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ABSTRACT

g

LACTIC ACID UTILIZATICN BY STREPICCCCCAL STRAIN AHT

Under conditions of a high cell concentration and a low glucose

substrate level, lactic acid was formed and then degraded by Streptococcus
AHT. The lactic acid was converted to acetic acid, ethanol and carbon
dioxide,

Lactic acid utilization was greatly suppressed by anaerobic incuba-
tion indicating that oxygen was required for the process, The end pro-
ducts of glucose fermentation under anaerobic incubation were lactic,

acetic, butyric, isobutyric, propionic acids, ethanol and carbon dioxide.
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"LAPTTR T

WTRODUCTION

Present on most humen tooth surfaces are concentrated masses of
bacteria which, together with an inter-bacterial matrix, make up cdental
plague. The bacteria in the plaque can readily convert many carbohydrates
to acid, causing a repid fall in the pH of the plaque. ubsequently the

pH slowly rises agein to fasting levels (Stephan, 19443 Fleinberg, 1961

Kleinberg and Jenkins, 196L4), Dental caries is generally accepbed to be
initisted bv dissolution of the inorganic components of the enamel of the
tooth surface when the placue pH drovs below some critical level known

the "ecritical pH" (Fnglander et 21, 1956). Below this pH the concen-
trations of calcium and phosphate in the plague and in the saliva are
thought to be insufficient to prevent the sclubilization of the enamel.

A prominent portion of the plague microflora consists of the
Streptococci., Tstimates of their number vary from 27 to 98 per cent of the
total floras (Stralfors, 1950: Gibbons, 19643 McCarthy, 1965). It is gen-
erally accepted that only streptococci produce acid at a sufficient rate
and occur in sufficient numbers in dental plague to have any major impor-
tance in producing the pH fall which occurs in dental placue in vivo
{Bibby, Volker, and Van Kesteren, 19423 Sims, 1965), This suggests that
studies of the carbohvdrete metabolism of streptococci are important to

provide a greater understanding of the dental carles vrocess,

Investigations of carbohydrate metabolism in streptococci are

n

usuallyv carried out using low concentrations of cells and levels of
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carbohydrate substrates that are too high to be completely utilized

during the experimental period. Under such conditions of incubation,
streptococel carry out 2 typical homolactic fermentation of glucose with
only small amounts of products formed other than lactic acid (e.g., Hewitt,
1932; Tatum and Peterson, 1935).

In 1947, Stepvhan and Hermens pointed out that these cultural condi-
tions have only limited relevance to the situation occurring in the human
oral cavity, where streptococcl and other microorganisms exist as dense
masses of cells, which are only intermittently supplied with carbohydrate,
When these workers investigated the pH change produced in vitro when a
high concentration of o pure strain of streptococcus isolated from a human
mouth utilized a low level of glucose, they observed that the pH initially
fell rapidly, but then reached a minimum and, surprisingly, subseguently
rose by nearly one pH unit. When they incubated the cell suspension with
an equivalent amount of lactic acid instead of glucose, the pH again rose,
The extent of the pH rise was apvroximately ecual to that occurring with
glucose,

On the basis of these findings, Stephan and Hemmens suggested that
the pH rise resulted from the consumption of lactic acid. However, their
experiments did not include measurements of lactic acid, nor did they
rule oubt the possibility that the pH rise might have resulted from other
factors, such as from the formation of base by the breskdown of nitro-
genous material, such as amino ascids (Gale, 1945).

To the present, research into dental caries has been almost en-
tirely directed at the falling portion of the“Stephan Curve in dental

plague. Almost no attention has been paid to the rising portion of the



curve and to the fact that dental caries might be averted if the orgenisms
on the teeth should cause a pH rise by a mechanism such as the consumption
of lactic acid. If many streptococcl ars able to raise the vlacue pH by

utilizing lactic acid, they might contribute significantly to this process.

The obJject of the present study was to determine the correctness
of Stephan and Hemmens' hypothesis that some streptococci, which are
generally accepted to be homolactic, can utilize lactic acid and thereby
cause a pH rise, Additional studies were undertaken to clarify the fate
of the utilized glucose and lactic acid and to determine some of the
conditions that might affect that process.

