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The dairy industry relies primarily on consistent acid produc- 

tion by the lactic streptococci for the manufacture of certain cheeses 

and fermented dairy products. Variation in these cultures due to 

genetic exchange has not been thoroughly investigated. This study 

was undertaken to determine if genetic homology exists within the lac- 

tic group, and if genetic exchange by transformation could be demon- 

strated. 

Thermal denaturation curves of deoxyribonucleic acid isolated 

from several strains of Streptococcus lactis, Streptococcus cremoris 

and Streptococcus diacetilactis showed average mean Tm values of 

84. l' C, 84. 4°C and 83. 7'C, respectively. These values corresponded 

to guanine plus cytosine percentages of 36. 1, 36. 8 and 35. l for the 

three species. Tm values determined, for comparitive purposes, for 

species of streptococci belonging to the pyogenic, viridans and entero- 

coccus groups revealed values comparable to those found for the lactic 



streptococci. The values ranged from 84. 0° C for Streptococcus aga- 

lactiae to 86.2°C for Streptococcus salivarios , but were clustered 

around 84. 0° C. 

On the assumption that the molecular distribution of bases within 

the DNA might be gaussian, normal probability graph paper was used 

to determine the Tm value, which was the 50 percent point. Compari- 

son of this method with the usual graphical method of determining the 

Tm value showed that nearly identical results could be obtained. 

Results from the probability graph paper indicated that the dis- 

tribution curves derived from thermal denaturation data for some 

samples were skewed to the left at the lower temperatures of melting. 

It was found that the skewed portion of the distribution curve could be 

resolved into two normal distribution curves that overlapped one 

another; the skewed portion formed a smaller distribution at the lower 

temperatures. 

Cesium chloride density gradient factionation of DNA from 

strains showing skewed distribution curves indicated that a fraction 

could be separated from the main portion of the DNA. The smaller 

portion corresponded to a fraction of lower density, the presence of 

which had been predicted from the distribution curves. 

A transformation system for S. diacetilactis 18 -16 was estab- 

lished, using streptomycin resistance as the marker. The frequency 

of transformation was low, but the time of appearance of trans;forrnants 



occurred consistently within three to five hours of incubation in the 

competency medium. At 21' C, the time of appearance of transfor- 

mants was delayed for five hours; the number of transformants then 

rose slowly until the experiment was terminated. At 30' C the number 

reached a maximum at the five hour interval, and then declined to the 

end of the experiment. The frequency of transformationwas increased 

by concentrating the cells. Filtration of the samples before exposure 

to the donor DNA proved to be a more efficient method of cell concen- 

tration than centrifugation. The time of maximum expression of the 

incorporated streptomycin -resistance marker was found to be eight 

hours at 30.C. 

The transfer of mannitol utilization by transformation to a man- 

nitol mutant of S. diacetilactis 18 -16 was determined qualitatively, 

and the time of appearance of transformants corresponded to that 

found for the streptomycin -resistance marker. 

Minimum methylene blue adsorption by competent cultures oc- 

curred at four hours of incubation. This interval corresponded to the 

midpoint of the range of time at which transformants were detected in 

transformation experiments. 
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GENETIC HOMOLOGY AND EXCHANGE 
IN LACTIC ACID STREPTOCOCCI 

INTRODUCTION 

The Streptococcus organisms of the lactic group (Streptococcus 

lactis, Streptococcus cremoris and Streptococcus diacetilactis) are 

nutritionally fastidious bacteria, widely distributed in nature and as- 

sociated especially with green plants and milk supplies. They are 

used in the dairy industry for the controlled fermentation of milk to 

produce hundreds of cheeses such as Cottage cheese and Cheddar 

cheese, as well as many fermented milk beverages. 

In preparation for fermentation use, pure cultures of the desired 

strains of streptococci are mixed and grown together. When added to 

the milk, they carry out a lactic acid fermentation; this fermentation 

is the conversion of milk sugar, lactose, to lactic acid which in turn 

causes the coagulation of the milk casein. These cultures are referred 

to as mixed strain lactic starter cultures. Strains of lactic acid 

streptococci used in mixtures are selected for their rate of production 

of lactic acid and, depending on the product to be manufactured, for 

aroma compounds which they produce. The quality of the final product 

is largely dependent upon the stability of these acid- and aroma - 

producing characteristics. 

Variations in the production of acid and aroma compounds, as 
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well as the production of off flavors, have been observed in mixed 

strain starter cultures. The reasons for such deviations have been 

attributed to a number of factors such as strain dominance (8), varia- 

tion in culture milk used to prepare the mother culture (2), and to 

bacteriophage infection (49). 

Investigations into the possibility that variations in properties 

of mixed strain starter cultures may be due to genetic exchange be- 

tween strains led to the demonstration of phage- mediated genetic trans- 

fer (transduction) in S. lactis (1). Transformation, exchange medi- 

ated by naked deoxyribonucleic acid (DNA), has been demonstrated in 

the Streptococcus genus on at least two occasions (38; 42), but workers 

have not been able to show that transformation occurs among the group 

N or lactic streptococci. Nevertheless, it seems likely that transfor- 

mation occurs from time to time in mixed strain lactic starters as 

DNA is liberated by phage lysis of cells or lysis of cells by antibiotics 

and lysozyme -type enzymes present in milk. The degree of exchange 

which may occur once the DNA is liberated in a= medium containing 

lactic streptococci and Leuconostoc organisms would depend, among 

other things, on the degree of genetic homology existing between the 

organisms present. 

One investigation (28) has shown that the degree of relatedness 

between bacteria can be measured by analysis of the base ratio of DNA 

obtained from the cells; microorganisms which are taxonomically 
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similar have comparable average base ratios and the closer these 

values are, the greater the possibility that genetic exchange may occur 

between two organisms. The purpose of the present research was to 

measure the degree of genetic homology existing between members of 

the lactic streptococcus group by DNA base composition analyses. 

Attempts also were made to demonstrate transformation among these 

bacteria. 
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HISTORICAL REVIEW 

Deoxyribonucleic acid (DNA) has been the focal point of research 

in microbial genetics since an "active principle" was first demon- 

strated by Griffith (18) to transform avirulent pneumococci into viru- 

lent types. The principle was later studied in detail by Avery (3) and 

the transforming material identified as DNA. 

Chargaff (7) analyzed the chemical composition of DNA isolated 

from a variety of sources and established that the bases adenine and 

thymine were present in equal amounts, as were the two other bases, 

guanine and cytosine. This one to one ratio between adenine and thy- 

mine on the one hand, and guanine and cytosine on the other, was true 

regardless of the source of the DNA. Later, Crick and Watson (9) 

proposed a model of the DNA molecule based on the pairing of adenine 

to thymine and of cytosine to guanine. Based on the work of Chargaff 

and also on data obtained from X -ray crystallography, these workers 

stated that the DNA molecule was a double strand in the shape of a 

helix. This concept provided a means by which the genetic make up 

of the cell could be preserved during the synthesis of new genetic ma- 

terial while each strand acted as a template for the manufacture of the 

new complementary strand. 

Sueoka, Marmur and Doty (48) demonstrated a correlation be- 

tween the buoyant density of DNA and the guanine -cytosine percentage: 
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the higher the guanine plus cytosine content, the higher the buoyant 

density found. Subsequently, Marmur and Doty (26) observed that 

when a DNA sample was slowly heated, a sharp increase in the extinc- 

tion coefficient occurred at a temperature when the double- stranded 

DNA separated into a single- stranded random coil. The mid -point of 

this rise was called the thermal melting (Tm) value, and it was found 

that the Tm value of a DNA sample was dependent upon the guanine 

plus cytosine (G + C) content: the higher the percentage of G + C, the 

higher the Tm value. Later, Marmur and Doty (27) derived a formu- 

la, Tm - 69.3 + 0.42(G + C), from which it was possible to find the 

base composition of a DNA sample without using paper chromatography 

to determine the G + C content; less purified DNA samples were re- 

quired. Since then, many workers have examined the base composi- 

tion of DNA isolated from different microorganisms and have found 

the values to vary widely, However, microorganisms which were 

taxonomically related were found by Lee, Wahl and Barbu (23) to have 

similar average DNA base compositions. 

De Ley and Schell (10) determined the Tm values of different 

species of acetic acid bacteria and found that members of the Gluco- 

nobacter genus had values which clustered around 60.6 to 63. 4 per- 

cent G + C, while members of the Acetobacter genus revealed values 

from 55.4 to 64. 0 percent G + C. This suggested to the authors that 

the Gluconobacter and Acetobacter genera are closely related and have 
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a common phylogenetic origin. These average base composition 

values also were found to be similar to those of the Pseudomonas 

genus, pointing to a close relationship between these groups of organ- 

isms. These authors further noted that if they arranged the species 

of Acetobacter according to an increasing DNA G + C content, the ar- 

rangement also followed an increasing enzymatic capability: the higher 

the G + C percentage, the more biochemical activity was noted. 

Similarity in average base composition among several strains 

of the Bacillus genus was reported byMcDonald et al. (24) for DNA 

analyzed by determination of the thermal denaturation values. They 

reported that Bacillus cereus and B. anthracis are closely related and 

have a similar base make -up in their genetic material. The authors 

suggested that B. cereus and B. anthracis may not be distinct species, 

but should be classified together because some of the differential cri- 

teria used are not sufficiently valid to designate these two organisms 

as separate species. 

Sigal et al. (47) have determined the base composition of DNA 

isolated from sulfate- reducing bacteria by methods including acid hy- 

drolysis and paper chromatography. They were able to distinguish 

four composition subgroups among these organisms: non - sporulating 

forms with polar flagella containing cytochrome C3 and desulfoviri- 

din which were divided into two classes, fresh water non- halophilic 

forms and the halophilic or halotolerant forms. The other two groups 
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consisted of sporulating types with peritrichous flagella, but lacking 

cytochromes and desulfoviridin. 

The usefulness of average base composition determinations on 

DNA for taxonomic and genetic homology studies was emphasized in 

the work of Marmur, Seaman and Levine (28). From base composi- 

tion analyses of several strains of bacilli, they offered predictions as 

to whether or not transformation would occur between wild type bac- 

teria and different nutritional mutants; strains yielding DNA of similar 

or identical base compositions were found to transform, while strains 

yielding DNA of different base ratios were not able to participate in 

transformation. In a recent review article Marmur, Falkow and 

Mandel (29) discussed the correlation between genetic homology as 

revealed by DNA base ratio studies and taxonomy. 

Genetic exchange by transformation among the lactic streptococ- 

ci has been examined during a part of this research and therefore also 

has been reviewed. Transformation has been defined as the genetic 

exchange between related bacteria by means of naked or purified DNA 

isolated from a donor strain. The ability of the recipient strain to 

bind and incorporate added DNA is dependent upon a physiological 

state of the recipient bacterium, known as competency. Competency 

occurs sometime during the growth cycle of a bacterium and is de- 

pendent upon factors such as the presence of serum albumin, calcium 

ions and whole blood in the culture medium. For review of the 
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subject of transformation and conditions necessary for its occurrence, 

the reader is directed to the following authors: Hotchkiss (19), 

Ephrussi- Taylor (15), and Ravin (44). Transformation has been shown 

to occur in the Streptococcus genus and since the present work was 

concerned with attempts to establish a transformation system among 

lactic streptococci, a review of this work follows. 

