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Plasmid pSt04 of Streptococcus thermophilus contains a gene encoding a protein with homology to small heat
shock proteins (A. Geis, H. A. M. El Demerdash, and K. J. Heller, Plasmid 50:53-69, 2003). Strains cured from
the shsp plasmids showed significantly reduced heat and acid resistance and a lower maximal growth temper-
ature. Transformation of the cloned shsp gene into S. thermophilus St11 lacking a plasmid encoding shsp
resulted in increased resistance to incubation at 60°C or pH 3.5 and in the ability to grow at 52°C. A food-grade
cloning system for S. thermophilus, based on the plasmid-encoded shsp gene as a selection marker, was
developed. This approach allowed selection after transfer of native and recombinant shsp plasmids into
different S. thermophilus and Lactococcus lactis strains. Using a recombinant plasmid carrying an erythromycin
resistance (Em") gene in addition to shsp, we demonstrated that both markers are equally efficient in selecting
for plasmid-bearing cells. The average transformation rates in S. thermophilus (when we were selecting for heat
resistance) were determined to be 2.4 x 10* and 1.0 X 10* CFU/0.5 pg of DNA, with standard deviations of 0.54
x 10* and 0.32 X 10%, for shsp and Em" selection, respectively. When we selected for pH resistance, the average
transformation rates were determined to be 2.25 X 10% and 3.8 X 10°> CFU/0.5 pg of DNA, with standard
deviations of 0.63 X 10* and 3.48 X 10>, for shsp and Em" selection, respectively. The applicability of shsp as
a selection marker was further demonstrated by constructing S. thermophilus plasmid pHRM1 carrying the shsp
gene as a selection marker and the restriction-modification genes of another S. thermophilus plasmid as a

functional trait.

Plasmids are widely distributed among the mesophilic lacto-
cocci, in which they encode several functions that are essential
for dairy fermentation, such as lactose and protein metabolism
and aroma and exopolysaccharide synthesis. Genes for bacte-
riophage defense systems, as well as for bacteriocin production
and immunity, have also been located on lactococcal plasmids
(for a review, see reference 20).

In contrast to lactococcal strains, only a few Streptococcus
thermophilus strains carry plasmids, and of these strains most
carry a limited number of plasmids that are classified into five
homology groups (12, 15, 24, 29). Many plasmids in S. ther-
mophilus are cryptic, since no obvious phenotypic traits appear
to be associated with the presence of these plasmids. However,
a few S. thermophilus plasmids have recently been described
that carry, in addition to genes encoding replication functions,
genes encoding small heat shock proteins (24, 28) or restric-
tion-modification enzymes (24, 27). Since plasmids play an
important role in the development and application of tech-
niques for the genetic manipulation of key industrial traits in
food-grade lactic acid bacteria (2, 14, 17, 25), we wanted to
evaluate the potential of some of S. thermophilus plasmids to
be used as food-grade cloning plasmids. The term “food-
grade” in conjunction with plasmids was first used in 1986 by
Herman and McKay (12), who proposed the 3-galactosidase of
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S. thermophilus be used as a food-grade selection marker. Since
then, several food-grade vector systems have been described
for lactococci and lactobacilli. Whereas some of these systems,
such as immunity to bacteriocins (1, 21, 31), resistance to
cadmium (18), or the establishment of new metabolic pathways
(3), are widely applicable in many strains, others, such as
complementation of chromosomal mutations (4, 5, 7, 26), re-
quire specific genetic backgrounds in order to offer selective
advantages to limited numbers of strains. This is also true for
the widely used applications of genes involved in lactose me-
tabolism (10, 11, 18, 19, 30).

One of the S. thermophilus plasmids that we recently isolated
(9a), pSt04, is related to a group of plasmids replicating by a
rolling circle mechanism (Fig. 1). According to sequence (9a),
pSt04 is 3,119 bp long and contains two open reading frames
(ORFs): repA and shsp. The gene product of the shsp gene is
highly similar (>90%) to genes encoding small heat shock
proteins in other S. thermophilus strains (9a, 24, 28).