The main streptococcal strain studied in this thesis, AHT, was
originally isolated Ffrom humen cental caries lesions by Zinner and his
co-workers (196L). It is‘of some interest that of numerous strains of
oral streptococci they tested in hamsters, AHT had the greatest activity
in producing caries, The last letters of the name of the organism, HT,
signify the source of the organism, human teeth, while A is the order of
isolation.

¥ost of the experiments reported in the thesis were carried out
using a high cell concentration and a low initiel glucose level, to
duplicate as nearly as possible the situation occurring in the dental

plague in vivo.

Outline of the Remainder of the Thesis

Chapter II is a review of the literature ebout lactic acid pro-
duction and subsequent degradation in both mixed cultures and pure cul-

tures of microorganisms., Chapter IIT will describe the materials and



methods used in this study., In Chapter IV, the experimental work will be
reported and the results discussed. A summary of the findings of the

study and conclusions will be given in Chapter V.
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LITERATURE REVIEW

Oral microorganisms were first observed by Antony Van Leeuwenhoeck
in 1683 (cited by Fitzgerald, 1963), and were postulated to heave an im-
portant role in the initiation of dental caries by Miller in 1890, in his
Chemo-Parasitic Theory"., The theory stated that the decalecification of
teeth results from the action of acids produced from the breakdown of
dietary carbohydrates by plague bacteria.

feid formation by the oral microflora was subsequently studied by
Neuwirth and Klosterman (1940), who observed the repid formation of
lactic acid from carbohydrate by microorganisms in saliva, both in vivo
and in vitro. They established that bacteria were the responsible agents
in the saliva when they showed that saliva which had been passed through
a Seitz filter failed to produce acid from glucose, Later, Neuwirth and
Summerson (1942) found that lactic acid accounted for no more than 50
per cent of the totzl acid formed, and that lactic acid was rapidly
metabolized by the bacteria in saliva with the production of other uniden-
tified acids. Similar observations were made with plague in vitro by
Muntz (lOAS), who observed that lactic acid was formed and then degraded,
while the concentration of other acids progressively rose. He demon-
strated that the destruction of lactic acid occurred most ranidly at
neutrality and under aserobic conditions. When placue was incubated under
anaercobic conditions, the lactic acid concentration did not fall.

Later, Neuwirth and Summerson (1951) observed that when paraffin-

stimulated saliva was incubated with a low concentration of glucose,




lactic acid accumulated only as long as glucose was present in the medium,
When the glucose was gone, the lactic acid began to disappear. On the
basis of their experiments with saliva, they predicted that the rapid pro-
duction of lactic acid in dental plague would account for the rapid fall
in pH previously reported by Stephan (1940).

The oxidation of lactic acid has been reported in many diverse

types of microorganisms such as Dscherichia coli (Haugarrd, 1959 ), Myco-

-

bacteriz, (Cousins, 1956), Pseudomonas (Walker and Tagon, 196L) and veast
(4ippleby and Morton, 1954). Lactobacilli have also been shown to utilize
fy ¥ o >

lactic acid; Peterson et al.(l92Q)found that Lactobacillus pentaceticus,

a heterolactic fermenter, could stoichiometrically convert lactic acid to
acetic acid.

YMore recently, even two homolactic fermentors, Lactobacillus

delbrueckii and Lactobacillus arabinosus, were found to contain lactic

oxidases (Hager, Geller and Lipman, 195L; Snoswell, 1959). These lactic

D-independent. Snoswell (1963) found that L. arabinosus

oxidases were HNA

contains two pairs of lactic dehydrogenases, NADidependent and NﬁDiinde-
pendent pairs. The former pair of enzymes were involved with the pro-
duction of D(-)- and L(+)- lactate from pvruvate while the latter pair
were involved with the oxidation of D{(=)- and L(+)- lactate back to
pyruvate.

