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 23 

ABSTRACT 24 

 25 

The α−galactosidase gene (aga) of Lactococcus raffinolactis ATCC 43920 was previously shown 26 

to be an efficient food-grade selection marker in Lactococcus lactis and Pediococcus acidilactici 27 

but not in Streptococcus thermophilus. In this study, we demonstrated that the α-galactosidase of28 

L. raffinolactis is thermolabile and inoperative at 42˚C, the optimal growth temperature of 29 

S. thermophilus. An in vitro assay indicated that the activity of this α-galactosidase at 42˚C was 30 

only 3% of that at 30˚C, while the enzyme retained 23% of is activity at 37˚C. Transformation of 31 

S. thermophilus RD733 with the shuttle-vector pNZ123 bearing the aga gene of L. raffinolactis 32 

(pRAF301) generated transformants that were stable and able to grow on melibiose and raffinose 33 

at 37˚C or below. The transformed cells possessed six-fold more α-galactosidase activity after 34 

growth on melibiose than cells grown on lactose. Slot blot analyses of aga mRNA indicated that 35 

repression by lactose occurred at the transcription level. The presence of pRAF301 did not 36 

interfere with the lactic acid production when the transformed cells of S. thermophilus were 37 

grown at the optimal temperature in milk. Using the recombinant plasmid pRAF301, which 38 

carries a chloramphenicol resistance gene in addition to aga, we showed that both markers were 39 

equally efficient at differentiating transformed from non-transformed cells. Taken altogether, the 40 

aga gene of L. raffinolactis can be used as a highly efficient selection marker in S. thermophilus.41 

 42 

Keywords: Lactococcus raffinolactis, vector, melibiose, raffinose, lactic acid bacteria 43 

Abbreviation key: GRAS = generally recognized as safe, LAB = lactic acid bacteria,  44 

45 
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INTRODUCTION 45

46 

Streptococcus thermophilus is a lactic acid bacterium (LAB) used to manufacture yogurt 47 

and a number of cheeses. The extensive commercial use of this bacterium led to several 48 

fundamental and applied studies aimed at increasing our understanding of this LAB, in order to 49 

select better strains or to improve them through genetic modification (Turgeon et al., 2004; 50 

Vadeboncoeur and Moineau, 2004). Very few molecular tools are available for the genetic 51 

engineering of S. thermophilus. Such tools should be food-grade and applicable under laboratory 52 

and industrial conditions (Hansen, 2002). Food-grade systems are defined as an association of 53 

DNA that originates exclusively from "generally recognized as safe" (GRAS) organisms, 54 

including the selection marker (Johansen, 1999; Hansen, 2002; Kondo and Johansen, 2002). The 55 

criteria used for the classification as a food-grade marker include the safety of the genetic 56 

material transferred in the host, food compatibility, the absence of antibiotic resistance markers, 57 

the non-use of harmful compounds, and the applicability on an industrial scale or in food 58 

products (de Vos, 1999; Hansen, 2002). For a recent review on food-grade vectors, the readers are 59 

referred to Shareck et al. (2004). 60 

 61 

Two general strategies are normally used to introduce genetic material into a relevant LAB: [1] 62 

integration into the host genome by homologous recombination (Biswas et al., 1993; Gosalbes et 63 

al., 2000; Henrich et al., 2002; Sasaki et al., 2004) or phage-mediated integration (MacCormick et 64 

al., 1995; Lillehaug et al., 1997; Martin et al., 2000); [2] introduction of autonomously replicating 65 

plasmids (Kok et al., 1984; Boucher et al., 2002; El Demerdash et al., 2003; Wong et al., 2003). 66 

Plasmids are often preferred because many copies of the target gene may be needed to obtain the 67 
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desired phenotype, notably for phage-resistance systems (O'Sullivan et al., 1995; Bouchard et al., 68 

2002; Émond et al., 1997, 1998).  69 

 70

Few food grade markers are available for S. thermophilus. The cadmium resistance is a dominant 71 

selection marker, encoded by the cadA and cadC genes of L. lactis, and was successfully used in 72 

S. thermophilus (Liu et al., 1997; Wong et al., 2003). A β-galactosidase gene was proposed as a 73 

complementation marker for lactose-negative S. thermophilus strains (Herman and McKay, 74 

1986). A shsp gene encoding a putative small heat shock protein conferring heat and acid 75 

resistance was also used as a food-grade selection in S. thermophilus (El Demerdash et al., 2003). 76 

