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CONJUGAL TRANSFER OF PLASMID GENES BETWEEN LACTIC

STREPTOCOCCUS AND LEUCONOSTOC STARTER BACTERIA

INTRODUCTION

Group N streptococci and Leuconostoc are lactic acid

bacteria widely used in milk fermentation. They are

taxonomically and ecologically related. Group N

streptococci are acid and/or flavor producers, while

leuconostocs are only flavor producers.

Plasmid DNA of group N streptococci have been

intensively studied during the last decade. The number of

plasmids with different molecular mass varies from two to

eleven, with those from four to seven being the most

common(4,9,24,25). Plasmid linkage to physiological

functions has been demonstrated. These include lactose

fermenting ability (1,16,19,21,23,27), proteolytic

activity (7,19,22,32), citrate utilization (1,17),

bacteriocin production(24), diplococcin production(2),

nisin production (18,23,25), restriction and modification

systems(5,6,32), and colony morphology and aggregation

(5).

Conjugative plasmids are capable of mediating their

physical transfer to new hosts by mating processes that

demand viable cell-to-cell contact. Conjugation is one of

the mechanisms involved in genetic exchange which occurs
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in dairy starter cultures(28). The application of this

transfer system for proof of some plasmid-mediated traits

in group N streptococci has been reported. Examples of

these transfers include: lactose fermenting

ability(11,12,15,28,35,37), nisin production and

bacteriophage resistance (10,18,26), nisin production,

resistance and sucrose-fermenting ability(13,36).

diplococcin production(3),bacteriocin-like substance

production (25,29,34) and resistance (10). In spite of

extensive work for over half a century with plasmids of

dairy microorganisms few studies have been with

Leuconostoc(14,30).

Hill et al.(14) reported the conjugal transfer of

transposon Tn919 from S. faecalis into L. cremoris X2 Sm.

The frequency of transfer was the same as that of other

group N Streptococcus strains. This suggests that

Leuconostoc might be suitable recipient cells during

conjugation. Leuconostoc strains are naturally resistant

to high-levels of vancomycin (30). This characteristic

could serve as a natural selective marker in gene

transfer experiments. However, the conjugal transfer of

genes between group N streptococci and Leuconostoc has

received little attention.

Whether or not the nisin gene(s) is linked to

plasmid or chromosomal DNA has not been completely

determined (8,20). Hence, large-scale plasmid DNA
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isolation and cesium chloride-ethidium bromide

(CsCl-EtBr) density gradient purification would seem

necessary if more accurate plasmid profiles are to be

obtained. Therefore, in Chapter 1, methods of small-scale

rapid screening of plasmid DNA are studied, and the

results compared to those obtained with large-scale

isolation and CsCl-EtBr purification procedures. Plasmid

profiles obtained from the latter technique revealed that

two plasmids, 17.5 and 18.5 Md, were obscured by

chromosomal fragments.

In Chapter 2, since S. lactis 7962 has been

reported to be resistant to at least 40-fold-higher

concentrations of nisin than most other strains

tested(31), the relationship between plasmid contents and

nisin phenotype of this organism was studied. Mutants

with various sizes of plasmids were screened for nisin

production and plasmid profiles. This study revealed that

a 17.5 Md plasmid (pNS 17.5) mediated this production.

When pNS 17.5 was conjugally transfered into Leuconostoc

dextranicum 181, the transconjugant became a

super-nisin" producer. This is the first report of

genetically engineered nisin production by Leuconostoc.

normally a none nisin producer. Also, physical evidence

that links nisin production and resistance to a distinct

plasmid has been obtained from conjugation studies. How

the conjugally transferred nisin gene can be expressed,
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and the amount of gene product produced by the

transconjugant are discussed.

In Chapter 3, Lac + transconjugants of Leuconostoc

cremoris CAF7 were obtained from a Lac+ donor, S. lactis

C2. This report describes high-frequency conjugation

between Leuconostoc and lactic streptococci. These Lac+

transconjugants should become very useful micororganisms

in dairy fermentations because of their versatility.

Southern blot hybridization results suggested that

recombination, cointegration and incompatibility may

occur among plasmids of donor and recipient cells. The

relationship between the high-frequency conjugation

system, unique plasmid patterns of transconjugants and

sequence homology among plasmids are dicussed as well.
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Chapter 1

Plasmid DNA obscured by chromosomal fragments in

the gel profile of Streptococcus lactis ATCC 7962

Huai-Jen Tsai and W. E. Sandine

Department of Microbiology

Oregon State University.

Corvallis, OR. 97331-3804
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ABSTRACT

Two species of plasmids, 17.5 and 18.5 Md, from

Streptococcus lactis ATCC 7962 were masked by chromosomal

DNA fragments because of their location on the gel and

their low copy number in the cells. Three well known

rapid screening, small-scale methods of plasmid DNA

detection were inadequate to detect and differentiate

these two plasmids. Large-scale isolation and CsCl-EtBr

density gradient purification of plasmid DNA was

necessary to demostrate these two species of plasmids.



11

INTRODUCTION

Streptococcus lactis ATCC 7962 is classified

biochemically as a group N streptococcus. Although it is

not suitable for use as a starter culture (2), it has

several unusual physiological properties that are not

possessed by other strains of this species. For example,

it is a high nisin producer (14). Nisin, a polypeptide

antibiotic, is a potential food preservative (4,5).

Compared to other strains of this species, S. lactis

7962 lacks a functional phosphoenolpyruvate-

phosphotransferase system (PEP-PTS) and uses

B-galactosidase to hydrolyse lactose to free

monosaccharides before phosphorylation (2,11,16). It is a

homolac.tic fermenter (17) and can ferment pentoses, such

as arabinose, ribose and xylose (3). Unlike other strains

of this species, S. lactis 7962 gives negative group N

precipitin reaction (10). By knowing the plasmid biology

of S. lactis 7962 we should be able to understand better

its unique physiological characteristcs. In spite of

extensive studies on lactic streptococcal plasmids,

information on the relationship between the plamids of S.

lactis 7962 and its physiological functions are limited

(12).
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MATERIALS AND METHODS

Baterial strains. Streptococcus lactis 7962 used

in this study was maintained in the OSU stock culture

collection. Culture was transferred at biweekly intervals

in M17 broth (15) and stored at 4 C. Escherichia coli

V517 was obtained from E. Lederberg, Plasmid Reference

Center, and propagated in brain-heart infusion broth at

37 C.

Growth medium and culture preparation. The culture

was grown overnight at room temperature and transferred

(0.1%) into fresh lysis broth (7) and incubated at room

temperature for 10 hours or until they reached the

mid-log phase. The mid-log phase was determined by

measuring the optical density at 660nm with a cuvette of

1-cm light path (Perkin-Elmer Spectrophotometer). Optical

densities between 0.38 to 0.42 were considered mid-log

phase. The culture was centrifugated at 9,880 X g for 12

min in a Beckman Model J2-21 refrigerated centrifuge at 4

C. For small-scale DNA isolation 10 ml of broth culture

were used and for large-scale isolation 600 ml.

Preparation of small -scale cleared lysates. For

small-scale DNA isolation, the methods described by

Anderson and McKay (1), Kado and Liu (6) and Orberg and

Sandine (13) were followed. A few modifications were made

in some experiments. For example, in Anderson and McKay's
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method, the concentration of lysozyme used was 20 mg/ml.

Instead of vortexing at high setting for 30 seconds after

adding SDS and incubating at 37 C , tubes were inverted

several times during incubation. Also, 0.1% of

8-Quinolinol (J. T. Baker Chemical Co.,) was added to

redistilled phenol and washed three times with 3% NaCl.

The preparation was centrifuged either after adding

phenol or after adding chloroform-isoamyl alcohol at

11,200 X g in a Beckman Microfuge II, for 5 min at 4 C.

In Kado and Liu's method, phenol was extracted once with

chloroform-isoamyl alcohol (24:1) and DNA was

precipitated with two volumes of cold 100% ethnol and one

tenth volume of 3M sodium acetate (pH 6.6) and by

holding at -20 C for 1-2 hours. In Orberg and Sandine's

method, lysozyme (20 ug/ml) was used only to facilitate

protoplast formation and the addition of mutanolysin was

not necessary.

Preparation of large-scale cleared lysates. In

large-scale isolation of plasmid DNA, procedures

described. by Maniatis et al. (9) and by Anderson and

McKay (1) were used for preparing purified covalently

close circular (CCC) plasmid DNA using cesium

chloride-ethidium bromide (Cscl-EtBr) gradients. A few

modifications were also made. In Maniatis at al., in

order to use the Beckman Type-60 rotor in a Beckamn

ultracentrifuge L8-70M to remove high molecular weight
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DNA and bacterial debris, 2.8 to 3.0 ml of 50mM Tris-Cl

(pH 8.0) were added into ultra-clear Beckman centrifuge

tubes (28 X 89 mm) for balance before centrifugation.

In Anderson and McKay's method, the concentration

of lysozyme was 20 mg/ml. Vortexing the lysate was

omitted, as described in small-scale preparation. After

the lysate was transferred into glass graduated cylinder,

sodium hydroxide was added and the cylinder then shaked

gently from side to side for 10 min. The DNA pellet was

washed once with 70% alcohol, centrifuged again at room

temperature and the pellet was resuspened in 4.1 ml TE

buffer.