4s reported in the previous chapter, the utilization of lactic acid
in oral streptococci was first sugpested by Stephan and Hemmens (1947)

when they incubated a high concentration of a pure strain of an unidenti-

fied oral streptococcus with low initial concentration of glucose. They

found that the pH in the medium fell rapidly and then rose slowly, and



postulated thet the pH rise occurred because of the disappearance of

lactic acid. Lamsnna (1965, p. 698) had reported that Streptococcus

lactis had been found to excrete lactate into the medium while glucose

wds being metabolized, and then utilizedit after the glucose had disappeared
from the medium. ¥vidence of lactic acid degradation by streptococci was
also provided by London and fAppleman (1961), who reported that Strepto-

coccus faecium strain NCTC 7171 possessed a specific flavin-linked L(+)-

lactic dehydrogenase which converted L(+)-lactic acid to acetic acid and
carbon dioxide. This enzyme syvstemuwas capable of oxidizing lactic acid
vhen either oxygen or an approvriste dyewds provided as an electron
acceptor.

lore recently, London (1968) investigated the regulation of the
synthesis and function of the L(+)~lactic dehydrogenase. He found that
the majority of the enzyme activity appeared during the last hour of
exponential growth, when the glucose in the medium was nearly exhausted,
This enzyme system enabled the organism to grow at the expense of L(+)-
lactate and to survive in a medium devoid of carbohydrate substrate,
Presumably, as postulated by Snoswell (1959) for L. arabinosus, the
oxidation of lactate was coupled to ATP production, providing a source
of energy when the primary energy source in the medium, glucose, was

L

used up. In addition, the presence of an NAD -independent lactic
dehydrogenase could conceivably enable the bacteria to regenerate
pyruvate which could be used for synthetic purposes through ke conversion
to acetyl-Coh.

Since little is known about lactic acid degradation by bacteria

in the oral cavity, the importance of such degradation to dental caries



ie not well understood. It was because of this lack of information that

the present investigation was carried out.
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CHAPTER III

MATERIALS AND %

Cultures and Growth Media

The AHT streptococcel strain (Zimmer, 19 65) used in this study
were obtained from Dr. J. Donchue of Colgate-Palmolive Company, New
Jersev and from Dr. M, Goldner, Faculty of Dentistry, University of
Toronto., Additional streptococcal strains, BHT, CHT, HHT (Zinner, 1965) s
R-49, Fi-l, 2F2, GF-71, HS-10, 2M2 (Fitzgerald isolates); and PK-1 and
35-5 (Gibbons isolates) were also obtained from Dr. Donohue., Strains of

strentococei of Lancefield groups 4, C, D, %, F, G, H, and K were ob-
tzined from the Laboratory of Hveiene of the lepartment of National Health

and ¥Welfare in Ottawsz.

411 cultures were maintained at O~h C in trs ase

jat]

o
t:af

(Jordan et al, 1940) heving the following composition per litre:

trypticase (Baltimore Biological Lahoratory), 10 gmi veast extract, 10 gm;

m

K HPOA, 10 gm; salt solution, 1 ml; sucrose, 10 gms and agar, 10 gm, The
salt solution consisted of ¥ SO, ,7H.,O, 0.8 gm; FeCl
g L2 3

NﬂCT O 012 gmg in 100 ml of distilled water, Cultures were transferred

°6H205 0,04 gm; and

every six weeks., 411 cultures except the T.ancefield strains were also

freeve-dried as soon as received,

Preparation of Incubation Mixtures

]

or 2ll experiments in the investigation, cells were grown
in trypticase soy broth (Baltimore Biological Leboratory, Baltimore

I

¥D,) in an atmosphere of 95 per cent nitrogen and 5 per cent



carbon dioxide &t 3700 for 18 hours, at which time thev were in the
exponential growth phase. They were harvested by centrifugation at 7710 x
g for 20 minutes. The supernatant was carefully poured off and the pellet
washed twice with approximately 10 ml of sterile cold trypticase medium,
by centrifuging at 1470 x g for 20 minutes, and decanting the supernatant
Finally the cells were resuspendsd in sufficient sterile cold trypticase
medium to give the desired final cell concentration, in most cases,
7% (V/V).