Bracco et al. (5) first demonstrated transformation among strep- 

tococci. They were able to show transfer of streptomycin resistance 

from an antibiotic resistant mutant to a sensitive strain of Streptococ- 

cus salivarius by use of naked DNA extracted from the mutant. Paku- 

la et al. (38), in a series of publications, extended this to Streptococ- 

cus sbe and the hemolytic streptococci of Lancefield's serological 

group H. These Polish workers also found that the addition of O. 01 M 

sodium citrate to the culture medium could inhibit deoxyribonuclease 

activity and that this treatment increased the probability of transfor- 

mation. They further found that streptococci of the viridans groups, 

S. sbe, and a group H streptococcus (Challis) could be transformed by 

DNA extracted from streptomycin resistant mutants of Pneumococus 

and coagulase positive staphylococci (39). The DNA from the Pneu- 

mococcus transformed all three streptococci while the DNA from the 

Staphylococcus transformed the S. sbe and Challis to resistance. The 

Pneumococcus strain could be transformed by the DNA from resistant 

mutants of the viridans group, Str. salivarius, S. sbe and group A, 
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C, and H hemolytic streptococci. It was found that DNA from enter - 

cocci could not transform the Pneumococcus organisms to resistance. 

These authors (37), having established a reproducible system of 

transformation, studied the effect of ultraviolet light on DNA from 

Streptococcus in transformation. They found that extracts of Escheri- 

chia coli could photoreactivate ultraviolet light- damaged streptococcal 

DNA. The DNA in the E. coli extracts was found to inhibit transfor- 

mation in the Pneumococcus and Streptococcus species used. The 

effect of DNA from different origins was next investigated by these 

authors (34). Genetically non -active DNA was found to inhibit trans- 

formation in S. sbe when present at high saturation concentrations 

with transforming DNA. Calf thymus or bacterial DNA from related 

or non - related species would cause inhibition of transformation. The 

activity of inhibiting DNA was destroyed by heating to 100' C, while 

ultraviolet irradiation was found to enhance the inhibitory activity of 

genetically non - active DNA. It was further reported by Pakula, 

Hulanicka -Bankowska and Walczak (36) that strain Challis Streptococ- 

cus DNA was quite resistant to ultraviolet irradiation, requiring 

30, 000 ergs /mm2 to inactivate the transforming ability by 90 percent. 

The theories to account for the entry of naked DNA into a compe- 

tent cell are numerous. Pakula and Walczak (35) have demonstrated 

that transformable Streptococcus strain Challis produces an extracel- 

lular factor during the competency phase of growth, and that 

, 
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non- competent streptococci can be made to bind and incorporate trans- 

forming DNA by the addition of this factor. They have concluded that 

the factor is an enzyme because it is time and temperature dependent, 

and heat sensitive. They have also found that this extracellular factor 

can replace the serum or albumin requirement for transformation. 

Further work by Pakula, Cybulska and Walczak (33) has shown that 

this extracellular factor could confer competency upon non - competent 

streptococci and that conversion to competency is blocked by the anti- 

biotic, chloramphenicol. They have also shown that following conver- 

sion to competency, DNA uptake and phenotypic expression were de- 

pendent upon the amount of nutrients present in the medium. Chlor- 

amphenicol was found to have no effect upon the uptake of DNA by the 

competent cells. This work further emphasized that the extracellular 

factor produced by the Streptococcus Challis was an enzyme, and that 

its substrate was the cell surface. 

Perry snd Slade (42) have repeated the work of Pakula et al. 

with similar results. They have extended their study to include other 

serological groups of streptococci such as F, H, O and an unclassified 

strain. These were transformed to streptomycin resistance by DNA 

from A, C, G and H groups. DNA from the H group produced the 

highest number of transformants, and group A DNA produced the low- 

est number. No transformation was observed in the N serological 

group in which the lactic acid streptococci are placed. In subsequent 
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work, Perry and Slade. (41) defined the optimum conditions necessary 

for transformation in the streptococci. They found that the time of 

appearance of competency differed with different strains in the same 

serological group; competency appearance ranged from one to four 

hours after transfer to fresh medium. In all experiments, however, 

competency was found to occur at the beginning of the logarithmic 

phase of growth. Human serum was found superior to bovine serum 

albumin for incorporation into the transforming medium; they did not 

observe transformation when human serum was omitted or replaced by 

bovine serum albumin. Preincubation in Todd- Hewitt blood broth 

medium for 18 hours, followed by transfer to fresh medium of the 

same composition, produced the highest number of transformants. 

These authors have also studied intraspecific and interspecific 

transformation reactions of the streptococci (40). They found auto- 

transformation (within the same strain) was most successful. Homo- 

transformation (between different strains of the same serological 

group) was as successful or more so than autotransformation; hetero- 

transformation (between different serological groups) was the least 

successful or failed to reveal any transformation. 

Group H streptococci exhibited the highest rate of autotransfor- 

mation, followed by groups F, O and the ungroupable strains. The 

results of heterotransformation studies revealed that a genetic rela- 

tionship exists between various strains of different serological groups. 
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No heterotransformation occurred between .F and O groups, indicating 

a lack of genetic homology between them; isolation of the donor DNA 

by various methods (enzymatic or mechanical) did not yield active 

DNA. DNA from F and O serological groups of streptococci was 

found to inhibit the transforming ability of other DNA preparations, 

and when this DNA was heated or subjected to mechanical shear, the 

inhibition was reduced. 

Interspecific transformation (unidirectional) has also been re- 

ported by Sandine et al. (46) to occur in Streptococcus strain Challis 

mediated by DNA from a streptomycin resistant mutant S. lactis. 

The only report of transformation in the lactic acid streptococci 

was made by M$ller- Madsen and Jensen (31). They isolated and puri- 

fied DNA from S. lactis var. maltigenes, mixed it with normal cells 

of S. lactis and allowed the cultures to incubate for 24 to 48 hours. 

The characteristic malty odor of the cultures indicated that transfor- 

mation had occurred. No attempt was made to quantitate the system 

as to the number of transformants, nor were adequate controls run to 

rule out spontaneous mutation to account for gain of the malty trait. 
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METHODS AND MATERIALS 

Cultures Used 

Cultures used in this study (Table 1) were obtained from the cul- 

ture collection in the Department of Microbiology, Oregon State Uni- 

versity and from the American Type Culture Collection, Washington, 

D. C. The history of these cultures is maintained as part of the cul- 

ture collection data in the Department of Microbiology, and is also 

available in the publication by Sandine (45). The bacteria were pre- 

served by supplementing 18 -to 24 -hour mature milk cultures with 

sterile glycerol to a final concentration of ten percent, and freezing at 

-24°C. When needed, a frozen culture was thawed by placing the tube 

in tap water; a ten percent innoculum was then transferred to fresh 

medium and the mixture allowed to incubate. The composition of the 

various media used to culture the streptococci is listed in Tables 2, 

3 and 4. 

Batch Cultures of Streptococci 

The method of extraction of DNA from bacterial cells required 

from three to five grams of packed cells (wet weight). To obtain 

enough cells for repeated extractions, 14 -. to 18-liter amounts of lac- 

tic broth were made up in 20 -liter Pyrex carboys and sterilized by 
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Table 1 

Streptococcus and Leuconostoc Cultures Used 

Organism Strain Collection 
Serological 

Group 

Streptococcus lactis 
1195a 

CZ 
E 
C10 
b 

7962 
7963 
C2 
W 
144F 
11602a 
Dal 
18 -16 
DRC1 
DRC2 
DRC3 
RM1 
6B1 

C3 
OSU 
8043 
9809 
9222 
6638 
11576 
622 

688 
91404 

OSU 
11 

11 

11 

1 

11 

11 

11 

I 

11 

11 

11 

i 

11 

11 

11 

11 

11 

11 

11 

ATCC 
I1 

n 

11 

11 

OSU 

11 

11 

N 
11 

11 

u 

11 

11 

11 

11 

11 

il 

1 

11 

11 

I1 

11 

11 

u 

1 

E 
D 
D 

B 
D 

Streptococcus crerrioris 

Streptococcus diacetilactis 

Streptococcus thermaophilus 
Streptococcus uberis 
Streptococcus faecalis 
Streptococcus bovis 
Streptococcus salivarius 
Streptococcus agalactiae 
Streptococcus durans 
Streptococcus challis 

Leuconostoc dextranicum 
Leuconostoc citrovorum 

- 

- 
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Table 2 

Composition of Lactic (T -19) Broth Medium 

Ingredient Grams per Liter 

Tryptone 20. 0 

Yeast Extract 5. 0 

Glucose 10. 0 

Gelatin 2. 5 

Sodium Chloride 4. 0 

Sodium Acetate 1. 5 

Ascorbic Acid 0. 5 

Agar* 15. 0 

pH 6. 8 to 7. 0 

Added when solid medium for plating was desired 
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Table 3 

Composition of Lactic Broth (T -19X) 
Used in Transformation Experiments 

Ingredient Grams per Liter 

Neopeptonea 20.0 
Charcoal Adsorbed Yeast Extractb 10. 0 milliliters 
Glucose 10. 0 

Gelatin 2. 5 

NaC1 4. 0 

Sodium Acetate 1. 5 

pH 7. 0 

aObtained from the Difco Laboratories, Detroit, Michigan. 

bPrepared as a 50 percent solution of yeast extract and the 
solution charcoal adsorbed according to MacLeod and Mirick (25). 

Table 4 

Composition of Medium Used to Cultivate 
Streptococcus Strain Challisa 

Ingredient Grams per Liter 

Neopeptone 10. 0 

Charcoal Adsorbed Yeast Extract 5. 0 

Sodium Chloride 8. 5 

Glucose 0. 2 

Agarb 

pH 7. 0 

aAccording to Pakula and Walczak (35). 

bAdded when solid medium needed for plating.. 

. 



autoclaving for one hour at 121 °C (15 lbs. pressure). After cooling, 

one percent innoculum from an 18 -hour culture of the required Strep- 

tococcus was added aseptically and the broth incubated at the optimum 

temperature for the culture for 18 to 24 hours. The cells from this 

amount of culture were harvested by use of a continuous flow attach- 

ment for the Servall SS -2 refrigerated centrifuge, with the rotor spin- 

ning at 10, 000 revolutions per minute (rpm). The flow rate was ad- 

justed so that the effluent was clear. The cells were recovered from 

the collection cups by resuspension in a pH 8. 0 solution which was 

0. 15 M with respect to sodium chloride and 0. 1 M with respect to 

ethylendiamine tetraacetic acid (EDTA). This was designated as .. 

saline -EDTA solution. The cell suspensions were pooled and recen- 

trifuged at 5, 000 rpm. The saline -EDTA solution was then decanted 

and the packed cells stored at -25 °C until used. 

Isolation of Deoxyribonucleic Acid 

DNA for Thermal- denaturation and Chromatography Studies 

The method of DNA isolation used was that published by Mar- 

mur (30). The frozen packed cells were thawed by placing the tube in 

tap water; the cells were resuspended and washed once with the pH 

8. 0 saline -EDTA solution and resuspended in the same solution to a 

volume of 25 milliliters. Two to four milligrams of crystalline lyso- 

zyme (Calbiochem, Los Angeles, California) were added to the 

lfi 
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resuspended cells and the mixture incubated at 37' C for two to four 

hours. Two milliliters of a 25 percent solution of sodium lauryl sul- 

fate were then added and the mixture heated at 60' C and held for ten 

minutes. The resultant viscous mass was cooled to wet ice tempera- 

ture and transferred to a 250 ml glass- stoppered Erlynmyer flask. 