Density gradient centrifugation. For preparing

CsCl-EtBr density gradient, 4.1 ml of TE buffer (10 mM

Tris-Cl , pH 8.0 , and 1 mM sodium EDTA , PH 8.0), 4.145

grams of CsC1 (ultra-pure, optical grade, BRL) and 0.15

ml of EtBr solution (10 mg/ml in water, Sigma) were

throughly mixed. The final density of the solution was

1.55 to 1.57 gm/ml. This solution was transferred into

Quick-seal Beckman centrifuges tubes (13 X 51 mm) and

centrifuged for 16 hours at 65,000 rpm in a Beckman VTi

80 rotor at 20 C. The lower band, CsCl-purified CCC form

of plasmid DNA, was removed by using a # 18 hypodermic

needle. Ethidium-bromide was extracted with an equal

volume of 1-butanol saturated with water, whereas the

CsC1 was removed by dialysis against TE buffer (PH 8.0).
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Purified plasmids were concentrated by holding them for

1-2 h at -20 C in presence of two volumes of cold 100%

ethanol and one tenth volume of 3M sodium acetate (pH

6.6). DNA pellets were obtained by centrifugation at

9,880 X g (Model J2-21, Beckman) for 12 min at room

temperature. The ethanol was aspirated and the pellets

were dried in vacuum for 30 min and resuspended in TE

buffer (PH 8.0).

Agarose gel electrophoresis. Agarose gel

electrophoresis was performed in a Tris acetate buffer

containing 40 mM Tris-acetate and 1 mM sodium EDTA (PH

8.0). Horizontal electrophoresis in 0.7% agarose was

carried out at 3 V/cm for 4 h at room temperature. The

gel was stained with EtBr (0.5 ug/ml) for 30 min and

photographs were taken through an orange filter using a

model C-63 Ultraviolet Products transilluminator with

Polaroid type 47 film. The molecular masses of plasmid

were estimated from a double-logarithmic plot of mass vs

relative mobility, based on E. coli V517 standards (8).
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RESULTS AND DICUSSION

Streptococcus lactis 7962 was reported to contained

three species of plasmids, with molecular masses of 13,

30 and 45 Md(12). However, when we purified these

plasmids by CsCl-EtBr density gradient, we noticed three

extra species of plasmids. The molecular masses of these

new plasmid species were 14.5, 17.5 and 18.5 Md,

respectively. Two plasmids, 17.5 and 18.5 Md, previously

were obscured because they were located very close to the

chromosomal fragments (shown on the white circle of lane

D in Fig. 1). Also, they were of weak intensity and could

easily be masked by the diffused bands of chromosomal

fragments. In Kado and Liu's method, these two species of

plasmids were totally obscured by the broad chromosomal

fragments (lane A) whereas in Anderson and McKay's

method, they could hardly be seen (lane B). In case of

Orberg and Sandine's method, they were barely visible

(lane C). In this latter method (13), if the amount of

sample was excessive, the band of chromosomal fragments

would be too broad and masked these two plasmids.

Compared to the former two methods, the latter method

was closer to the results obtained with the large-scale

DNA isolation and CsCl-EtBr density gradient

purification.
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45-
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Figure 1.1 Plasmid profiles of Streptococcus lactis

7962 as determined by four methods. Lane A, Kado and Liu;

Lane B, Anderson and McKay; Lane C, Orberg and Sandine

Lane D, Maniatis et al., and lane E, E. coli V517

standard. The white circle between lane D and E locates

the two plasmids masked in preparations shown in lane A,

B and C.
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These results showed that for accurate determination of

the plasmid profile of S. lactis 7962, the large-scale

DNA isolation and CsCl-EtBr purification method was

necessary. Further studies are in progress to determine

if these plasmids are cryptic or associated with any

physiological function(s).

If the cell lysate was prepared as the procedure

described in the preparative scale (600 ml) procedure by

Anderson and McKay (1) and then the CCC form plasmids

purified described above, the plasmid patterns on the

agarose gels were exactly the same as those shown in lane

D of Figure I. Hence, we conclude that these plasmids

could be shown only when they were prepared from

large-scale isolation and not from small-scale

preparation, possibly due to their low copy numbers in

the cells.
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ABSTRACT

Mutants of Streptococcus lactis 7962 with various

combinations of plasmid molecular masses were screened

for nisin production. Nisin was produced by wild type and

mutants containing a 17.5 Md plasmid. Nisin was not

produced by plasmid-free mutants. Sucrose fermentation

and nisin production were related. The frequency of nisin

gene transfer between the nisin producing donor S. lactis

7962 and Leuconostoc dextranicum 181 was 4 X 10-7 . The

nisin concentration in the culture filtrate of the

transconjuagant was 1.5 X 106 IU/ml, which was 1000 times

greater than that found in S. lactis 7962. Like the

recipient, the transconjugant was resistant to 7962 phage

and also to >1,000 ug/ml vancomycin. The plasmid profile

of the tranconjugant showed an extra 17.5 Md plasmid.
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INTRODUCTION

Nisin is a polypeptide antibiotic produced by group

N streptococci. The molecular weight of nisin is about

7500(11). It is a potential food preservative since it is

able to inhibit the outgrowth of spores of Bacillus and

Clostridium(24,28), which are the primary causes of

canned food spoilage. The level of nitrite used as

preservative can be reduced when nisin is used as an

adjunct in fermented or acidified meats(24,25). In

addition, the heat treatment of many processed foods can

be reduced by the use of nisin so that organoleptic and

nutritional qualities are improved(3). The "Late gas

blowing" defect of Emmental, Swiss and Gruyere cheese

types can be prevented by using nisin as well(10,15).

Although the United States Food and Drug Administration

has rejected applications for using nisin in canned

foods, the antibiotic is much different from drugs used

in medical and veterinary practices. As a result, it

seems more appropriate to classify nisin as a biological

food preservative along with lactic acid, acetic acid,

hydrogen peroxide, and other antibacterial products of

lactic streptococci(12). It is considered non-toxic

because it can be digested by alpha-chymotrypsin, is

unstable at pH 7, is insensitive to most gram negative

bacteria and is produced by the natural intestinal
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flora(3 12). It is widely used in other developed

countries as a food preservative in dairy products and

canned foods. In view of this, it would be worthwhile to

improve nisin yields in cultures by means of genetic

approaches.

Nisin production is mediated by plasmid DNA in S.

lactis(16,29). For example, a 28 Md plasmid of S. lactis

11454(17), a 40 Md plasmid of S. lactis subsp.

diacetylactis DRC3(18) and ME2(14), as well as a 30 Md

plasmid of eight strains of S. lactis (7) are responsible

for nisin resistance and production. Evidence as to the

relationship between plasmids and nisin production has

been confirmed by the conjugal transfer of this plasmid

gene from donor to negative phenotype recipients(7,8,18).

However, some investigators have obtained conflicting

results which suggest that the nisin gene could be

mediated by either chromosomal or plasmid DNA(2,5).

The reasons for these inconsistent results may be

due to strain variability, different indicator strain

response, phenotype testing methods, procedures of cell

lysis and use of different plasmid profiles

methodologies. In this study, S. lactis 7962 was chosen

because it is resistant to at least a 40-fold higher

concentration of nisin than most other strains

tested(23). The indicator strain used was Micrococcus

flavus NCIB 8166, one of the most nisin sensitive
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organisms(31). Trainer and Fowler's plate diffusion

method(31) and Kekessy and Piguet's flip agar method(13)

were used to detect nisin production. Plasmid profiles

were performed after large-scale isolation and CsCl-EtBr

purification so that chromosomal fragments and nicked

plasmids would not disturb the actual pattern on the

gel.

This paper reveals that the nisin gene of S. lactis

7962 is mediated by pNS 17.5. When pNS 17.5 is

transferred by conjugation to Leuconostoc dextranicum

181, the latter organism becomes a "super-nisin"

producer. Physical evidence linking this phenotype to the

pNS17.5 plasmid is presented.
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MATERIALS AND METHODS

Mutant isolation. Acriflavine(AF) treatment of

lactic streptococci has been reported to produce

lactose-negative mutants(19,20). In order to obtain such

mutants with various sizes of plasmids, AF treatment was

performed.

AF was added to give a final concentration of 6

ug/ml in M17-glucose broth. Cultures were incubated at 30

C for 24 h, and then 1% of treated-cultures were

transferred to fresh M17-glucose both containing the same

concentration of AF. After a second AF treatment, the

cultures were incubated again. After a third AF

treatment, prospective plasmid cured cultures were spread

over the surface of lactose-indicator plates, such as

Miller's (21) lactose-indicator agar with 0.005% TTC

(2,3,5-triphenyltetrazolium chloride, Sigma), McKay's

modified lactic agar(19), M17 agar containing 0.004% BCP

(bromocresol purple, Sigma) with 0.5% SGP (sodium

glycerophosphate), Fast/Slow Differential Agar (27), or

SALT agar(26). On these media, the red, white, less

yellow, or small colonies (<1.0 mm) with minute red

centers were collected respectively, and screened for

plasmid content. Anderson and McKay's method(1) was

followed for rapid screening of plasmids.

Test for nisin production. The methods of Kekessy
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and Piguet(13), and Tramer and Fowler(31), were followed

for examining nisin production by eight mutants of S.

lactis 7962, L. dextranicum 181 and their transconjugated

progeny. The latter was a plate diffusion method for

measuring nisin production quantitatively, while the

former was a flip-over agar method for qualitative

measurement. The medium employed in the Kekessey and

Piguet method was M17-glucose agar. Each plate was

incubated anaerobically at 30 C for 24 h ( wildtype and

mutants growing normally) or for 48 h (slow growing

mutants) before inoculation of the reverse side of the

agar with a one-tenth dilution of indicator strain. Then

the plates were incubated aerobically at 30 C for another

24 h.