Incubation mixtures were preparsd by combining the cell suspension
and the substrate to make a final volume of 3 ml., The glucose used as
substrate was introduced at zero time of each experiment., 411 preparation

and handling of the incubation mixtures prior to incubation were carried

out at 0-4°C in an ice-packed beaker to limit cellular metabolism.

Incubation Procedure and pH Feasurement

ct

. . . . O . .
A1l incubations weré carried out at 37 C in 25 x 55 mm test tubes

fitted with rubber stoprers with a hole through which a glass electrode
was inserted. The mixtures were incubated in a Dubnoff metabolic shaking
incubator (Precision Scientifiec Co., Chicago, I11l.) for four hours,

The pH of the incubation mixtures was measured at regular intervals

using a model PHM Lc Radiometer pH meter. Samples for other chemical

analyses were placed in 10 x 75 mm test tubes in ice to stop metabolism.

Chemical Analyses

yncobetion
Lactic acid analysis. For lactic acid analysis, 25 pl of anixture

was removed and delivered into 10 x 75 mm test tubes which contained
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the volume of cold distilled water recuired to give the correct dilution
for analysis. The mixtures were vibrated on a mixer (Vortex Jr.) and

centrifuged at 1470 x g for 10 minutes at 1%,

=
£
‘._1

yuots of 200 pl con-
taining O-1.5 mM lactic acid were removed from the supernatant and
transferred to 10 x 75 mm test tubes. Fach tube was capped with para-
film and the contents frozen until assayed for lactic acid by the method
of Horn and Brun (1956), as modified by Cohen and Noel (1960). In this
method, the enzyme lactic dehydrogenase is added, together with nico-
tinamide adenine dinucleotide (NAD) to the sample containing lactic acid.
s

The enzyme catalyzes the oxidation of lactic acid to pyruvic acid by NAD,

The NADHZ formed wiis measured spectrophotometrically at 366 mz (Fig. 1).

Total acid. To determine total acid, 25 pl of sample were removed
and delivered into 200 pl of distilled water. The mixture was then
titrated with 0,0L N NaOH using phenol blue (p¥ 8.9) as indicator.
Titration values obtained for the mixtures at zero hour were subtracted
from the values for each time point to give the value of the total acid

produced.

Glucose analysis. For glucose analysis, lOO‘pl of culture was

removed and delivered into 10 x 75 mm test tubes which contained 900 nl

of distilled water. The mixtures were vibratsd on a mixer (Vortex Jr.)

and incubated for 30 minutes at 3700, Aliouots of 200 Pl containing

0~300 pg/mﬁ glucose were transferred to 10 x 75 mm test tubes and the

contents assayed for glucose using the '"@lucostat! reagent (Worthington
w

Biochemical Corp., Freehold, N.J.). The assay was wmeasuved spectro-

photometrically at 500 rp (Fig. 2).
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Zthanol analysis. For the determination of ethanol, the culture

supernatant was first treated with zinc sulfate and then titrated with
sodium hydroxide to pH 7.6-7.8. The mixtures were centrifuged.at 1470 x g
for 10 minutes, and thé supernatant removed and steam distilled by the
method of Neish (1950, p. 15). The ethanol in the distillate was deter-
mined by Conway's method (Corway, 1962). & typical standard curve is

shown in Figure 3.

Carbon dioxide from glucose and lactic acid. Carbon dioxide Pro-—-

duced specifically from glucose and from lactic acid was determined by
'measuring the radioactivity found in thebcarbon dioxide when the glucose
or lactic acid were uniformly labelled with carbon-lki. The carbon dioxide
was collected in an agueous solution of sodium hydroxide (Sandham, 1967)
contained in 6 % 30 mm test tubes whichyuméiinside the incubation tubes.
The incubation tubes were sealed with serum stovpers. Separate incubation
the
tubes were set up for each time interval. A4t each time interval, incuba-
tion tubes were removed from the water bath, 100 L of 0.1 N hydrochloric
acld wme injected through their serum storpers, and the tubes were kept
overnight et O-&OC to ensure the complete diffusion of all carbon dioxide

from the medium into the sodium hydroxide, After that time, the sodium

|,.h
|

hydroxide was pipetted into liguid scintillation vials containing 10 ml
of a mixture of 219 g of Fluorallgy D¥4 scintillation lé?vfd,,

