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Optimum growth temperatures were determined for nine

strains of Streptococcus thermophilus and ten strains of

Lactobacillus bulgaricus, all commercial yogurt or yogurt

starter isolates. Optimum growth temperatures ranged

from 35 C to 42 C for S.thermophilus strains, averaging

38.6. Optimum growth temperatures for L.bulgaricus

strains ranged from 43 C to 46 C, averaging 44.4 C.

Based on these results, L.bulgaricus and S.thermophilus

strains exhibiting similar, average, or divergent optimal

growth temperatures were mixed(in a 1:1 v/v inoculum) and

incubated in pasteurized whole milk(plus 4.8% added

nonfat milk solids) at 37 C, 42 C, and 45 C, until a pH

of 4.2 was reached. Initial and post-incubation

rod-coccus counts(cfu/ml) were determined by plating on

LB medium. S.thermophilus reached higher cell numbers

than L.bulgaricus at 37,42 and 45 C in 93.3. of the

mixed culture trials. Xverage rod/coccus ratios obtained

at 37, 42 and 45 C were 1:2.2, 1:8, and 1:2.4



respectively.

All S.thermophilus strains exhibited an uncoupling

of growth from acid production. Optimum temperatures for

acid production in S.thermophilus strains ranged from 2

to 8 degrees above optimum growth temperatures, averaging

43.6 C. Average optimum temperature for acid production

in L.bulgaricus strains was 44.9 C.

All strains were tested for starch and urea

hydrolysis. Only one of nine strains of S.thermophilus

was found to hydrolyze starch. All strains of

S.thermophilus were found to hydrolyze urea. High

incidence of non-ureolytic cells found within a

ureolytic strain suggest that the genetic information for

urease might be located on a plasmid.

LB agar medium was determined to be optimal for

rod/coccus differentiation relative to 5 other media.

Rod/coccus ratios as determined by microscopic

examination tended to underestimate numbers of cocci by

an average of 10.6%, as compared to rod/coccus ratios

determined by plating methods(cf u/ml)_.

Six commercial yogurts were examined. Total

9 8
counts(cfu/ml) ranged from 3.4 x 10 to 1.4 x 10 . Four

of six samples revealed a higher number of cocci relative

to rods. One yogurt sample, labeled to contain viable

Lactobacillus acidophilus, had an estimated count of less

than 1000 bile tolerant organisms per ml.
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INFLUENCE OF TEMPERATURE ON THE

ASSOCIATIVE GROWTH OF

STREPTOCOCCUS THERMOPHILUS AND LACTOBACILLUS BULGARICUS

INTRODUCTION

The symbiotic relationship between Streptococcus

thermophilus and Lactobacillus bulgaricus, the

thermoduric, homofermentative lactic acid bacteria, has

long been utilized in the manufacture of yogurt, Swiss,

and various Italian cheeses. Because of this symbiosis,

the rate of lactic acid production is enhanced relative
to that produced by the individual strains in pure

culture. The more proteolytic L. bulgaricus hydrolyzes

small quantities of milk casein, in the early stages of

incubation, to produce certain peptides and amino acids

which are stimulatory for S. thermophilus. The growth of

L. bulgaricus is stimulated by formic acid produced by S.

thermophilus as well as carbon dioxide and other organic

acids, as recent evidence suggests. However,

compatibility between these organisms also is quite

strain dependent.

Some L. bulgaricus/S. thermophilus strain
combinations, commonly referred to as rod/coccus

cultures, grow together in near equal numbers, while
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others grow in an unbalanced manner, often creating

undesirable characteristics in a final product.
It was the intent of the present study to determine

if compatibility between strains of S. thermophilus and

L. bulgaricus is influenced by their optimal growth

temperature. Do compatible strains exhibit similar
optimal growth temperatures and conversely, do

incompatible strains exhibit dissimilar optimum

temperatures for growth?

To answer this question, optimum growth temperatures

were determined for nine strains of S. thermophilus and
ten strains of L. bulgaricus, all commercial yogurt or
yogurt starter isolates. Based on these results, various

L. bulgaricus and S. thermophilus strains, exhibiting
similar or divergent optimum growth temperatures, were

combined and incubated at three temperatures utilized in

commercial yogurt manufacture. Initial and final
rod/coccus ratios at the range of temperatures were then

compared to determine whether or not the resulting

rod/coccus ratios had been influenced by the optimal

growth temperature of the individual strains.

The hydrolysis of urea and starch by S. thermophilus

has been reported by some investigators, however, these

abilities have not been found in L. bulgaricus. The

possibility of development of a rod/coccus differential
agar, based on these findings, was explored. Also,
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various differential and selective agar media were

compared to determine which allowed the greatest accuracy

and reliability in enumeration and identification of

these organisms.

In the commercial manufacture of fermented milk

products using S. thermophilus and L. bulgaricus, it is
common practice to estimate rod/coccus ratios by

microscopic examination throughout the fermentation

process. Since this practice results in the counting of
nonviable as well as viable cells, the value or accuracy

of this method in rod/coccus ratio determination is

questionable. To learn more about this matter,

microscopic determinations of the final rod/coccus ratios
were performed for comparison with ratios observed using

plating methods.
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REVIEW OF LITERATURE

The maintainance of the proper balance of lactic

starter cultures in the manufacture of yogurt is of prime

importance in the production of a quality product(Dutta

et al., 1972; Pette and Lolkema, 1951; Rasic and Kurmann,

1980). It is generally agreed that the ratio of

Lactobacillus bulgaricus to Streptococcus thermophilus,

during production of yogurt with desirable flavor and

texture, should be approximately 1:1(Davis et al., 1971;

Lee et al., 1974; Nielsen, 1975; Pette'and Lolkema, 1951;

Rasic and Kurmann, 1980).

Although a symbiotic relationship between

S.thermophilus and L.bulgaricus is assumed, not all

strains are compatible and an imbalance in growth may

occur(Nielsen, 1975; Pette and Lolkema, 1951; Tramer,

1973). Moon and Reinbold, (1974), found some rod/coccus

cultures to be inhibitory as well as stimulatory and

neutral with regard to rate of lactic acid production.

This may result in a stale, empty(no aroma) yogurt in the

case of dominance by S.thermophilus or an

over-acidification in the case of dominance by

L.bulgaricus(Nielsen, 1975; Rasic and Kurmann, 1980)

It has been well established that because of the

associated growth of S.thermophilus and L.bulgaricus, the



rate of lactic acid production and growth is greater than

that which occurs in single strain cultures(Bautista et

al., 1966; Moon et al., 1975; Moon and Reinbold, 1976;

Pette and Lolkema, 1950a). Researchers also have

demonstrated an increase in production of acetaldehyde,

the chief volatile flavor component of yogurt produced by

L.bulgaricus, when this bacterium is grown in association

with S.thermophilus(Hamdan 1977; Singh and Sharma,

1982).

The basis for this symbiotic relationship has been
studied only to a limited degree. Pette and Lolkema,
(1950), found the stimulants for S. thermophilus produced

by L. bulgaricus to be eleven amino acids with the most
stimulatory being valine. Bautista et al., (1966),

identified the stimulatory factors to be glycine, and

histidine only. Braquart, (1978), found that a

combination of glutamine, methionine, histidine,
arginine, phenylalanine and tryptophan were necessary for

stimulation of S. thermophilus commensurate with that
produced in associative growth with L. bulgaricus.
Shankar and Davies, (1977), found the amino acids

glutamine, histidine, valine, methionine and leucine to
be stimulatory for S. thermophilus, findings which were

supported by other investigators as well(Higashio et al.,
1977). The free amino acids produced in yogurt were

found to constitute about one percent of the total milk

5



protein (Kurmann, 1980). This constitutes an increase in
free amino acid content from approximately 6 to 24 mg per

100 ml of yogurt(Kurmann, 1980).

Another study by Shanker and Davies(1976), revealed

that certain peptides released from milk casein by L.
bulgaricus were stimulatory for the growth of S.

thermophilus. Also, Desmazeaud and Hermier, (1976),

isolated stimulatory peptides of variable qualitative
amino acid composition from milk casein hydrolysate

containing from four to fourteen amino acid residues.
Only the lysyl residue was common to all peptides, and
tryptophan was not present in any. They suggested that

S.thermophilus might possess a peptide-transport system

with specific peptide length requirements and requiring
the presence of a lysyl residue. The set of amino acids

present in the stimulatory peptide were also found to be
stimulatory. They suggested that these peptides acted as

an amino acid source in which the amino acids were

supplied in specific proportions so as not to disturb

cellular amino acid pools and regulation of amino acid
synthesis in S. thermophilus. This was supported by the

fact that some amino acids exhibited an inhibitory effect
on the growth of S.thermophilus(Bracquart, 1978; Shankar

and Davies, 1976)

Hemme et al., (1981), also found L. bulgaricus

extracts to be stimulatory for S. thermophilus strains to

6



varying degrees due to their caseinolytic activity. They

concluded that the specific nature, rather than the total

proteolytic activity, determined the degree to which L.

bulgaricus extracts were stimulatory since a higher

caseinolytic activity did not necessarily mean greater

stimulatory potential.
Although Breed et al., (1957) reported L. bulgaricus

to be without caseinolytic activity, other researchers

have demonstrated various degrees of caseinolytic

activity in this organism (Dutta et al ., 1972; McDonald,

1955; Ohmiya and Sato, 1968; Singh et al ., 1980). Also,

several workers have isolated cell-bound proteinases from

L. bulgaricus strains exhibiting mild caseinolytic

activity (Argyle et al ., 1976; Ohmiya and Sato, 1978).

Ohmiya et al., (1969), demonstrated alpha-casein

hydrolysis by strains of L. bulgaricus. They later,

isolated an intracellular proteinase capable of mild

hydrolysis of beta-casein. Other workers have

demonstrated L. bulgaricus proteinase enzyme with various

degrees of activity towards all fractions of casein as

well as beta-lactoglobulin and alpha-lactoalbumin(Shankar

and Davies, 1978). Cell-bound proteinase activity was

found to be up to twenty seven times greater in L.

bulgaricus than in S. thermophilus strains, while

cell-bound aminopeptidase acitivity was significantly

higher in S. thermophilus than that found in L.

7



bulgaricus strains(Miller,1964; Shanker and Davies,1978).

Cell-bound and cell-free dipeptidase activity observed in

S. thermophilus was not detected in L. bulgaricus. This

suggests that the weak proteinase and high amino acid
dipeptidase activity of S. thermophilus is complemented

by the relatively high proteinase and weak aminopeptidase

and dipeptidase activity of L. bulgaricus in associative
growth. This is further supported by the

characterization of a dipeptidase, isolated from S.

thermophilus, and an aminopeptidase active toward

peptides of eleven amino acid residues or less(Rabier and

Desmazeaud, 1973). The dipeptidase was found to exhibit

a specificity towards peptides with a large hydrophobic
amino acid residue at the amino terminal end. The

aminopeptidase was found to be an

alpha-amino-acyl-peptide hydrolase with the highest

activity toward lysyl, tyrosyl and leucine-leucine

dipeptides. Oligopeptides with a glycyl, histidyl,
prolyl, or phenylalanyl residue at the amino terminal

were not hydrolyzed.