The plate diffusion method required transferring 1%

overnight cultures into 25 ml fresh broth, and then

incubating at 30 C until cells reached a stationary

phase. The supernatant was obtained by centrifugation at

10,000 X g for 12 min at 4 C. The supernatant was

filtered through a 0.45 um pore sized filter. Uniform

quantities (90u1) of a known standard nisin concentration

and unknown supernatants were delivered into the agar

wells. The nisin standard or stock solution was prepared

from purified nisin (40X106 IU/g, Aplin and Barrett,

Trobridge, England) dissolved in 0.02N HC1 at 10 mg/ml

and filter sterilized through 0.45 um filter (Millipore
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Corp.). The assay procedure, medium and organisms were as

described by Tramer and Fowler(31) except 20 ml of assay

medium were applied to the petri dishes.

Test for nisin resistance. M17-glucose agar (for

lactic streptococci) or MRS agar (for Leuconostoc)

fortified with 1% of a 1:1 mixture of Tween 20 and

sterile distilled water was used to make gradient

concentrations of nisin. From an overnight culture, 0.1%

was taken and spread on agar. Plates were incubated

anaerobically at 30 C for 24 h to 48 h. Eight strains of

Leuconostoc and one transconjugant (L. dextranicum HT200)

were tested with various concentration from 10 to 300

ug/ml.

Test for vancomycin resistance. All preparations

were as described above except that the vancomycin stock

solution was prepared by dissolving vancomycin (Sigma) in

distilled water at 10 mg/ml. In order to determine the

level of vancomycin concentration required to eliminate

donor cells when tranconjugants were selected, vancomycin

resistance from 10 to 70 ug/ml was tested.

Sucrose fermenting ability. Sucrose-indicator agar

(21) with 0.005% TTC as indicator was used. Strains

capable of fermenting sucrose produce white colonies

while non-fermenters produce red ones. Eight mutants of

S. lactis 7962 were examined.

Solid surface conjugation. Cultures of nisin donor
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strain, S. lactis 7962, grown overnight in M17 broth, and

cultures of recipient L. dextranicum 181 grown overnight

in MRS broth each were inoculated (2%) into fresh broth,

and then incubated at 30 C for 2.5 h before mating.

Mating was performed at a donor: recipient ratio of 1:2.

This mixture was spread on the surface of Elliker

agar(4), and the plates were placed in a GasPak jar ( BBL

Microbiology System) and incubated at 30 C for 16 h.

After incubation, the mating mixtures were harvested with

3 ml MRS broth. Cells were collected by centrifugation at

9,890Xg at 4 C for 12 min. The pellet was resuspended in

2 ml of high titer S. lactis 7962 phage lysate (3.8X108

PFU/ml) containing 0.2 ml of 0.2M CaC12. They were gently

mixed thoroughly. One hundred microliters of this mixture

was spread on the surface of MRS agar containing 30 ug/ml

nisin, 100 ug/ml vancomycin and 0.1% (v/v) Tween 20.

Plates were incubated anaerobically at 30 C for 48 h.

Survival colonies were selected and transferred to MRS

broth containing 100 ug/ml nisin. Survivors of second

selection were grown, diluted and spread on MRS agar

containing 200 ug/ml nisin. A single colony exhibiting

high resistance to nisin was obtained and designated as

L. dextranicum HT200.

Donor strain was diluted and plated on M17 agar in

order to determine colony forming units (CPU) per ml.

Conjugation frequency was calculated as the number of
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nisin positive phenotypes (Nis+) relative to the number

of donor cells.

Control mating experiments were done in the presence

of DNAase (10Oug/m1), or by using cell-free filtrates of

donor cells, or by using heat-killed donor cells mixed

with recipient cells so that transformation and

transduction would be ruled out. Cell-free filtrates were

obtained by removing the centrifuged cell pellet and

passing the supernatant through a sterile 0.22 um pore

sized membrane filter. Heat-treated cells were obtained

by boiling for 10 min.

Nisin confirmation. The methods of Tramer and

Fowler(31) and Fowler et al.(6) were followed. Nisin is

stable to heat at pH 2.0 while it is destroyed rapidly by

heat at pH 11. The supernatant obtained from L.

dextranicum HT200 was adjusted in separate aliquots to pH

2.0 or 11. After treating by immersing in boiling water

for 10 min, the solutions were sterilized by passing

through 0.22um filter. Ninety microliters of solution

were delivered into a well of assay medium.

Streptococcus lactis 7962 phage assay. The titer

determination and stock maintanence of S. lactis 7962

phage was performed as described by Terzaghi and Sandine

(30). Tubes containing 3 ml of melted M17 overlay agar

were cooled to 45 C and inoculated with 0.1 ml of 8 to 10

h room temperature(23 C) cultures. Then, 0.1 ml of
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diluted phage was added to overlay agar. After mixing,

these were poured onto the surface of prepoured M17 agar

plates, which contained 1% (v/v) CaC12.2H20. The plates

were incubated anaerobically at 30 C for 24 h.

The nisin gene donors, recipients and

transconjugants were tested for 7962 phage sensitivity.

These data provided evidence to prove whether or not the

transconjugants were derivatives of recipient cells.

Cell lysis, plasmid DNA isolation and purification,

agarose gel electrophoresis. The methods used for rapid

small-scale plasmid screening or for large-scale

isolation and purification were performed as described in

Chapter 1. However, for obtaining lysates of L.

dextranicum 181, HT200, and S. lactis SNIO, SN1 and

SA703, 1000u1 of mutanolysin (5000 units/ml, Sigma) were

added together with lysozyme (2Oug/ml, Sigma), for

facilating cell lysis.
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RESULTS

Mutant isolation. After AF treatment, eight

mutants of S. lactis 7962 were obtained. Five of them

contained various sizes of plasmids. Two were

plasmid-free derivatives. One had two plasmids not

present in the wild type. Plasmid profiles of the wild

type and mutants used in this study are shown in Figure

2.1 and listed in Table 2.1.

Nisin production by mutants. For rapid screening

and qualitative assay, the Kekessy-Piguet test method was

used(13). Some mutants were positive, some were

negative(Fig.2.2). For quantitative assay, the plate

diffusion method was used(31). Nisin could be produced by

either wild type or mutants containing pNS 17.5. The

nisin production was 1,300 IU /ml(Table 2.2). These data

corresponded to the results of Grushina et al. (9). There

was no nisin production by mutants that did not have

plasmids nor by mutants, containing only the 2.7 and 6 Md

plasmids.

Sucrose fermenting ability. Streptococcus lactis

7962 and mutants containing pNS17.5 , such as strains

HT20,25,33,35 and 43, were sucrose fermenters, while

plasmid-free mutants and S. lactis SN10 were not(Table

2.1).
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Figure 2.1 Agarose gel (0.7%) electrophoresis of plasmid

DNA detected in strains of Streptococcus lactis 7962 and

mutant derivatives thereof.



Table 2.1. Plasmid profiles of Streptococcus lactis 7962 and mutant derivatives thereof.

Strain Description* Plasmid contents (Md)** Source

Streptococcus lactis

7962 Wild type, Nis +Suc +,donor 45, 30, 18.5, 17.5, 14.5, 13 This laboratory

HT20 Mutant, Nis+Sue 30, 17.5 This study
HT25 u 0 18.5, 17.5, 14.5, 13 "

HT33 II II 30, 17.5, 13 "

HT35 " " 45, 18.5, 17.5, 14.5, 13 "

HT43 " 0 45,.30, 18.5, 17.5 0

SN1 " Nis:Suc: 0 H

SN10 u Nis_Suc_ 6.0, 2.7 a

SA703 " Nis Suc 0 u

Escherichia coli

V517 Source of reference plasmids 35.8, 4.8, 3.7, 3.4, 2.6, E. Lederberg
2.0, 1.8, 1.4

**
*
Nis , nisin production; Nis, nisin negative; Suc

+
, sucrose fermenting; Sus-, sucrose negative.

Megadalton.
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Figure 2.2. Kekessy-Piguet plate used to detect nisin

produced by mutants of Streptococcus lactis 7962. The

nisin positive colonies (left) showed the inhibition

zone, while the nisin negative colonies (right) were

covered by the indicator organism, Micrococcus flavus

NCIB 8166 (lawn).



Table 2.2. Amount of nisin produced by Streptococcus lactis 7962 and its mutants.

Strain Diameter (mm) of inhibition zone * Nisin concentration (IU/ml)**

Streptococcus lactis 7962 9 1.3x10
3

HT20 9
HT25 9
HT33 9 11

HT35 9
HT43 9 11

SN1 0 0

SN10 0 0

SA703 0 0

Leuconostoc dextranicum
15 1.5x10

6
HT200

**On assay medium with Micrococcus flavus as an indicator organism.
Obtained by comparison with standard curve.
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Nisin resistance survey among Leuconostoc. In

order to select a suitable recipient candidate for the

nisin gene. eight strains of Leuconostoc species (Table

2.3) were chosen to testfor nisin resistance. The results

are listed in Table 2.4. Six strains could not survive

>10 ug/ml nisin. On the other hand, L. dextranicum 226

was resistant to nisin at >70 ug/ml. Because L.

dextranicum 181 was one of the nisin sensitive strains,

it was chosen to serve as the recipient organism.