Another plasmid we recently characterized is pSt08. It en-
codes a type II restriction-modification system (R/M system)
and shares identity up to 60% with lactococcal R/M systems
(9a). The activity of the R/M system is indicated by (i) phage
resistance of plasmid-bearing cells and (ii) phage sensitivity of
plasmid-cured cells (22).

We show here that shsp can efficiently serve in S. thermophi-
lus and Lactococcus lactis as a broadly applicable food-grade
selection marker. We verify this application by constructing a
plasmid in S. thermophilus carrying shsp and the genes for the
pSt08-encoded R/M system, and we successfully transform the
plasmid into different S. thermophilus strains by using shsp as a
selection marker.



VoL. 69, 2003

SMALL HEAT SHOCK PROTEIN AS A SELECTION MARKER 4409

HE E (H/C) S SC
H ' , ' i pAGS4E
‘s‘@ TPA) pBluescriptlISK+ (Em*) W 6,9 kb
cloning into Clal-digested
pBluescriptilSK+,
followed by insertion of
a Sad-fragment carrying EmR
HE E H
‘Q'_ L — | pSt04 pSto8
shsp repA 3,1kb 5 7,5kb
P—) (—P | |
‘ \ € P I
PCR-amplification, of7 654 R M repA
Psti-restriction .
v Psfi-restriction,
0.65 kb Psfl fragment 5_375'f§ l','gﬁ:‘agmem
ligation
PE P P
R f { pHMR1
«—— € > ——

shsp 6 54 R M repA

6,4 kb

FIG. 1. Plasmids used in the present study. Constructions are described in the text. ORFs (orf) and their directions of transcription are indicated
by arrows. Restriction sites are shown for HinP1 (H), EcoRI (E), Clal (C), and SacI (S). Restriction sites no longer accessible are shown in brackets.
R, ORF encoding restriction endonuclease; M, ORF encoding methylase; repA, replication protein. Thus far, no tentative function could be
assigned to ORF4, -5, and -6, since they do not exhibit similarity to any functionally characterized gene product in the GenBank database.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains used
are listed in Table 1.

Plasmid constructions. Plasmid pAGS4E was constructed by cloning pSt04,
linearized with HinP1, into the E. coli vector pBluescript IT SK(+), linearized
with Clal. The recombinant plasmid pAGS4 was subsequently marked by an
erythromycin resistance (Em") gene derived from pE194 and cloned into the Sacl
site of the vector. The physical structure of pAGS4E was verified by restriction
analysis and partial nucleotide sequencing.

For construction of pHRMI, the shsp gene of plasmid pSt04 was amplified by
PCR with primers with PstI extensions at their 5’ ends. After restriction and
subsequent purification by agarose gel electrophoresis, the amplified fragment
was ligated to a 5.7-kb PstI restriction fragment obtained from plasmid pSt08
carrying the replication functions and the genes for a type II R/M system (un-
published data). The physical structure of pHRM1 was verified by restriction
analysis and partial DNA sequencing.

Plasmid curing. For plasmid curing the protoplast method of Gasson (8) was
used with some modifications. S. thermophilus cells, grown at 42°C overnight,
were inoculated into LTM17 medium supplemented with 40 mM b,L-threonine.
They were incubated at 40°C until an optical density at 620 nm (ODy,) of 0.6 to
0.7 was reached. Then, 4 ml of the cells were harvested by centrifugation at
14,000 X g for 1 min. The cell sediment was washed once with protoplast buffer
(40 mM ammonium acetate, 0.5 M sucrose, 0.25% gelatin [pH 6.5]) and then
suspended in 0.5 ml of the same buffer containing 2.5 mg of lysozyme and 1 mg
of mutanolysin. Incubation was at 37°C for 45 to 60 min. When the formation of
protoplasts, followed by analysis by phase-contrast microscopy, was complete,
the protoplasts were harvested by centrifugation, washed with protoplast buffer,
resuspended in 1 ml of the same buffer, and serially diluted in the same buffer by
a factor of up to 10”. Dilutions were plated onto GTM17 agar containing 0.5 M
sucrose and 0.25% gelatin and then incubated at 40°C for regeneration. Colonies
appearing after about 4 days were checked for the absence of plasmid.