The sodium ion concentration was adjusted to 1. 0 M by addition of 

5. 0 M sodium perchlorate. An equal volume of chloroform- isoamyl 

alcohol (24:1) was added and the mixture shaken on a reciprocal sha- 

ker (160 strokes /min. ) at room temperature for 30 minutes. This 

emulsion of protein and nucleic acid was next centrifuged at 10, 000 

rpm for five minutes and the top layer removed. This layer, which 

consisted of the crude nucleic acid, was precipitated by the addition of 

two volumes of ice -cold 95 percent ethanol. The nucleic acid was col- 

lected from the alcohol -nucleic acid interface by stirring with a glass 

rod connected to an electric stirring motor (Figure 1A). The long 

threads of nucleic acid were then dissolved from the glass rod in di- 

lute saline- citrate solution (0. 105M NaCl plus 0. 0015M sodium ci- 

trate). The saline- citrate concentration was increased to achieve a 

standard final concentration of 0. 15M saline plus 0. 015M sodium ci- 

trate, by the addition of 1. 5M NaC1 plus 0. 15M sodium citrate. This 

solution was repeatedly treated with chloroform:isoamyl alcohol (24:1) 

to remove protein; extraction was continued until very little protein 

could be seen at the nucleic acid - chloroform interface. The nucleic 

. 
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Figure lA. Collection of the alcohol -precipitated DNA on the 
glass stirring rod. 
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acid was then precipitated a second time. 

The precipitated nucleic acid was dissolved in dilute saline - 

citrate and then adjusted to the standard saline- citrate concentration 

as indicated above. Ribonucleic acid was removed from the sample 

by treatment with ribonuclease (0. 2 percent in 0. 15M NaCl, pH 5. 0, 

California Biochemical Corporation, Los Angeles, California) at 37`C 

for 30 minutes (50 µg /ml final concentration) after which the chloro- 

form treatment was repeated to remove final traces of protein. The 

nucleic acid was precipitated a third time, as described, and redis- 

solved in .9 ml of dilute saline- citrate. One ml of 5M sodium acetate 

was then added and the solution stirred vigorously by means of a glass 

rod attached to a stirring motor. The nucleic acid was again precipi- 

tated by the addition of 5 ml of isopropyl alcohol, dropwise, to the 

vortex of the swirling solution. The precipitated fibers of highly puri- 

fied DNA strands were washed, first in 70 percent ethanol and then 

in 95 percent ethanol. The purified DNA was dissolved in saline - 

citrate solution (0.15 M NaCl plus 0. 015M sodium citrate) at pH 7. 0. 

This solution of DNA was stored over a drop of chloroform at 4.0 

until used. 

Preparation of DNA for Transformation Studies 

Cell Press Method. Packed cells of the donor microorganism 

were resuspended in a small volume of pH 8. 0 saline -EDTA solution 

20 
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and added to the well of an Eaton cell press, prechilled to dry ice 

temperature. The piston was placed in the cylinder and a pressure of 

10, 000 pounds per square inch applied by means of a hydraulic press. 

The cellular material was extruded through a small orifice in the bot- 

tom of the cylinder and collected in a metal centrifuge cup. This ma- 

terial was then thawed and resuspended to a volume of 25 ml in saline - 

EDTA solution; an equal volume of the chloroform -isoamyl alcohol 

was added and the resulting mixture shaken for 30 minutes. The 

emulsion was centrifuged at 10, 000 rpm and the top layer of crude 

nucleic acid decanted to a test tube. The nucleic acid was precipitated 

with two volumes of cold 95 percent ethanol and collected on a glass 

rod, and the fibers were sterilized by storage under 70 percent ethanol 

at VC overnight. When more highly purified DNA was desired, the 

precipitated nucleic acid was dissolved in dilute saline- citrate and 

repeatedly treated with chloroform -isoamyl alcohol until the solution 

was clear. DNA was then precipitated with 95 percent ethanol and the 

fibers sterilized as described above. 

Lysozyme Method. In later transformation experiments, more 

highly polymerized DNA was desired than could be prepared by the 

cell press method. It had been shown previously (28) that isolation of 

DNA by the method of Marmur (30) yielded a product which had little 

or no transformation activity; therefore, the following procedure was 
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used to prepare transforming DNA. 

Packed cells were resuspended, as has been described, 200 mg 

of lysozyme added, and the suspension incubated at 37' C until viscous. 

The sodium concentration was adjusted to 1. OM, an equal volume of 

chloroform -isoamyl alcohol added and the mixture shaken for 30 min- 

utes (160 strokes /min. ) on a reciprocating shaker. The emulsion was 

centrifuged, and the crude nucleic acid precipitated with two volumes 

of cold 95 percent ethanol. The fibrous precipitate was collected on 

a glass rod and redissolved in dilute saline- citrate, as before. The 

solution was then treated with chloroform -isoamyl alcohol (24:1) until 

clear, and precipitated with cold ethanol and redissolved in 0. 85 per- 

cent NaCl (w /v) twice more. The final precipitate was stored at 4'C 

under 70 percent ethanol overnight. 

When used in transformation experiments, the DNA was dis- 

solved in sterile 0. 85 percent saline. Sterility checks on the solution 

of transforming DNA were made by innoculating 0. 1 ml into sterile 

lactic broth and incubating the medium at 30' C for ten days; no growth 

was obtained, indicating all DNA samples were sterile. 

Thermal Denaturation of DNA Isolated 
from Lactic Streptococci 

De Ley and Schell (10) have discussed the instrumentation that 

has been used to determine thermal melting (Tm) points of purified 
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DNA. The method used in the present study was essentially the same 

as reported by these authors. 

The purified DNA, obtained by the method that has been des- 

cribed, was dissolved in the pH 7. 0 standard saline- citrate solution 

and diluted to give a final absorbancy reading of O. 2 to O. 3 at 260,mµ. 

Three milliliters of this solution were placed in each of two glass - 

stoppered Beckman standard silica cuvettes, and 3. 0 ml of the stan- 

dard saline- citrate solution placed in a third cuvette to be used as a 

blank. The three cuvettes were placed in the cuvette holder and then 

in the sample chamber of a Beckman Model DU spectrophotometer. 

An equal volume of the standard saline- citrate solution was placed in 

a small test tube fitted with a rubber stopper to accommodate a ther- 

mometer (Figure 1B); this assembly was placed in the forward part of 

the chamber. The chamber was closed with a metal lid with a hole to 

allow the thermometer to protrude from the sample chamber. The 

top, bottom and both ends of the compartment were insulated with 

plastic foam about one inch thick. A thermospacer, on each side of 

the sample chamber, was connected to a circulating, thermostatically - 

controlled Haake water bath. The bath circulated heated propylene 

glycol through the spacers which, in turn, heated the sample chamber. 

A second set of thermospacers, separated from the others by a plate 

of bakelite insulation, circulated tap water which protected the optical 

system of the spectrophotometer from excessive heat (Figure 1C). 
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Figure 1C. DNA thermal melting assembly. The thermospacers 
are shown on each side of the sample compartment of 
the spectrophotometer with the thermometer assembly 
in place. On the right is the Haake water bath used to 
heat and circulate the propylene glycol to the thermo- 
spacers. 
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The DNA samples were equilibrated at 25' C and the absorbancy 

readings recorded. The temperature of the chamber was raised to 

70' C and readings recorded at one degree intervals until no increase 

in absorbancy was noted. The absorbancy readings were corrected 

for thermal expansion by multiplying the values by the ratio Vt /V25' C 

(Table 5); these values were in turn expressed as relative absorbancy 

by multiplying each by the reciprocal of the absorbancy reading at 

25' C. Table 6 lists the absorbancy readings and their corrected val- 

ues for a typical melting determination. A plot of these values on the 

y axis and the temperature on the x axis resulted in a sigmoidal 

curve. The midpoint of the curve was found by determining the tem- 

perature at the beginning and end of melting. The average of these 

temperatures was the midpoint, or Tm value, of the curve. This 

method of determining the Tm is illustrated in Figure 3a. 

Chromatography 

The base ratios of DNA samples calculated from the Tm values 

were confirmed by paper chromatography, according to the method 

developed by Wyatt (50). The DNA was isolated as before and hydro=- 

lyzed in sealed tubes with 98 percent formic acid by autoclaving over- 

night at 121 °C (15 pounds pressure). The formic acid was removed 

by lyophilization and the residue dissolved in a small volume of 0. 1 

N HC1. The solution was spotted on Whatman No. 1 filter paper, ,dried, 
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Table 5 

Conversion Factors Vt 
/1/- 25° C 

Temperature Vt/V25° C 
Temp ature C VtV25° 

C 

25 
26 
27 
28 
29 
30 
31 
32 

1.0000 
1.0003 
1.0005 
1. 0008 
1.0011 
1.0014 
1. 0017 
1.0020 

64 
65 
66 
67 
68 
69 
70 
71 

1.0162 
1. 0168 
1. 0174 
1. 0180 
1. 0185 
1. 0191 
1. 0197 
1.0203 

33 1. 0024 72 1. 0209 
34 1. 0027 73 1. 0215 
35 1. 0030 74 1. 0221 
36 1. 0034 75 1. 0228 
37 1. 0037 76 1. 0234 
38 1. 0041 77 1. 0240 
39 1. 0045 78 1. 0247 
40 1. 0049 79 1. 0253 
41 1. 0053 80 1. 0260 
42 1.0057 81 1.0266 
43 1.0061 82 1.0273 
44 1. 0065 83 1. 0280 
45 1. 0069 84 1. 0287 
46 1. 0073 85 1. 0293 
47 1. 0078 86 1. 0300 
48 1. 0082 87 1. 0308 
49 1. 0087 88 1. 0314 
50 1. 0091 89 1. 0321 
51 1. 0096 90 1. 0329 
52 1. 0100 91 1. 0336 
53 1. 0105 92 1. 0343 
54 1.0110 93 1.0351 
55 1. 0115 94 1. 0358 
56 1. 0120 95 1. 0365 
57 1. 0125 96 1. 0373 
58 1. 0131 97 1. 0379 
59 1.0135 98 1.0387 
60 1. 0141 99 1. 0395 
61 1. 0146 100 1. 0404 
62 1. 0152 
63 1. 0157 

. 
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Table 6 

Absorbancy, Corrected Absorbancy and Relative 
Absorbancy Readings Obtained from a Melting 

Determination of DNA Isolated from 
S. diacetilactis DRC -3 

Temperature 
C 

Absorbancy 
260 mµ 

Correcteda 
Absorbancy 

260 mµ 

Relative 
Absorbancy 

260 mµ 

25 0. 232 0. 232 1. 00 
71 0. 255 0. 260 1. 12 
72 0. 257 0. 262 1. 13 
73 0. 256 0. 262 1. 13 
75 0. 256 0. 262 1. 13 

76 0. 256 0. 262 1. 13 
77 0. 255 0. 261 1. 12 
78 0. 256 0. 262 1. 13 
79 0. 260 0. 267 1. 15 

80 0. 264 0. 271 1. 17 

81 0. 266 0. 273 1. 18 

83 0. 287 0. 295 1. 27 
84 0. 300 0. 309 1. 33 
85 0. 322 0. 331 1.43 
86 0. 335 0. 345 1. 49 
87 0. 340 0. 351 1.51 
88 0. 341 0. 352 1.52 
89 0. 341 0. 352 1. 52 
90 0. 342 0. 353 1. 52 
91 0. 341 0. 353 1. 52 
92 0. 341 0. 353 1.52 
93 0. 341 0. 353 1.52 

V 
aCorrected absorbancy = A where At observed At V25 V25'C t 

absorbancy at temperature t, and Vt /V25' C = volume of water at 

at temperature t, divided by the volume of the same water sample at 
25' C. See Table 5 for listing of conversion factors, Vt /V25' C. 

b Relative.: absorbancy = corrected absorbancy divided by the ab- 
sorbancy at 25' C. 

t 
= 
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and developed by descending chromatography in isopropyl alcohol: 

HC 1 :water (130:41:230) for 12 hours. The paper strips were removed 

and dried overnight at room temperature. The separated bases were 

located on the paper by scanning the surface with an ultraviolet min- 

eral light. The ultraviolet light- absorbing areas were circled, re- 

moved, and the bases eluted with 0. 1 N HC1 in screw -cap tubes. Cor- 

responding areas from a control lane on the paper were also taken 

for elution and used as blanks when the absorption spectrum of each 

spot was determined. The spots were eluted overnight at room tem- 

perature. The tubes were centrifuged at 3, 000 rpm for ten minutes 

to remove the filter paper and the eluent was then decanted into clean 

tubes. 