Vancomycin resistance. Donor cell, S. lactis 7962,

was tested for its resitance to vancomycin. The results

showed that there were no survial colonies on plates

containing from 10 to 70 ug/ml vancomycin. Therefore, it

was a reasonalbe to set the selective concentrations at

100 ug/ml vancomycin and 30 ug/ml nisin in order to

eliminate the donor during transconjugant selection.

Conjugation. The average number of colonies to

survive 22 selective platings on medium containing 30

ug/ml nisin and 100 ug/ml vancomycin are listed in Table

2.5. Since nisin transferred during matings, the number

of recipient cells having higher nisin resistance

increased about 40 times over that of the control group

using cell-free filtrates of the donor cells and

heat-killed donor cells. The number of donor cells on

M17-glucose agar was 1.9X107. Therefore, the conjugation

frequency was 4X10 -7 for the experimental group using



Table 2.3. Bacterial strains used.

Strain Descriptions Vancomycin resistance (ug/ml) Source

Leuconostoc cremoris CAF7
104
225

L. dextranicum 180
181
226

ATCC 8358
ATCC 8359

HT200

Micrococcus flavus NCIB8166

Wild type

Wild type, Nis, recipient
Wild type

11

Transconjugant, Nis+

Sensitive indicator
for nisin assay

>1000b

Unknown
b

500

>1000
b

>1000
Unknown
Unknown
Unknown

>1000

Unknown

This laboratory

11

11

This study

Tramer & Fowler

a +
Nis , nisin production; Nis , nisin negative.
Data from Ref. 22.



Table 2.4. Nisin resistance survey among strains of
Leuconostoc cremoris and L. dextranicum
expressed in average number of colonies
per 0.1 ml.

Nisin concentration (ug per ml)

Strain 0 10 20 30 40 50 60 70

Leuconostoc cremoris

>10
7

7
>10
>10

6

>10
7

>10
7

7
>10
>10

7

>10
7

50
0

0

0

0
TNTCa

0

0

33
0

0

0

0

152
0

0

35
0
0

0

0

119
0
0

9

0

0

0

0

96
0

0

4

0
0

0
0

75
0

0

6
0

0

0

0

65
0
0

2

0

0

0

0

62
0

0

CAF7
104
225

Leuconostoc dextranicum

180
181
226

ATCC 8358
ATCC 8359

aToo numerous to count.



Table 2.5. Conjugal transfer of nisin gene
Streptococcus lactis 7962 to

from

Leuconostoc dextranicum 181.

Donor in matinga Average number of coloniesb Frequency per donorc

Donor 7.7 4x10-7

Cell-free filtrate of donor 0.18 9.5x10-9

Donor in presence of DNAased 6.8 3.6x10
-7

Heat-treated donore 0.23 1.2x10-8

aAt a donor:recipient ratio of 1:2.
Survival from 22 plates of selective agar containing 30 ug/ml nisin and
100 ug/ml vancomycin.

c
Calculated from 1.9x10 7

d CFU/ml donor cells.

e
100

o
ug/ml.

100 C for 10 min.
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donor cells. Frequencies for the control groups using

cell filtrates of the donor and the heat-killed donor,

respectively were 9.5X10-9 and 1.2X10-8. Furthermore, 36

survival colonies, including 9 colonies from those two

control groups, were tested for resistance 100 ug/ml

nisin. No colonies from those two control groups could

survive at that concentration of nisin, but one colony

from the experimental group could. This rules out any

possibility of spontaneous mutation occurring in

recipient cells. This colony, designated L. dextranicum

HT200, was tested for its degree of resistance to nisin,

and it was determined that it survived 300 ug/ml. Also,

this transconjugant formed a 167% larger inhibition zone

on an indicator lawn as compared to S. lactis 7962 when

tested by the plate diffusion assay(Fig. 2.3). By

comparison to the standard curve, the potency of nisin

produced by L. dextranicum HT200 was 15X106 IU/ml, about

1,000 times higher than that of S. lactis 7962(Table

2.2).

Nisin confirmation. Figure 2.4 showed that a

significant zone of inhibition occurred surrounding the

well of the untreated supernatant, as well as the well

containing the heat treated(100 C) and acidified(pH 2.0)

supernatant of the transconjugant. However, the

alkaline(pH 11) heat treated supernatant of the

transconjugant was inactivated, thereby confirming the
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Figure 2.3. Tramer and Fowler's plate diffusion assay.

This method was used to quantitate the nisin produced by

nisin gene donor S. lactis 7962 (low left), recipient L.

dextranicum 181 (low right), and transconjugant L.

dextranicum HT200 (top). The indicator organism (lawn)

was Micrococcus flavus NCIB 8166.
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Figure 2.4. Nisin confirmation test. Nisin analysis of

the supernatant of L. dextranicum HT200 showed a

significant zone of inhibition surrounding the well of

the untreated supernatant (top) and the well containing

the heat treated (100 C) and acidified (pH 2) supernatant

(bottom): the alkaline (pH 11) and heat treated

supernatant (right) was inactivated. The indicator lawn

was Micrococcus flaus NCIB 8166.
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presence of nisin in the supernatant of L. dextranicum

HT200.

Streptococcus lactis 7962 phage assay and

vancomycin resistance test for donor, recipient and the

transconjugant. Both recipient and the transconjugant

cell were insentitive to 7962 phage and were resistant to

>1000ug/m1 vancomycin(Table 2.6).

Plasmid profiles. Plasmid profiles after

large-scale isolation and CsCl-EtBr purification revealed

that transconjugant L. dextranicum HT200 harbored an

extra 17.5 Md plasmid, a novel species(Fig. 2.5).



Table 2.6. Streptococcus lactis 7962 phage+assay and
vancomycin resistance for Nis donor,
recipient and transconjugant.

Host cell 7962 phage titerd Vancomycin resistancee

Streptococcus lactis 7962a 3.8x10 8 <10

Leuconostoc dextranicum 181b <10 >1000

L. dextranicum HT200c <10 >1000

a
Donor; b Recipient; Transonjugant; d PFU/ml; a ug/ml.
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Figure 2.5. Plasmid profiles. Lane A, E. coli V517

standard: Lane B, the recipient L. dextranicum 181: Lane

C, the transconjugant L. dextranicum HT200: and Lane D,

nisin gene donor S. lactis C2. The pNS 17.5 is shown

(arrow) both at lane C, the transconjugant, and lane D.

the donor organism.
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DISCUSSION

The frequency of colonies surviving per donor cell on

selective agar containing 30 ug/ml nisin and 100 ug/ml

vancomycin were as follows: (a) donor plus recipient,

4X10-7; (b) donor plus recipient plus DNAase, 3.6X10-7:

(c) cell-free donor filtrates plus recipient, 9.5X10-9

and (d) heat-treated donor plus recipient, 1.2X10-8.

There are at least two implications brought to mind by

these data. First, conjugal transfer of the nisin gene

does occur during mating, resulting in a 40-fold greater

survival than that of the control group using either

donor cells treated with heat or donor cell filtrates.

The frequency obtained from the group treated with DNAase

is approximate to that of experimental group. This

indicates that transformation and transduction do not

occur under the experimental conditions used. Second,

spontaneous mutants of L. dextranicum 181 which are

resistant to 30 ug/ml nisin might occur, although rarely.

In order to rule out possibilities of such spontaneous

mutations, all the survival colonies (from the control

group using both donor cells treated with heat, and donor

cell filtrates) were tested for survival at 100 ug/ml

nisin. No survival colonies from the control group were

found. However, the transconjugant obtained, L.

dextranicum HT200, was found to be resistant to 300 ug/ml



48

nisin. This transconjugant is a higher nisin producer and

also more nisin resistant. Therefore, it is apparent that

foreign genetic information was transferred into the

transconjugant during conjugation and consequently its

phenotype was changed. Plasmid profiles of this

transconjugant revealed an extra plasmid with a molecular

mass of 17.5 Md. This indicates that donor pNS 17.5 is

transferred to the Leuconostoc recipient intact and that

the nisin gene is well expressed in this new host.

Davey and Pearce (2) studied the plasmid-free

derivatives of nisin-producing S. lactis H1 and found

that they retained the antibiotic producing ability;

therefore they proposed that the nisin gene was located

on the chromosome. On the other hand, there are papers

that indicate that the nisin phenotype is plasmid

mediated. For example, a 40 Md plasmid in S. lactis

ME2(14), and in S. lactis subsp. diacetylactis DRC3(18),

a 30 Md plasmid in S. lactis 712(7), and a 28 Md plasmid

in S. lactis 11454(17) all coded for the nisin phenotype

as proven by conjugal transfer experiments. Recently,

Gonzalez and Kunka(8) transferred the nisin gene from S.

lactis to S. lactis and subsequently retransferred it to

S. lactis and S. lactis subsp. diacetylactis. Steele and

McKay(29) suggest that the plasmid is associated with

sucrose fermenting ability, nisin resistance and nisin

production of some strains of S. lactis. These results
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indicate that nisin production and resistance are plasmid

encoded. However, the conjugal transfer plasmid could not

be isolated nor detected in lysates of the

transconjugants(7,8,30). The present study not only

confirms that the nisin phenotype of S. lactis 7962 is

mediated by a conjugative plasmid, pNS 17.5, but physical

evidence also has been obtained linking nisin production

and resistance to a distinct plasmid.