(Beckman Instrument, Inc., Fullerton, Calif.) in 2 1. of dioxsne (J.T.
Baker, reagent grade). 411 determinations of radioactivity reported in
this thesis were then carried out using either 2 Beckman DFM-100 or a

Beckman LS-150 liquid scintillation counter.
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Radioactivity of cells. To estimate the radiocactivity of cells, the

cells were first washed twice with 50 per cent ethanol, and then suspended
in 2N sodium hydroxide. They were then heated at 80°C for en hour or until
the solution was clear. The mixture was then neutralized with BLO-Selv
Solubilizer (BBS-2, Beckman Instrument Inc.) to pH 7 and counted in vials
containing 5 ml of a mixture of 32.2 g of Fluoralloy TLA scintillation
cocktail mix (Beckman Instrument Inc.) in 1 gal. of reagent grade toluene,

and 5 ml of methanol.

Separation and Quantitation of Clh—labelled

Fermentation Products by Silicic 4eid Column Chromstography

Tnitially, fermentation products in the supernatant were separated
using a modification of the silicic acid column described by Smith (1956)
as used by Ng and Hamilton (personal communication). The fines were
removed from 100-mesh silicic acid by reveated suspension in water; the
silicic acid was then dried at 160°C overnight, and maintained at that
tempersture until used.

To make up the column, approximastely 8 g of the dried silicic acid
was suspended in excess chloroform which had been washed with 0.5 N sulfur-
ic acid. & sufficient amount of 0.1 ¥ sulfuric acid was then mixed into
the slurry to convert it to a fine white suspension. This recuired

pproximately 5 ml of sulfuric acid. The slurfy was then carefully
poured into a 5 mm i.d. column approximately 52 mm long, made from glass

tubing which had been tapered at the lower end. The tip contained a

L,
ad

;

tightly fitted wad of Whatman #3 filter paper. Approximately 1.5 g of

silicic acid in chloroform, to which no sulfuric acid had been added,



was added to the top of the column,

Semples, acidified to »H 2.0 or less with a 5 ¥ sulfuric acid,
were added to the top of the column. The column was developed with
a gradient of butanol in chloroform created as follows: 15% butanol in
sulfuric acid - washed chloroform was passed into a mixing vessel which
contained 25 ml of acid-washed chloroform, Since the mixing vessel was

stoppered and air-tight, the volume in the mixing vessel remained con-

stant at 25 ml. After 50 ml of butanol in chloroform had entered the mix-

ing vessel, the concentration of butanol entering the mixing vessel was

rom 15 to L45% to accelerate the removal of slow-moving compon-
ents from the column. 4 solvent flow rate of 30 drops per minute wes
maintained at all times with a polvstaltic pump (Buchler Instruments,
Fort Lee, N.J.). Fractions 0.5 ml in volume were collected, and 10 ul
from each was removed to be counted by liguid scintillation. Fractions
containing the radioactive peaks were then pooled and counted, When

1h . o . . o
standard C~° acids propionic, acetic and lactic were run (Fig. A), the

recovery from the column was 86-90 per cent for the known acid standards.

Separation and Quantitation of Volatile

Fermentation Products by Gas Chromatograrhy

[o}

Tnvestigations of microbial fermentation recuire precise an
rapid methods of quantitative analysis of the end products that are
excreted into the medium. Initially in these studies, silicic acid
colurns were used for the separation of fermentation products, but this

method was found to be very time consuming, Later, a2 gas chromatograph

became available and it was possible to use it for direct ouantitative
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separation of the volatile fermentation products using the method of
Rogosa and Love (1948),

Samples from incubation mixtures were centrifuged for 20 minutes
at 1470 x g. The supernatants were removed and acidified to approximately
pH 2.0 with concentrated hydrochloric acid., Five pl of the acidified
samples were injected into the gas chromatograph with a Hamilton lO/pl
microsyringe (Hamilton Co., Vhittier, Californisz).