The stimulation of L.bulgaricus by S. thermophilus

has been studied to an even lesser degree. It was

demonstrated that growth of L.bulgaricus was stimulated
due to a factor produced by S.thermophilus in milk that
was equal to or could be replaced by formic

acid(Galesloot et al., 1968). This factor was found to

8
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be produced only under conditions of low oxygen

concentration(Galesloot et el., 1968). The stimulatory

factor was later shown to be exclusively formic acid
which was produced by S.thermophilus in concentrations of

approximately 32mg per liter of milk culture(Veringa et
al., 1968). It was suggested that this stimulation had
not been previously demonstrated due to the severe heat

treatments of milk used in previous studies which caused

the formation of sufficient amounts of formic acid to

stimulate the growth of L.bulgaricus(Galesloot et al.,
1968). Further studies demonstrated the stimulatory
factor produced by S.thermophilus to be formic and

pyruvic acids which exert a synergistic effect on the
stimulation of growth and acid production in
L.bulgaricus(Higashio et al., 1977) It was also shown
that in this synergistic combination, pyruvate could be
replaced by oxaloacetic, fumaric, 1-malic, and

alpha-ketogultaric acids; however, formic acid was

irreplacable(Higashio et al., 1977).

Current research suggests that the stimulation of
L.bulgaricus observed in associative growth with
S.thermophilus cannot be fully explained by the

production of formic acid alone(Driessen et al., 1982).

Experimental evidence has shown that strains of

L.bulgaricus need 31 or more milligrams of carbon dioxide
per kilogram of milk, in addition to added sodium
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formate,-to obtain stimulation commensurate to that found

in associative growth with S.thermophilus(Driessen
al., 1982).

It was found that the pasteurization of milk at 85 C
for five minutes, pasteurization procedures commonly used

for yogurt milk, reduced the carbon dioxide concentration
to approximately 10mg per kilogram of milk, substantially
below the necessary concentration to provide stimulation
for L.bulgaricus(Driessen et al., 1982). However,

S.thermophilus strains were found to produce 30-50

milligrams of carbon dioxide per kilogram of milk within

the first fifty minutes of incubation, reaching up to

280mg/kg after a two-hour period of incubation (Dries sen

et al., 1982). An increase of 4.2 to 41.5 milligrams of

carbon dioxide per kilogram of milk was found to increase

the acid production by L.bulgaricus from 36 N to 70 N ( N

=number of milliliters of 0.1 N sodium hydroxide required

for the neutralization of 100 ml of milk using

phenolphthalein as indicator)(Driessen et al., 1982).

increase of 41.4 to 83.0 milligrams of carbon dioxide per

kilogram of milk did not increase the acidity

further(Driessen et al., 1982)

S.thermophilus is a homofermentative organism which

ferments lactose via the glycolytic pathway and therefore

would not be expected to produce significant levels of
carbon dioxide from the fermentation of lactose(Kurmann,

et

An



1908; Tinson et al., 1982). However, Tinson et al., 1982,

found that S.thermophilus evolved twice the amounts of

carbon dioxide as Streptococcus cremoris, also a

homofermentative lactic acid bacteria, under the same

cultural conditions. They also found that although
S.thermophilus utilized three times the amount of

lactose as S.cremoris, the incubation medium had a higher

final pH, suggesting that a basic compound was also

being produced by S.thermophilus.

To determine the source of carbon dioxide produced
by S.thermophilus, cells were incubated in a buffered

lactose solution which resulted in a 94% decrease in

carbon dioxide evolved as compared to incubation in skim

milk(Tinson et al., 1982). This indicated that lactose
metabolism did not account for the carbon dioxide

production. Carbon dioxide production also was not

stimulated upon the addition of magnesium, pyridoxine

phosphate, casamino acids, Tryptone, yeast extract or

citrate to this solution(Tinson et al., 1982). It was

shown that neither the protein fraction of the milk or
the decarboxylation of amino acids were responsible for

carbon dioxide production(Tinson et al., 1982). After

fractionation of the skim milk, the substrate for carbon

dioxide production was eluted in the cationic fraction at
pH 6. They found the only remaining milk constituent
which was positively charged at pH 6 and could be

11
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decarboxylated to produce a basic compound was urea,

reported to be present in milk at a concentration of

1.7mM(Tinson et al., 1982).

With further testing, Tinson et al., 1982, found

that S.thermophilus cell free extracts, when incubated

with known concentrations of urea, produced equimolar

amounts of carbon dioxide for each mole of urea present.

They found similar results with incubation of whole cells

in the presence of urea. From these results, they

concluded that urea was the main source of carbon dioxide

production observed in S.thermophilus milk cultures

Other investigators have also demonstrated the

ability of S.thermophilus to hydrolyze- urea(Miller and

Kandler, 1967). Evidence suggests that the genetic

information for urease might be located on a plasmid in
Streptococcus faecium(Cook, 1976). However, there are no

reports in the literature concerning the genetic control

or nature of S.thermophilus urease, or the utilization of

this ability in the development of a rod/coccus

differential agar.

According to Breed et al., 1972, S.thermophilus

hydrolyzes starch while L.bulgaricus does not. Orla

Jensen, 1942, however, found only 2% of S.thermophilus

strains tested to exhibit the ability to hydrolyze

starch. There does not appear to be any reports in the

literature concerning the nature of S.thermophilus
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beta-amylase or the use of this ability to hydrolyze
starch in the development of a rod/coccus differential
agar.

In general, products synthesized in a

growth-associated fashion are products of a catabolic
pathway, such as the fermentation of glucose to lactic
acid(Wang et al., 1979). However, under suboptimal

conditions, catabolism of the carbon source may become

uncoupled with growth and an overproduction of catabolic
product occurs(Wang et al., 1979). Investigators have

found growth of S.cremoris to be inhibited by elevated
incubation temperatures, however, acid production

continued(Breheny et al., 1975). Turner and Thomas,

1975, also observed this uncoupling of growth from lactic
acid production in S.cremoris at temperatures above the

optimum for growth. However, there appears to be no

reports in the literature of this uncoupling occurring in
S.thermophilus or L.bulgaricus.

Since the rod/coccus ratio is an important factor in
the manufacture of yogurt, yogurt producers commonly use

microscopic examination during and after the fermentation

process to determine the existing rod/coccus ratio(Davis,
1970). This method enumerates both viable and nonviable

cells and therefore may be inacurate, however, use of

this procedure is widespread(Davis, 1971; Lee et al.,
1974).
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Although the basis for the symbiotic relationship

between S.thermophilus and L.bulgaricus has become more

clearly understood, strain variation has yet to be fully

explained. The variability in the findings within the

literature seem to suggest that strain variation may be

important in explaining the degree to which

S.thermophilus and L.bulgaricus benefit from growth in

association. However, there have been no reports on

efforts to determine to what extent optimal growth

temperature, which is strain dependent, influences the

symbiosis.
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MATERIALS AND METHODS

Source of Bacteria

All bacterial strains used in this study were from

laboratory stock cultures, originally isolated from

commercial starter cultures or commercial yogurt samples.

S.thermophilus CR7, CR14, CRS, and CR15, and L.bulgaricus

CR7, CR14. CRS, and CR15, were isolated from Marschall's

Italian Starter frozen concentrate. S.thermophilus R2,

R39, R1, and L.bulgaricus R2, R39, and RI were isolated

from Hansen's commercial yogurt starter. S.thermophilus Y

and L.bulgaricus Y were isolated from Yoplait yogurt.

S.thermophilus ROP and L.bulgaricus ROP were obtained

from Microlife Technics, Sarasota, Florida. L.bulgaricus

OLY was isolated from a mozzarella whey sample obtained

from Olympia Cheese Co., Olympia, WA.

Cultures were maintained in reconstituted nonfat dry

milk(11% solids w/v) plus 0.75g of Bacto-Litmus(Difco)

per liter of milk. This medium was autoclaved at 121 C,

15psi, for 12 minutes. Cultures were incubated at 37 C

for 16 hours. Approximately 0.2 ml of the culture was
transferred to 10 ml of the sterile nonfat litmus milk
and stored at 4 C. This transfer procedure took place

every 10-14 days or as necessary.

Optimum Growth Temperature Determination in Milk
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To determine optimum growth temperature of all
strains in milk, a modif icaton of the method of Kanasaki
et al., 1975, was used. This method allowed the

turbidometric monitoring of bacterial growth in milk.
A Thermocon C-200 temperature gradient incubator,

model TN-3(Scientific Industries Inc.) was used to

establish a temperature gradient of 30-50 C. The sterile
gradient tubes were filled with 20m1 of reconstituted

nonfat dry milk(11% solids w/v) which was pasteurized at

68 C for 30 minutes. The tubes were stored at 4 C

overnight. Just before use the tubes were placed in a
warm water bath then into the temperature gradient

incubator and allowed 20 minutes to establish the proper

temperature gradient.

The milk tubes were inoculated with 0.5m1 of the

appropriate 10-12 hour, 37 C, milk culture. Growth was

monitored turbidometrically, using a Perkin-Elmer Model

35 Spectrophotometer, at hour 2 through 8 after
inoculation, or until coagulation took place. At hourly

intervals a 0.5ml sample was pipetted from each tube and

added to 4.5 ml of 0.2% Ethylenediaminetetraceticacid

(EDTA)(Sigma) at pH 12.5, adjusted with 10.0 N Sodium

Hydroxide. This solution solubilized the casein micelles
in the milk leaving a solution turbid only from bacterial
cells pesent in the sample.

This mixture was vortexed slightly and the
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absorbance read at 410nm immediately. A 4.5m1 sample of

the adjusted EDTA and 0.5ml uninnoculated nonfat dry milk

served as the blank. If coagulation had not taken place

in any of the tubes, the pH was taken(Corning model 125)
after the 8 hour period.

Generation time(g) was determined for each

temperature using the equation g= .693/k. The growth

rate(k) is determined by the equaton:

k= 2.303(log b log a)/t

where a and b are the absorbance readings taken during

logarithmic growth, and t is the time elapsed.

Absorbance versus time was graphed

semi-logarithmetically for each temperature to determine

that portion of the curve which indicated logarithmic
growth. A linear regression was applied to these points

and points from the found line were used to determine g.

Both the linear regression and g time determination were

programmed on a Texas Instrument TI-55-II constant memory

calculator. Optimal growth temperatures were determined

by inspection of plots of generation time versus

temprature.

Optimum Temperature Determination in Broth

A Thermocon C-200 temperature gradient

incubator(Model TN-3, Scientific Industries, Inc.) was

used to determine optimal growth temperature of the 19

-
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bacterial strains. A temperature gradient of 30-60 C was

established in the incubator. The L-shaped tubes were

filled with 10ml of sterile HJ(Hogg and Jago, 1970)broth

or M-17(Terzaghi and Sandine, 1975) broth for the growth
of S.thermophilus strains. MRS broth(DeMann et al.,
1960), in 10 ml quantities, was utilized for the growth
of all L.bulgaricus strains. The tubes were placed in the
gradient incubator and allowed to establish the proper
temperature gradient overnight. A 0.1 ml sample from a

10 hour,37 C, broth culture was used to inoculate the 10
ml of appropriate broth.

Growth was monitored turbidometrically using a

Perkin-Elmer 35 Spectrophotometer. Absorbance readings

at 600nm were recorded hourly for eight hours or until
stationary phase was reached.

Specific growth rate(k) and generation time(g) were
determined in the same manner as that in milk. All
strains were utilized except S.thermophilus R1 and

L.bulgaricus R1.

Starch Hydrolysis

Initial trials for starch hydrolysis were made using
S. thermophilus R39, R2, Y, and L.bulgaricus CR7, R1, and

Oly. Milk cultures, incubated 16 hours at 37 C, of all
strains were either streaked for isolation in triplicate
or spread-plated after the appropriate serial dilutions
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were made on the various agar media. These plates were

checked for growth and starch hydrolysis after 24, 48,

and 72 hours of incubation in a Gas Pack carbon dioxide

system(BBL) at 37 C.

Starch hydrolysis was determined by flooding the

incubated plates with Lugol's Iodine and observing for a

clearing zone indicating starch hydrolysis. Lugol's

Iodine was prepared by dissolving 1.Og of iodine(Merk)

and 2.Og of potassium iodide(Mallinckrodt) in 300 ml of

distilled water.