Conjugal transfer of the nisin gene to develop

"super-nisin" producing derivatives of L. dextranicum has

some regulatory expression implications. First, L.

dextranicum has never been reported to produce nisin:

therefore, pNS 17.5 must code for all the gene(s)

responsible for nisin production. However, gene(s) for

controlling of nisin production and repression could not

function properly or are not transfered to the new host

organism. As a result, following conjugal transfer, the

nisin gene is over expressed as compared to that which

occurs in the natural resident bacterium. Second, pNS17.5

might only code for the gene for nisin-generating

enzyme(s), which could modify the precursor of nisin

(pronisin) to activate nisin in the outer layers of the

cell(32). Although there are no other reports describing

nisin production in Leuconostoc, L. dextranicum 181

possesses some inhibitory ability for indicator organisms

on diffusion assay plates(Fig.2.3). Pronisin might be
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located in the outer layers of the cell and have a

limiting function. When foreign pNS 17.5 plasmid is

transferred, the conjugal gene then is expressed, and

synthesis of nisin-generating enzyme ocurs. Consequently,

all the pronisin is turned into the active form. Third,

the new host organism may not be able to express any

genes on pNS 17.5, although pNS 17.5 genes are well

expressed in the donor organism. However, gene

rearrangement may occur between plasmid or chromosome of

the recipient cells and pNS 17.5 when pNS17.5 is

harbored. Hence, the genes responsible for the synthesis

of nisin or nisin-generating enzyme(s) are created or

activated de novo without the presence of any regulatory

genes.

The linkage of sucrose-fermenting ability and nisin

production has been reported(7,8,12,17) this study

confirms those results. Furthermore, the transconjugant

is insensitive to 7962 phage and resistant to >1000 ug/ml

vancomycin. These results confirm that the transconjugant

is a derivative of L. dextranicum 181.



51

LITERATURE CITED

1. Anderson, D. G., and L. L. McKay. 1983. Simple and
rapid method for isolation large plasmid DNA from lactic
streptococci. Appl. Microbiol. 46: 549-552.

2. Davey, G. P., and L. E. Pearce. 1982. Production of
diplococcin by Streptococcus cremoris and its transfer to
nonproducing group N streptococci, p. 221-224. In D.

Schlessinger (ed.), Microbiology. 1982. American
Society for Microbiology, Washington, D. C.

3. Eapen, K. C., R. Sankaran, and P. K. Vuayaraghavan.
1983. The present status on the use of nisin in

processed foods. J. Fd. Sci. Technol. 20: 231-240.

4. Elliker, P. R., A. Anderson, and G. H. Hannessen.
1956. An agar culture medium for lactic acid

streptococci and lactobacilli. J. Dariy Sci. 39:

1611-1612.

5. Fuchs, P. G., J. Zajdel, and W. T. Dobrzanski. 1975.

Possible plasmid nature of the determinant for production
of the antibiotic nisin in some strains of Streptococcus
lactis. J. Gen. Microbiol. 88: 189-192.

6. Fowler, G. G., B. Jarvis, and J. Tramer. 1975. The

assay of nisin in foods. In R. G. Board and D. W.

Lovelock (eds.), Some Method for Microbiological Assay.
Academic Press, New York.

7. Gasson, M. J. 1984. Transfer of sucrose fermenting
ability, nisin resistance and nisin production into

Streptococcus lactis 712. FEMS Microbiology Letters 21:

7-10.

8. Gonzalez, C. F., and B. S. Kunka. 1985. Transfer of
sucrose-fermenting ability and nisin production phenotype
among lactic streptococci. Appl. Environ. Microbiol. 49:
627-633.

9. Grushina, V. A., I. P. Baranova, and N. S. Egorov.

1979. Nisin accumulation dynamics in a Streptococcus
lactis culture(in Russian). Translated from Prikladnays
Biokhimiya i Mikrobiologiya. 15: 472-474.

10. Hirsch, A., and E. Grinsted. 1951. The

differentiation of the lactic streptococci and their

antibiotics. J. Dairy Res. 18: 198-204.



52

11. Hurst, A. 1966. Biosynthesis of the antibiotic
nisin by whole Streptococccus lactis organisms. J. Gesn.
Microbiol. 44:209-220.

12. Hurst, A. 1981. Nisin. Adv. Appl. Microbiol. 27:

85-123.

13. Kekessy, D. A., and J. D. Piguet. 1970. New method
for detecting bacteriocin production. Appl. Microbiol.
20: 282-283.

14. Klaenhammer, T., and R. B. Sanozky. 1985. Conjugal

transfer from Streptococcus lactis ME2 of plasmids

encoding phage resistance, nisin resistance and
lactose-fermenting ability:evidence for a high-frequency
conjugative plasmid responsible for abortive infection of

virulent bacteriophage. J. Gen. Microbiol. 131:

1531-1541.

15. Kosikowski, F. 1977. In Cheese and Fermented Milk
Foods. Edwards Brothers Inc., Ann Arbor, Michigan.

16. Kozak, W., M. Rajcher-Trzpl, and W. T. Dobrzanski.
1974. The effect of proflavin, ethidium bromide and an
elevated temperature on the appearance of nisin-negative
clones in nisin-producing strains of Streptococcus
lactis. J. Gen. Microbiol. 83: 295-302.

17. LeBlanc, D. J., V. L. Crow, and L. N. Lee. 1980.

Plasmid mediated carbohydrate catabolic enzymes among

strains of Streptococcus lactis. p. 31-41. In C.

Stuttard and K. R. Rozee (eds.), Plasmids and

Transposons: Envrionmental Effects and Maintenance
Mechanisms. Academic Press, New York.

18. McKay, L. L., and K. Baldwin. 1984. Conjugative
40-megadalton plasmid in Streptococcus lactis subsp.
diacetylactis DRC3 is associated with resistance to nisin

and bacteriophage. Appl. Environ. Microbiol. 47:

68-74.

19. McKay, L. L., A. Miller III, W. E. Sandine, and P. R.

Elliker. 1970. Mechanisms of lactose utilization by

lactic acid streptococci: enzymatic and genetic analyses.

J. Bacteriol. 102:804-809.

20. McKay, L. L., K. A. Baldwin, and E. A. Zottola.

1972. Loss of lactose metabolism in lactic streptococci.
Appl. Environ. Microbiol. 23: 1090-1096.

21. Miller, J. H. 1972. In Experiments in Molecular



53

Genetcs, Cold Spring Harbor Laboratory, Cold Spring
Harbor, New York.

22. Orberg, P., and W. E. Sandine. 1984. Common
occurrence of plasmid DNA and vancomycin resistance in
Leuconostoc spp. Appl. Environ. Microbiol.
48:1129-1133.

23. Orberg, P., and W. E. Sandine. 1985. Plasmid
linkage of proteinase and lactose fermentation in

Streptococcus lactis NCDO 1404. J. Dairy Sci. 68:

572-580.

24. Rayman, M. K., B. Aris, and A. Hurst. 1981. Nisin:

a posssible alternative or adjunct to nitrite in the

preservation of meats. Appl. Environ. Microbiol. 41:

375-380.

25. Rayman, M. K., N. Malik, and A. Hurst. 1983.

Failure of nisin to inhibit outgrowth of Clostridium
botulinum in a model cured meat system. Appl. Environ.
Microbiol. 46: 1450-1452.

26. Pearce, L. E. 1984. Differential isolation medium
for lactose negative lactic streptococci and its use to
detect plasmid curing of Streptococcus lactis by elevated
growth temperatures. New Zealand J. Dairy Sci. Technol.
19: 129-132.

27. Sandine, W. E. 1985. The streptococci: milk
products, In S. Gilliland (ed.), Bacterial starter
cultures for foods, CRC Press, Boca Raton, FL.

28. Scott, V. N., and L. Taylor. 1981. Effect of nisin
on the outgrowth of Clostridium botulinum spores. J. Fd.

Sci. 46: 117-126.

29. Steele, J. L., and L. L. McKay. 1986. Partial

characterization of the genetic basis for sucrose
metabolism and nisin production is Streptococcus lactis.
Appl. Environ. Microbiol. 51: 57-64.

30. Terzaghi, B. E., and W. E. Sandine. 1975. Improved
medium for lactic streptococci and their bacteriophages.
Appl. Microbiol. 29: 807-813.

31. Tramer, J., and G. G. Fowler. 1964. Estimation of
nisin in foods. J. Sci. Fd. Agric. 15: 522-528.

32. White, R. J., and A. Hurst. 1968. The location of
nisin in the producer orgainsm, Streptococcus lactis. J.



54

Gen. Microbiol. 53: 171-179.



55

Chapter 3

Conjugal Transfer of the Lactose Gene from

Streptococcus lactis C2 to Leuconostoc cremoris CAF7:

Evidence of Leuconostoc Mutants Capable of

Fermenting Lactose and Producing Diacetyl.

Huai-Jen Tsai and W. E. Sandine

Department of Microbiology

Oregon State University

Corvallis, OR 97331-3804



56

ABSTRACT

Conjugation between Lac+ S. lactis C2 and Lac-

Leuconostoc cremoris CAF7 was performed. The frequency of

lactose gene transferred was 1.5X10-2 per donor cells.