Transformation protocols. An optimized protocol for electroporation of S.
thermophilus, followed by selection for thermoresistance as determined by the
presence of shsp, was developed. To prepare competent S. thermophilus cells, 200

ml of Elliker broth (6) supplemented with 1 to 2% glycine and 10 to 20 mM
MgCl, (depending on the strain) was inoculated with 1% of an overnight culture
grown in Elliker broth. Cells were grown to an ODy;,, of 0.5 to 0.6 at 40°C. Cells
were harvested by centrifugation at 10,000 rpm/min and 4°C for 15 to 20 min.
The medium was carefully discarded. Cells were washed with ice-cold electro-
poration buffer (272 mM sucrose, 1 mM EDTA, 7 mM HEPES, 20 mM MgCl,,
20 mM glycine, 15% glycerol [pH 6.5]), incubated on ice for 20 min, and
centrifuged for 15 min. Sedimented cells were washed another two times with
electroporation buffer and were then resuspended in the same buffer at a final
ODg, of 2 to 2.5. Cells were frozen in aliquots of 100 pl in liquid nitrogen and
stored at —80°C.

When we selected for Em", 0.2 to 3 g of plasmid DNA and 100 to 200 pl of
thawed cells were carefully mixed in a precooled Eppendorf tube. Incubation at
4°C (on ice) for 15 min was followed by a heat shock at 42°C for 60 to 90 s. The
mixture was immediately transferred to ice after the heat shock and incubated
for 1 to 5 min. It was then transferred to a precooled electroporation cuvette.
After a single pulse at 21 kV/cm in an Eppendorf 2510 electroporator, regener-
ation medium (HJL medium [30 g of tryptone, 10 g of yeast extract, 5 g of
KH,PO,, 2 g of beef extract, 5 g of lactose, and 1 liter of distilled water]
supplemented with 0.025 mM MgCl, and 30 ng of erythromycin/ml) (13) was
immediately added. For phenotypic expression incubation was at 42°C for 4 to
5 h. Aliquots were mixed with 4 ml of soft agar, plated on LTM17 or GTM17 plus
3 pg of erythromycin/ml, and incubated at 42°C anaerobically for 2 days. Control
transformations without added plasmid usually yielded no or only very few
colonies when undiluted samples were plated.

The optimized protocol for electrotransformation, followed by selection for
heat resistance, was as follows. First, 0.5 ng of plasmid DNA was thoroughly
mixed with 80 to 100 pl of competent cells in Eppendorf tubes, and the mixture
was kept on ice for 20 to 30 min. After transfer of the mixture to a precooled
gene pulser cuvette, electroporation was done at 21 kV/cm in an Eppendorf 2510
electroporator. Cells were then diluted with 1 ml of regeneration medium (13),
incubated at 42°C for 3 h, collected by centrifugation, and resuspended in
Belliker broth (Elliker medium plus 1% beef extract) without sugar, followed by
incubation at 50°C for 45 to 60 min. Cells were spread on LTM17 plates (16) and
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TABLE 1. Bacterial strains and plasmids used in this study

Description®

Source or reference

Strain or plasmid
Strains

S. thermophilus
S4 Plasmid pSt04
S4-1 Plasmid-cured S4
Stl1 Recipient strain for plasmids
S8-1 Plasmid-cured S. thermophilus S8
ERI1-1 Plasmid-cured S. thermophilus ER1
An55 Isolate from yogurt, plasmid free
HM69 Isolate from yogurt, plasmid free

L. lactis MG1363
E. coli XL1-Blue

Plasmid-cured derivative of NCDO712

supE44relAl lac

F'::'Tni0 proA*B* lacld lacZM15/recAl endAl gyrA96 (Nal') thi hsdR17(ry~ my ")