The following media were utilized:

Medium A

This is a modified Starch Agar(Difco), containing

0.3% beef extract(BBL), 1.0% soluble starch(Difco), 0.5%
Peptone(Difco), and 1.0% Davis agar. The soluble starch
was dissolved in cold water then the remaining

ingredients were added. The solution was adjusted to pH 7

with 1.0 N sodium hydroxide, then autoclaved at 121 C, 15

psi, for 15 minutes.

Medium B

Same as medium A except 0.3% magnesium phosphate was

added after autoclaving.
Medium C

This is essentially a modified Lactic Agar(Elliker
et al., 1956). This medium contains 0.4% sodium

cloride(VWR), 0.07% ascorbic acid(Sigma), 0.5%
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lactose(Sigma), 0.5% soluble starch(Difco), 2.0%

Tryptone(Difco), 0.25% gelatin(Difco), 0.5% yeast

extract, 1.0% Davis agar, 0.15% sodium

acetate(Mallinckrodt), and 0.1% Tween 80(Baker). This

medium was adjusted to pH 6.8 with 1.ON sodium hydroxide

and autoclaved 15 minutes, 15 psi, at 121C.

Medium D

Same as medium C except that soluble starch was

increased to 1.0% and the lactose decreased to 0.25%.

Medium E

Same as medium D except that lactose was omitted

completely.

Medium F

Same as medium D except 0.3% magnesium phosphate was

added to the autoclaved media.

Medium G

This is basically a modified M17 agar(Terzaghi and

Sandine, 1975) except that lactose was completely

omitted, 1.0% soluble starch added, and glucose(Difco)

was added in concentrations of 0.1%, 0.05%, 0.025%. The

pH was adjusted to 6.8 and autoclaved at 121C, 15 psi for

15 minutes. All ten strains of S. thermophilus were

utilized with the modified M-17 medium. The modified

M-17 medium omiting soluble starch was utilized as a

control.
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Urea Hydrolysis

All strains of S.thermophilus and L.bulgaricus CR14,

R39, and ROP were used throughout the trials for urea
hydrolysis, unless otherwise indicated.

Urea agar base(Difco), a commonly used bacterial

medium for the testing of urea hydrolysis, contained 2.0%

urea. This served as the basis for initial
concentrations of urea used in this study. Since the
enzymatic hydrolysis of urea liberates free ammonia,

creating basic conditions,the indicator brow cresol

purple(Difco), with a pH range of 5.2-6.8, was utilized.
Brom cresol purple exhibits a yellow color under acid
conditions and purple under basic conditions.

S.thermophilus milk cultures, 16 hour, 37 C, were

streaked for isolation on a modified Hansen's

agar(Porubcan and Sellars, 1973). This medium contained

0.1% beef extract(BBL), 1.0% Proteose Peptone(Difco),

0.25% dextrose(Difco), 0.25% galactose(Sigma), 0.5%

lactose(Sigma), and 2.0% filter sterilized(Gelman,

0.45um) urea and lml/100 ml medium of a 0.2% solution of

brom cresol purple, both added before pouring. The base

ingredients were autoclaved at 121 C, 15psi, for 20

minutes Only S.thermophilus CR14, R39, CR15, and R2

and L.bulgaricus CR14 and R39, were used on this medium.

The following media was also used:

Medium H
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This medium is a modified Lee's agar (Lee et al.,
1975). The medium contains 1% Tryptone(Dif co) , 1.0%

yeast extract, 0.5% lactose(Sigma), 0.5% sucrose(Baker),

0.3% calcium carbonate(Mallinckrodt), potassium phosphate

dibasic (Mallinckrodt), lml/100ml media of a 0.2%

solution of brom cresol purple and 2.0% filter sterilized

urea, both added before pouring. The base medium was

autoclaved at 121 C, 15psi, for 20 minutes. The final
preparation was adjusted to pH 6.8 with sterile dilute

hydrochloric acid(Baker).

Medium I

Same as medium H except 1.0% urea was added. Plates

were checked for growth and production of basic products

after 24, 48, and 72 hours of incubation on this and on
remaining media. Milk cultures of S.thermophilus CR5 and

L.bulgaricus CR5 were mixed in a 1:1(v/v) ratio. The

appropriate serial dilutions were performed in 0.1%

peptone dilutent and spread-plates made on this medium.

This was also done for S.thermophilus CR14 and

L.bulgaricus CR14.

Medium J

Same as medium H except 0.2% urea was added.

Medium K

Same as medium H except 0.1% urea was added.

Medium L

Same as medium K except that 1.5%



23

carboxymethylcellulose(Difco) was added.

Medium M

Same as medium H except 0.05% urea was added.

Medium N

Serial dilutions of all S.thermophilus cultures were

made using 0.1% Peptone(Difco) and pour plates made using

medium K with an adjusted pH of 6.4, using dilute

hydrochloric acid.

Medium 0

Same as medium N except the medium was adjusted to a

pH of 6.0.

Medium P

Same as medium H except 0.5% urea was added.

Spread-plates of the mixed cultures of S.thermophilus

CR5/L.bulgaricus, S.thermophilus CR14/L.bulgaricus CR14,

and S.thermophilus R39/L.bulgaricus R39 were performed.

All media types were made without added urea to

serve as a control. Gram stains were performed on

distict purple and yellow isolated colonies. Various

colonies were used to innoculate 10ml of medium I broth,

and- observed for growth and color change after 24 and 48

hours of incubation at 37 C.

Mixed Culture Studies

Rod/Coccus combinations were made according to the

optimum growth temperature determined for each strain.
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However, some were combined based on differences in

generation time. The following Rod/Coccus cultures were

tested:

L.bulgaricus ROP /
L.bulgaricus R39 /
L.bularicus CR15 /
L.bulgaricus CR5 /
L.bulgaricus ROP /
L.bulgaricus CR7 /
L.bulgaricus ROP /
L.bulgaricus Y /

L.bulgaricus R2 /

L.bulgaricus CR14/
L.bulgaricus CR5 /
L.bulgaricus RAP

S.thermophilusROP
S.thermophilus R39
S.thermophilus CR5
S.thermophilus CR7
S.thermophilus CR15
S.thermophilus R1
S.thermophilus R2
S.thermophilus Y
S.thermophilus R2
S.thermophilusCR5
S.thermophilus R2
S.thermophilus CR7

simulate commercial manufacture of yogurt,

pasteurized, homogenized milk, as opposed to sterile

reconstituted non-fat dry milk often used in laboratory

studies, was used throughout the mixed culture studies.

The milk used was obtained from Lochmead Dairy, Junction

City, OR, and was chosen because of its same day

milking-pasteurization procedure. A Standard Plate Count

was performed on most milk samples according to Standard

Methods for the Examination of Dairy Products(Am. Public
Health Assn., 1978), except that an incubation

temperature of 30C was used.

The addition of nonfat dried milk to milk used for
yogurt manufacture is commonly done to increase the total

solids content of the milk which serves to improve the

consistency of the yogurt(Rasic and Kurmann, 1978). All

mixed culture studies were done in 100 ml of milk,

To
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contained in 150 ml glass bottles, with 4.8%(w/v) added

nonfat dried milk as suggested by Microlife Technics,

Sarasota, FLA, for their Fargo 400 series cultures.

Various trials were also conducted without the 4.8% added

solids to determine the influence of added solids on the

final rod/coccus ratio.
The heat treatment of yogurt milk requires higher

temperatures and longer holding times than that used for

milk pasteurization. This improves the consistency of

the yogurt due to denaturation of the serum proteins,

which begins at a temperature of 75C for 16 seconds(Rasic

and Kurmann, 1978). A commonly used heat treatment of

yogurt milk is 90C for 30 minutes(Davis, 1970). However,

it was found that while a heat treatment of 90C for 30
minutes caused approximately 85% serum protein

denaturation, a heat treatment of 90-95C, for 10-15

minutes, caused a 90-95% denaturation of the serum

proteins. Therefore, the 100ml of milk were steamed for

10 minutes, reaching a temperature of 95C. This was then

cooled to the proper incubation temperature.

One ml of a 16-hour, 38C, milk culture of the proper

L.bulgaricus and S.thermophilus strains were added,

resulting in a 2% final inoculum. The inoculated bottles

were placed in a water bath(Thermomix 1480, B. Braun) at

the appropriate temperature. Each rod/coccus culture was

incubated at 37, 42, and 45 C.
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The pH was monitored hourly(Corning, Model 12) from

hour 2 until a pH of 4.2 was reached, then placed on ice.

The suspension was shaken vigorouly to disrupt and mix

the soft coagulum.

Both S.thermophilus and L.bulgaricus are known to form

chains in milk(Breed et al., 1957), an observation

confirmed by Gram stain of our cultures. For

enumeration, a 1.0 ml sample was aseptically

blended(Waring) in 99.0 ml chilled 0.1% peptone(Difco)

dilutent for two minutes to disrupt the chains of cells.
Serial dilutions were performed and spread plates made in

duplicate on LB agar(Driessen et al., 1977). The plates

were incubated for approximately 48 hours at 38C in a

controlled enviroment carbon dioxide incubator(National

Appliance Co.), under 5% carbon dioxide, 5% hydrogen and

90% nitrogen.

An additional 4.0 ml of sample was added to the

blended sample and blended for 2 minutes. A drop of this

suspension was placed on a glass slide, air dried, heat
fixed and Gram stained. Five random viewing fields were

counted to determine the microscopic rod/coccus ratio.

Selection of Medium for Enumeration

Various selective and differential agar media for
the enumeration of S.thermophilus and L.bulgaricus have

been proposed(Bracquart, 1981; DeMan et al., 1960;
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Driessen et al., 1977; Lee et al., 1974; Porubcan and

Sellars, 1973). Enumeration on these various media may be

based on colony morphology, sugar fermentaion, pH of the

medium, dye uptake, or sensitivity to various buffering

compounds.

Since 19 bacterial strains were to be enumerated on

the same selective or differential agar medium, a medium

which supported good growth of both organisms and one on

which they could be accurately identified, was essential.

Strains were originally streaked for isolation on the

agar media to examine for amount of growth obtained after

48 hours of incubation at 37C, using a Gas Pak carbon

dioxide system(BBL). Further testing was done by

performing serial dilutions on milk cultures of all

strains and making spread plates on the various agar

media. These were incubated in the same manner as

above.

The selective agar media tested were MRS(DeMan et

al., 1960), for the selective enumeration of

L.bulgaricus, and M17(Terzaghi and Sandine, 1975) for the

selective enumeration of S.thermophilus. MRS agar medium

was developed as a medium for the cultivation of

Lactobacillus species. It reportedly supported superior

growth of lactobacilli in general and had the advantage

that filtered tomato juice was not a necessary

ingredient(Deman et al., 1960).
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M17 agar was developed as an improved growth medium

for the mesophilic lactic acid streptococci. This medium

contains beta-disodium glycerophosphate as a buffering

compound which some investigators have found to be

inhibitory to L.bulgaricus(Shankar and Davies, 1977).

The differential agar media tested were Lee's

agar(Lee et al., 1974), LB agar(Driessen et al., 1977),

Elliker's Lactic agar(Elliker et al., 1956), and

TPPY-Eriochrome agar. Lee's agar was developed

specifically as a rod/coccus differential medium. The

differentiation is based on differences in acid

production between S.thermophilus and L.bulgaricus due to

select fermentation of the fermentable carbohydrates in

the medium. Lee et al., found that all S.thermophilus

strains tested were able to ferment sucrose as well as

lactose while L.bulgaricus strains could not. Acid

production was greater in S.thermophilus colonies and

with the presence of the pH indicator brow cresol purple,

colony color, determined by amounts of acid produced, was

used to differentiate the rod/coccus colonies.