Transconjugants could ferment lactose significantly

faster than the wild type cells. When they were grown in

litmus milk, fortified with 0.2% yeast extract, they

reached pH 4.68 within 24h at 30C and were positive for

diacetyl production. The Lac+ mutants were resistant to

c2 phage and also to >500 ug/ml vancomycin. Plasmid

profiles of 10 transconjugants showed two unique

patterns. A novel enlarged plasmid was found. Southern

blot hybridization revealed some homology between the 30

Md plasmid of the donor, recipient and transconjugant as

well as between some of the remaining plasmids of the

donor.
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INTRODUCTION

Leuconostoc is a genus of fastidious, gram-positve

bacteria of the family Streptococcaceae, found in

fermenting vegetalbes, dairy products, wine and sugar

refineries(8). Members of the genus are important in the

manufacture of dairy products, especially L. cremoris, L.

dextranicum and L. lactis(8,9). Leuconostoc cremoris and

L. dextranicum can ferment citrate in milk and are

responsible for flavor production in buttermilk, sour

cream, cream cheese, Neufchatel and cottage cheese(22).

Leuconostoc can not ferment citrate and produce aroma and

flavor unless the pH of milk is acidic(3). Also,

Leuconostoc grow poorly in milk due to a lack of the

genes responsible for lactose fermentation and protein

utilization(3). Therefore, starter cultures used for

fermented milk foods in North America must contain both

the lactic acid bacteria and aroma bacteria. The lactic

acid bacteria serve as acid producers and lower the pH of

milk to allow the aroma bacteria to produce the desirable

diacetyl flavor.

One way to overcome this inert characteristic of

Leuconostoc would be to transfer plasmid gene(s) for

lactose fermentation and/or proteolysis. If this genetic

approach works well, Leuconostoc would become more useful

dairy microorganisms, since there may not be as many

phages for them as for lactic streptococci, and their

phages may have a narrow host range(33). This paper will

document how genetic techniques can improve the quality

of starter cultures by producing Lac+ transconjugants of

L. cremoris CAF7. These organisms can ferment lactose in

milk more efficiently than wild type cells, so that the

transconjugants behave like acid-producing bacteria.

Consequently, citrate in the acid environment is
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metabolized to diacetyl. Such transconjugants can

function as both acid- and flavor-producers. They also

could contribute to desirable smaller eyes in certain

cheeses such as Danish Dagono and Swedish Herrgard by

producing sufficient CO2 from citrate to create eyes.

Such cheese types presently rely on S. diacetylactis to

produce small eyes.
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MATERIALS AND METHODS

Bacterial strains. Table 3.1 lists the strains

used in this study. S. lactis C2 was maintained by

biweekly transfer at 30 C in M17 broth (34). All

Leuconostoc cultures were maintained in MRS broth(4).

Eschserichia coli V517 (25) was obtained from E.

Lederberg, Plasmid Reference Center, and propogated in

brain-heart infusion broth at 37 C.

Solid surface conjugation. A modification of the

method of McKay et al. (26) for solid surface conjugation

was performed. Cultures of the donor strain, positive for

lactose fermentation, but sensitive to 10 ug/ml

vancomycin(L+ Vm), were grown overnight in M17 broth.

Cultures of recipient strain, negative for lactose

fermentation but resistant to 10 ug/ml vancomycin (L-Vm+)

were grown in MRS broth, and then transferred (2%) into

fresh broth. Then they were incubated at 30 C for 3 h

before mating. Mating was performed by mixing at a

donor:recipient ratio of 1:2 and spreading on Elliker

agar(7) or passing through a membrane filter(0.45um pore

size, Millipore). The membrane filters were then

transferred to Elliker agar. The latter method was

designated the membrane filter technique, the former was

called the spread plate method. Plates were placed in a

GasPak jar (BBL, Microbiology System, Cockeysville, Md.)

and incubated at 30 C for 16 h. After incubation, mating

mixtures were suspended in peptone water(0.1%) and

centrifuged at 9890 X g at 4 C for 12 min. The pellet was

resuspended, diluted and plated on M17 agar containing

0.5% sodium glycerophosphate, 10 ug/ml vancomycin and

0.004% bromocresol purple (M17-Vm-BCP). Lack

tranconjugants formed single yellow colonies against a

purple background within 48 h at 30 C.



Table 3.1. Bacterial strains used.

Strain Source Descriptiona

Streptococcus lactis C2 This laboratory

S. lactis C2 mutant This laboratory

Leuconostoc cremoris CAF7 11

L.

L.

cremoris HT6

cremoris HT32

Esherichia coli V517

This study

11

Wild type, L +P +, donor

L P
+

Wild type, LP, recipient

Transconjugant, L
+
P
-

E. Lederberg Source of reference plasmid

a L = lactose fermenting ability; P = proteolytic ability; + = positive; - = negative.
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Yellow colonies were retransferred to modified Rogosa

Agar (30) containing 500ug/m1 vancomycin (MRA-Vm).

Surviving organisms on MRA-Vm were transferred to MRS

broth for later assays.

Donor strain was diluted and plated on M17 agar to

determine total colony forming units(CFU) per ml and on

M17-Vm-BCP agar to ensure vancomycin sensitity by the

donor. Recipient strains were also diluted and plated on

MRS agar for enumeration and on M17-Vm-BCP agar for

negative control. Control mating groups were done as

described in Chapter 2.

Lactose fermentation test broth(LFTB). Overnight

cultures were inocultaed (2.5%) into LFTB (27) and

incubated at 30 C for 4 h.

pH in litmus milk with or without 0.2% yeast

extract. The litmus milk was prepared by sterilizing

11%(wt/v) reconstituted nonfat dry milk containing 0.075%

litmus with or without 0.2% yeast extract. The litmus

milk was inoculated with 1% overnight culture, and

incubated at 30 C, with pH measurements every 6 h.

pH in M17 broth and M17 modification broth. One

per cent overnight cultures were inoculated into M17

broth, and M17 broth with 0.5% or no sodium

glycerophosphate. The cultures were kept at 30 C and/or

room temperture (23 C) for 48 h and the pH was measured

every 6 h.

King test. King's modification of Ritter's

alpha-naphthol test(19) was performed to quantitate

diacetyl, acetylmethylcarbinol and 2,3-butylene glycol.

Streptococcus lactis subsp. diacetylactis DRC1 was used

as a positive control, while S. lactis C2 was a negative

control.

Streptococcus lactis C2 phage assay and vancomycin

resistance. The methods were performed as described in
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Chapter 2 . Donor, recipient and the transconjugants were

tested for c2 phage sensitivities. The data indicated

whether or not the transconjugants were derivatives of

the recipient cells.

Large-scale plasmid DNA isolation and CsCl-EtBr

purification, and agarose gel electrophoresis. The

methods were as described in Chapter 1. The plasmid

content of donor, recipient and transconjugants were

analyzed.

Recovery of 30Md plasmid of S. lactic C2 from

agarose gel. Pure 30 Md plasmid of S. lactis C2 was

isolated in order to make 32 P-radioactive probe. After

running electrophoresis on 0.7% low-melting-temperature

agarose (Type V11, Sigma) containing 0.5 ug/ml of

ethidium bromide(EtBr), a 30 Md plasmid was localized

using a long-wave-length UV lamp and was excised. The gel

slice was melted by heating at 65 C for 20 min, and then

cooled to 37 C. An equal volume of phenol, preheated to

37 C, was added. This mixture was shaken and spun down at

13,000 rpm (Microfuge 11, Beckman) for one min. The

aqueous layer was collected and retracted with phenol.

After the aqueous layer was transferred to a new tube,

NaC1 was added to 0.1 M final concentration. The top

phase was removed by centrifugation at room temperature

and was extracted three times with ether which was

evaporated for 15 min under the hood. Plasmid DNA was

precipitated by adding one tenth volume of 3M sodium

acetate and two volumes of 100% ethanol.

Southern blot hybridization. Plasmid DNA of donor,

recipient, two tranconjugants and E. coli V517 were run

on 0.7% agarose gel in Tris-acetate buffer (0.04M

Tris-acetate and 0.001M EDTA). These plasmid DNAs were

then transferred to a nitrocellulose filter as described

by Maniatis et al.(24). It took about 21 h for the DNA to
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transfer. The dried filter was baked for 2 h at 80 C

under vacuum. Prehybridization was performed at 42 C for

2 h with a prehybridization mix solution consisting of 20

X SSC ( 3M sodium chloride, 0.3M sodium citrate), 20 X

Denhardt's solution, deioinized formamide (DIF), and

denatured sonicated salmon sperm DNA (sssDNA).

Hybridization was performed overnight at 42 C in a

hybridization mix solution containing 20 X SSC, 20 X

Denhardt's solution, DIF, 50% dextran sulfate, and

sssDNA. A probe consisting of nick-translated 30Md plamid

was added to the hybridization solution.

Probe of 30Md plasmid DNA was prepared by

nick-translation with (alpha-32P)dATP (New England

Nuclear). The specific activity of the probe was

25X10 6 CPM. The probe was collected by centrifugation

through Sephadex G-50 packed in disposable syringe.

After hybridization, the filter was washed at 42 C

for 15 min three times in a solution consisting of 2 X

SSC and 0.1% SDS(sodium dodecyl sulfate) and twice in 0.1

X SSC and 0.1% SDS. The filter was placed on Kodak XAR-5

Xomat film at -70 C for 5 h.
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RESULTS

Conjugation. Donor cells (27X108 CFU/ml) grew on

M17 agar but there was no growth on M17-Vm-BCP agar. This

selective agar was exclusive for recipient cells and the

transconjugants. Recipient cells, however, could not form

any yellow colonies on M17-Vm-BCP agar. The average

number of yellow colonies shown on 10-7 selective agar

plate was four for the spread plate method, and three for

the membrane filter technique. Therefore, the frequency

of conjugation was 1.5X10-2 and 1.1X10-2, respectively.