BAfM?
This study
23

This study
This study
BAfM
BAfM

9
Stratagene, La Jolla, Calif.

Plasmids
pSt04 Rolling-circle plasmid; repA™ shsp™ 9a
pAGS4E HinPI-linearized pSt04 cloned into pBluescript II SK(+), linearized with Clal This study
pSt08 Rolling-circle plasmid; repA™ type II R/M system 9a
pHMRI1 shsp of pSt04 cloned into a 5.7-kb PstI fragment of plasmid pSt08 carrying repA This study

and the genes for a type II R/M system

“ For all S. thermophilus strains the absence of a chromosomal copy of shsp was demonstrated by Southern blotting. Nal", nalidixic acid resistance.
> BAFM, Bundesanstalt for Milchforschung (Federal Dairy Research Centre) laboratory collection.

incubated at 50°C for 2 days, followed by incubation at 42°C for 1 day. Control
transformations without added plasmid usually yielded a number of colonies
corresponding to the number of false-positive CFU in samples with plasmid
added.

Electroporation of L. lactis strains was done at 1.25 kV/cm and 25 pF in a
Bio-Rad GenePulser. The pulse controller was set at 200 ). After electropora-
tion, the cells were diluted with 1 ml of regeneration medium, followed by
incubation at 30°C for 1 h. Thereafter, the incubation temperature was first
increased to 37°C for 45 min and finally to 42°C for another 45 min. Cells were
plated on GM17 plates (32) or GM17 plates containing 5 pg of erythromycin/ml.
Incubation of the plates was for 1 day at 41°C, followed by incubation for another
day at 37°C.

Nucleotide sequence accession numbers. Nucleotide sequences of pSt04 and
pSt08 are available under EMBL accession numbers AJ242477 and AJ239049,
respectively.

RESULTS AND DISCUSSION

Presence of a plasmid encoding sksp increases thermoresis-
tance and pH resistance of S. thermophilus. To evaluate the
applicability of the shsp gene as a selection marker, the growth
of S. thermophilus strains S4, its plasmid-free derivative S4-1,
and S4-1(pAGS4E) was tested at elevated temperatures be-
tween 42 and 52°C. Plasmid pAGS4E (Fig. 1) was constructed
to allow parallel selection either for Em" or for shsp-induced
heat tolerance. Figure 2 shows that curing of plasmid pSt04
resulted in a loss of ability to grow at 52°C, demonstrating that
pSt04 was responsible for the growth phenotype at an elevated
temperature. This was further proven by the fact that no dif-
ference was observed between strains S4 and S4-1(pAGS4E).

Sensitivity to elevated temperatures was further assayed with
strains S4 and S4-1. Incubation at 60°C for 60 min resulted in
an inactivation of ca. 90% of S4-1 cells, while >50% of the S4
cells survived this treatment. After 120 min, ca. 99% of the
S4-1 cells but only ca. 65% of S4 cells were inactivated (data
not shown). These data correspond to those of O’Sullivan et al.
(24), who demonstrated that carrying plasmid pCI65st, encod-
ing two genes for small heat shock proteins, confers on S.

thermophilus cells some degree of resistance to elevated tem-
peratures.

In addition to protection against elevated temperatures, the
presence of pAGS4E encoding shsp proved to protect cells
against a low pH. When incubated at a pH 5.5 or pH 3.5, a
pH-dependent decrease in viable counts was observed, which
was much higher with shsp mutant cells than with wild-type
shsp cells (Fig. 3). The extent of inactivation increased when
the temperature was raised from 4°C (data not shown) to room
temperature (Fig. 3). The data suggest that sasp is involved not
only in heat resistance but also in pH resistance. Thus, it may

0.7

—e— 54
0 8441
1! —»— S4-1[pAGS4E]

OD620

0.1 T T T T T T T
0 50 100 150 200 250 300

time [min]