The concentration of the bases was determined by running an 

absorption spectrum from 210 mu to 310 mu on each of the eluents 

with a Cary continuous recording spectrophotometer. This allowed 

quantitation and identification of each base by its characteristic ab- 

sorption spectrum. The concentration of each base was calculated 

from its extinction coefficient. 

Cesium Chloride Density Gradient 

The method of cesium chloride factionation used was that of 

Ganesan and Lederberg (17). Cesium chloride, 99.9 percent (K and 

K Laboratories, Plainview, New York), was made up as a saturated 
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solution in 0. 01 M tris buffer, pH 8. 5. Forty grams of cesium chlo- 

ride were mixed in 20 ml of buffer, and heated at 45' C until dissolved. 

It was kept at room temperature overnight to crystallize out the ex- 

cess cesium chloride. The solution had a density of 1. 8863 grams 

per ml and an absorbancy reading of less than 0. 05 at 260 mu. 

The DNA to be tested was added to 2. 8 ml of the cesium chlo- 

ride solution and the density adjusted to about 1. 7 grams per ml. 

Three milliliters of this solution were pipetted into a 5 -ml nitrocel- 

lulose centrifuge tube and layered with 2 ml of mineral oil. The tubes 

were placed in a Beckman Model L 2 refrigerated ultracentrifuge and 

centrifuged at 30, 000 rpm for 80 to 85 hours at 4' C. 

Fractionation of the tube contents was done by piercing the bot- 

tom of the tube with an insect pin (size 00) and collecting single drops 

in 3 -ml test tubes. The fractions were diluted by adding 1. 5 ml of 

distilled water. The absorbancy of each fraction was recorded at 

260 mµ in a Beckman DU spectrophotometer. 

Transformation Procedures 

Isolation of Streptomycin Resistant Mutants 

Step -wise Mutants. A 12 -hour culture of the lactic Streptococ- 

cus was grown in T -19 broth and streptomycin added to give a final 

concentration of 100 µg per ml. The added streptomycin was prepared 
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by weighing, dissolving in phosphate buffer at pH 7. 0, and then filter - 

sterilizing through a Millipore membrane filter (O. 22 µ pore size). 

The culture was incubated for 18 hours at 30°C. A one percent inocu- 

lum was transferred to fresh medium containing 200 µg per ml of 

streptomycin and incubated further until turbid growth appeared. Ad- 

ditional transfers were made at higher concentrations of streptomycin 

until growth was obtained at a concentration of 1, 000 µg per ml. 

The final culture was grown for 18 hours in T -19 broth without 

streptomycin and serially diluted for plating. The plates were then 

incubated for 48 hours at 30°C. Several colonies were picked into 

T-19 broth without streptomycin and grown for 18 hours at 30°C. 

Stability of the mutants was determined by plating dilutions of these 

cultures without and with streptomycin (1, 000 µg per ml). The plates 

were incubated and counted; if the plate counts were similar in the 

presence and absence of streptomycin, it was assumed that the mu- 

tant was stable. Cultures of these mutants were prepared in ten per- 

cent nonfat milk containing ten percent glycerol, then frozen and 

stored at -25 °C. 

Single Step Mutants. Single step streptomycin resistant mu- 

tants were isolated by adding the antibiotic to a 12 -hour culture at a 

final concentration of 1, 000 µg per ml, and the culture incubated until 

turbid growth appeared. A second transfer was made to T-19 broth 
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containing the same concentration of streptomycin, and the culture in- 

cubated for 18 hours. Stability of these mutants was determined as 

for the step -wise mutants, described above. 

Isolation of Mannitol Mutant 

Streptococci are fastidious in their growth requirements and, 

therefore, nutritionally- deficient mutants are difficult to isolate. 

Streptococci can use several sugars or sugar alcohols as energy 

sources, however, so efforts were made to isolate anon-carbohydrate- 

fermenting mutant for the purpose of studying a genetic marker in 

addition to streptomycin resistance. 

The use of ultraviolet light as a mutigenic agent requires the 

determination of the bacterium's susceptibility by means of a survival 

curve. A log phase culture of S. diacetilactis 18-16 (five to eight 

hours old) was grown in T -19 broth and placed in a sterile petri dish 

six inches beneath the ultraviolet light source on a rotary shaker. The 

culture was rotated during exposure, and 1 ml samples were taken 

and plated into T -19 agar medium. The plates were incubated at 30' C 

for 48 hours and counts recorded. The results of a typical determina- 

tion are shown in Figure 2A, a plot of the number of surviving colony 

units against the time of exposure to ultraviolet light. The time in- 

terval at which 99. 9 percent of the colony units were destroyed was 

the length of exposure used to obtain mutants. From the figure it 
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was determined that at least 20 seconds irradiation was necessary to 

achieve 99. 9 percent cell distruction. 

The culture of S. diacetilactis 18 -16 was irradiated for 60 sec- 

onds to increase the probability of obtaining mutants. Several O. 1 ml 

samples were spread on the surface of T -19 agar plates and incubated 

for 48 hours at 30°C. From 40 to 60 colonies were picked into T -19 

broth, pH 7. 0, containing one percent mannitol and 0. 02 percent 

brom -cresol purple as an indicator, and the cultures were incubated 

at 30'C for 48 hours. The cultures showing growth, but no acid pro- 

duction, were transferred to broth containing one percent glucose and 

again incubated at 30'C for 48 hours. If growth was noted, the cul- 

tures were transferred to fresh mannitol broth. Those cultures which 

still did not produce acid were accepted as mannitol mutants and 

placed in the stock culture collection. 

Colorometric Estimation of DNA Concentration 

The concentration of DNA used in the transformation experi- 

ments was determined by the diphenylamine reaction described by 

Dische (13). The diphenylamine reagent was prepared by dissolving 

one gram of twice recrystallized diphenylamine in 100 ml of glacial 

acetic acid and adding 2. 75 ml of concentrated sulfuric acid. The 

reagent was stored in a glass- stoppered bottle in the dark. 

The determination consisted of mixing one volume of the test 
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solution containing the DNA with two volumes of the diphenylamine 

reagent. A blank was prepared using distilled water in place of the 

DNA solution. The reaction mixtures were heated at 100°C for ten 

minutes and the absorbancy of the blue color read in a Beckman DU 

spectrophotometer at a wave length of 595 mµ. A standard curve 

(Figure 2B) was prepared by dissolving salmon sperm DNA in pH 7. 0 

standard saline citrate solution at a final concentration of 500 µg per 

ml. Dilutions of this solution were made to obtain concentrations of 

50 to 500 µg per ml. The diphenylamine reaction was carried out as 

described and the resulting absorbancy readings plotted against the 

DNA concentration. 

Assay of Cultures of Production of Deoxyribonuclease 

A condition which may limit the incorporation and expression of 

a genetic marker by transformation is the production of extracellular 

deoxyribonuclease, which destroys the added DNA. Osowiecki and 

Dobrzanski (32) have described a method, used in this study, for the 

assay of deoxyribonuclease production. The medium (Table 7) was 

inoculated, incubated at 30' C for one week, and the surface flooded 

with sterile one percent methyl green solution. The colonies that 

produced extracellular deoxyribonuclease were surrounded by a clear 

area, due to the hydrolysis of the DNA in the medium. 
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Table 7 

Composition of DNAse Assay Medium 

Ingredient Grams per Liter 

Trypticase 15. 0 

Phytone 5. 0 

Sodium Chloride 5. 0 

Calf Thymus DNA 2. 0 

Agar 15. 0 

Transformation Media 

It has been noted by other authors, Pakula, Cybulska and Wal- 

czak (33) and Perry and Slade (42), that ordinary media contain some 

unknown compounds which inhibit transformation; however, these com- 

pounds may be removed by charcoal absorption, by the method of 

MacLeod and Mirick (25). Two media were used in this study of trans- 

formation: lactic broth (T -19) and Todd -Hewitt beef infusion broth 

(Table 8). The entire Todd - Hewitt medium was charcoal- absorbed 

prior to sterilization, but only the yeast extract in the T- 19 broth was 

charcoal- absorbed before it was added to the medium and sterilized. 

Preparation of Competent Cells 

A broth culture of the recipient strain of S. diacetilactis 18 -16 

was grown for 18 hours in non - charcoal absorbed broth containing 

either ten percent calf serum (Colorado Serum Co. ) or four percent 
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Table 8 

Todd - Hewitt (Beef Infusion) Broth Medium 

Ingredient Grams per Liter 

Bacto Beef (Difco) 50. 0 

Proteose Peptone 20. 0 

Glucose 2. 0 

Na2HPO4. 12H20 2. 5 

NaC1 2. 0 

pH 7. 0 

Add dried beef powder to water and soak overnight at room 
temperature. Place in steamer and raise temperature slowly to 95°C 
and steam for two hours. Cool to 70°C and filter through gauze- cotton 
filter, then a course filter paper. Cool to 50°C, add solid ingredients 
and mix. Adjust pH to 8. 0 and allow to stand overnight in the refrig- 
erator. Filter through fine filter paper and adjust pH to 7. 0. Steri- 
lize by autoclaving for 12 minutes at 115° C. 

sterile sheep blood (v/v). At the beginning of the experiment, a one 

to five percent inoculum was transferred from the 18 -hour culture to 

fresh charcoal- absorbed medium containing the above concentration of 

serum or blood. The culture was incubated at 21 or 30° C from one to 

six hours to allow the appearance of competency. 

Concentration of Cells for Transformation 

Early in this work it was suggested (16) that the number of 

transformants could be increased by concentrating the cells being ex- 

posed to the DNA. This was done by either centrifuging a sample of 

J. 

° 
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the competent culture at 3, 000 rpm for ten minutes or by filtering a 

sample through a sterile Millipore membrane (0. 22 µ pore diameter). 