Finally, thymidilate synthase genes from S. thermophilus or Lactobacillus delbrueckii subsp. 77 

bulgaricus, were shown to be suitable a selection marker in thymidine-requiring mutants of S.78 

thermophilus (Sasaki et al., 2004).  79 

 80 

The limitation of dominant selection markers is linked to the natural occurrence of the phenotype 81 

in S. thermophilus while complementation markers may be inconvenient to use as they require the 82 

prior isolation of appropriate mutants (Boucher et al., 2002). A dominant selection marker that 83 

takes advantage of the inability of a number of LAB strains to ferment melibiose was recently 84 

developed (Boucher et al., 2002). The dominant marker is based on the aga gene of Lactococcus 85 

raffinolactis, which is expressed using its own constitutive promoter (Boucher et al., 2002, 2003). 86 

This gene codes for an α-galactosidase that catalyzes the hydrolysis of the α 1−4 link of 87 

melibiose and the release of the two monosaccharides, glucose and galactose. This gene is able to 88 

convert the mesophilic species Lactococcus lactis and Pediococcus acidilactici from a melibiose-89 

negative to a melibiose-positive phenotype. This marker was not functional in S. thermophilus 90 
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(Boucher et al., 2002). This result was unexpected because the LacS transporter of 91 

S. thermophilus, which is partially constitutive (Vaughan et al., 2001), is able to transport 92 

melibiose as well as lactose (Poolman et al., 1992; Veenhoff and Poolman, 1999). The presence 93

of a functional α-galactosidase in S. thermophilus should allow its grow on melibiose by the 94 

metabolism of the glucose residue via the glycolytic Embden-Meyerhof-Parnas pathway. In this 95 

work, we show that the aga gene of L. raffinolactis can indeed be used as a dominant food-grade 96 

selection marker in S. thermophilus when the cells are grown at 37˚C or below.97 
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 MATERIALS AND METHODS 98

99 

Bacterial strain, bacteriophage, plasmids, and media 100 

The bacterial strain, plasmids, and phage used in this study are listed in Table 1. Unless 101 

mentioned otherwise, S. thermophilus was grown on M17 medium (Quélab, Montréal, Québec, 102 

Canada) at 42˚C. The carbohydrate fermentation assay was carried out in the Bromocresol Purple 103 

medium (BCP medium) (2% tryptone, 0.5% yeast extract, 0.4% NaCl, 0.15% Na-acetate, 104 

40 mg/liter Bromcresol Purple) (Boucher et al., 2002; McKay et al., 1972). Cultures used for 105 

transcriptional analyses were grown in the same medium but without the Bromocresol Purple. 106 

Sugars were filter-sterilized (0.22 µm) and added at a final concentration of 0.5% in BCP or M17. 107 

The plasmid pRAF301 used in this study is a 2.5 kb PCR product composed of the aga gene of 108 

L. raffinolactis ATCC 43920 (accession number AY164273) cloned into the shuttle vector 109 

pNZ123 (Boucher et al., 2002). Plasmid pNZ123 (de Vos, 1987) carries a chloramphenicol acetyl 110 

transferase (cat) gene used for clone selection in both E. coli and S. thermophilus hosts. When 111 

needed, chloramphenicol was added to the growth medium at a concentration of 5 µg/ml. The 112 

virulent bacteriophage DT1, which is capable of propagating in S. thermophilus RD733, was used 113 

in a spot assay to confirm the identity of the transformants (Tremblay and Moineau, 1999). Sugar 114 

fermentation patterns were determined using API 50 CH strips with API 50 CHL medium 115 

(BioMérieux, St-Laurent, Québec, Canada) incubated at either 37˚C or 42˚C.  116 

 117 

Plasmid isolation and electrotransformation 118 

S. thermophilus plasmid DNA was isolated using silica-based method as described 119 

previously (Émond et al., 2001), with the following modifications: the lysozyme concentration 120 
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was increased to 60 mg/ml and the corresponding incubation was extended to 30 min at 37˚C. 121 

The protocol used for the electrotransformation of S. thermophilus was modified from the 122 

glycine-shock protocol reported elsewhere (Buckley et al., 1999). S. thermophilus cells were first 123 

grown at 42˚C in 100 ml of M17 medium containing of 0.5% lactose. When the culture reached 124 

an OD600nm of 0.5, 100 ml of M17 containing 0.8 M sorbitol, 20% glycine, and 0.5% lactose was 125 

added to the medium. The culture was incubated at 42˚C for an additional 60 min. The cells were 126 

collected by centrifugation and washed three times in cold electroporation buffer (0.4 M sorbitol, 127 