FIG. 2. Effect of shsp on growth at elevated temperatures. S. ther-
mophilus cultures were grown at 42°C to early log phase and then
shifted to 52°C. Growth at 52°C in Belliker broth was monitored for S.
thermophilus S4, plasmid-cured strain S4-1, and S4-1 transformed with
PAGSA4E. The experiment was repeated three times, and typical results
are shown.
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FIG. 3. Survival of S. thermophilus S4 and its plasmid-cured deriv-
ative S4-1 during storage at 20°C in Belliker broth at different pH
values. S. thermophilus cultures were grown in pH 7-buffered medium
to late log phase, harvested, and transferred to Belliker broth adjusted
to pH 5.5, pH 4.5, and pH 3.5. At the incubation times indicated, the
numbers of CFU were determined after dilution and plating on
LTM17-agar plates. The experiment was repeated three times, and
typical results are shown.

be more appropriate to address shsp as a stress rather than a
heat shock protein.

Optimized shsp selection methods for transformation of S.
thermophilus. Plasmid pAGS4E carries selection markers for
Em" and shsp. It is therefore an ideal plasmid for comparing
transformation efficiencies when selecting for one of the two
markers. The key steps in selecting for shsp-based heat resis-
tance of S. thermophilus St11 after electrotransformation are:
(i) phenotypic expression for 3 h at 42°C in regeneration me-
dium; (ii) incubation at the selective temperature of 52°C for
45 to 60 min in Belliker broth without sugar; and (iii) incuba-
tion on LTM17 agar plates at 52°C for 2 days, followed by
incubation at 42°C for another day. For different strains, the
selective temperature may have to be varied between 48 and
52°C (data not shown).

In three independent experiments, transformation rates of
2.9 X 10% 2.1 X 10% and 3.3 X 10* CFU per 0.5 pug of DNA,
respectively, were determined in S. thermophilus St11 when we
selected for shsp. When we selected for Em’, transformation
rates of 1.2 X 10%, 0.8 X 10% and 1.4 X 10* CFU/0.5 ug of
DNA were determined in the same samples. From every indi-
vidual assay 100 colonies were picked and screened for the
presence of pAGS4E by agarose gel electrophoresis. pAGS4E
was found to be present in 74 to 100% (erythromycin selection)
and 77 to 93% (shsp selection) of the colonies, indicating that
the number of false-positive transformants was comparable
with both methods. The corrected average values of transfor-
mation rates (CFU minus false-positive ones) were 2.4 X 10*
and 1.0 X 10* CFU/0.5 g of DNA, with standard deviations of
0.54 and 0.32 X 10* for shsp and Em" selection, respectively.
From these experiments it appears that shsp serves as a selec-
tion marker that is at least as suitable as Em" in S. thermophi-
lus.

In addition to an elevated temperature, a low pH was also
used as a selective condition for shsp cells. The preparation of
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competent cells and electroporation were identical to those for
the temperature analysis described above. Thereafter, cells
were incubated for 30 min at 42°C in sugar-free Belliker me-
dium (pH 3.5). After a plating step, cells were incubated at
42°C for 2 days. The results obtained were comparable to those
obtained with the temperature-based selection method. In five
independent experiments, transformation rates of between 2.1
X 10* and 3.3 X 10* CFU/0.5 pg of DNA were observed in S.
thermophilus St11. Between 55 and 89% of the colonies were
demonstrated to contain plasmid pAGS4E. Again, control
transformations with identical samples selected for Em"
yielded transformation rates of between 1.4 X 10* and 9.2 X
10° CFU/0.5 pg of DNA. A total of 42 to 92% of the colonies
were shown to contain plasmid pAGS4E. The average trans-
formation rates, corrected for the number of colonies not bear-
ing a plasmid, were 2.25 X 10* and 3.8 X 10* CFU/0.5 pg of
DNA, with standard deviations of 0.63 X 10* and 3.48 X 10°
for shsp and Em" selection, respectively.