The cells were then resuspended in a convenient volume of fresh me- 

dium. 

Transformation 

An inoculum of 0. 2 ml of the competent culture or concentrated 

cells was transferred to a tube containing 1. 6 ml of fresh medium and 

ten percent calf serum. The calf serum had been prepared by heating 

at 60°C for 30 minutes to inactivate deoxyribonuclease. Transforma- 

tion was initiated by adding 0. 2 ml of the DNA (30 to 60.µg), dissolved 

in 0. 85 percent sterile saline, from the resistant donor. A control 

was prepared by adding 0. 2 ml of the donor DNA, which had previously 

been treated with deoxyribonuclease for eight hours at 37°C. A 

second control consisted of a culture without DNA. 

The DNA remained in contact with the cells for one to two hours, 

at which time the excess DNA was destroyed by the addition of 0. 1 ml 

of deoxyribonuclease (2 mg per ml crystalline deoxyribonuclease con- 

taining 0. 1 mg per ml MgSO4, (California Biochemical Corporation, 

Los Angeles, California). The cultures were incubated for an addi- 

tional two hours at 21 or 30°C. 

The number of transformants to streptomycin resistance was 

determined by inoculating 0. 1 to 0. 2 ml of the transformation culture 
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onto lactic agar plates containing 100 to 200 µg of streptomycin per ml. 

The inoculum was spread evenly on the surface with a sterile glass 

rod. The control cultures were also inoculated onto lactic agar plates 

containing streptomycin. The plates were incubated at 30°C for 48 

hours, at which time the colonies were counted. 

Transformation of the mannitol mutant to mannitol utilization 

was determined by inoculating 0. 1 ml of the transformation culture 

into T-19 broth, pH 7. 0, containing 0. 5 percent mannitol and 0. 05 

percent Brom- cresol purple. Mannitol broth cultures of the controls 

and wild -type S. diacetilactis 18 -16 were also inoculated. The cul- 

tures were incubated at 30°C for 48 hours, and the production of acid 

recorded. 

Methylene Blue Adsorption Studies 

The amount of methylene blue dye adsorbed by growing cells 

may be used to determine the time interval of minimal cell surface 

charge. Jensen and Haas (20) correlated the time of minimal cell 

surface charge with competency in a culture of Bacillus subtilis. 

Their procedure was used to corroborate the time of competency in 

S. diacetilactis 18 -16 observed in this study. 

A stock solution of methylene blue was prepared by dissolving 

1. 0 gm of methylene blue (73 percent dye content, Allied Chemical 

Company) in 100 ml of distilled water. From this stock, dilutions 
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were made until a solution was obtained that gave an absorbancy read- 

ing of O. 200 at 660 mµ. 

Cultures of S. diacetilactis 18 -16 and Streptococcus strain 

Challis were grown in Todd -Hewitt and Challis medium, respectively, 

supplemented with ten percent calf serum (v /v). At the beginning of 

the experiment, a one percent inoculum of each 18 -hour culture was 

transferred to fresh charcoal- absorbed medium of the same composi- 

tion, and incubation continued at 30°C. Immediately and at 30- minute 

intervals, 10 ml of each culture were removed and placed in a sterile 

tube, cooled to ice temperature, and filtered through a Millipore fil- 

ter (0. 45 µ pore diameter). The cells were washed with 25 ml of 

fresh medium and the filter membrane was placed in a screw cap tube 

with 10 ml of the dilute methylene blue solution. The tube was then 

shaken on a reciprocal shaker (160 strokes per minute) for ten min- 

utes to elute the cells from the membrane. 

Three milliliters from each tube were taken for an absorbancy 

reading in a spectrophotometer at 660 mµ. The remaining portion was 

centrifuged at 5, 000 times gravity for ten minutes and the supernatant 

was decanted. An absorbancy reading was also taken on the super- 

natant. The first absorbancy reading (Q D. 
660 

) gave an absorbancy 

growth curve of the cultures. The second absorbancy reading (O. D. 

660) subtracted from the first (O. D. 66 0 - O. D. 
660 

) indicated the 

amount of methylene blue absorbed by the cells. 
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RESULTS 

Taxonomy and DNA Base Composition 

Three cultures, representing the three species of lactic strepto- 

cocci, were selected for this study of base composition of DNA from 

Streptococcus organisms: S. lactis C2, S. cremoris C3 and S. dia- 

cetilactis 18-16. Several thermal denaturation curves and paper 

chromatographic separations of component bases were carried out on 

the purified DNA from these cultures. 

As a control and a test of the methodology for determining the 

Tm values for DNA, a commercially prepared sample of purified calf 

thymus DNA was obtained (California Biochemical Corporation, Los 

Angeles, California) and its Tm value determined from a thermal de- 

naturation curve. The curve obtained is shown in Figure 3A. The Tm 

value was determined to be 87. 5'C, which is in close agreement with 

the value of 87. 0'C reported by Marmur and Doty (26). 

Figures 3B, 3C and 4A are the thermal denaturation curves of 

the DNA from S. lactis C2, S. cremoris C3 and S. diacetilactis 18 -16, 

respectively; S. lactis and S. cremoris are seen to have the same Tm 

value, 85. 5' C, whereas S. diacetilactis has a Tm value of 87. 6C. 

Table 9 lists the results of the base composition determinations 

found from the chromatographic separation of the component bases 
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following acid hydrolysis of the purified DNA; the percent G + C cal- 

culated from the Tm value is also listed. The values calculated by 

the two methods were in close agreement, and the data suggested that 

S. lactis and S. cremoris were more closely related to each other 

than either was to S. diacetilactis. The main known difference be, 

tween S. lactis and S. cremoris is the ability of S. lactis to hydrolyze 

arginine. 

Table 9 

Base Composition of DNA Isolated from Lactic Acid 
Streptococci As Determined by Paper 

Chromotography and from DNA Melting Curves 

Percent Base Found 
by Chromotography 

01. 

Species A T G C G +C Tm 

S. lactis C2 3Z. 1 32, 0 17. 8 18. 2 36. 0 37. 9 

S. cremoris C3 30. 0 32. 3 18.8 18. 2 37. 0 38. 3 

S. diacetilactis 18-16 29. 9 29. 9 22. 9 18. 2 41. 1 42. 4 

Calculated from the formula of Marmur and Doty (26), where 
Tm -= 69.3 +O.42(G +C). 

The comparison of these results with the taxonomic tests used 

to separate members of the lactic acid Streptococcus group from one 

another and from members of the Leuconostoc genus (Table 10), indi- 

cated that S. diacetilactis may be closely related to Leuconostoc. The 

latter organisms and S. diacetilactis all have a heterofermentative, 

hexose monophosphate type of metabolism and they also produce 



Table 10 

Tests Used to Separate Lactic Streptococci and Leuconostoc Organisms 

Organism 

Test 
Arg.inaine Diacetyll Dextran Lactic Fermentation Type 

Hydrolysis Production Formation Acid Homo. Hetero. 

S. lactis 

S. .cremoris 

+ 

S. diacetilactis + 

L. citrovorum 

L. dextranicum 

+ + - 

Only associatively 

+ + - 

* 
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diacetyl by the fermentation of citrate. They differ only in the manner 

in which diacetyl is produced; Leuconostoc organisms synthesize the 

compound only in association with lactic streptococci, and do not pro- 

duce lactic acid. Comparison of the Tm values for S. diacetilactis 

18 -16, 87. 6' C (Figure 4A), L. dextranicum, 87. 9° C (Figure 4B) and 

L. citrovorum, 87. 9C (Figure 4C) also indicated that these three 

species may be closely related. 

DNA was isolated from several strains of lactic streptococci ob- 

tained from the stock culture collection, and Tm values were deter- 

mined for each. The Tm values for the S. lactis strains are shown in 

Figures 5A, B and C; Figures 6A, B, C, D and 7A represent the Tm 

values for the S. cremoris strains; and the Tm values for the S. dia - 

cetilactis strains are shown in Figures 7B, C, D, 8A and B. These 

results are summarized in Table 11, which lists the Tm value for 

each determination, the mean for each strain, the average Tm value 

for the species, and the percent G + C calculated from the average 

Tm value. 

The values found for the S. diacetilactis strains ranged from 

83. 4' C to 83. 9'C; the average, 83. VC, corresponds to a G + C con- 

tent of 35. 1 percent. It was surprising to note that the Tm value for 

S. diacetilactis 18 -16, 87. 6' C, was significantly higher than the 

average value found for the other strains. The S. lactis strains were 

found to have a range of Tm values from 83. 5' C to 84. 5' C, with an 
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Table 11 

Tm Values of Various Strains of S. lactis, 
S. cremoris and S. diacetilactis 

Species Strain 

Determination 

Mean 
Average 

Mean 
Percent 

G + C 1 2 3 4 

S. lactis C10 83.8 84.0 83.5 83.8 83.7 
b 84.4 84.5 85.3 84.8 84.8 

11955a 83.6 83.1 83.8 84.0 83:8 84.1 36. 1 

7963 84.7 83.9 84.5 85.3 84.8 
7962 84.0 84.0 83.0 83.3 83.5 
E 84.5 84.3 84.0 84. 1 84.2 

S. cremoris W 84.0 84.3 84.2 84.4 84.5 
11602a 84.8 84.8 83.7 - 84.4 

144F 84.3 84.3 84.0 83.5 84.0 
11603a 84.3 84.3 84.3 84.0 84.25 84.4 36. 8 

Dal 84.3 84.5 84.7 84.4 

S. diacetilactis DRC3 83.5 83.5 83.5 83.9 83.7 
DRC2 83.5 83.9 - - 83.7 
RM1 83.6 84.3 84.3 84.8 83.8 83.7 35. 1 

DRC1 83.5 84.0 83.8 84.1 83.9 
6B1 83.8 84.8 83.5 83.5 83.4 

- 
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average of 84. l' C
; the T

m
 values for the strains of S. 

crem
oris 

ranged from
 84. 0' C

 to 84. 8' C
, w

ith an average of 84. 4' C
. 

T
hese 

data supported the earlier observation that 
S. lactis and S. 

crem
oris 

are closely related by sim
ilarity of D

N
A

 base com
position, and that 

the three species of lactic acid streptococci are related on the sam
e 

basis. T
m

 values w
ere determ

ined for representative species from
 the 

other groups of streptococci for com
parison w

ith the T
m

 values found 

for the lactic streptococci (Figures 
9, 

10 and 11). 
T

able 12 lists the 

results of the T
m

 determ
inations for the streptococci, 

including the 

lactic acid groups. 
T

he m
em

bers of the pyogenic, lactic and entero,- 

coccus groups have sim
ilar T

m
 values and are closely related on this 

basis. 
T

he 
T

m
 values for the m

em
bers of the viridians group are 

higher and suggest that this group is not closely related to the others. 

D
e L

ey and V
an M

uylem
 recently reported (12) that if the m

olec- 

ular distribution of D
N

A
 bases w

as assum
ed to be norm

al, 
a gaussian 

distribution curve could be draw
n for the D

N
A

 of any species w
hen the 

T
m

 and standard deviation (0) values are know
n. 

From
 this,, B

lack. 

(4) suggested that T
m

 values could be determ
ined using norm

al proba- 

bility graph paper, 
on w

hich a gaussian distribution w
ill result in a 

straight line. 
T

he 
50 percent point on this line w

ould then represent 

the 
T

m
 value. 