10% glycerol) and resuspended in a final volume of 1 ml. The cells were either used immediately 128 

or quickly frozen in an isopropanol (80%) bath maintained at –80˚C. For electroporation, the cells 129 

were thawed on ice, and 40 µl of cells were combined with 1 µg of plasmid DNA and transferred 130 

to a prechilled 0.2 cm electroporation cuvette (Bio-Rad, Mississauga, Ontario, Canada). The 131 

electroporation was performed using a Bio-Rad Gene Pulser apparatus with a Bio-Rad pulse 132 

controller set at 2.5 kV, 200 ohms, and 25 µF. The cells were then immediately recovered in 1 ml 133 

of cold recuperation medium (M17 with 0.4 M sorbitol, 20 mM MgCl2, 2 mM CaCl2, and 0.5% 134 

lactose). After resting on ice for 5 min, the cells were incubated at 42˚C for 2 h. Aliquots were 135 

then plated on appropriate selective media.  136 

 137 

Alpha-galactosidase activity 138 

The α-galactosidase activity was measured as previously described (Boucher et al., 2002, 139 

2003) with the following modifications: strains were grown in medium with 0.5% of the 140 

appropriate sugar but without Bromocresol Purple until the OD600nm reached 0.3. Pellets from 141 

10 ml cultures were washed twice with 1 ml of sodium phosphate buffer (50 mM, pH 7.0) and 142 

lysed with glass beads. The cell lysates (0.5 ml) were cleared by centrifugation and dialyzed 143 
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(6000–8000 kDa pores) against 250 ml of sodium phosphate buffer for 15 min as described 144 

previously (Boucher et al., 2002). The protein concentrations of the cell extracts were determined 145 

using the Bio-Rad DC protein assay. The α-galactosidase activity was assayed at 30˚C, 37˚C, and 146 

42˚C at pH 7.0 using p-nitrophenyl-α-D-galactopyranoside (Sigma-Aldrich, Oakville, Ontario, 147 

Canada) as the substrate. 148 

 149 

Transcriptional analysis 150 

Total RNA was isolated from S. thermophilus as reported elsewhere (Boucher et al., 151 

2002), with the following modifications: 1 ml of a cell culture (OD600nm of 0.3) was mixed with 152 

100 µl of rifampicin (2.5 mg/ml in methanol) and pelleted. The cells were gently resuspended in 153 

100 µl of a lysozyme solution (60 mg/ml) diluted in 20% sucrose and incubated at 37˚C for 154 

15 min. Total RNA was extracted using the RNeasy kit (Qiagen, Chatsworth, CA). Following the 155 

RNAse-free DNAse treatment, a slot blot analysis was performed on a positively charged Nylon 156 

membrane (Roche Diagnostic, Laval, Québec, Canada) using a Bio-Dot SF apparatus (Bio-Rad). 157 

One microgram of total RNA from each sample was denatured and applied to the slot blot 158 

apparatus (Sambrook and Russell, 2001). After fixing by UV exposure, the RNA was detected by 159 

a probe generated using a PCR DIG-labeling kit and corresponding to an 882 bp internal fragment 160 

of the L. raffinolactis ATCC 43920 aga gene (Primers: Raf66 5'-GCC CGC ATT TGC GCT 161 

GTA AT and Raf69 5'-GGG ATG GCA CCA GTT GTC AT). 162 

 163 

Growth properties and plasmid stability 164 

The growth of S. thermophilus strains in M17 medium supplemented with 0.2% lactose 165 

and chloramphenicol (5 µg/ml), when applicable, was monitored by following the OD660nm at 166 
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42˚C. Generation times were calculated for cultures in exponential growth phase by plotting the 167 

logarithm of the OD660nm against time. The values represent the means of three separate 168 

experiments. For growth in milk, S. thermophilus strains were inoculated at 5% (vol/vol) from an 169 

overnight culture (LM17) in 10 ml pasteurized milk (Natrel) and an aliquot was immediately 170 

taken for pH reading at time zero. The tubes were then incubated at 42˚C for seven hours. A 171 

second pH reading was taken and the ∆pH was obtained by substracting both values. The milk 172 

acidification assay was also performed in triplicates. To demonstrate the stability of the plasmid 173 

carrying the aga gene from L. raffinolactis, S. thermophilus RD733 carrying pNZ123 and 174 