The gas chromatograph was a Hewlett-Packard dual column instrument,
Model 575L, equipped with dual hydrogen flame detectors. The Sargent SRG
recorder used had a sensitivity of 1 mv, and a chart span of 10 inches,
The carrier gas used in the chromatograrh was 99,99 per cent minimum
purity helium (Matheson Co., Atlanta, Ga.). The dual glass columns
(% in. by 6 ft.) were vacked with PAR #2 (uncoated 80/120 mesh, Hewlett
Packard, F & M Scientific Division, Palo Alto, Calif.), which consisted
of beads of a polyeromatic resin. With this type of column packing, no
liguid phase is necessary, and the instabilities caused by column bleed
are thereby avoided. Before the packing was put in the columns, it was
first washed with distilled water and then with acetone followed by four
volumes of ether, as recommended by Rogosa and Love (1968). The hydro-
vhobic vroperties of the resin avpeared to make the effectiveness of
the water wash very doubtful, since the powder could not be wetted.

The following operating parameters were chosen: carrier gas flow,

LN

50 ml per min; pressure settings for helium, 50, for hydrogen, 20 and

4

. . . . 0 - . .
air, 38 1bs/sq. ing lower limit, 100°C; post-injection hold, 1 min
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total time for a cycle was 27 min., Attenuetions used were 20 and 800,
o s s . . o 3 : o
The temperature of the injection port was 262 C, and that of the flame

detector 2460°C.

[ €]

tandard amounts of methanol, ethanol,-acetic, propionic, butyric,
and valeric acids were run to determine restention times (Fig. 5) and to
determine the relationship between peak areas and cuantities of sample

gs. ba and 6b), Peak areas were calculated by applying the

'.l»

injected (F

formula A = (H x W), where A& is the peak area, H is the peak height,

(V)

and W is the peak width at one-half of the vpeak height. These standard
curves were used to calculate the amounts of end products in incubstion

media,
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Figure 5,

. - . oy
Separation of a mixture of methanol, ethanol, acetic, propionic,

bubyric and valeric acids by gas chromatography.
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EFFECT CF CELL CONCENTRATICH ON pH CHANGES DURING INCUBATION

When Stephan and Hemmens (1947) studied the effect of cell concen=-
tration on pH change with pure cultures of oral microorganisms in vitro,
they found that only at high cell concentrations of 16 and 33 per cent
(V/5F) were the pH changes as rapid as those which occur in dental plague
in vivo. With most species of microorganisms that they tested, whether or
not they observed a pH rise depended on the concentration of cells which
was used; only at high concentrations (16-33%, V/V) did they observe
rises. They reported no results for the effect of cell concentration of
streptococecl on pH, although they reported that when a 33 per cent suspen-
sion of one unidentified plaque streptococcus was incubated with a low
concentration of glucése, the pH of the incubation mixture dropped to a
minimum of L.5 within 5 minutes and then rose by 0.8 unit over a subse-
quent 2% hour incubation period. In the present studr, because of our
particular interest in streptococcal strain AHT, we wished to determine
the effect of altering cell concentration on the pH curves obtained, and
how the effects would compare with those obtained by Stephan and Hemmens

for other microorgenisms.

Procedure

Incubation mixtures were prepared as described in Chapter IIT,
Duplicate mixtures were used for each of the cell concentrations O, 1, 2,

L, 8, 16.7, and 33.3 per cént (V/V) The concentration of glucose used



2

was 13.9 m (0.25 per cent, W/V). The conditions of incubation were
similer to those used by Stephan and Hemmens (1947), in that no specific
attempt was made to exclude oxygen., Although the tubes were capped with
rubber stoppers, the stoppers were removed at regular intervals to enable
access to the culture for pH measurement. The pH was measured at regular

intervals over a four hour period of incubation,

Results and Discussion

The results from duplicate incubation mixtures at each of the seven
cell concentrations were averaged and the results are shown in Figure 7,

The pH curves obtained in the present study resembled both those
reported by Stephan and Hemmens (1947) for pure cultures of oral micro-
organisms and those of Kleinberg (1967) for salivary sediment, in that
progressive increases in cell concentration were associated with progres-
sive increases in both the rate of pH fall and the rate of subsecuent pH
rise, The rates of fall and rise of the pH with 33.3% cells suggest that,
at the even higher cell concentrations present in dental plague, strepto-
cocel could contribute substantially to the pH changes occurring in the
plaque.