T
he data from

 a m
elting determ

ination on calf thym
us 

D
N

A
 w

as 
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Table 12 

Tm and DNA Base Ratios of Streptococci 

Group Species Tm 
l 

Percent G+ C Lancefield Group 

Pyogenic S. pyogenes 84.9 38.0 A 

S. agalactiae 84.0 35.5 B 

Viridans S. salivarius 86.2 41.2 

S. bovis 85.3 39.0 D 

S. thermophilus 85. 7 40. 0 

S. uberis 84.4 36.8 E 

Lactic S. lactis 84. 1 36. 1 N 

S. cremoris 84.4 36.8 N 

S. diacetilactis 83.7 35. 1 N 

Enterococcus S. fecalis 84.5 37. 1 D 

S. durans 84.7 37.6 D 

Average of four determinations 

,, 

- 
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converted to percent increase in absorbancy and plotted versus tem- 

peratures on normal probability graph paper (Figure 12). The Tm 

value found from this plot was 87. 0' C, the same value reported by 

Marmur and Doty (26). The value found from the thermal denaturation 

curve earlier in this study was 87. 5'C. It appeared, therefore, that 

this simple graphic method could be used for the rapid determination 

of Tm values when only four absorbancy readings were recorded: 

readings at the beginning and end of melting and two during the actual 

melting of the DNA. 

The probability plots of melting determinations for S. lactis 

7963, S. cremoris W and S. diacetilactis DRC -2 are shown in Figures 

13, 14 and 15. The Tm values determined by the normal probability 

plot method and from the thermal denaturation curves are compared in 

Table 13. The values determined by the normal probability plot 

method are lower by O. 5'C or less, with the exception of S. lactis E, 

which is lower by 1. 0.C. The average values for each species are 

also slightly lower when determined from the normal probability plot. 

The consistently lower values obtained from the normal probability 

plot may be significant. 

If the molecular distribution of G + C in a sample of DNA is as- 

sumed to follow a gaussian distribution, the mean of the distribution 

should correspond with the G + C content calculated from the Tm 

value. Variation from the mean of this distribution can be determined 
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Table 13 

Comparison of Tm Values of Lactic Streptococci 
Determined from the Normal Probability Plot (NPP) 

and from the Thermal Denaturation Curve (TmC) 

Organism 
Tm 

(NNP) 
Tm 

(TmC) 
Average 

(NNP) 
Average 
(TmC) 

S. lactis C10 83. 6 83. 5 

7963 84. 1 84.5 83.7 83.9 

7962 83.4 83.1 

E 83.8 84.8 

S. cremoris W 84.3 84.8 

11602a 84.3 84.8 

144F 83.8 84.0 84. 1 84.3 

11603a 84.2 84.3 

Dal 84. 2 84. 5 

S. diacetilactis DRC3 83.7 83.5 

RM1 84. 5 84. 8 

DRC2 83.6 83.9 83.6 83.9 

DRC1 83.9 83.8 

6B1 83. 4 83. 8 
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by calculating twice the standard deviation (2g). Doty, Marmur and 

Sueoka (14) derived a formula for calculating the 2 évalue from 

thermal denaturation curves of DNA: 20-.7-- ( T - 3) 2. 5. In this for- 

mula, 0 T is equal to the change in temperature between 17 and 83 

percent of the absorbancy rise and 3. 0 is the thermal transition be- 

tween these limits for a pure thymine- adenine polymer; multiplication 

by 2. 5 converts the temperature into mole percent G + C (1° _ 2. 5 

mole percent G + C). Figure 16 is a pictorial graph in which the 

vertical solid lines mark the mean G + C content as calculated from 

the Tm values. The 2 6 values, calculated from the above formula, 

are represented by the solid horizontal lines. The dotted horizontal 

lines correspond to the 30- values. A wide variation is seen in the 

compositional distribution within the DNA molecules of the lactic acid 

streptococci listed: S. lactis 11955a and S. cremoris 144F had nega- 

tive meaningless values calculated from the formula, but;, S. 

diacetilactis 6B -1 and S. lactis C -10 had broad distribution of G + C. 

The 2 0 values can also be determined from the normal probes 

bility graph paper by finding the temperatures covering 66 percent of 

the range with the mean as the midpoint. The temperature range can 

then be converted to mole percent G + C by the Tm formula of Marmur 

and Doty (26). The 2 0- values calculated by the two methods are com- 

pared in Table 14. S. lactis 11955a and S. cremoris 144F, which had 

negative 20- values, could be assigned 20-values from the normal 
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Table 14 

Comparisons of 20-Values Calculated from the Formula 
of Doty, Marmur and Sueoka with Those Obtained 

from the Normal Probability Plot (NPP) 

20- Valuea 

Organism Formula NPP 

S. lactis b 
C10 
11955a 
7963 
7962 

2. 0 

8.0 
- c 

3. 3 

0. 8 

4. 8 

7.8 
4. 8 

5. 5 

4. 0 

E Z. 2 4. 9 

S. cremoris W 5. 0 6. 3 

11602a 5. 0 6. 3 

144F - c 3. 5 

11603a 1. 3 4. 5 

Da-1 4.0 6.0 

S. diacetilactis DRC3 1. 3 4. 5 

DRC Z 4. 0 5. 8 

RM1 1.8 4.8 
DRC1 4.3 6.3 
6B1 8. 3 8. 0 

aMole percent G + C. 

20-= (AT - 3. 0) 2.5 

cCalculated as a negative value when the 2I formula was 
applied. 



66 

probability plot. The values obtained from the normal probability plot 

were in closer agreement than those obtained from the formula; how- 

ever, the values calculated by both methods were similar for two 

strains, S. lactis C -10 and S. diacetilactis 613 -1. 

When many points from a complete DNA melting curve were 

plotted on normal probability graph paper, the graph deviated from 

linearity at the lower temperatures. This deviation suggested that 

the distribution of DNA molecules may not be gaussian. If melting - 

absorbancy data were replotted as the change in slope (A tan cp) of the 

thermal denaturation curve versus temperature, a symmetrical bell - 

shaped curve should result if the distribution were normal. When this 

was done, resulting distribution curve for S. diacetilactis DRC -2 was 

skewed to the left at the lower temperatures, indicating that the dis- 

tribution was not normal. It appeared that a second distribution 

existed, composed of DNA molecules with a lower G + C content. The 

data was analyzed to resolve the skewed portion of the original dis- 

tribution curve into a second normal distribution. The thermal de- 

naturation curve was normalized at the lower temperatures, and a 

distribution curve determined, resulting in a symmetrical normal dis- 

tribution. The skewed portion of the original distribution curve could 

then be resolved as a smaller distribution, overlapping the larger, at 

the lower temperatures (Figures 17 A -D). 

Deviation from a gaussian distribution was not peculiar to S. 
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diacetilactis DRC -2 DNA, as shown by data obtained on DNA samples 

from other strains of lactic streptococci. The skewing of the normal 

distribution curves for S. lactis b, S. cremoris Da -1 and S. lactis 

C-10 are shown in Figures 18, 19 and 20, respectively. Not all the 

streptococci DNA samples, however, revealed a skewed distribution 

curve when the thermal denaturation data were plotted. This was 

true for S. cremoris 144F (Figure 21) and S. lactis 11955a (Figure 

22). The symmetrical curve for the latter shows a broader area than 

was noted for S. cremoris 144F. 

Cesium chloride density gradient fractionation of several DNA 

samples was done to determine if the DNA responsible for the skewing 

of the distribution curves could be separated. This component should 

be lighter than the main portion of the DNA and band at a lower densi- 

ty, since the buoyant density of DNA is directly dependent upon its 

G + C content. Results of fractionation of the density gradients (from 

heavy to light) are plotted in Figures 23 through 26. Figure 23 shows 

the results for S. diacetilactis DRC2,, which has a small peak sepa- 

rated from the main peak by five to eight fractions. The results 

shown in Figure 24, for S. lactis b, indicate a second component as a 

shoulder to the main peak on the light side. The resulting curve for 

DNA from S. cremoris Da -1 is shown in Figure 25, again revealing 

a definite shoulder to the main peak on the light side. The gradient 

pattern obtained for S. lactis 11955a, for which the distribution curve 
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Figure 22. DNA melting curve for S, lactis 11955a (solid 
line). Also shown (dotted line) is a plot of change 
in absorbancy per degree rise in temperature 
(A tan ) versus temperature. 
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was not skewed, is shown in Figure 26. The gradient does not contain 

a smaller peak, as noted in the previous figures, nor is there a shoul- 

der to the main peak. 

Transformation 

Preliminary transformation experiments were done in media 

known to support the best growth of lactic streptococci: nonfat milk 

and T -19, or lactic broth. Table 15 lists the results obtained in these 

two media for transformation of streptomycin resistance in S. diaceti- 

lactis 18-16. The number of spontaneous mutants on the control plates 

was subtracted from those found on the experimental plates, revealing 

a significant number of transformants. Transformants did not appear 

at only one particular time interval, but the highest number appeared 

in the milk transformation medium at two and six hours. Transfor- 

mants, if they did occur, were fewer in the T -19 broth, with most ap- 

pearing at four hours. Under identical experimental conditions, S. 

lactis C2 did not show evidence of transformation. 

The above experiment was repeated with S. diacetilactis 18 -16, 

but cells were preincubated in skim milk medium for 18 hours at 21' C. 

At the beginning of the experiment, cells were transferred to fresh 

skim milk medium at 21' C, and samples exposed to DNA isolated 

from the streptomycin resistant donor at various intervals (Table 16). 

The number of spontaneous mutants on the control plates was lower 



Table 15 

Transformation of Streptomycin Resistance in S. diacetilactis 18 -16 

Hours 

Number of Transformants per ml 
Nonfat Milk T Broth 

No DNA With DNA Net No DNA With DNA Net 

1 3 50 47 0 

2 182 302 120 1 1 0 

3 334 334 0 2 6 4 

4 0 50 50 0 7 7 

6 15 124 109 0 1 1 

8 48 48 0 1 0 0 

10 1 66 65 1 1 0 

12 0 0 0 8 8 

0 0 

0 
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than in the previous experiment, and the appearance of transformants 

was confined to the seven -hour time interval. 

Table 16 

Transformation of Streptomycin Resistance with 
S. diacetilactis 18-16 in Nonfat Milk at 21°C 

Number of Transformants per ml 

Hours DNA plus DNAse Plus DNA Net 

2 1 1 0 

3 0 0 0 

4 0 0 0 

7 11 102 91 

9 7 8 1 

11 0 0 0 

Although transformation was successful in sterile skim milk, it 

could not be confirmed in T -19 broth. Cultures of S. diacetilactis 18- 

16 were tested for the production of deoxyribonuclease to determine 

if this would be a limiting factor in future experiments. It was found 

that the culture did not produce an extracellular deoxyribonuclease, 

eliminating this possible cause of failure. 

Fraser (16) suggested that recognition of transformants in T -19 

broth could be facilitated if the cell population were concentrated. To 

this end, 10 -ml samples were centrifuged at 3, 000 rpm, the packed 

cells resuspended in 1. 6 ml of fresh medium and the donor DNAadded. 
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The cultures were incubated for four hours, and the number of trans - 

formants scored by spreading a 0. 1 -to 0.2-ml sample on T -19 agar 

containing either 200 or 500 g of streptomycin per ml. The largest 

number of transformants was obtained at the 200 g level and they 

reached a peak between six and eight hours of growth (Table 17). 