No tranconjugants were detected in mating studies with

cell-free filtrates or heat-treated donor cells when

mixed with recipients(less than one colony out of 20

plates at the 10-7 dilution-Table 3.2).

Lactose fermentation broth test. Transconjugants

could utilize lactose significantly faster than the wild

type. During four hours of incubation at 30 C, the

transconjugants lowed the pH of broth to 4.5 while the

wild type only lowed the pH to 5.2. Acid production from

lactose also was evident by the color change of the broth

from purple to yellow(Fig. 3.1).

pH value in litmus milk. Although the pH

difference between wild type and transconjugants was

about 0.5 unit after incubation at 30 C for 48 h, this

difference was magnified to 1.4 units when litmus milk

was fortified with 0.2% yeast extract(Fig. 3.2 B). The

milk could be coagulated by incubation at 30 C for 24 h.

If an CP+ mutant of S. lactis C2 was inoculated together

with transconjugants, the pH of milk was lower than the

CP+ inoculum alone (Fig. 3.2 A).



Table 3.2. Conjugal transfer of lactose fermenting genes from
Streptococcus lactis C2 to Leuconostoc cremoris CAF7.

Number of yellow coloniesb Frequency per donors

Donor in matinga SP MF SP MF

Donor

Cell-free filtrate of donor

Donor in the presence of DNAased

Heat-treated donore

4

<0.05

4.3

<0.05

3

<0.05

3.5

<0.05

1.5x10
-2

NA

1.6x10
-2

NA

1.1x10
-2

NA

1.3x10
-2

NA

a
At a donor:recipient ration of 1:2.

b
Average number from 20 of 10 -7 plates.

c
Calculated from 27x108

CFU/ml donor cells.

d
100 ug/ml.

e
100

o
C for 10 min.

SP, Spread plate.

MF, Membrane filter technique.

NA, Not applicable.



66

3 C C.

Figure 3.1. Lactose fermentation broth test. Comparison

of lactose fermenting abilities of L. cremoris strains

incubated in lactose fermentation broth at 30 C for 4 h:

(1), control, pH 6.3; (2), strain CAF7, wild type, pH

5.2; (3) and (4), strain HT6 and HT32, transconjugants,

pH 4.5.
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Figure 3.2. pH vs incubation time in litmus milk.

A: pH value reduced over time at 30 C when

wild type L. cremoris CAF7(1%), transconjugant L.

cremoris HT6(1%), CP+ mutant of S. lactis C2(1%), and

transconjugant(0.5%) plus L-P-1- mutant of S. lactis

C2(0.5%) were inoculated in litmus milk.

B: pH value reduced over time at 30 C when

wild type L. cremoris CAF7(1%) and the transconjugant L.

cremoris HT6(1%) were inoculated in litmus milk fortified

with 0.2% yeast extract.
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pH in M17 broth and M17 modification broth. The pH

of wild type and tranconjugants in M17 broth after

incubation for 48 h at 30 C was 6.31 and 5.38,

respectively(Fig. 3.3). If M17 broth containing 0.5% SGP

instead of 1.9% was used, the pH was 4.55 when incubated

for 12 h at 30 C, or for 18 h at room temperature(23 C).

The difference was 1.7 units between wild type and

transconjugants(Fig. 3.4). In M17 broth without SGP, the

pH dropped faster than in broth containing 0.5% SGP; the

pH difference was about one unit(Fig. 3.5).

King test. When the transconjugant, L. cremoris

HT6, was incubated for 24 h either at 30 C or at room

temperature(23 C), the King test was positive. If it was

incubated only for 16 h at room temperature(23 C), the

King test was negative because the acid produced was not

sufficient to allow L. cremoris HT6 to produce diacetly.

All cultures of wild type cells were negative for the

King test. However, when acid-producing S. lactis C2 was

added to these cultures, the King test became

positive(Table 3.3).

Streptococcus lactis C2 phage assay and vancomycin

resistance. The donor cells, S. lactis C2 were sensitive

to both c2 phage and to vancomycin(lOug/ml). However,

the recipient cells, L. cremoris CAF7, and

transconjugants, L. cremoris HT6 and HT32, were totally

insensitive to c2 phage and were resistant to

concentration greater than 500ug/m1 vancomycin. See Table

3.4.
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Figure 3.3. pH vs incubation time in M17 broth. pH value

reduced over time at 30 C when 1% wild type L. cremoris

CAF7, and 1% transconjugant L. cremoris HT6 were

inocultaed in M17 broth.
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Figure 3.4. pH vs incubation time in M17 with 0.5% sodium

glycerophosphate. pH value reduced over time when 1% wild

type L. cremoris CAF7, and 1% transconjugant L. cremoris

HT6 were inoculated in M17 with 0.5% sodium

glycerophophate and incubated at 25 C(A), and at 30

C(B).
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Figure 3.5. pH vs incubation time in M17 containing no

sodium glycerophophate. pH value reduced over time when

1% wild type L. cremoris CAF7, and 1% transconjugant L.

cremoris HT6 were inoculated in M17 containing no sodium

glycerophosphate and inocubated at 25 C(A), and at 30

C(B).
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Table 3.3. King test for C4 compounds.

Culture preparations

ResultsStrains Incubation (h) Temperature Supplementd

(1) Leuconostoc cremoris CAF7a 24 30 °C 0.2% YE

(2) 11 24 23 °C 0.2% YE -

(3)
u 16 23 °C None

(4) L. cremoris HT6
b

24 30 °C 0.2% YE +++

(5) " 24 2323 °C 0.2% YE +

(6) /1 16 23 °C None

(7) Streptococcus lactis C2 16 23 °C23 None

(8) S. lactis subsp. diacetylactis DRC1c 16 23 °C23 None ++++

(9) (3) + (7) 16 23 °C23 None ++++

(10) (6) + (7) 16 23 °C23 None ++++

(11) (7) + (8) 16 23 °C23 None ++++

a Recipient; b Transconjugant; Positive control organism;
d in litmus milk.

-, negative; ++++, 100% absolute color intensity; +++, 75% relative color intensity;

+, 25% relative color intensity.

23 °C, room temperature; YE, yeast extract.



Table 3.4. Streptococcus lactis c2 phage assay and vancomycin

resistance fot Lac
+ donor, recipient and transconjugants.

Host cell c2 phage titerd Vancomycin resistancee

Streptococcus lactis C2a 2x10
7 <10

Leuconostoc cremoris CAF7b <10 >500

L. cremoris HT6c <10 >500

L. cremoris HT32c <10 >500

a b c d e
Donor; Recipient; Transconjugant; PFU/ml; ug/ml.
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Plasmid profiles. Two types of plasmid profiles

among ten transconjugants were obtained. Some

transconjugants had plasmids of 58, 30, 19.1, 17.2, 9.4

and 6.5 Md; these were designated type I. Some

transconjugants had plasmids of 30, 24, 18.5, 17.2, 9.7

and 6.5 Md and were designated type II. The ratio of type

I to type II was 3:2 among ten transconjugants examined.

The only difference between these two types was that type

I had a 58 Md plasmid while type II had a 24 Md plasmid.

See Fig. 3.6(A) and Table 3.5. The phenotypic

characteristics were same as the L
+
P .

Recovery of 30Md plasmid DNA from agarose gel. At

least 50% covalently closed circular plasmid DNA was

recovered. The pure single species of the 30 Md plasmid

on agarose gel is shown on Fig. 3.7.

Homologous plasmids of donor, recipient and

transconjugants cells. Using the 30 Md plasmid of S.

lactis C2 as a probe, hybridization results showed that

there were homologies in the remaining S. lactis C2

plasmids except for the 1.4 Md plasmid. In addition, this

plasmid probe hybridized well with two plasmids of

recipient cells and three and four plasmids of the

transconjugants, HT32 and HT6, respectively(Fig. 3.6 B).
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35.8-

3.7-
3 1
20-

B
2 3 4 5 1 2 3 4 5

Figure 3.6. Agarose gel electrophoresis and DNA-DNA

hybridization of plasmids. A: Agarose gel (0.7%)

electrophoresis of plasmid DNA from: lane 1, E. coli

V517; lane 2, recipient L. cremoris CAF 7; lane 3 and 4.

transconjugants L. cremoris HT6 and HT32, respectively;

lane 5, Lac+ plasmid donor S. lactis C2. B: Autoradiogram

of Southern blots corresponding to A. The probe (*) was

the 32 P-labeled 30 Md plasmid from the donor organism.

The white square indentifies the plasmids with homologous

to the probe.



Table 3.5. Plasmid profiles of donor, recipient and transconjugants and their

homology with 32P-labeled 30 Md donor plasmid as the probe.

Strain Molecular masses (Md)
d

Streptococcus lactis C2a 30,
*

17.5,
*

13,
*

9.4,
*

5.1,
*

2.3,
*

1.4.

Leuconostoc cremoris CAF7b 36,
*

17.5,
*

10.5, 4.8.

L. cremoris HT6c 58,
*

30,
*

19.1, 17.2,
*

9.4,
*

6.5.

L. cremoris HT32c 30,
*

24, 18.5, 17.2,
*

9.7,
*

6.5.

a Donor; b Recipient; c Transconjugant; d Megadalton.