S. thermophilus RD733 harboring pRAF301 were repeatedly cultivated in LM17 at 42˚C for 175 

7 days without chloramphenicol. One hundred colonies of each strain were picked at random and 176 

tested for their resistance to chloramphenicol and, when applicable, growth on melibiose (at 177 

37˚C). 178 

 179 

RESULTS AND DISCUSSION 180 

 181 

The aga gene of L. raffinolactis ATCC 43920 can confer a melibiose fermentation phenotype 182 

on S. thermophilus 183 

We previously reported that S. thermophilus transformants containing pRAF301, a 184 

plasmid carrying the L. raffinolactis aga gene and its endogeneous promoter are unable to grow 185 

on melibiose (Boucher et al., 2002). However, the ability of these transformants to grown on 186 

melibiose was only tested at 42˚C, the optimal growth temperature for S. thermophilus but a non-187 

permissive growth temperature for L. raffinolactis. When the incubation temperature for 188 

S. thermophilus was decreased to 37˚C, the industrial S. thermophilus RD733 strain carrying 189 
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pRAF301 was able to grow on a BCP medium containing melibiose. To confirm that melibiose 190 

fermentation by the S. thermophilus transformant was temperature-dependent, API strips were 191 

inoculated either with S. thermophilus RD733 containing the shuttle-vector pNZ123 or with 192 

S. thermophilus RD733 containing pRAF301 and incubated at 37˚C or 42˚C. Unlike the 193 

S. thermophilus strain carrying pNZ123, which was unable to ferment melibiose at either 194 

temperature, the strain carrying pRAF301 was able to ferment melibiose and raffinose at 37˚C but195 

not at 42˚C. These results suggest that the α-galactosidase of L. raffinolactis is thermolabile or 196 

that the aga gene is not transcribed at 42˚C, or both. 197 

 198 

Temperature sensitivity of the L. raffinolactis α-galactosidase 199 

S. thermophilus RD733 carrying pRAF301 was grown at 30˚C in a melibiose-containing 200 

medium and a cell extract was obtained as described in Materials and Methods. The 201 

α-galactosidase activity of the cell extract was determined at 30˚C, the optimal growth 202 

temperature of L. raffinolactis, as well as at 37˚C and 42˚C (Table 2). When the temperature of 203 

the enzymatic assay was set at 42˚C, only 3% of the α-galactosidase activity found at 30˚C was 204 

detected in the cell extract. Likewise, only 24% of the α-galactosidase activity was retained at 205 

37˚C.  206 

 207 

Effect of lactose and temperature on aga expression 208 

To determine the effect of lactose, the principal sugar found in milk, on the expression of 209 

α-galactosidase, S. thermophilus RD733 cells carrying pRAF301 were grown on lactose at 30˚C210 

and α-galactosidase activity was measured in cell extracts at 37˚C. The α-galactosidase activity 211 

was six-fold lower in lactose- than in melibiose-grown cells (Table 2). To determine whether the 212 
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lactose repression occurred at the transcription level, total RNA was isolated during the 213 

exponential growth of S. thermophilus RD733 containing pRAF301 or pNZ123. An internal 214 

portion of the aga gene was used as a probe to detect specific mRNA (Figure 1). The amount of 215 

aga mRNA in S. thermophilus harboring pRAF301 was much lower in lactose- than in melibiose-216 

grown cells, which is consistent with the levels of α-galactosidase activities. As expected, no aga217 

mRNA was detected in S. thermophilus RD733 harboring the cloning vector pNZ123. The 218 

decrease in aga mRNA levels and α-galactosidase activity caused by growth on lactose suggested 219 

that the expression of aga is subject to repression by lactose. In S. thermophilus, lactose caused 220 

partial repression of the lactose operon by a mechanism involving the transcriptional regulator 221 

CcpA (van den Bogaard et al., 2000). This regulatory protein recognizes a specific DNA 222 

sequence called cre (catabolite responsive element) in the promoter region of target operons 223 

(Hueck et al., 1994; Miwa et al., 2000). A cre sequence encompasses the –35 region of the aga224 

promoter (Boucher et al., 2002), suggesting a possible regulatory role for CcpA during growth on 225 

lactose. 226 

 227 

To determine whether the growth temperature had an effect on the transcription of aga, we 228 

compared the amounts of aga mRNA in cells grown on lactose at 37˚C and 42˚C. The 229 

transcription of aga was similar at both temperatures (Fig. 1, lanes 2 and 5), indicating that the 230 

inability of the transformants to grow on melibiose at 42oC most likely resulted from the heat 231 

sensitivity of the L. raffinolactis α-galactosidase rather than inefficient transcription of aga.232 