These time intervals corresponded with those found in the nonfat 

milk system. 

Table 17 

Transformation of Streptomycin Resistance in S. diacetilactis 
18 -16 in Lactic Broth with 2 Levels of Streptomycin in 

Scoring Medium. Transformation Reaction at 21° C. 

Number of Transformants per ml* 

Hours Cells per ml 200 g per ml 500 g per ml 

2 

4 

6 

8 

12 

9.4 x 108 

1.1x109 

1.4 x 109 

3.8x109 

5 7 

38 10 

133 

210 

0 

18 

27 

Q 

*Corrected for spontaneous mutants. 

S. diacetilactis 18 -16 is used in dairy fermentations carried out 

at 21 and 30° C; therefore, the effect of these temperatures on the ap- 

pearance of transformants was examined. Cultures were preincubated 

at these temperatures in T -19 broth. At the beginning of the 
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experiment, transfers were made to fresh medium and incubation con- 

tinued at these temperatures. The growth rate at 21°C was slower, 

as expected, and the appearance of transformants was delayed five 

hours and slowly increased until the experiment was terminated at 

the end of eight hours (Table 18). Transformation at 30°C reached a 

peak between five and six hours of incubation and declined by the end 

of the experiment. 

Table 18 

Effect of Temperature on Appearance of 
Competency in S. diacetilactis 18-16 

Hours 
Cells per ml Transformants per ml 

21°C 30°C 21 °C 30 °C 

2 8.8x 107 5.7x 107 0 0 

3 3. 0 x 108 8. 1 x 108 0 42 

4 3.1x108 1.1x109 2 50 

5 7.6x108 1.3x109 10 152 

6 6. 3 x 108 2. 3 x 109 14 141 

8 1. 3 x 109 2. 1 x 109 58 88 

Corrected for spontaneous mutants. 

Centrifugation of the samples to increase the population of cells 

for transformation experiments was a slow procedure. The same 

concentration of cells was obtained more quickly by filtering the sam- 

ple through a 0. 45 p. Millipore membrane and resuspending the cells 

from the membrane surface with fresh medium. Transformation was 
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then initiated as before. As shown in Table 19, transformation occur- 

red at all time intervals, with definite peaks at one, three and five 

hours. The earlier appearance of transformants than noted before 

indicated that competent cells were present early in the growth cycle, 

and that concentration of the population was necessary for them to be 

recognized. This experiment was repeated, resulting in 160 and 103 

transformants at one and three hours of incubation, respectively. 

Table 19 

Concentration of Competent Cells by Filtration 
Through a Millipore Filter Membranes 

Hours Cells per ml Transformants per mlb 

1 1. 6 x 107 270 

2 8. 5 x 107 192 

3 4.8x108 283 

4 6.9x 108 74 

5 9. 0 x 108 274 

a. 
0. 45 µ diameter pore size. 

bCorrected for spontaneous mutants. 

Perry and Slade (41) described a method of transformation of 

streptococci cultures using charcoal- absorbed Todd - Hewitt broth sup- 

plemented with four percent sterile sheep blood (v /v). They found 

that with the use of sheep blood they were able to obtain cultures with 

higher competency than in the same medium supplemented with sterile 
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serum or serum albumin. Their procedures were applied to develop 

competency in cultures of S. diacetilactis 18 -16. The donor DNA was 

isolated by extended incubation of the cells with a higher concentration 

of lysozyme, rather than by the cell press method. In the experiment 

shown in Table 20, the cells were not concentrated prior to exposure 

to the donor DNA. The number of transformants reached a maximum 

at four hours of incubation, after which none were observed. Since 

the cells had not been concentrated, the number of transformants was 

lower;; if this number were multiplied by ten, the approximate cell 

concentration factor, the transformants would approach the number 

found in previous experiments. The time of appearance of these 

transformants agreed with that found in previous experiments. 

Table 20 

Transformation of Streptomycin Resistance in S. diacetilatis 18 -16 
in Charcoal-Absorbed Todd- Hewitt Broth without 
Concentration of the Cells. Incubation at 30C 

Hours 4. Transformants per ml 

1 0 

2 4 

3 2 

4 26 

5 0 

6 0 

Corrected for spontaneous mutants. 
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The time required for incorporation and expression of the trans- 

ferred marker must be known to further refine any transformation 

system. A culture of S. diacetilactis 18 -16 was incubated for four 

hours at 30' C, transfers made to fresh medium and donor DNA added. 

The number of transformants was scored at one -hour intervals from 

three to nine hours by spreading samples of the culture on T -19 agar 

containing 150 µg of streptomycin per ml (Table 21). The highest 

number of transformants was found at the eight -hour interval; in an 

identical experiment, the highest number of transformants (107 per 

ml) was found after 8. 5 hours of incubation. 

Table 21 

Time Required for Expression of Streptomycin 
Resistance in S. diacetilactis 18 -16 at 30.0 

Houra Transformants per mlb 

3 2 

4 2 

5 6 

6 14 

7 14 

8 26 

9 10 

Hours after the addition of donor DNA co a four hour culture of 
competent cells. 

bCorrected for spontaneous mutants. 
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The stability of the transformants was checked by the method 

used to determine the stability of streptomycin mutants. Results 

showed that the transformed cultures had acquired, a stable resistance 

to streptomycin. 

The streptomycin resistance marker is a multiple locus marker 

(16) and a difficult one to score. For this reason a mannitol negative 

mutant was isolated by ultraviolet irradiation of S. diacetilactis 18 -16. 

The selection of transformants was variable on available synthetic 

medium with mannitol as the energy source. Transformants to man- 

nitol utilization were selected qualitatively using T- 19 broth containing 

one percent mannitol as the energy source and O. 002 percent Brom- 

cresol purple as a pH indicator by inoculating with O. 1 ml of the 

transformation culture. When the pH indicator changed from purple 

to yellow, indicating that the culture was producing acid, mannitol 

utilization had occurred. Photographs of the reactions observed on 

three occasions are shown in Figures 27 through 29. A positive re- 

action appearing at the five -hour interval of incubation is shown in 

Figure 27. In the second experiment, a positive reaction appeared at 

the four -hour interval of incubation, as shown in Figure 28. In the 

third experiment, to determine the time of expression of the incor- 

porated mannitol marker, a positive reaction appeared only at the 

five -hour interval after the addition of DNA (Figure 29). When a 

transfer was made _from the positive reaction tube of the last 

. 

i.. 
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Figure 27. Results of mannitol transformation in S. diacetilactis 
18 -16. The transformation period (five hours) may 
be seen by noting the acid production (yellow- orange 
color) as compared to the DNAse control at the same 
time period. Acid production by the wild -type and 
lack of acid production by the mutant also may be seen. 
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Figure 28. Results of mannitol transformation in S. diacetilactis 
18-16. See text and Figure 27 for further details. 
Transformation period in this case was four hours. 
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Figure 29. Results of mannitol transformation in S. diacetilactis 
18 -16. See text and Figure 27 for further details. 
Transformation period was at five hours. 
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experiment into T -19 broth containing glucose, the culture grew and 

produced acid. A transfer from this culture to mannitol broth, how- 

ever, did not result in acid production, nor did transfers directly to 

fresh mannitol broth result in acid production. These results suggest 

that the mannitol marker was abortively transferred. 

The adsorption of methylene blue by cells of a growing culture 

was used to confirm the time of appearance of competency in S. dia- 

cetialactis 18 -16; the known transformable Streptococcus strain 

Challis was used as a control. Both cultures had the same growth 

curve at 30.C, as shown in Figure 30. Streptococcus strain Challis 

had a low level of methylene blue adsorption at two and four hours of 

incubation. The four -hour time interval corresponds to that at which 

the maximum number of transformants has been observed by Pakula, 

Cybulska and Walczak (33). S. diacetilactis 18 -16 had two intervals 

of minimum dye adsorption (Z.5 and 4 hours), corresponding to the 

range of time intervals at which the maximum number of transfor- 

mants was observed. 
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DISCUSSION 

The preliminary results of DNA base composition analyses by 

thermal denaturation curves and paper chromatography indicated that 

S. lactis C2 and S. cremoris C3 were related by their similarity of 

Tm values and DNA base ratios. S. diacetilactis 18 -16 did not appear 

to be related to either, but apparently was related to members of the 

Leuconostoc genus. These observations were supported by the simi- 

larity in fermentative activity of S. lactis C2 and S. cremoris C3 

on the one hand and S. diacetilactis 18 -16 and members of the Leuco- 

nostoc genus on the other (Table 8). Several strains of each species 

of lactic streptococci were selected for comparative studies to learn 

whether or not this relationship does exist. 

The Tm values obtained for the strains of S. lactis and S. cre- 

moris supported the earlier observation that these bacteria are close- 

ly related as indicated by the similarity in average composition of the 

DNA samples. The S. diacetilactis strains revealed lower Tm values 

by as much as 3°C than was originally found for S. diacetilactis 18 -16. 

The Tm values were also lower than the average values found for the 

S. lactis and S. cremoris strains, but by only 0.4 to 0. 7 °C (Table 9). 

The observed lower Tm values for the S. diacetilactis strains 

were unexpected and made the earlier prediction of their relation to 

the Leuconostoc genus doubtful. The observation that one strain 
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within the species had a higher Tm value was difficult to explain. 

McDonald et al. (24), however, made a similar observation when 

studying the Tm values of members of the Bacillus genus; Bacillus 

cereus strain 569 was found to have a Tm value of 85. 45°C, which was 

3° higher than the values of the other B. cereus strains tested. They 

concluded that this strain should not be classified as B. cereus. 

Study of the base composition of DNA isolated from streptococci 

belonging to groups other than the lactic group was undertaken to de- 

termine whether or not the lactic streptococci comprised a group dis- 

tinct from the other streptococci. Results showed that the Tm values 

of the streptococci of the other groups did not differ significantly from 

the Tm values of the lactic streptococci. The viridans group, only, 

had Tm values that were higher than those of the other groups, with 

the exception of S. uberis which had the same Tm value. The differ- 

ence was O. 4 to 1. 3' C, which corresponds to a G + C content of 1 to 

3. 3 percent. 

Perry and Slade (40) and Pakula, Hulanicka and Walczak (39) 

have shown that interspecific transformation is possible between the 

different serological groups of the streptococci. The average base 

composition of the DNA as.. obtained from the thermal denaturation 

data in this study supports the observation of these authors. 

The suggestion by Black (4), that Tm values could be obtained 

by plotting the DNA melting data on probability graph paper, led to 
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the comparison of this method with the procedure of obtaining the Tm 

value from the thermal denaturation curve. The Tm values derived 

from the probability graph paper were lower, by O. 2 to 0, 3°C, than 

those obtained from the thermal denaturation data. This difference 

may be within the experimental error of the determination. It was 

found further that this method could be used for the rapid determina- 

tion of Tm values since only four absorbancy readings need be made: 

one at the beginning and end of melting and two during the melting of 

the DNA. From these, the percent increase in absorbancy could be 

calculated and plotted versus temperature on the probability graph 

paper. The temperature corresponding to an increase of 50 percent 

in the absorbancy was equal to the Tm value of the sample. 