LB agar(Driesen et al., 1977) was developed

specifically to enumerate L.bulgaricus in experimental

continuous yogurt manufacture. A less nutritionally rich

agar medium was used to enumerate the S.thermophilus

present in the continuous yogurt manufacture. There was

no indication that either of these agar media were
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attempted to be used as a differential agar. This medium

was used as a differential medium in this study, with

differentiation based on colony morphology.

Elliker's Lactic agar(Elliker et al., 1956) was

developed as a general medium for the enumeration of

lactic acid bacteria. Its use as a differential medium
in this study was based on difference in colony

morphology.

Tryptose-Proteose -Peptone-Yeast Extract-Eriochrome

Agar(TPPY-Eriochrome)(Bracquart, 1981), was developed

specifically as a rod/coccus differential agar. The

differentiation of the colonies was based on colony

morphology and dye uptake by S.thermophilus colonies.

Testing of Commercial Yogurts

After determining rod/coccus ratios in yogurt under
experimental conditions, Rod/Coccus ratios were also

determined in various commercial yogurts. The brands of

yogurt tested were Dannon, Yoplait, Alta Dena, Nancy's,

Darigold, and Yami. All the yogurts except Darigold and

Yami claimed to contain viable or active yogurt cultures.

Nancy's also claimed to contain viable Lactobacillus

acidophilus, a bile tolerant organism claimed to promote

intestinal health.

All of the yogurts tested were plain yogurts except

Yami and Darigold which contained fruit and flavorings at
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the bottom of the container.

Enumeration procedures were carried out in the same

manner as those used in the mixed culture studies.

Nancy's yogurt however, was also tested for the presence

of viable L.acidophilus by plating on an oxgall

containing medium.

According to Collins et al., 1978, MRS agar(DeMann

et al., 1960) supplemented with 0.2% oxgall, showed the

highest recovery rates of bile resistant lactobacilli
over five other agar media utilized for the enumeration
of lactobacilli. Therefore, MRS agar medium supplemented

with 0.2% oxgall(Difco) was used for enumeration of the

Nancy's yogurt sample for viable L.acidophilus.

L.acidophilus N, a bile tolerant, laboratory stock

culture, was streaked for isolation on this agar medium
to determine if the medium would support adequate growth

of a bile tolerant strain.
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RESULTS

The bacterial strains used throughout this study,

remained unchanged with respect to acid production and
colony morphology. However, L.bulgaricus CR14, initially

a non-slime producer, became a ropy, slime producing
strain.

Figures 1-19 show the temperature optima for the

growth of all strains. Some strains, such as

L.bulgaricus Rop, S.thermophilus CR7 and Y, (Figures 1,

6, and 16), exhibited a sharply defined temperature

optimum. Others such as L.bulgaricus R39, R1,

S.thermophilus CR14 and R1, (Figures 2, 7, 11, and 12),
exhibited a less well defined optimum temperature for

growth.

The optimum growth temprature and the generation

time (g) at the optimum temperature for all strains can

be seen in Table 1. The optimum growth temperatures

ranged from 35 to 42 C for strains of S.thermophilus,
while L.bulgaricus strains exhibited a narrower range

from 43 to 46 C. The g times were generally higher in

S.thermophilus, ranging from 51.7 to 109.3 minutes.

L. bulgaricus strains exhibited g times from 40.2 to 77. 9
minutes.

Figures 20-35 show growth curves of various single

strains of L.bulgaricus and S.thermophilus at 37, 42, and
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Table 1. Optimum temperatures for growth and acid
production and generation time(g)(min)
for S.thermophilus and L.bulgaricus strains
grown in milk.

Strain Opt.Growth Temp(C) ( Opt.Temp(C)-acid
Sth CR7 42 73.7 48
Sth CR14 38-39 69.6
Sth R2 41 57.6 43.5
Sth CR5 35 69.6 44
Sth R39 38 68.1 40
Sth R1 38-39 69.0 43
Sth Y 40 109.3 43
Sth CR15 38 84.0 44
Sth ROP 38 51.7 41-45

Lb CR7 45 50.4 45
Lb CR14 44 40.2 46
Lb R2 44 62.3 37-41
Lb CR5 43 57.4 49
Lb R39 44 46.4 38-39
Lb R1 44.5 65.7 47
Lb Y 44 77.9 46
Lb CR15 46 56.6 48
Lb Oly 45 54.6 45
Lb Rop 43 58.6 43
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Figure 20. Growth of L.bulnaricus CR14 at 37,42, and 45 C.
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Figure 21. Growth of S.thermophilus CR15 at 37,42, and 45 C.
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Figure 22. Growth of L.bulgaricus POP at 37,42, and 45 C.
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Figure 23. Growth of S.thermophilus ROP at 37, 42, and 45 C
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Figure 24. Growth of L.bulgaricus Y at 37, 42, and 45 C.
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Figure 25. Growth of S.thernophilus Y at 37,42,and 45 C.
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Figure 26. ('rowth of L.hulnaricus ?2 at 37,'2,and4 5
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Figure 27. Srowth of S.thermophilus '?'at 37,1,2,and45 C.

r.

+45



47

2.0 3.0 4.0 5.0 6.0 7.0 8.0
TIME (HOURS)

Figure 28. Growth of L.bulgaricus CP7 at 37,42, and 45 C.
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Figure 29. Growth of S.thermophilus RI at 37,42, and 45 C.
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Figure 30. Growth of L.bulqaricus CRI5 at 37,42,and45 C.

ti

2.0 3.0 4.0 5.0 6.0 7.0 6.0
TIME (HOURS)

Figure 31. Growth of S.thermophilus CR5 at 37,42,and 45 C.

48



49

2.0 3.0

GROWTH N I` ILK-L!? CR5

1 T4.0 5.0 6.0 7.0 8.0
TIME (HOURS)

Figure 32. Growth of L.bul aricus CR5 at 37,42,and45 C.
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Figure 33. Growth of S.thermophilus CR7 at 37,42,and 45 C.
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Figure 34. Growth of L. hul gari cusR39@ 37,42,and 45 C.

GROWTH In MILK-LB R39

GROWTH IN MMILK-STH P39

2.0 3.0 4.0 5.0 6.0
TIME (HOURS)

7.0 8.0

Figure 35. Growth of S.thermophilus P39 at 37,42,and 45 C.
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45 C. These strains were ultimately grown in mixed

culture at these incubaton temperatures. As can be seen

from these figures, L.bulgaricus strains generally

exhibited faster growth rates at 42 and 45 C as compared

with S.thermophilus strains, which had the greatest

growth rates at 37 C. This reflects the higher optimum

growth temperature generally observed for L.bulgaricus

strains relative to. S.thermophilus. However, as

illustrated in the growth curves of L.bulgaricus

CR14,(Figure 20) and S.thermophilus CR15,(Figure 21),

L.bulgaricus CR14 grows at about the same rate at 37 C as

that of S.thermophilus CR15 at 37 C. Figures 34 and 35,

growth curves of L.bulgaricus R39 and S.thermophilus R39

respectively, also illustrate this; however,

L.bulgaricus R39 exhibits a faster growth rate than

S.thermophilus R39 not only at 45 and 42 C but at 37 C as

well.

With many of the strains, it was observed that

coagulation of the milk began to occur at temperatures

higher than those which exhibited the greatest amounts of

growth or absorbance. This suggests that the optimum

temperature for growth did not coincide with the

temperature at which acid production was the greatest.

Figures 36 and 37, illustrate this for S.thermophilus R1

and Y respectively. Table 1 shows the optimum

temperature for acid production for all strains.

L.bulgaricus strains did not appear to exhibit this
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uncoupling of growth from lactic acid production to the
extent of S.thermophilus strains. However, even here it
can be seen that optimum temperatures for growth and acid

production do not always coincide. L.bulgaricus R2 and

R39 both exhibited greater acid production at

temperatures below the temperatures determined to be

optimum for growth. L.bulgaricus CR5 exhibited greater

acid production at a temperature 6 degrees above its
optimum growth temperature. The remaining strains of

L.bulgaricus all exhibited the greatest acid production
at or slightly above the optimum growth temperature.

Optimum Temperature Determination in Broth Medium

Table 2 shows the optimum growth temperature and g time

of all L.bulgaricus strains tested in broth medium.The

corresponding information as determined in milk is

included for comparison. All strains grown in broth

exhibited an optimum temperature approximately 1-2

degrees below that determined in milk. L.bulgaricus

however, exhibited an optimum growth temperature 6

degrees below that found in milk. The generation times

were consistently greater in the broth medium relative to

milk, with L.bulgaricus exhibiting a generation time

almost double that found in milk.

All strains of S.thermophilus tested in broth,

except S.thermophilus CR14, exhibited a clumping or
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Table 2. Comparison of optimum growth temperature(C)
and generation time(g)(min) in milk and MRS
broth for strains of L.bulgaricus(Lb).

Strain Opt.Temp.(milk) p Opt.Temp.(broth) $
Lb CR7 45 50.4 43 67.3

Lb CR14 44 40.2 43-44 83.0

Lb R2 44 62.3 41 195.2

Lb R39 44 57.4 45 82.9

Lb Y 44 65.7 43 67.5

Lb CR15 46 77.9 40 87.3

Lb CR5 43 58.6 44 104.0
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granular type of growth within two hours after

inocuolation into broth tubes. This clumping occurred at

all temperatures. This type of growth rendered

absorbance readings inaccurate; therefore, optimum growth

temperatures could not be determined for these strains in

broth.

Starch Hydrolysis

Medium A contained insufficient nutrients for the

adequate growth of all strains tested. S.thermophilus

R39 exhibited minimal growth after 72 hours of

incubation; however, there was no apparent starch

hydrolysis. S.thermophilus R2 and Y failed to grow on

this medium. L.bulgaricus RI and Oly exhibited a minimal

amount of growth after a 72-hour incubation period. As

expected, no starch hydrolysis was observed.

L.bulgaricus CR7 failed to grow on this medium.

Medium B, with an additon of 0.3% magnesium

phosphate as buffer, produced the same results as found

in medium A.

S.thermophilus R39, R2, Y, and L.bulgaricus CR7, R1,

and Oly all exhibited good growth on medium C after a

48-hour incubation period. However, no starch hydrolysis

was observed.

Medium D, containing twice the concentration of

starch(l.0%)and half the concentration of lactose(0.25%)

than that present in medium C, supported a moderate
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amount of growth of all strains after 48 hours. No starch

hydrolysis was observed.

Medium E, with lactose omitted, supported only

minimal growth of all strains tested after 72 hours of
incubation. No starch hydrolysis was observed.

Growth on medium F gave results similar to that observed

on medium D. Again no starch hydrolysis was observed.

Medium G, the modified M17 medium supported good

growth of S.thermophilus R39, R2, and Y at all
concentrations of glucose after 48 hours of incubation.
S.thermophilus R39, however, exhibited definite zones of

starch hydrolysis at all three concentrations of glucose.

Colonies observed on the medium containing 0.05% glucose

exhibited the largest zones of starch hydrolysis, 6-8mm.

A glucose content of 0.1% resulted in colonies exhibiting

2-3mm zones of starch hydrolysis, while colonies observed

on 0.025% glucose containing medium also exhibited zones

of 2-3mm. Zones of starch hydrolysis were not observed

on the corresponding medium in which soluble starch was

omitted.

L.bulgaricus Oly, CR7 and R1 all exhibited a

moderate amount of growth after 48 hours on this medium.

No apparent starch hydrolysis was observed.

The remaining strains, S.thermophilus Rl, CR14, CR7,

CR15, R2, CR5, and ROP, under the same conditions, failed

to exhibit starch hydrolysis after 48 or 72 hours of

incubation. Only S.thermophilus R39 consistently
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exhibited the ability to hydrolyze starch.