 233 

The aga gene may be used as a dominant selection marker on BCP medium 234 
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The efficacy of the aga gene as a dominant selection marker was determined by 235 

electroporating pRAF301 into the industrial S. thermophilus strains RD733. BCP medium was 236 

used to select melibiose-positive transformants on solid media because, unlike M17, it does not 237 

support residual growth without an external carbon source (data not shown). The ability to 238 

recover transformants on melibiose-containing medium using aga as a selection marker was also 239 

compared to the chloramphenicol resistance marker (Cm), which is also present on pRAF301. 240 

Following electroporation, S. thermophilus RD733 cells were plated on BCP-Mel, BCP-Mel-Cm, 241 

and BCP-Lac-Cm (Table 3). Similar electroporation efficiencies were obtained with each 242 

medium, showing that selection using melibiose is equivalent to selection using chloramphenicol. 243 

Fifty colonies were randomly picked from lactose plates containing chloramphenicol and streaked 244 

on melibiose medium. Forty-nine clones were able to readily grow on melibiose, confirming the 245 

presence and stability of the aga gene. 246 

 247 

Plasmid stability and growth properties 248 

Plasmid stability assays showed that pNZ123 and pRAF301 were highly stable in 249 

S. thermophilus RD733. Indeed, 98% to 99% of the colonies tested retained their ability to grow 250 

on chloramphenicol and melibiose (for pRAF301) even after repeated culturing without selective 251 

pressure (Table 4). The generation times (at 42˚C in LM17 medium) of the wild-type strain 252 

S. thermophilus RD733 as well as S. thermophilus RD733 carrying pNZ123 were identical at 253 

29 min (Table 4). Under the same conditions, S. thermophilus harboring pRAF301 had a slightly 254 

longer generation time of 35 min in LM17 medium. The three strains were also grown in 255 

pasteurized milk and the milk acidification was monitored by measuring the difference in pH 256 

following a seven-hour incubation period at 42˚C. The milk assay showed that all three strains 257 
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decreased the pH at the same level (Table 4). This data suggest that the presence of pRAF301 has 258 

no effect on metabolic activities associated with milk acidification. 259 

 260 

CONCLUSION 261 

 262 

The aga gene was isolated from a GRAS organism and a plasmid containing aga was 263 

readily introduced into one industrial S. thermophilus strain. The  α-galactosidase activity is 264 

inefficient at 42˚C, the optimum growth temperature of S. thermophilus, and its expression is 265 

down-regulated when the cells are cultivated on lactose, the main sugar in milk. This marker can 266 

thus be used in the laboratory to select recombinant S. thermophilus strains at 37˚C on a267 

melibiose-containing medium. The marker did not interfere with the acidification of milk during 268 

fermentation. We are currently investigating the replication machinery of several natural 269 

S. thermophilus plasmids (Turgeon and Moineau, 2001, Turgeon et al., 2004) to identify several 270 

replicons that could be used in combination with the aga gene of L. raffinolactis to construct 271 

novel food-grade vectors. 272 

 273 

ACKNOWLEDGMENTS 274 

 275 
We would like to thank M. Couture, D. Tremblay, and K. Vaillancourt for helpful discussions 276 

and G. Bourgeau for editorial assistance. We are grateful to Danisco for providing S. thermophilus 277 

RD733. This work was supported by the Fonds de Recherche sur la Nature et les Technologies 278 

(FQRNT), Novalait inc., and the Natural Sciences and Engineering Research Council of Canada 279 

(NSERC). 280 

281 



Labrie, Bart, Vadeboncoeur, and Moineau. 14

REFERENCES 281 

 282 

Biswas, I., A. Gruss, A., S.D. Ehrlich, and E. Maguin. 1993. High-efficient inactivation and 283 

replacement system for Gram-positive bacteria. J. Bacteriol. 175:3625– 3628. 284 

 285 

Bouchard, J. D., É. Dion, F. Bissonnette, and S. Moineau. 2002. Characterization of the two-286 

component abortive phage infection mechanism AbiT from Lactococcus lactis. J. Bacteriol. 287 

184:6325-6332. 288 

 289 

Boucher, I., M. Parrot, H. Gaudreau, C. P. Champagne, C. Vadeboncoeur, and S. Moineau. 2002. 290 

Novel food-grade plasmid vector based on melibiose fermentation for the genetic engineering of 291 