Sequence homology with probe.
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30-

A B C D

35.8

- 4.8
- 3.7

3.4
- 2.6
- 2.0

1.8
1.4

Figure 3.7. The recovery 30 Md plasmid from S. lactis

C2. Lane A and B, 30 Md plasmid after excising and

purifying from low-melting-temperature agarose gel; Lane

C, plasmid profile of S. lactis C2; lane D, E. coli V517,

as molecular mass reference.
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DISCUSSION

The results obtained from growth in litmus milk,

M17 broth with various concentration of SGP, and lactose

fermentation broth revealed that transconjugants could

ferment lactose significantly faster than wild type

cells, especially when grown in M17 broth with 0.5% SGP.

Also if litmus milk was fortified with 0.2% yeast

extract, transconjugants could coagulate the milk after

incubation at 30 C for 24 h, while wild type cells were

still at pH 6.0. When transconjugants were mixed with a

CP+ mutant of S. lactis C2, they could produce acid

faster than either the transconjugants themselves or the

CP+ mutant alone. This implies that the transconjugants

are L+P, and able to grow symbiotically in milk with

protease positive strains. The transconjugants obviously

lack proteolytic abililty so that only if nitrogen

sources were supplied by yeast extract or casein growth

products produced by the CP+ mutant were they grow well

and acidify milk. Klaenhammer et al.(20) suggested that

12.5 and 18 Md plasmids were involved in proteinase

production. The transconjugants obtained from this study

did not contain any molecular mass of plasmid around 12.5

Md to 13 Md. This would be an additional evidence showed

that the transconjugants

strains.

were proteinase negative

The transconjugants were King test positive when

grown in litmus milk containing 0.2% yeast extract. This

indicates that they produced acid by fermenting lactose

and the resultant drop in pH promoted flavor and aroma

development. The wild type cells did not demonstrate this

ability, even when yeast extract was added. Hence, they

must depend on acid-producing bacteria if they are to

produce aroma compounds. On the other hand, the
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transconjugants coagulated milk and produced diacetyl

without requiring the presence of acid-producing

strains.

The transconjugants evidently were derivatives of L.

cremoris CAF7 because they were resistant to 500 ug/ml

vancomycin and to c2 phage. The positive King test

indicates that the Lac plasmid from the donor was

transferred into the transconjugants.

The Lac+ donor, S. lactis C2, did not produce

bacteriocin to inhibit recipient cells of L. cremoris

CAF7. However, the recipient cells could produce

bacterocin which would inhibit donor cells. Therefore,

the conjugation needed to occur before L. cremoris CAF7

reached the mid-log growing phase. After conjugation, the

prospective transconjugants had to be properly diluted in

order to avoid overcrowding on the M17-Vm-BCP selective

agar. If there were too many colonies the purple

background of the agar would turn yellow and it would be

difficult to judge which colonies were Lac +

transconjugants. Also, Elliker agar was better than

M17-glucose agar for solid surface mating and the spread

plate method was superior to membrane filter method in

terms of convenience and less contamination.

Intrastrain and interspecies sequence homologies

occurring between plasmids of bacteria has been

reported(38). The present study gives additional evidence

that homologous plasmid regions can occur between

different genera, i.e. Streptococcus and Leuconostoc.

The lactose fermenting gene of S. lactis C2 is

located on a 30 Md plasmid(20). Two plasmids of L.

cremoris CAF7 were homologous with Lac plasmid probe.

However, these two plasmids are not responsible for the

lactose fermenting ability. This indicates that the

homologous segment of plasmid DNA of recipient cells does
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not code for lactose metabolism in group N streptococci,

so the Lac+ phenotype must be due to the presence of

other genes or insertion sequences. In contrast to LP

phenotype of recipient cells, the transconjugants are

L+P- because they can ferment lactose. Also they have

plasmids which hybridize well with the probe. This shows

that the transconjugants harbor plasmid(s) from the donor

organisms, including genes for lactose metabolism. These

genes were expressed in L. cremoris CAF7.

Recombination between homologous plasmids can result

in the formation of cointegrated molecules. Cointegrate

formation has been reported in Escherichia coli(12,29),

Bacillus subtilis(18), Salmonella typhimurium (14,23),

Agrobacterium species(15), between plasmids and

bacteriophages(17), and in group N streptococci during

conjugal transfer of the Lac plasmid(1,36,37).

Researchers have suggested that a novel, enlarged

transconjugated plasmid of transconjugants results from

recombination of the conjugal transfer plasmid with an

additonal insertion sequence(s). This accounts for the

formation of cointegrates which can transfer the Lac

plasmid by conjugation. The frequency of cointegrate

formation is quite high if the plasmids have extensive

homology with one another(29). In the present study, six

out of seven plasmids in S. lactis C2 were homologous.

This suggests that the degree of cointegrate formation

that occurred in S. lactis C2 is high. Therefore,

recombination might occur in donor cells before

conjugation. Non-conjugative plasmids also might be

transferred because they recombine with conjugal

plasmid(s).

The apparently high cointegrate frequency in donor

cells explains why S. lactis C2 X L. cremoris CAF7 is a

high-frequency conjugation system. First, Lac plasmid
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might combine with plasmids containing high-frequency

conjugation gene(s). Second, cointegrate plasmids would

excise imprecisely, and result in inactivating the gene

responsible for repressing conjugal transfer. Another

explanation for this phenomenon could involve sex

pheromones. This extracellular substance produced by

recipient strains might be recognized by donor strains as

a mating signals, and results in proceeding the evolution

of the related conjugative system. This phenomenon has

been reported in S. faecalis (2,5,6).

High-frequency conjugal transfer of the lactose

fermenting gene of group N streptococci has been reported

in S. lacits 712(11), S. lactis ML3(1,36), and S. lactis

ME2(21). Two phenomena have been suggested to explain the

characteristics of the transconjugants. First, conjugal

transfer results in formation of a novel, enlarged

plasmid with aggregation progeny(10,11,36,37). Second,

neither clumping nor large recombinant plasmid formation

occurred, such as for the transcojugant of S. lactis ME2

(21). In the present study, a third phenomenon is

suggested, that is the absence of clumping but having a

larger plasmid.

Because there are some homologous plasmids shared by

donor and recipient, it is likely that conjugally

transferred plasmids would cointegrate with plasmids of

recipient cells. These cointegrate plasmids may be

maintained or be excised in new host cells. For example,

it is possibe that the 30, 17.5 and 9.4 Md plasmids of

donor cells could form a cointegrate plasmid. This

plasmid could be transferred into recipient cells and be

maintained as an enlarged 58 Md plasmid. If precise

excision occurs, then 30, 17.5 and 9.4 Md plasmids would

be found in the recipient cells. If imprecise excision

occurs, novel smaller plasmids would be present. This
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could explain why there are two unique plasmid patterns

occurring in the transconjugants. Also, it could explain

the present of novel, enlarged plasmid which usually

occurs in the transconjugants during high-frequency

conjugation of group N streptococci (1,10,11,36,37).

Some plasmids of the recipient are missing in

tranconjugants. This might be caused by recombination or

incompatability among recipient and donor plasmids.

Recombination might result in deleting some DNA.

Consequently, the plasmid would no longer be maintained

in the same size as the original when present in the

recipient cells. Another possibility which may cause

plasmids to be missing in the transconjugants would be

plasmid incompatability. Incompatibility is an

operational term for interactions between two plasmids

which prevent their co-inheritance(35). It may or may not

be always correlated with extensive sequence

homology(32). This suggests that the missing plasmids are

incompatible with the foreign Lac plasmid. When the Lac

plasmid is harbored, these two incompatible groups of

plasmids are partitioned into different daughter cells.

But only Lac+ transconjugants are selected from the

selective medium and analyzed for their plasmid content.

Plasmid incompatibility is a well known property in

bacteria. For example two F/ plasmids, F/his+ and F/lac+,

are incompatible. In addition, there are seven

incompatibility groups in Staphylococcus and at least

eleven groups in Pseudomonas(13). Recently Hynes et al.

(16) developed plasmid-free strain of Agrobacterium

tumefaciens by introducing a Rhizobium meloloti plasmid,

which was incompatible with the plasmid of the former

strain. Studies on plasmid incompatibility in group N

streptococci are limited.
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CONCLUDING REMARKS

Two type of transconjugants of Leuconostoc were

isolated after conjugal transfer of plasmid gene(s) from

lactic streptococci. These transconjugants are important

from both a practical and a basic science standpoint.

The transconjugant L. dextranicum HT 200 was

obtained from nisin positive donor S. lactis 7962 and

nisin negative recipient L. dextranicum 181. Not only is

this the first report that a genetically engineered

Leuconostoc can produce nisin, it is the first

demonstration of high production of nisin in a "foreign"

bacterium. Since this transconjugant can produce large

amounts of nisin, it will likely find to use in food

preservation. From the genetic point of view, this

transconjugant has a novel conjugative plasmid, pNS 17.5,

which proved to code for both nisin production and nisin

resistance.

Transconjugant L. cremoris HT6 and HT32 were

obtained from Lac+ donor S. lactis C2 and Lac- recipient

L. cremoris CAF7. This also is the first report that

genetically engineered Leuconostoc are able to ferment

lactose and coagulate milk. This has practical overtone

as well, since such a Leuconostoc culture could be used

in milk fermentation as a single strain culture to easily

produce aromatic dairy products. These transconjugants
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can ferment citrate and produce CO2 so that they also can

contribute to create desirable smaller eyes in certain

cheeses. Therefore, they function in three ways:

acid-production, flavor-production and CO2 production.

Southern blot hybridization results suggest that

recombination, cointegrate formation and incompatiblity

may occur among plasmids of donor and recipient cells

when the Lac+ plasmid is transferred conjugally from

Streptococci to Leuconostoc.
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