Urea Hydrolysis

The modified Hansen's agar, with 2.0% urea supported

moderate growth of all strains after a 48 hour incubation
period. With all the S.thermophilus strains, this
plating medium exhibited a deep purple color indicating
basic(ammonia) conditions. All L.bulgaricus strains

exhibited growth which was yellow-green in appearance,

indicating only acid production. An acidic condition was

produced on this medium for all strains when the urea was

omitted. However, colonies of the S.thermophilus

cultures were up to 1mm larger whenever urea was present

in the medium.

Medium H suported good growth of all S.thermophilus

strains. Growth on this medium appeared :a purple-blue

color, indicating production of basic products. Upon

opening the petri plate a definite ammonia odor was

observed. L.bulgaricus CR14, R39, and ROP colonies

appeared yellowish due to acid production with the

surrounding medium loosing its opaqueness due to the

calcium carbonate present in the media.On the

corresponding medium without added urea, growth of both

organisms appeared yellow-green with slight clearing of
the calcium carbonate. Isolated S.thermophilus colonies
were 0.5 to 1mm smaller in size on this medium.

S.thermophilus CR14, CR7, R2, R39, CR15 and ROP, all
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produced alkaline conditions on medium I within 24 hours
of incubation. A strong ammonia odor was observed upon

opening the petri plates. Growth of S.thermophilus R1

and CR5 appeared slightly acidic after 24 hours of growth

but became increasingly alkaline after 48 hours. After

72 hours of incubation, all growth and the entire plating

medium appeared alkaline. After 24 hours the mixed

growth of S.thermophilus CRS and L.bulgaricus CR5

resulted in distinct purple and yellow colonies, assumed

to be colonies of S.thermophilus and L.bulgaricus

respectively. However, after 60 hours of incubation, all

colonies appeared a purple-blue color, indicating

alkaline conditions throughout the entire medium,

probably due to diffusion of the ammonia produced.

Colonies of the mixed culture of S.thermophilus CR14 and

L.bulgaricus CR14 all appeared a purple-blue color,

indicating production of alkaline end products, after 24

hours, with no change occuring after 72 hours of

incubation.

Growth of S.thermophilus CR14, CR7, R39, CR15, R1,

and CRS on medium J gave the same results as those found

on medium I. S.thermophilus R2, however, exhibited

acidic conditions after 24 hours. After a 48 hour

incubation period the colonies and surrounding medium

began to appear more alkaline and by 72 hours all growth

was purple in color.

After 24 hours of incubation on medium K, containing
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0.1% urea, S.thermophilus CR7, CR5, R39, R1, and CR15

exhibited growth with a whitish purple appearance which

after 48, hours became more acidic or greenish in color.
After 72 hours the growth became yellow-green indicating

increasingly acidic conditions. Isolated. colonies

appeared either a greenish-purple indicating alkaline

conditions while others were green in appearance, or

slightly more acidic.

Growth on medium L, with added

carboxymethylcellulose(1.5%) to medium K to reduce

diffusion of volatile compounds, gave the same results as

those found on medium K.

Growth on medium M, containing 0.05% added urea,

supported only acidic conditions after a 24-hour

incubation period. After 72 hours, the plating medium

surrounding the colonial growth exhibited clearing of the

calcium carbonate.

Colonies of S.thermophilus R2, CR5, and ROP, on

medium N, pH 6.4, were a purple-green color after 24

hours. These became increasingly acidic upon 48 hours of

incubation.

Colonies of S.thermophilus R2, CR5, and ROP on

Medium 0, pH 6.0, appeared slightly acidic, or

greenish-yellow after 24 hours- of incubation and became

steadily more acidic with further incubation. Colonies

on this medium without added urea appeared slightly more

acidic, however, colonies were generally of the same
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size, approximatley 1mm, on both types of media.

Growth of the mixed cultures; S.thermophilus

CR5/L.bulgaricus CR5, S.thermophilus CR14/L.bulgaricus

CR14, and S.thermophilus R39/L.bulgaricus R39, on medium
P, containing 0.5% urea, resulted in both

purple(alkaline) and yellow(acidic), colonies. These

were thought to be S.thermophilus and L.bulgaricus

colonies respectively. However, Gram stains
distinctly purple and a distinctly yellow colony revealed

them both to be gram positive cocci.

The single culture growth of S.thermophilus CR14,
7

when spread-plated on this medium, produced 5.1x10

colony forming units per ml, all showing alkaline

conditions after 24 hours of incubation. S.thermophilus

7CR5 gave a total plate count of 3.8x10 cfu/ml on this
b

medium after 24 hours. However, 7.Ox 10 of these cfu
appeared yellow in color, indicating production of acid,

with the remaining colonies appearing purple. Growth of

a pure culture of S.thermophilus R39 on medium P for 24

8
hours, resulted in 5.6x 10 basic or purple colonies and

7
6.Ox 10 yellow or acidic colonies.

Two of the purple and two of the yellow distinct

colonies, from both S.thermophilus CR5 and R39 plates,

were innoculated into medium I broth, and were also Gram

stained. All were found to be Gram positive cocci.

After 24 hours incubation of the broth tubes all

initially yellow colonies produced acidic conditions
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within the tubes while all purple colonies produced

alkaline conditions. No changes occurred after 48 hours

of incubation, i.e. the two color types were stable.

After a 72-hour incubation period of the original
plates containing both colony types, all colonies

appeared purple, possibly due to diffusion of ammonia

liberated upon the hydrolysis of the 0.5% urea present in

the medium.

Mixed Culture Studies

Figure 38 demonstrates the results obtained from the

mixed culture growth of S.thermophilus ROP and

L.bulgaricus ROP, which exhibit optimal growth

temperatures of 38 and 43 C, respectively. It can be

seen that at the three incubation temperatures, the

coccus exhibited a greater amount of growth ranging from

a cell number of fourty times that of the rod at 42 C, to
less than two times the cell number of the rod at 37 C.

The rod consistently decreased in cell number, relative

to the initial cell numbers, at all three incubation

temperatures. There was however, a slight increase in
cell number in the milk without added nonfat milk

solids. ,

S.thermophilus R39 and L.bulgaricus R39 exhibited

similar results as can be seen in figure 39. However,

cell numbers of the rod increased when grown in

association with the coccus at all temperatures.
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Figure 38. Initial(I) and final(F) rod(r) - coccus(c) counts(cfu/ml) at .37, 42, and
45 C, with or without(i) added milk solids, for the mixed culture growthof L.hulgaricus POP/S.thermophilus POP.
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L.bulgaricus CR15 and S.thermophilus CR5 also

exhibited this trend as shown in figure 40. An increase

in cell number of both the rod and the coccus is

demonstrated at 37 and 42 C. However, at 45 C a decrease

in both rod and coccus cell numbers is observed. Of

particular note is that the rod reached higher final cell

numbers than the coccus at 45 C.

Figure 41 demonstrates that in the mixed culture

growth of L.bulgaricus CR5 and S.thermophilus CR7, which

were found to have similar optimum growth temperatures of

43 and 42 C respectively, the cocci still maintained a

higher cell number than that of the rods. Although an

increase in total cell numbers of both rods and cocci is

observed at 45 C, a decrease is observed at 37 and 42

C.

Figure 42 shows the results of the associative

growth of S.thermophilus R2 and L.bulgaricus CRS, which

were found to have very similar optimal growth

temperatures of 41 and 43 C respectively. An increase of

both rod and coccus cell numbers occurred only at 42 C.

Again the cocci reach cell numbers higher than that of

the rod, with the exception of growth at 37 C.

S.thermophilus CR15 and L.bulgaricus ROP seem to

exhibit no definite growth pattern in mixed culture, as
is illustrated in figure 43. Both increases and

decreases in cell numbers are observed for both the rod

and cocci at the various temperatures.
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The associative growth of L.bulgaricus CR7 and

S.thermophilus R1(Figure 44) resulted in increased cell

numbers of both the rods and the cocci at 37 and 45 C.

However, while the rod increased, the cocci decreased in

cell number at 42 C, with and without added solids.

Interestingly, the rod, which was found to have an

optimum growth temperature of 45 C, grew to higher cell

numbers than the coccus, exhibiting an optimum growth

temperature of 38-39 C, at 37 C.

Figure 45 shows the results of the mixed culture

growth of L.bulgaricus ROP and S.thermophilus R2, which

were found to have similar optimal growth temperatures of

43 and 41 respectively. An increase in final cell

numbers of the cocci occurred at all temperatures. This

was also true for the rod with the exception of growth at
45 C. Again, the cocci reached greater cell numbers than

the rods at all incubation temperatures.

L.bulgaricus Y, consistently decreased in cell

number, relative to the initial cell number, at all

three incubation temperatures, as demonstrated in Figure

46. S.thermophilus Y, however, exhibited a general

increase in cell number when grown associatively with

L.bulgaricus Y.

Figure 47 demonstrates that S.thermophilus R2 and

L.bulgaricus R2, when grown in mixed culture, both

exhibit an increase in cell numbers relative to the

initial cell numbers. This trend is shown to occur at
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37, 42, and 45 C. However, the cocci consistently

reached greater cell numbers than the rods at all three
temperatures.

Figure 48 shows that L.bulgaricus CR14 and

S.thermophilus CR5 exhibited this same growth trend when

grown in association. An exception was a decrease in the

rod cell number at 37 C.

Finally, Figure 49 demonstrates the growth patterns
of L.bulgaricus ROP and S.thermophilus CR7 when grown

associatively. Both organisms exhibited an optimum

growth temperature of 42 C, however, the cocci reaches

greater numbers than the rods at all temperatures.

Ommision of the added nonfat dry milk solids tended to

decrease the cell numbers of both the rods and the cocci.
Table 3 shows the generation times of the single

strain cultures of L.bulgaricus and S.thermophilus at

37,42, and 45 C, listed by rod/coccus combination for
comparison. In general, S.thermophilus strains tend to
have a shorter generation time at 37 C as compared to

L.bulgaricus at 37, however, there are exceptions. It
also can be seen that the generation times of the rods
at 45 C were substantially less than those of the cocci
at 45 C. A comparison of the generation times of

S.thermophilus and L.bulgaricus, as related to rod/coccus

combination, reveal more similar generation times,

however some S.thermophilus strains exhibit much higher
generation times at 42 C as compared with the
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Table 3. Comparison of generation times(min)* of single
strains of L.bulgaricus and S.thermophilus at
37,42, and 45 C, as listed by rod/coccus com-
bination.

R/C comb. L.bulg. S.therm.
37 42 45 37 42 45

ROP/ROP 152 72 80 56 61 145

R39/R39 60 47 48 76 106 110

CR15/CR5 142 60 58 74 132 180

CR5/CR7 88 74 65 110 72 130

ROP/CR15 152 72 80 88 105 123

CR7/R1 91 69 50 68 76 120

ROP/R2 152 72 80 56 64 88

Y/Y 129 96 80 145 110 180

R2/R2 107 72 108 56 64 88

CR14/CR5 80 55 '43 77 140 180

CR5/R2 88 74 65 56 64 88

ROP/CR7 152 72 80 110 72 130
*Rounded to nearest whole number



79

Table 4. Hours of incubation necessary for mixed
cultures of L.bulgaricus/S.thermophilus to
reach pH 4.2 at 37,42,and 45 C in milk.