Lactococcus lactis. Appl. Environ. Microbiol. 68:6152-6161.  292 

 293 

Boucher, I., C. Vadeboncoeur, and S. Moineau. 2003. Characterization of genes involved in the 294 

metabolism of alpha-galactosides by Lactococcus raffinolactis. Appl. Environ. Microbiol. 295 

69:4049-4056. 296 

 297 

Buckley, N. D., C. Vadeboncoeur, D. J. LeBlanc, L. N. Lee, and M. Frenette. 1999. An effective 298 

strategy, applicable to Streptococcus salivarius and related bacteria, to enhance or confer 299 

electroporation competence. Appl. Environ. Microbiol. 65:3800-3804. 300 

 301 

de Vos, W. M. 1987. Gene cloning and expression in lactic streptococci. FEMS Microbiol. Rev. 302 

46:281-295. 303 



Labrie, Bart, Vadeboncoeur, and Moineau. 15

 304 

de Vos, W. M. 1999. Safe and sustainable systems for food-grade fermentations by genetically 305 

modified lactic acid bacteria. Int. Dairy J. 9:3-10. 306 

 307 

El Demerdash H. A. M., K. J. Heller, and A. Geis. 2003. Application of the shsp gene, encoding a 308 

small heat shock protein, as a food-grade selection marker for lactic acid bacteria. Appl. Environ. 309 

Microbiol. 69:4408-4412. 310 

 311 

Émond, É., É. Dion, S. A. Walker, E. R. Vedamuthu, J. K. Kondo, and S. Moineau. 1998. AbiQ, 312 

an abortive infection mechanism from Lactococcus lactis. Appl. Environ. Microbiol. 64:4748-313 

4756. 314 

 315 

Émond, É., B. J. Holler, I. Boucher, P. A. Vandenbergh, E. R. Vedamuthu, J. K. Kondo, and S. 316 

Moineau. 1997. Phenotypic and genetic characterization of the bacteriophage abortive infection 317 

mechanism AbiK from Lactococcus lactis. Appl. Environ. Microbiol. 63:1274-1283. 318 

 319 

Émond, É., R. Lavallée, G. Drolet, S. Moineau, and G. LaPointe. 2001. Molecular 320 

characterization of a theta replication plasmid and its use for development of a two-component 321 

food-grade cloning system for Lactococcus lactis. Appl. Environ. Microbiol. 67:1700-1709. 322 

 323 

Gosalbes, M. J., C. D. Esteban, J. L. Galán, and G. Pérez-Martínez. 2000. Integrative food-grade 324 

expression system based on the lactose regulon of Lactobacillus casei. Appl. Environ. Microbiol. 325 

66:4822-4828. 326 



Labrie, Bart, Vadeboncoeur, and Moineau. 16

 327 

Hansen, E. B. 2002. Commercial bacterial starter cultures for fermented foods of the future. Int. J. 328 

Food Microbiol. 78:119-131. 329 

 330 

Henrich, B., J. R. Klein, B. Weber, C. Delorme, P. Renault, and U. Wegmann. 2002. Food-grade 331 

delivery system for controlled gene expression in Lactococcus lactis. Appl. Environ. Microbiol. 332 

68:5429-5436. 333 

 334 

Herman, R. E., and L. L. McKay. 1986. Cloning and expression of the beta-D-galactosidase gene 335 

from Streptococcus thermophilus in Escherichia coli. Appl. Environ. Microbiol. 52:45-50. 336 

 337 

Hueck, C. J., W. Hillen, and M. H. Saier Jr. 1994. Analysis of a cis-active sequence mediating 338 

catabolite repression in Gram-positive bacteria. Res. Microbiol. 145:503-518. 339 

 340 

Johansen, E. 1999. Genetic engineering (b) Modification of bacteria. Pages 917-921 in 341 

Encyclopedia of Food Microbiology (Robinson, R., Batt, C. and Patel, P., eds). Academic Press, 342 

London. 343 

 344 

Kok, J., J.M.B.M. van der Vossen, and G. Venema. 1984. Construction of plasmid cloning 345 

vectors for lactic streptococci which also replicate in Bacillus subtilis and Escherichia coli. Appl. 346 

Environ. Microbiol. 48, 726–731. 347 

 348 



Labrie, Bart, Vadeboncoeur, and Moineau. 17

Kondo, J.K. and E. Johansen. 2002. Product development strategies for foods in the era of 349 

molecular biotechnology. Antonie van Leeuwenhoek 82:291-302. 350 

 351 

Lillehaug, D., I. F. Nes, and N. K. Birkeland. 1997. A highly efficient and stable system for site-352 

specific integration of genes and plasmids into the phage phiLC3 attachment site (attB) of the 353 