Both transformation methods were successfully applied for
the transformation of native plasmid pSt04 into S. thermophilus
S4-1. The transformation rates were comparable to those for
the transformation of pAGS4E into S. thermophilus St11 (data
not shown).

By applying the shsp-based selection to an analysis of ele-
vated temperature resistance, pAGS4E was successfully trans-
formed into seven different strains of S. thermophilus: S4-1,
St11, S8, S8-1, ER1-1, An55, and HM69. Furthermore, the
shsp-based selection not only worked in thermophilic but also
in mesophilic lactic acid bacteria. The three mesophilic L. lactis
strains 1L.-1403, Bu2-60, and MG1363 were successfully trans-
formed with pAGS4E by using the shsp selection scheme for
elevated temperature resistance. Transformation efficiencies
of pAGS4E DNA (average of five experiments), corrected for
the number of colonies not bearing a plasmid, for the three
strains IL-1403, Bu2-60, and MG1363 were 1.8 X 10%, 2.0 X
10*, and 2.4 X 10* CFU/0.5 ug of DNA for shsp selection and
6.9 X 10°% 3.8 X 10° and 6.6 X 10°> CFU/0.5 pg of DNA,
respectively, for Em" selection. However, as described in Ma-
terials and Methods, the selective temperature had to be re-
duced to 42°C for the mesophilic L. lactis strains.

Construction of a food-grade plasmid conferring bacterio-
phage resistance on S. thermophilus. To verify the applicability
of the shsp gene as selection marker plasmid and to demon-
strate that shsp-based selection was efficient enough to allow
construction to be made in S. thermophilus, pHMR1 was con-
structed by combining the shsp gene of pSt04 with the replica-
tion and restriction-modification genes and the replicon of
pSt08 (Fig. 1). Plasmid pSt08 had been shown to confer phage
resistance to S. thermophilus S8 since the efficiency of plating of
bacteriophage 8/S8 increased by a factor of ca. 160 upon curing
of the plasmid (9a). It had further been shown by curing ex-
periments that pSt08 did not confer heat resistance to the cells
and that transformation of pAGS4E into pSt08-bearing, as well
as pSt08-free, cells resulted in resistance of both strains to an
elevated temperature (22). When pHMR1 was transformed
into plasmid-cured strain S. thermophilus S8-1, the efficiency of
plating of phage 8/S8 was reduced by a factor of ca. 190.
Plasmid pHMRI1 in addition has been transformed into six
different S. thermophilus strains (S4-1, St11, S8-1, ERI-1,
An55, and HM69) with efficiencies ranging between 1.5 X 10!
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transformants/0.5 wg of DNA for ER1-1 to 2.5 X 10* for
HMG69. These results clearly demonstrated that shsp can be
used as a selection marker in constructions of food-grade plas-
mids. Furthermore, our construction proves that sasp is indeed
the gene responsible for resistance to elevated temperatures. It
should be pointed out that the combination of shsp with genes
encoding a restriction-modification enzyme system is not
unique: pCI65st, a 6.5-kb plasmid from S. thermophilus ND1-6,
is a natural plasmid that carries two nearly identical /sp genes
in addition to a gene encoding a component of a type 1 re-
striction system (24).

Conclusions. The small heat shock gene shsp present on S.
thermophilus plasmid pSt04 confers to cells resistance to ele-
vated temperatures and low pH conditions. These properties
allow shsp to be applied as selection marker in transforma-
tions. The advantages of shsp as selection marker are that (i) it
is equally efficient as the Em" marker, a frequently applied
selection marker in lactic streptococci; (ii) it does not require
strains with specifically altered genetic information; (iii) it is a
rather small gene of just ca. 480 bp and therefore does not
overly contribute to the size of cloning vectors to be con-
structed; (iv) it provides an additional opportunity to select for
maintenance of more than one plasmid within the same cell;
and (v) it is a food-grade selection marker for S. thermophilus
and other lactic acid bacteria applied in food fermentations.
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