Mixed culture 37 42 45

LbROP/SthROP 8.0, 6.0* 6.25 5.25

LbR39/SthR39 7.0 5.25, 4. 75* 4.5

LbCR15/SthCR5 6.5 5. 75 4.0

LbCR5/SthCR7 7.5 5.0 4. 5, 5.0*

LbCR5/SthR2 8.0 5.5 4.5, 4.0*

LbROP/SthCR15 7.5 5. 5, 6. 0* 6.0

LbCR7/SthRl 6.5 4.5, 4.0* 4.75

LbROP/SthR2 8.0 6.5 6. 5, 5.0*

LbY/SthY 7. 0 5.0 4. 5, 4. 0*

LbR2/SthR2 8.0 6.0 5.0, 4.5*

LbCR14/SthCR5 8.5 5. 25, 6. 75* 4.5

LbROP/SthCR7 8.5, 7.0* 7.0, 5.5* 7.0, 4.5*
*Milk medium without 4.8% added milk solids
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corresponding rod at 42 C.

Table 4 compares the incubation periods for each
rod/coccus culture to reach pH 4.2 at 37, 42, and 45 C.

Incubation times at 37 C were much greater, as compared

to incubation times at 42 C, for all mixed cultures at
all incubation temperatures. This increase in incubation
period at 37 C ranged from 45 minutes to over 3 hours.
There also was a general decrease in incubation period
observed at 45 C, relative to 42 C, however some remained

unchanged or increased slightly.

Omission of added milk solids generally decreased

the incubation time necessary to reach pH 4.2, as can be

seen in Table 4. Omission of the added solids also tended

to decrease the cell numbers of the cocci and increase

the number of rods as compared with counts observed with

the added solids, however, exceptions were observed.

The rod/coccus ratios, as determined by microscopic

examination, can be seen in Table 5. Rod/coccus ratios

determined by plate count, and the percentage of rods

observed are included for comparison. In some cases the

ratios determined by the two methods were very similar.
However, the majority did not agree, with the disparity
ranging from slight to considerable.

Selection of Medium for Enumeration

The M17 agar medium supported good growth of all
S.thermophilus strains, and revealed round, entire, flat
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Table 5. Comparison of final Rod/Coccus(R/C) ratios and
%Rods(%R) as determined by plate count method
(p.c.)(cfu/ml) and microscopic examination(m).

L.bulg./S.therm. Temp(C) R/C(p.c.) %R R/C(m) %R

R39/R39 37 2:7 22.8 1:5 17.8
R39/R39 42 1:14 6.9 1:24 10.7
R39/R39 42* 1:7 12.4 1:4 20.0
R39/R39 45 1:4 20.8 3:4 42.9
ROP/ROP 37 1:2 35.2 1:2 32.0
ROP/ROP 42 1:40 2.3 1:4 19.2
ROP/ROP 45 1:8 11.7 1:6 14.3
CR15/CR5 37 4:5 36.4 1:1 47.0
CR15/CR5 42 1:2 33.7 1:3 36.7
CR15/CR5 45 3:4 54.2 2:3 42.8
ROP/CR15 37 6:1 86.0 2:3 42.9
ROP/CR15 42 1:6 14.0 1:3 25.4
R1/CR7 37 1:1 50.5 2:5 29.2
R1/CR7 42 1:1 48.0 1:3 38.5
R1/CR7 42* 1:2 34.0 1:3 45.0
R1/CR7 45 2:3 40.2 1:1 51.6
ROP/R2 37 1:15 6.2 2:3 39.4
Y/Y 42 1:3 26.1 2:5 28.9
R2/R2 42 1:3 40.9 2:3 38.2
R2/R2 45 1:3 24.6 1:2 66.6
CR14/CR5 42 1:2 35.2 1:1 52.8
CR14/CR5 45 2:3 38.6 3:2 58.9
CR5/R2 37 5:3 62.6 5:1 84.1
CR5/R2 42 1:6 16.1 1:1 49.1
CR5/R2 45 1:2 33.3 2:3 41.8
CR5/R2 45* 3:4 42.6 1:1 50.0
CR5/CR7 37 1:3 25.9 1:1 50.8
CR5/CR7 42 1:3 23.0 1:2 34.0
CR5/CR7 45 1:4 20.1 7:5 61.7

*These trials were without added nonfat dry milk
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colonies ranging from 1-2mm in diameter. However, this

medium was not totally selective for S.thermophilus since

all strains of L.bulgaricus, except L.bulgaricus R2 and

CR5 which failed to grow on this medium, grew after 48
hours of incubation. However, colonies were pinpoint to
1.0mm, flat, and in some cases barely visible. Growth of

the L.bulgaricus strains on MRS agar medium supported

good growth of all strains, except L.bulgaricus R2 which

grew poorly. Colonies were from 1-2mm in diameter, flat,

slightly rough and irregularly edged. S.thermophilus

strains grew poorly on this medium, becoming pinpoint

colonies only after 72 hours or more of incubation.

Lee's agar medium supported good growth of both the

rod and coccus cultures. S.thermophilus exhibited

colonies ranging from 1 to 3mm, round , entire, flat, and
a whitish-green to a yellow-green in color. L.bulgaricus

colonies appeared from a green to a whitish-green color
and were slightly rough-edged and flat colonies, ranging

from 1 to 2mm in diameter. The rod and coccus colonies

were not always easily differentiated on this medium.

LB agar medium supported good growth of both the rod

and coccus . Colonies of S.thermophilus strains appeared

white, round, entire, convex, and ranged from pinpoint to
1.0mm in diameter. L.bulgaricus colonies appeared flat,

from slightly to very irregularly-edged, from slightly to
very rough, and from 0.5 to 7mm in diameter. Table 6

demonstrates the cfu/ml obtained on this medium as



83

Table 6. Comparison of growth of S.thermophilus(Sth)
and L.bulgaricus(Lb) strains on various agar
media.

Strain MRS (cf u/ml ) M-17(cfu/ml) LB(cfu/ml)

Sth CR14 poor growth 3. 8x10' 1. 9x
ti

10
Sth R39 poor growth 2. 9x10 3. 4x 101
Sth CR7 poor growth 3. 2x10 2. 8x 1017

Sth CR15 poor growth 4. 6x107 3. 5x 10 2

Sth R2 poor growth 2. 7x10$ 1. 9x 10$
Sth CR5 poor growth 4. 8x107 4. Ox 108
SthROP poor growth 2. Ox107 2. Ox 107
Sth R1 poor growth 5. 1x10' 4. Ox 10r7

Lb CR5 8.2x 10 no growth 1.3x 101
Lb R2 5. 2x 10 no growth 4.3x 10
Lb R1 9.2x 107 poor growth 9. 1x 10'l
Lb Y 8. lx 10' poor growth I. Ox 10
Lb R39 1. Ox 10$ poor growth 1.8x 10
Lb CR7 6.7x 10$ poor growth 8. 5x 1016

Lb CR14 4.6x 10" poor growth 5. 2x 1017

Lb ROP 2.9x 10" poor growth 2. Ox 10'
Lb Oly 4.1x 10 `° poor growth 5. 8x 10(0

10

10
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compared to both M17 and MRS selective media.

Elliker's lactic agar supported growth of both the
rods and cocci, except S.thermophilus CR15 and

L.bulgaricus R2, both of which failed to grow on this
medium. The coccus colonies exhibited white, pinpoint

colonies. L.bulgaricus CR14, R39, and ROP grew poorly on

this medium, exhibiting barely visible, flat, irregularly
edged, rough colonies approximately 0.5mm. The remaining

rod colonies appeared very flat, rough, irregularly edged

and ranged from 1 to 2mm in diameter.

TPPY agar medium suported growth of all strains,
except S.thermophilus R1 and Y which failed to grow.

S.thermophilus strains appeared white, round, convex,

entire, and ranged from pinpoint to 1.5mm. Some rod

strains exhibited round, entire colonies while others

were slightly rough edged. The rod and coccus colony

types were not always easily differentiated. This medium

did not contain the Eriochrome dye to aid in

differentiation.

Testing of Commercial Yogurts

Results of the analysis of the six commercial yogurt

samples can be seen in Table 7. All yogurt samples

exhibited viable rod/coccus cultures, with Nancy's yogurt

giving the highest counts and Darigold exhibiting the
lowest counts per ml. Two distinct colony types,

characteristic of S.thermophilus and L.bulgaricus, were



Table 1 Characteristics of commercial yogurt samples

Brand pH expiration date* Gm+ cocci ml Gm+ rods ml Bile tolerant cfu ml Rod/Coccus

Yoplait 4.2 19 days 6.5x108 2.4x108 not tested 1:3

Dannon 4.1 19 days 7.2x108 4.6x108 not tested 2:3

Nancy's 4.25 25 days 1.3x109 1.4x108 leas than 1000/ml 1:10

Alta Dena 3.9 23 days 7.0x107 3.2x108 not tested 9:2

Darigold 4.0 24 days 4.0x107 3.0x108 not tested 15:2

Yami 4.1 4days 2.5x108 1.4x108 not tested 4:7

*Number of days remaining that product may be sold according to carton date
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observed for all yogurt samples. Rod/coccus ratios
observed were variable. It can be noted that the two
samples exhibiting the lowest pH, Alta Dena and Darigold,

also contain a higher proportion of rods than cocci.
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DISCUSSION

By far, the least studied group of lactic acid

bacteria concerned with the manufacture of dairy

products, are the thermophilic lactic acid bacteria

S.thermophilus and L.bulgaricus. The symbiotic

relationship between these rod-coccus organisms has been

studied to some extent; however, relative to the group N

lactic streptococci, little is known about these

organisms.

The basis for this symbiotic relationship has been

established; however, these findings still fail to

explain the cause of variable compatibility observed

between strains of L.bulgaricus and S.thermophilus.

Yogurt manufacturers stress that a balanced growth

between these organisms is essential for production of a

quality yogurt, and a 1:1 rod/coccus ratio is what is

sought. To elucidate the factors that influence

compatibility would enable commercial culture suppliers

to precisely screen rod/cocus cultures for maximum

compatibility and thus assist the yogurt manuacturers in

achieving balanced growth and improved product quality.

In this study, attempts have been made to determine

if compatibility between S.thermohilus and L.bulgaricus

is based on optimal growth temperature of the associated
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strains. If this is so, strains could be screened for

the desired optimal growth temperature, preferrably at

the temperature utilized by the particular manufacturer,

and supplied in this manner, assuring the producer a

balanced growth and quality yogurt.

To date, there has not been a comprehensive study on

the effects of temperature on growth and compatibility

between L.bulgaricus and S.thermophilus. Optimum

growth temperature is one of the most stable

characteristics of bacteria(Sampolinsky, 1978).

Therefore, this trait would not be expected to change

with time or in response to environmental factors. This

appeared true during the present study and furthermore,

strains remained unchanged with respect to acid

production and colony morphology. However, L.bulgaricus

CR14, initially a non-ropy strain, developed the

capability for slime formation. This characteristic has

been reported in both S.thermophilus and L.bulgaricus,

and is attributed to the production of viscous

polysaccharides composed of arabinose, mannose, glucose,

and galactose in various proportions(Rasic and Kurmann,

1978).

It has been reported that either excessive or low
incubation temperature can induce the production of slime

in yogurt cultures(Rasic and Kurmann, 1978). Induction

of slime formation by p-fluorophenylalanine also has been
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demonstrated in S.cremoris and is believed to be caused

by the inactivation of the repressor of two enzymes

required for polysaccharide synthesis(Forsen and Haiva,

1981). Although S.thermophilus and L.bulgaricus are

traditionally referred to as thermophiles because of

their relatively high growth temperatures, technically

they are not thermophiles. Thermophilic organisms are

characterized by their ability to grow at 55 C and above,

a temperature at which neither L.bulgaricus or

S.thermophilus exhibit growth (Stanier, 1976).