Lactococcus lactis chromosome. Gene 188:129-136. 354 

 355 

Liu, C. Q., N. Khunajakr, G. C. Lian, Y. M. Deng, P. Charoenchai, and N. W. Dunn. 1997.356 

Genetic analysis of regions involved in replication and cadmium resistance of the plasmid 357 

pND302 from Lactococcus lactis. Plasmid 38:79–90. 358 

 359 

MacCormick, C. A., H. G. Griffin, and M. J. Gasson. 1995. Construction of a food-grade 360 

host/vector system for Lactococcus lactis based on the lactose operon. FEMS Microbiol. Lett. 361 

127:105-109. 362 

 363 

Martín, M. C., J. C. Alonso, J. E. Suárez, and M. A. Alvarez. 2000. Generation of food-grade 364 

recombinant lactic acid bacterium strains by site-specific recombination. Appl. Environ. 365 

Microbiol. 66:2599-2604. 366 

 367 

McKay, L.L., K.A. Baldwin, and E.A. Zottola. 1972. Loss of lactose metabolism in lactic 368 

streptococci. Appl. Microbiol. 23:1090-1096. 369 

 370 



Labrie, Bart, Vadeboncoeur, and Moineau. 18

Miwa, Y., A. Nakata, A. Ogiwara, M. Yamamoto, and Y. Fujita. 2000. Evaluation and 371 

characterization of catabolite-responsive elements (cre) of Bacillus subtilis. Nucleic Acids Res. 372 

28:1206-1210. 373 

 374 

O'Sullivan, D. J., K. Zagula, and T. R. Klaenhammer. 1995. In vivo restriction by LlaI is encoded 375 

by three genes, arranged in an operon with llaIM, on the conjugative Lactococcus plasmid 376 

pTR2030. J Bacteriol. 177:134-143. 377 

 378 

Poolman, B., R. Modderman, and J. Reizer. 1992. Lactose transport system of Streptococcus 379 

thermophilus. The role of histidine residues. J. Biol. Chem. 267:9150-9157. 380 

 381 

Sambrook, J., and D. W. Russell. 2001. Molecular cloning: a laboratory manual. 3rd edition. 382 

Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 383 

 384 

Sasaki, Y., Y. Ito, and T. Sasaki. 2004. thyA as a selection marker in construction of food-grade 385 

host-vector and integration systems for Streptococcus thermophilus. Appl. Environ. Microbiol. 386 

70:1858-1864. 387 

 388 

Shareck, J., Y. Choi, B. Lee, and C. B. Miguez. 2004. Cloning vectors based on cryptic plasmids 389 

isolated from lactic acid bacteria: their characteristics and potential applications in biotechnology. 390 

Crit. Rev. Biotechnol. 24:155-208. 391 

 392 



Labrie, Bart, Vadeboncoeur, and Moineau. 19

Tremblay, D. M., and S. Moineau. 1999. Complete genomic sequence of the bacteriophage DT1 393 

of Streptococcus thermophilus. Virology 255:63-76. 394 

 395 

Turgeon, N., and S. Moineau. 2001. Isolation and characterization of a Streptococcus 396 

thermophilus plasmid closely related to the pMV158 family. Plasmid 45:171-183. 397 

 398 

Turgeon, N., M. Frenette, and S. Moineau. 2004. Characterization of a theta-replicating plasmid 399 

from Streptococcus thermophilus. Plasmid 51:24-36. 400 

 401 

Vadeboncoeur, C., and S. Moineau. 2004. The relevance of genetic analysis to dairy bacteria: 402 

building upon our heritage. Microb. Cell Fact. 3:15. 403 

 404 

van den Bogaard, P. T. C., M. Kleerebezem, O. P. Kuiper, and W. M. de Vos. 2000. Control of 405 

lactose transport, beta-galactosidase activity, and glycolysis by CcpA in Streptococcus 406 

thermophilus: evidence for carbon catabolite repression by a non-phosphoenolpyruvate-dependent 407 

phosphotransferase system sugar. J. Bacteriol. 182:5982-5989. 408 

 409 

Vaughan, E. E., P. T. C. van den Bogaard, P. Catzeddu, O. P. Kuipers, and W. M. de Vos. 2001. 410 

Activation of silent gal genes in the lac-gal regulon of Streptococcus thermophilus. J. Bacteriol. 411 