De Ley and Van Muylem (12) reported on thermal melting data 

obtained for DNA preparations isolated from members of the Xantha- 

monas, Chromabacterium and Pseudomonas genera. They assumed 

that the molecular distribution of the DNA bases would follow a nor- 

mal distribution and, therefore, that the mean would correspond to 

the average percent G + C content of the DNA sample. When they 

plotted the change in absorbancy versus temperature, they found that 

the data yielded a normal distribution curve as they had predicted. 

They calculated the 2 0 values for the DNA samples using the formula 

of Doty, Marmur and Sueoka (14) and found that the values varied for 

different strains within the same species. Some distribution curves 
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obtained from the thermal denaturation data were found to be skewed 

to the left at the lower temperatures. The authors did not attempt to 

explain why this phenomenon should occur, except that it may be a 

characteristic due to heating of some DNA samples. 

The 2 O values calculated in the present study were also found 

to vary for different strains within the same species. Two strains 

could not be assigned 2 U values by the above formula; however, the 

2 O values could be obtained from the normal probability graph paper. 

This graphical determination of 2 if values appears to be a more ac- 

curate method, in view of the failure of the formula in the two exam- 

ples cited. 

The significance of the 2 values for DNA samples is that two 

different strains may have the same Tm value and G + C content, but 

have different 20- values. It is suggested that if the 2 0 values differ 

greatly, then the two strains are different and are not able to exchange 

genetic material. This could explain why autotransformation is more 

successful than homotransformation, and why heterotransformation 

often fails. This observation is supported by De Ley and Friedman 

(11) who found that they could form hybrids between DNA samples of 

strains of the same genus only when the DNA composition of these 

strains was nearly identical; when the G + C content varied by more 

than two percent, no hybridization would occur regardless of similari- 

ty in physiology, morphology or biochemical activities. 
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When distribution curves were drawn from the DNA thermal 

denaturation curves for the various lactic acid streptococci, a skew- 

ing of some of the curves was noted at the lower temperatures of 

melting. The skewed portion of the curve could be resolved into two 

separate distributions. Cesium chloride fractionation of several DNA 

samples showed a minor fraction at a lower density than the main por- 

tion. No attempt was made to isolate and to recentrifuge the lighter 

fraction to determine if it would migrate in the gradient as a single 

band. It can only be suggested, without further experimental proof, 

that the skewed portion of the distribution curve and the lighter frac- 

tion in the gradient are the same. Joshi, Guild and Handler (21) found 

a minor component in the DNA isolated from some halobacteria by 

cesium chloride density gradient centrifugation. The minor compo- 

nent appeared as a shoulder to the main band of DNA. When the total 

DNA was heated and the denatured sample was centrifuged, the two 

peaks remained, indicating that the lesser peak was not a denatured 

DNA of the main band. 

In another study concerning the heterogeneity of DNA, Pivec, 

Sponar and Sormova (43) noted a non - symmetrical absorbancy- 

temperature profile for calf thymus DNA. They measured the ab- 

sorbancy during melting at two wave lengths (260 and 235 mµ) on frac- 

tions of the DNA obtained from a methylalbumin column. Each frac- 

tion from the column had its own distinct melting region; they found 
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seven such fractions, indicating as many compositional subunits. The 

width of the temperature transition region was nearly uniform for 

each fraction and equaled 3'C. This transition temperature has also 

been found during the melting ofphage T2 DNA which is considered to 

consist of a single, homologous unit (14). The authors further con- 

cluded that each of these calf thymus DNA subunits was homologous in 

composition and that compositional subunits could exist within the DNA. 

Returning to a consideration of the minor DNA component ap- 

parently present in some DNA from lactic streptococci, let us con- 

sider possible reasons or explanations for its presence: 

1. First of all, it may result from denaturation of the DNA 

during isolation. This is possible due to the amount of 

mixing and stirring that the sample is subjected to during 

isolation and purification. However, this shearing would 

be expected to occur in a random manner within the DNA 

molecule and would not produce a high proportion of one 

type of genetic material with the same G + C content. In 

addition, the separation of macromoloecules in cesium 

chloride gradients is dependent upon the density of the ma- 

terial and not upon its length. 

2. It may be an artifact inherent in some DNA samples due to 

heating, as was also suggested by De Ley and Van Muylem 

(12). The evidence provided by the density gradient 
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centrifugation, however, does not support this explanation. 

3. The fraction may be a normal component of the particular 

DNA of that species or strain. It could be an episomal par- 

ticle, not particularly rich in G + C, that has been separated 

from the major portion of the DNA molecule. It is doubtful, 

however, that it would be episomal, since the amount pres- 

ent seems too large for this possibility. 

If a transformation system could have been used to test this DNA 

fraction for genetic activity, it might have been possible to associate 

particular genetic markers with it. In this regard, Ganesan and Le- 

derberg (17) have shown that certain markers may be separated in a 

gradient of cesium chloride. They also found certain genetic markers 

to be more heat sensitive than others, suggesting that they were 

richer in G + C content. 

The results of the transformation studies indicated the strepto- 

mycin resistance marker was transferred to the recipient cells at a 

low frequency. Milk appeared to serve as a transformation medium; 

however, this medium was not exploited further due to an early obser- 

vation that the results were variable. Further work was devoted to 

the lactic broth (T -19), which proved to be a more reliable medium. 

The transformation frequency was increased by concentrating the cell 

population by means of centrifugation or filtration; the latter method 

proved to be the more efficient. 
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When transformation of the streptomycin marker was done at 

different temperatures, it was found that the genetic transfer was tem- 

perature sensitive. At 21' C, the growth rate was slower, the time of 

appearance of transformants was retarded and the number appearing 

was lower. At 30'C, the growth rate was faster, the number of trans- 

formants was increased and they appeared at an earlier time interval. 

The determination of transformation to mannitol utilization was 

done only in a qualitative manner; however, positive results were ob- 

tained at the time intervals corresponding to those found for the trans- 

fer of the streptomycin -resistance marker. When attempts were 

made to make sub -cultures of the transformed cultures into fresh 

mannitol broth, the cultures failed to produce acid. A possible expla- 

nation would be that the mannitol marker was abortively transferred 

and during growth in fresh medium it was diluted out. This may also 

explain why negative results were obtained in some experiments in 

the transfer of the streptomycin -resistance marker. 

In all the transformation experiments, the time at which compe- 

tent cells appeared in the population was between three and five hours 

after inoculation into the appropriate medium. The results of the 

methylene blue adsorption experiments showed that the least amount 

of methylene blue was taken up by the cells after four hours of incu- 

bation. This would represent the time interval when the electronega- 

tive charge on the cell surface was reduced (20), and also corresponds 
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to the average time of the appearance of competent cells found in the 

transformation work. The variation of the time intervals at which 

transformation occurred might be partially explained by the fact that 

the cultures were never in synchronized growth. The time of maxi- 

mum expression of the streptomycin- resistance marker was found to 

be eight hours after the addition of the donor DNA. This delayed ex- 

pression is not unusual (19). 

The results from this transformation study emphasize that fur- 

ther research is needed concerning the conditions necessary for trans- 

formation in lactic streptococci. The data demonstrate this means of 

genetic exchange in lactic streptococci, but variable results were ob- 

tained in repeated experiments. Additional research also is needed 

because most microbial genetic studies to date have been confined to 

bacteria with simple nutritional requirements. 
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SUMMARY 

The average mean Tm value for S. lactis strains was found to 

be 84. l' C (36. 1 percent G + C) with a range of 83. 7 to 84. VC. The 

average mean for the strains of S. cremoris was 84. 4'C (36. 8 percent 

G + C) with a range of 84. 0 to 84. 8' C. S. diacetilactis strains aver- 

aged 83. 7 (35. 1 percent G + C) with a range of 83.4 to 83. 9C. 

Earlier in this study results suggested that S. diacetilactis 

strains may be related to the members of the Leuconostoc genus, but 

this was not supported by the average base ratio determinations. The 

S. lactis and S. cremoris strains shared similar Tm values. The 

close agreement of Tm values for S. diacetilactis strains with those 

of S. lactis and S. cremoris strains suggested that the lactic strepto- 

cocci form a homologous group with similar base ratios. 

Base ratio studies on members of the other Streptococcus groups 

showed that species of all groups have a similar average base compo- 

sition. The members of the viridans group, with the exception of S. 

uberis, had the highest Tm values of the streptococci tested, but only 

by 0. 4 to 1. 3' C. S. uberis had a Tm value that was similar to those 

of members of the other groups (84. 4' C). 

The use of normal probability graph paper to derive the Tm 

values from the melting point data gave values that were comparable 

to the usual graphical method. The probability graph paper also 
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provided easy determination of the statistical value, 2 0-, for compari- 

son of base composition distribution between DNA samples. 

Results from the probability graph paper indicated that the dis- 

tribution curves derived from thermal denaturation data for some sam- 

ples were skewed to the left at the lower temperatures of melting. It 

was found that this skewed portion of the distribution curve could be 

resolved into two normal distribution curves that overlapped one 

another; the skewed portion formed a smaller distribution at the low- 

er temperatures. 

Cesium chloride density gradient fractionation of DNA from 

strains showing skewed distribution curves indicated that a fraction 

could be separated from the main portion of the DNA. This smaller 

portion corresponded to a fraction of lower density, the presence of 

which was predicted from the distribution curves. 

The 20- values to measure the distribution of DNA bases was 

calculated by the method of Marmur, Doty and Sueoka. Results 

ranged from meaningless negative values to those which were large, 

indicating base composition distributions were either very narrow or 

very broad. When the same 20- values were determined directly from 

the probability graph paper, they were larger but formed a smaller 

range of values, indicating less variation in base distribution. The 

strains for which negative 20- values were calculated were found to 

have values similar to the other strains within the same species. In 
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some cases the value calculated from the formula and that found from 

the normal probability paper were nearly identical. For example, S. 

lactis C10 had a 2 0 -value of 8. 0 from the fOrmula and 7. 8 derived from 

the probability graph paper. 

Results of the transformation study showed that resistance to 

streptomycin could be transferred by donor DNA to recipient cells in 

ten percent nonfat milk. The frequency of transformation was found 

to be increased when the cells of a competent culture were concen- 

trated either by centrifugation or by filtration through a Millipore 

membrane. 

Incubation of cultures at 21 and 30' C indicated that competent 

cells appeared earlier at the higher incubation temperature and in 

greater numbers. Later experiments were conducted at this temper- 

ature. Competency was found to appear between three and five hours 

of incubation at 30'C. The time required for maximum expression of 

streptomycin resistance after the addition of the DNA to the competent 

culture was found to be eight hours at 30.C. 

In the case of transformation of mannitol utilization, the quali- 

tative assay for transformants indicated that positive results were ob- 

tained within the same time intervals as that found for the streptomy- 

cin resistance marker. Transfers made from transformed cultures 

to glucose broth and then back to fresh mannitol broth indicated that 

the marker was not permanently integrated; the transformants were 
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not stable. Almost identical plate counts were found when streptomy- 

cin resistant transformants were picked from the assay plates and 

plated in agar medium with (100 µg per ml) and without streptomycin. 

Adsorption of methylene blue by the cells during early logarith- 

mic growth showed a decrease in amount of dye uptake at four hours 

of incubation at 30C. This corresponded to the midpoint of the time 

interval when transformants were experimentally observed. 
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