S.thermophilus strains exhibited a wider range of

optimal growth temperatures, 35 to 42 C, than those of

L.bulgaricus which ranged from 43 to 46 C. Breed et al.,

(1957), claims the optimal temperatures for

S.thermophilus and L.bulgaricus are 40 to 45 C, and 45 to

50 C, respectively. This differs from the findings
reported herein. However, optimal growth temperatures

for these,organisms may have been determined using acid

production as an indicator of growth. The temperature

range for maximum acid production exhibited by the

strains of S.thermophilus in this study were 40 to 48 C,

averaging 43.6 C. This would be in agreement with the

reported optimal growth temperature if acid production

were used as an indicator of growth.

Five of the ten strains of L.bulgaricus exhibited

maximum acid production at temperatures slightly higher
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than the optimum for growth, averaging approximately 47

C. This also would explain the different findings in

optimal growth temperatures if they were determined by

titratable acidity.

Breheny et al., (1975), also observed this

uncoupling of lactic acid production from growth in

S.cremoris under conditions where growth was inhibited by

high temperatures and salt concentrations. When

chloramphenicol, an inhibitor of protein synthesis, was
added to the growth medium, growth of the organism

ceased; however, acid production continued. They also

found that a strain of S.lactis which lacked cell

membrane proteinase and thus was not able to grow in milk

unless free amino acids were supplied, failed to grow in

milk but produced acid throughout the incubation period.

The differences observed in the majority of strains
between optimum growth temprature and temperature for

maximal acid production could be explained by this

uncoupling phenomenon under conditions of temperature

stress. Moon and Reinbold, (1975), found greatest acid

production in S.thermophilus to be 42 C however, the

optimal growth temperature of this organism was not

determined. However, Dutta et al., (1971), found an

8.54% decrease in acid production in S.thermophilus when

the organism was grown at 42 C as opposed to 37 C.

Again, the optimum growth temperature of this organism
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was not determined. Reddy et al., (1973), found that
lactose transport in S.thermophilus was maximal at 48 C
relative to 36 and 21 C. This could account for the

increased acid production observed at temperatures above
the maximum for growth and the shorter incubation

periods at 45 C relative to 37 and 42 C.

Little information is available comparing the growth

rates of S.thermophilus and L.bulgaricus over a range of
temperatures. Monk, (1978), using calorimetry
techniques, found that S.thermophilus, in pure culture,
exhibited a greater growth rate at 37 C, than

L.bulgaricus. Growth rates were determined for these

organisms at 37 C only and their optimum growth

temperatures were not known. Moon and Reinbold, (1975),

also found S.thermophilus to have a greater growth rate
at 37 C than L.bulgaricus. This is in agreement with our
results in that most of the S.thermophilus strains

exhibited shorter generation times at 37 C relative to
L.bulgaricus; however, there were exceptions.

Growth of L.bulgaricus in synthetic MRS medium was
variable when compared to growth in milk, with some

strains exhibiting similar growth rates while others had
a generation time more than twice that found in milk.
Being a fastidious organism with respect to nutritional
requirements, it is probable that certain growth factors
required by some strains were not present in the
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synthetic medium, leading to decreased growth rates.

Optimal growth temperatures varied slightly from those

found in milk. This could be attributed to the

differences in temperatures of optimal activity of the
various enzymes necessary for growth in the two different
media.

The particulate or granular type growth, observed in

broth for all but one strain of S.thermophilus, made

turbidometric monitoring of growth inacurate. This type

of growth has been reported in streptococci when grown in

broth culture and strains exhibiting this characteristic
are termed rough variants(Breed et al., 1957).

Orla-Jensen. (1942), also found certain strains of

S.thermophilus to form flakes when grown in broth at 45
C. This clumping in broth has also been observed in

S.lactis(Walsh and McKay, 1981). It was found that these

clumping cells conjugated at a higher frequency than the

non-clumping derivative of the transconjugant, and seemed

to be a plamid associated characteristic(Walsh and McKay,

1981).

From inspection of growth curves and optimal growth

temperatures in single culture, certain growth patterns
would be expected if optimal growth temperature

influenced the compatibility of rod/coccus cultures. It
would be expected that in mixed culture conditions at 45

C, L.bulgaricus, due to the much shorter generation time
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relative to S . thermophilus at 45 C, (Table 3), would

become the dominant organism. Conversely, at 37 C, it

would be expected that S.thermophilus would be favored

due its relatively low optimal growth temperature. A

temperature of 42 C would be expected to result in a more

balanced growth since generation times tend to be similar

for the rod and the coccus at this midrange temperature.
Rod/coccus cultures exhibiting very similar optimal

growth temperatures such as L.bulgaricus

CR5/S.thermophilus CR7(Figure 41), and L.bulgaricus

ROP/S.thermophilus R2(Figure 45), might be expected to

exhibit a balanced growth after incubation at or near the
optimum.

However, the growth patterns that were actually

observed were far from what would be expected if optimal

temperatures had influenced growth in mixed culture.
Remarkably, S.thermophilus seemed to grow irrespective of

optimum growth temperature or generation time at all
temperatures of incubation. S.thermophilus was found to

dominate L.bulgaricus over the entire range of incubation

temperatures and for nearly every rod/coccus

combination.

One exception where optimal growth temperature

appears to have influenced the rod/coccus balance was

the mixed culture growth of L.bulgaricus CRS

S.thermophilus CR15(Figure 40). L.bulgaricus CR5 has an
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optimum growth temperature of 46 C, while S.thermophilus

CR15 exhibits an optimum growth temperature of 35 C,

which represent the highest and lowest optimums observed

for all strains. Growth in mixed culture at 37 C

resulted in a greater cell population of cocci. However,

at 45 C the rods attained greater cell numbers thaw the

cocci, possibly due to inhibition of the cocci at a

temperature 10 C above its optimum for growth.

Temperature increases of up to 7 C above the optimum

growth temperature seemed to have no detrimental effect

on the growth of most S.thermophilus strains. In some

mixed culture growth, such as L.bulgaricus

ROP/S.thermophilus ROP(Figure

CR5/S.thermophilus R2, (Figure

38), L.bulgaricus

42), L.bulgaricus

CR7/S.thermophilus R1, (Figure 44), and L.bulgaricus

R2/S.thermophilus R2,(Figure 47), stimulation of growth
of the cocci was greatest at 45 C as compared to 37 C, 37

C being a temperature that would be expected to favor the

cocci.

This consistent dominance of S.thermophilus at all
incubation temperatures, regardless of optimum growth

temperatures or growth rates of the rod or coccus, was

very unexpected. S.thermophilus CR5, for example, which

exhibits a generation time of approximately 180 minutes

at 45 C,(Table 3), reached greater cell numbers at this

temperature than L.bulgaricus CR14 which exhibits a
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generation time of 44 minutes at 45 C. This demonstrates

very clearly that optimum growth temperatures of

S.thermophilus and L.bulgaricus exert little, if any,

influence on the growth of these two organisms in mixed

culture. What it does suggest however, is that the

stimulatory factors for S.thermophilus may be present in

larger amounts at 45 C, relative to 37 C, to provide

sufficient stimulation to negate any detrimental effects
that high incubation temperatures might exert. To

possibly explain this, Argyle et al., (197'6), found that
a cell bound proteinase produced by L.bulgaricus

exhibited maximum activity at 44-45 C. Singh et al.,
(1980), observed an increase in proteolytic activity of
L.bulgaricus upon increase of the incubation temperature

from 37 to 42 C. This increase in proteolytic activity
with increasing temperature would result in greater

concentrations of peptides and amino acids which could be

stimulatory for S.thermophilus at 45 C. This reduced

proteolytic activity of L.bulgaricus at 37 C would also

explain why stimulation of S.thermophilus at 37 C may be

less than or equal to that found at 45 C. These results

suggest that compatibility is based not on optimum growth

temperatures of the rod and coccus, but rather on the
amounts of stimulatory factors, peptides and amino acids,

produced by the rod at a particular temperature. Hemme

et al., (1981), in finding L.bulgaricus extracts to be
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stimulatory for S.thermophilus, found that it was the

specific nature of the peptides and amino acids produced

and not necessarily the amounts that determined

stimulatory potential. Therefore, it can not be assumed

that a more proteolytic strain of L.bulgaricus would

necessarily be more stimulatory for S.thermophilus. On

the contrary, from the results observed, a more balanced

growth between the rods and cocci might be obtained if

the rod did not supply the cocci with peptides comprised

of the most stimulatory amino acid residues or supply all

of the amino acids the cocci is unable to synthesize.

This might tend to give a more balanced growth.

Generally, there was an increase in the number of

rods from initial cell numbers to post-incubation cell

numbers for most rod/coccus combinations, suggesting that

S.thermophilus produced compounds which were stimulatory

for the growth of L.bulgaricus. However, in the mixed

culture growth of L.bulgaricus Y/S.thermophilus Y,(Figure

46), there was a consistent decrease in the population of

rods at all incubation temperatures. Moon and Reinbold,

(1975), also found various strains of L.bulgaricus that

were inhibited in mixed culture growth at 37 C.

S.thermophilus cell free filtrates were found not to be

inhibitory. They suggested that this inhibition resulted

from competition between the rod and cocci for essential

nutrients.
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L.bulgaricus cell numbers in the initial inoculum
were generally lower than those of S.thermophilus. It
might be thought that this would have favored the growth

of the cocci, resulting in the higher counts of the

cocci. However, in cases where the rods were present in

higher numbers than the cocci in the initial inoculum,
for example L.bulgaricus ROP/S.thermophilus CR7, (Figure

49), growth in mixed culture still resulted in a higher
numbers of cocci. It has been found that the stimulation
of growth of S.thermophilus by L.bulgaricus was greatest
at a rod/coccus ratio of 2:1(Moon and Reinbold, 1976) or

3.8:1(Monk, 1978). This further supports speculation

that compatibility is based not on optimal growth

temperatures, but on amounts of amino acids and peptides
produced by L.bulgaricus which are stimulatory for a

particular strain of S.thermophilus.
Since S.thermophilus lacks significant proteinase

activity, it has been proposed that transfer of the

genetic material responsible for proteinase production to

S.thermophilus could result in the production of single
strain yogurt(Davies and Gasson, unpublished). The

introduction of genes responsible for desirable metabolic
end products, such as sweeteners and flavor compounds,

has also been proposed(Davies and Gasson, unpublished).
The effect of added milk solids on the incubation

time necessary to reach a pH of 4.2 was quite marked.
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Mixed culture growth without the added solids reached pH

4.2 from .5 to 2 hours sooner than corresponding mixed

culture growth with the 4.8% added nonfat milk solids.
Increases observed were probably due to lower initial
inoculums. These differences were likely due to the

added buffering capacity of the milk proteins contained
in the additional solids. Tramer, (1973), found that
L.bulgaricus was severely inhibited in 24% skim milk
concentrate where cocci predominated in the milk medium.

It was also found that an increase in total % solids from
11 to 12.7% in the milk medium, resulted in a decrease of
rod cell numbers and an increase of the cocci cell
numbers(George Weber, personal communication).

It was thought that perhaps the added solids to the
milk used for mixed culture growth was causing the

consistent increase of the cocci. Therefore, mixed

cultures were grown without the added solids at various
times, to determine its effect on the final rod/cocus
ratio. Generally, a decrease in total cell population
was observed relative to growth in the presence of added
solids; however, the cocci consistently reached higher
cell populations than the rods. The cocci generally
decreased in cell number to a greater extent than the
rods, if the rods decreased at all. This decrease in the
number of cocci in the absence of added solids was

probably due to the acid sensitive nature of
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S.thermophilus relative to L.bulgaricus. The sensitivity

of S.thermophilus to high acid conditions is well

documented(Dutta et al., 1971; Pette and Lolkema, 1950a;

Rasic Kurmann, 1978).