183:1184-1194. 412 

 413 



Labrie, Bart, Vadeboncoeur, and Moineau. 20

Veenhoff, L. M., and B. Poolman. 1999. Substrate recognition at the cytoplasmic and 414 

extracellular binding site of the lactose transport protein of Streptococcus thermophilus. J. Biol. 415 

Chem. 274:33244-33250. 416 

 417 

Wong, W. Y., P. Su, G. E. Allison, C.-Q. Liu, and N. W. Dunn. 2003. A potential food-grade 418 

cloning vector for Streptococcus thermophilus that uses cadmium resistance as the selectable 419 

marker. Appl. Environ. Microbiol. 69:5767-5771. 420 

421 



Labrie, Bart, Vadeboncoeur, and Moineau. 21

Table 1. Bacteria, bacteriophage, and plasmids used in this study. 421 
 422 

Bacterial strain and 
plasmids 

Relevant Characteristics a Source 

Streptococcus thermophilus 
RD733 

Industrial strain, Glu+, Lac+, Mel-, Raf -, Suc+ Danisco 

 
pNZ123 E. coli/S. thermophilus shuttle cloning vector, 

Cmr
de Vos, 1987 

pRAF301 2.5 kb PCR amplicon containing the aga gene 
of Lactococcus raffinolactis ATCC 43920 
cloned into pNZ123, Cmr

Boucher et al., 
2002 

 
Phage DT1 cos-type phage capable of infecting strains 

RD733 
Tremblay and 

Moineau, 1999 
a Cmr, Chloramphenicol resistance; Glu, Glucose; Lac, Lactose; Mel, Melibiose; Raf, Raffinose; 423 

Suc, Sucrose. 424 

 425 

 426 

Table 2. Effect of temperature on α-galactosidase activity in S. thermophilus RD733 containing 427 

pRAF301. 428 

Temperature Activity a for cells grown on 
Melibiose Lactose 

30oC 2531 ± 295 ND b 

37oC 611 ± 102 107 ± 30
42oC 83 ± 39 ND 

429 

a Values are the means ± standard error of 18 measurements from two cell extract quantities from 430 

three independent experiments. Activities are expressed as nanomoles of p-nitrophenol formed 431 

per milligram of total protein per minute. No activity was detected with the RD733 strain carrying 432 

pNZ123 (Mel-) when grown on lactose. Cells were grown at 30oC. 433 

b ND, Not determined. 434 

435 
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Table 3. Electroporation efficiencies of pRAF301 and pNZ123 into S. thermophilus RD733. 435 

Selective Media Electroporation Efficiency a 
pRAF301 pNZ123 

Melibiose 5.1 ± 1.1 x104 -
Melibiose-Cm 5.3 ± 1.0 x104 -
Lactose-Cm 8.3 ± 2.7 x104 1.0 ± 0.75 x106

a Values are the means ± standard error of three independent experiments expressed as numbers 436 

of transformants per µg of DNA per ml of electrocompetent cells.  437 

 438 

 439 

 440 

Table 4. Plasmid stability, generation time and milk acidification assays. 441 

S. thermophilus 
strains 

Plasmid stability in 
LM17 a

Generation time in 
LM17b

Milk acidification b,c

RD733 - 29 ± 2 min 2.30 ± 0.08 
RD733 + pNZ123 98 29 ± 1 min 2.24 ± 0.06 

RD733 + pRAF301 99 35 ± 2 min 2.38 ± 0.06 
a One hundred colonies were tested for the presence of plasmids after repeated culturing in LM17 442 

without chloramphenicol. The values indicate the number of colonies that were able to grow in 443 

the presence of melibiose and/or chloramphenicol after reapeated culturing. 444 

b Values are the means ± standard error of three independent experiments.  445 

c The values indicate the ∆pH obtained after seven hours of milk fermentation at 42˚C.  446 

447 
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 447 

 448 

 449 

 450 

 451 

 452 

Figure 1. Slot blot hybridization using an 882 bp PCR-DIG-labeled internal section of the 453 

L. raffinolactis aga gene. Total RNA was isolated from S. thermophilus RD733 containing 454 

pRAF301 grown in the presence of melibiose at 37oC (lane 1), lactose at 42oC (lane 2), and 455 

lactose at 37oC (lane 5). Total RNA was isolated from S. thermophilus RD733 carrying pNZ123 456 

grown in the presence of lactose at 37oC (lane 3) and lactose at 42oC (lane 4) and used as negative 457 

controls. S. thermophilus containing pRAF301 does not grow at 42oC in the presence of 458 

melibiose. 459 

1 2 43 51 2 43 5
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