. 
This observation demonstrates that LmrCD is also a major determinant of the 
intrinsic drug resistance in L. lactis. Our analysis is one of the few reports showing 
a distinct multidrug sensitive phenotype upon deletion of a bacterial ABC-type 
MDR system. Phenotypic effects of the disruption of well-characterized ABC-type 
MDR transporters, such as LmrA from L. lactis (10) or BmrA from B. subtilis (44) 
are only minor, while most studies in other bacteria show effects only with proton 
motive force-dependent MDR transporters. A gene disruption approach to unravel 
the contribution of all 34 potential MDR pumps of the Gram-positive bacterium 
Enterococcus faecalis identified several genes as being involved in resistance to 
known antimicrobials (10). Interestingly, 4 of the genes identified in that study 
were ABC transporters.  

The drug sensitive phenotype of L. lactis NZ9000 ΔlmrCD can be restored 
by providing lmrCD in trans on a low copy number plasmid, and not by LmrCD 
mutants defective in ATPase and transport activity (46). To determine whether the 
drug sensitive phenotype of L. lactis NZ9000 ΔlmrCD can be reversed by the 
expression of other, possibly cryptic, MDR transporters, cells were re-selected for 
growth in the presence of increasing concentrations of daunomycin by the method 
that was described previously by Bolhuis et al (3). These attempts did not result in 
any appreciable increase in the drug resistance of L. lactis NZ9000 ΔlmrCD 
(unpublished results). This strongly indicates that LmrCD is a key determinant in 
drug resistance in L. lactis and suggests that ABC MDR transporters play a more 
prominent role in drug resistance of bacteria than previously anticipated.  

Other genes up-regulated in at least one MDR mutant of L. lactis could not 
be directly linked with the MDR phenotype(s) and the observed  changes in their 
expression patterns may be secondary and related to stress imposed by the drug 
used for the challenge. Of special interest is the up-regulation of genes (pst) 
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encoding the phosphate-specific transporter in the Daur strain. Pst was reported 
previously to be associated with a multidrug resistance phenotype in 
Mycobacterium smegmatis (1,2) However, up-regulation of pst genes may also be 
of secondary origin, possibly as a response for higher phosphate requirement of 
Daur strain as a result of higher energy requirement. 

Because of the stable phenotype of L. lactis NZ9000 ΔlmrCD it will be 
particularly suitable to screen for MDR transporters from other Gram-positive 
bacteria. Further strain engineering, as demonstrated for MDR deletion strains of 
Saccharomyces cereviseae (38), may lead to hypersensitivity to a greater number 
of noxious agents, but this will first require the identification of other systems that 
contribute to drug resistance in L. lactis. In this respect, a triple knockout strain 
lacking  lmrA and lmrC and lmrD exhibits the same drug susceptibility as that of 
the ΔlmrCD strain to: Hoechst 33342, ethidium, daunomycin and cholate 
(unpublished results, 46). A hypersensitive L. lactis strain could be a sensitive 
indicator for the genome-wide screening of novel MDR determinants involved in 
resistance development against novel antimicrobials. Currently, for heterologous 
screening, expression and characterization of bacterial MDR systems, drug-
hypersensitive E. coli strains are used as hosts (16,19,20). Because of the 
unpredictability of stable expression, E. coli seems less suited for screening of 
MDR transporters of Gram-positive organisms including many human pathogens 
such as Ent. faecalis, S. pneumoniae, S. pyogenes and Listeria monocytogenes. 
These bacteria all contain homologs of LmrCD, with up to 50-60% identity and, 
remarkably, these homologs exhibit similar genetic organizations. A recent 
analysis of predicted MDR transporters in S. pneumoniae (37) indeed revealed that 
the LmrCD homologs SP2073 and SP2075 encode an MDR transporter. Finally, a 
hypersensitive L. lactis strain would also be beneficial for developing cell-based 
screening systems for novel antimicrobials against Gram-positive organisms. 
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