As was noted in Table 3, rod/coccus ratios as

determined by microscopic examination were not often

accurate. This method of determining rod/coccus ratio

appears to underestimate the number of cocci and

overestimate the number of rods to varying degrees.

However, with no other means available for immediate

estimates of rod/coccus ratios, the microscopic

examination may be useful in obtaining a rough estimation

of rod/coccus ratios. However, plating methods should be

used for accurate rod/coccus ratio determination when

time permits.

Differences in ability to metabolize a certain

substrate is the basis for many differential plating

media. It was thought that hydrolysis of starch by

S.thermophilus, a trait not reported in L.bulgaricus,

could be utilized for the purpose of developing a

rod/coccus differential plating medium. A medium low in

fermentable sugar and high in soluble starch was utilized

assuming the starch degradatory enzymes would be

inducible enzymes. However, starch hydrolyisis was

observed only on a modified M17 medium, a nutritionally

rich medium. Only S.thermophilus R39 exhibited the
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ability to hydrolyze starch. The low incidence of starch
hydrolysis observed agrees with the findings of

Orla-Jensen, (1957), who found only 2% of the

S.thermophilus strains tested were able to hydrolyze

starch. Therefore the use of starch hydrolysis as a

basis for a rod/coccus differential agar is not

feasible.

All strains of S.thermophilus were able to hydrolyze

urea when present in the growth medium, producing ammonia

and carbon dioxide. Urea concentrations of from 2.0% to
0.1% supported detectable urease activity on plating

medium, with diffusion of ammonia throughout within 24
to 48 hours, which made detection of nonureolytic

colonies difficult. Isolated colonies of S.thermophilus

appeared larger than those on corresponding media without

added urea. The released ammonia gas may have caused the

media to maintain a near neutral pH by neutralizing the
acid produced. This would allow cells to grow without
the inhibiton normally caused by increased acidity in the
growth medium. This is supported by findings by Tinson
et al., (1982), who found that when a ureolytic strain of
S.thermophilus was grown in milk, acid production, as

measured by change in pH, ceased midway through the

logarithmic phase of growth. Cessation of acid

production was apparent only during the period when

ammonia was being actively released from urea. If the
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milk was first treated with uease, no cessation in acid
production was observed.

Not until the spread plating method was utilized,
were any non-ureolytic colonies of S.thermophilus

observed on the plating medium. Since the colonies

exhibiting acidic conditions eventually became alkaline
with continued incubation, distinct purple and yellow

colonies were used to inoculate broth medium containing

urea to determine if the colonies which appeared

nonureolytic within the first 24 hours of incubation

would eventually become ureolytic. The fact that the

nonureolytic cells remained so after continued incubation

in broth demonstrated that diffusion of ammonia was

responsible for the change in colonial appearance of

nonureolytic colonies on plating medium. Although only

speculation, the high number of nonureolytic

S.thermophilus cells observed suggests that the genetic

information for urease may be located on a plasmid. High

frequency loss of a phenotypic trait is one of the

criteria for the identifiction of the extra chromosomal

location of genes(Richmond, 1972). However, frequency of

loss should be quantified to differentiate high frequency
loss associated with plasmids from spontaneous mutation

rates of genes.Also effects of elevated temperature, and

chemical agents on the spontaneous rate of loss of a

genetic marker offer further evidence of a plasmid-borne
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property(Richmond, 1972).

It has been found that S.thermophilus strains are

commonly plasmid free, with only 25%(Davis and Underwood,

unpublished data) and 42%(Somkuti and Steinberg, 1981) of

S.thermophilus strains examined found to carry plasmids.

Cook,(1976), found evidence that suggested that

urease activity in Streptococcus faecium may be plasmid

mediated. However, attempts to demonstrate loss of a

plasmid in nonureolytic cells were unsuccessful.

However, it has been found that plasmids of certain

strains of S.lactis are subject to a high frequency of

deletion, which would make the loss of a particular trait

due to this deletion phenomenon undetectable by gel

electrophoresis techniques(Gasson, 1982). This could

explain why loss of a plasmid was not demonstrated

although ureolytic activity was lost.

The suggestion that urease activity is plasmid

mediated in S.thermophilus is highly speculative. Only

S.thermophilus CR5 and R39 were observed in this manner,

so the incidence in the remaining strains is not known.

Since L.bulgaricus colonies were not demonstrated on the

mixed culture plating medium, it could be possible that

the alkaline conditions were inhibitory for this

organism.

In choosing a plating medium for the enumeration of
S.thermophilus and L.bulgaricus, a differential agar was
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was preferred. Lee's agar supported good growth of both

S.thermophilus and L.bulgaricus however, their colonies

were not always easily differentiated. This medium is

based on differences in acid production of the two

organisms in the presence of both sucrose and lactose;

however, there appeared to be a great deal of strain
variation with regard to acid production with some

strains of L.bulgaricus exhibiting the same degree of

acid production as S.thermophilus. This may possibly be

due to the variable ability of S.thermophilus to ferment

sucrose. This is in agreement with the findings of Lee

et al., (1974). Also, an incubation period of 24 hours

must be strictly adhered to or results become

variable(Lee et al., 1974). For these reasons this

differential medium was not chosen for use.

Elliker's lactic agar medium and TPPY agar medium

both allowed accuracy in differentiating the rod and

coccus colony types. However, neither supported the

adequate growth of all strains, therefore they were not
considered further.

LB agar medium was the only differential medium to

support good growth of all strains and on which the

colony types could be easily differentiated. It also

gave good recovery of both S.thermophilus and

L.bulgaricus strains relative to M17 and MRS media

respectivley.



104

The M17 plating medium supported good growth of all

S.t;hermophilus strains. However, growth of L.bulgaricus

was poor. This may have been due to inhibition of this

organism caused by the beta-glycerophosphate contained in

the medium, which was also found by Shankar and Davies,

(1977). MRS medium supported good growth of all
L.bulgaricus strains. This is in agreement with previous

findings(Collins,1978; DeMan et al.,1960).

After observing the growth relationships between

S.thermophilus and L.bulgaricus, and rod/coccus ratios

obtained, commercial yogurts were sampled to determine if

the same observations would be made. Yogurts with a

normal acidity, pH 4.0 to 4.6, exhibit optimum yogurt

structure, without whey separation. However, low acidity

yogurts, pH above 4.6, and high acidity yogurts, pH below

4.0, usually reveal cause appreciable whey

separation(Rasic and Kurmann, 1978). All commercial

yogurt samples, with exception of Alta Dena, were within

the normal acidity range. Alta Dena did not exhibit

visible whey separation however, its flavor was

uncharacteristically sour. It has been reported that

some strains of L.bulgaricus continue to grow and produce

acid at temperatures of storage causing an

over-acidification of the yogurt(Nielsen, 1975). Also an

imbalance in growth favoring the rods may result in a

high acid yogurt, which may further increase in acidity
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at storage tempertures(Rasic and Kurmann, 1978). This

may have occurred with the Alta Dena and Darigold

samples, exhibiting rod/cocus ratios of 9:2 and 15:2

respectively.

All samples contained high counts of viable cells.

Even the Yami yogurt sample which had a pull date of 4

days from the date it was sampled revealed a high

population of cells.. This is similar to the findings of

Davis, (1971), who found that viable counts from natural
yogurts remained in the range of from 8 to 9 logs over a
period of 28 days of storage at 5 C.

None of the yogurt samples exhibited a 1:1 rod

coccus ratio, but instead S.thermophilus exhibited

higher counts than L.bulgaricus in four of the six yogurt

samples. However, conditions of storage and handling.

must be taken into account when comparing rod-cocus

ratios obtained experimentaly and those obtained in

sampling commercial yogurts.

There has been some interest in supplementing

yogurt and other dairy products with L.acidophilus

because of its possible role in maintaining intestinal

health(Gilliland and Speck, 1977; Goldin et al, 1977;

Mikolajcik et al., 1975). This organism is capable of

colonizing the human intestinal tract due to its ability

to grow in the presence of desoxycholate and other bile

acids(Gilliland and Speck, 1977).
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However, viability of L.acidophilus in yogurt is

found to decrease significantly with normal storage

periods. L.acidophilus was found to decrease from 10 to

10 counts/ml in yogurt samples after 7 days of storage

at 5 C(Gilliland and Speck, 1977). It was determined

that decreases in viability observed were due to

inhibitory substances, other than acid, produced by

L.bulgaricus, mainly hydrogen peroxide(Gilliland and

Speck, 1977). The low counts or absence of L.acidophilus

found in Nancy's yogurt, which claimed viable

L.acidophilus culture, may have been due to hydrogen

peroxide inhibition.

It appears from observations of growth

L.bulgaricus and S.thermophilus under single culture

conditions and under mixed culture conditions that

S.thermophilus benefits to a greater extent from the

symbiotic relationship than does L.bulgaricus. It appears

that a 1:1 rod coccus ratio is the exception rather than

the norm, and since S.thermophilus consistently grows to

greater cell numbers than L.bulgaricus this type of

growth pattern would not be expected.

Drastic overgrowth of one organism over another was

observed only once at a rod/coccus ratio of 1:40, which

is not much more than a diffence of one log cycle.

Therefore a wide range of rod/coccus ratios still gives a

relatively balanced growth. Compatibility between
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strains, or the tendency for strains to exhibit balance
growth, appears to have little to do with optimal growth

temperatures of the rod and coccus but instead seems to

depend on the amount of stimulatory factors i.e.
stimulatory peptides and amino acids, which the rod

produces from its characteristic proteinases. This would

explain why S.thermophilus consistently reaches greater

cell numbers than the L.bulgaricus at temperatures far
from its optimum.

It is interesting to note that the average rod/cocus
ratios obtained at 37, 42 and 45 C were 1:2.2, 1:8, and

1:2.4 respectively. The greatest imbalance seems to

occur at 42 C, a temperature commonly utilized in the
manufacture of yogurt. A more balanced growth generally

occurs at 45 C as well as a decreased incubation time,

which may be advantageous to the manufacturer.

Uncoupling of lactic acid production from growth may

be significant at temperatures normally utilized in the

manufacture of yogurt.
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SUMMARY AND CONCLUSIONS

S.thermophilus was found to dominate L.bulgaricus in

mixed culture irrespective of the optimal growth

temperature or generation time observed in pure culture.

These results demonstrate that optimum growth

temperatures of S.thermophilus and L.bulgaricus exert

little, if any, influence on the growth of these

organisms in mixed culture. The results, however,

suggest that the proteolytic activity of the L.bulga,ricus

strains, at various temperatures, may influence the

degree of stimulation of S.thermophilus in mixed culture,

and thus influence compatibility. It appears that more

compatible rod/coccus cultures may consist of an

L.bulgaricus strain which does not maximally stimulate

the growth of the S.thermophilus strain. This lesser

degree of stimulation would result in a more balanced

growth of the two organisms. Therefore compatibility

would no longer be thought of in terms of obtaining

the maximum degree of growth stimulation, but a more

moderate degree of stimulation to obtain a more balanced

growth.

Uncoupling of growth from acid production was

observed for all S.thermophilus strains. The increased

acid production at temperatures from 40 C to 48 C may be
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significant in enhancing acid production in commercial

yogurt manufacture.

The low incidence of starch hydrolysis observed for

S.thermophilus strains is in agreement with previous

findings. Therefore, the use of starch hydrolysis as a

basis for a rod/coccus differential plating medium is not

feasible.
All S.thermophilus strains were able to hydrolyze

urea. A high frequency of loss of this phenotypic trait

suggests that the genetic information for urease may be

located on a plasmid.

LB agar plating medium was determined to be optimal

for rod/coccus differentiation relative to five other

plating media. Media containing Beta-glycerophosphate

was found to be inhibitory for L.bulgaricus strians.

Beta-glycerophosphate may be an inhibitory compound for

this organism.
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