A slight difference between the results of this study and those
of the previous studies was that in the present study, an increase in
cell concentration from 16.7 to 33.3% resulted in a lower pH minimum,
whereas in the previous studies the pH minimum was higher with 33.3 than
with 16,7% cells., A lesser fall would be understandable because a large
proportion of the buffering capacity in these systems would be provided

by the high concentration of cells rresent. An increase in the cell con-
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centration from 16 to 33% would nroduce zn eauivalent increase in
buffering capacity in the system, which could result in a decreased pH
fall. On the other hand, two explanations might be offered for the lower
oH minimum with 33.3% cells in the present study, i.e., (1) the cells
used in the incubation might contain substrates which could be degraded
to form acids in addition to those formed from the breakdown of the
supplied glucose, or (2) when the cell concentration is higher, glucose
might be broken down to form more acidic products. These possibilities

will be discussed more fully in subsequent sections.

B, THE EFFECT OF HIGH AND LOW CONCENTRATIONS OF GLUCOSE ON CHANGES

IN pH AND LACTIC ACTD CONCENTRATION

Stephan and Hemmens (1947) first demonstrated, with pure cultures
of oral microorganisms,thst the nature of the pH curve obtained during
incubation depended on the concentration of glucose provided as substrate.
With low levels of glucose the pH fell to a minimum and then slowly rose.
In contrast, at higher glucose concentrations the pH curve fell contin-
vously during incubation without any rising phase. The effect of different
concentrations of glucose on pH change has also been examined with plaque
in vivo (Kleinberg, 1961) and with salivary sediment in vitro (Xleinberg,
1967; Sandham, 1967).

The object of the next series of experiments was to study the
differences between the effects of high and low glucose concentrations
on the pH changes occurring in incubation mixtures containing streptoco-
ccel strain AHT. In addition, lactic acid analyses were carried out to

assess whether the rise in pH was, in fact, due to the utilization of




lactic acid, and to determine how the initial 1
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to the organisms affected the level of lactic acid present in the medium,

Procedure

Duplicate incubation mixtures were used for each of the glucose
concentrations 0, 13,9, and 278 m¥ (0, 0.25, and 5%, resvectively). The
glucose was introduced at zero time for each experiment., The mixtures
were incubated &t 3700 for four hours with vH readings taken and duplicate
samples removed for analysis at regular time intervals. The methods used
for pH measuremént,_sampling and analysis of lactic acid in these experi-

pter I11. Throughout this seriss of

ments have been described in Cha
experiments, the cell concentration was 16.7 ver cent. After a series of
preliminary experiments, two experiments were carried out, the results of

which are reported here.

Tesults and Discussion

The results are shown in Figure 8, where each vslue is the mean
value of the last two experiments conducted. The results from preliminary
experiments were similar to those shown.

Without glucose, no lactate was produced throughout the four hour

incubation, demonstrating the necessity of glucose for lactic acid

],h

accumulation. The pH of the medium dropped by only 0.22 unitg during the
first 45 minutes of incubation, apparently the result of the accumulation

of small amounts of acids other than lactic, formed from the small amount

4

of degradable carbohvdrate initially present in the cells and/or medium.

This observation is consistent with that in the vpreceding sesction of +this
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Figure 8. The effect of 0, 13.9 and 278 mM glucose concentrations
on pH and lactic acid,
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chapter, that lower pH minimumswere observed with higher cell concentra-
tions; increased concentrations of cells would bring with them increased
concentrations of degradable carbohydrate. The pH rise that occurred in
the lzter portion of the experiment cannot be attributed to lectic acid
degradation since none was presentyit was more likely due to base pro-
duction.

With 13.9 mf glucose, the lactate concentration rose to reach a
maximum at 45 minutes: the pH- simultaneously fell to reach .z minimum
during the same time interval., After 45 minutes, the amount of lactic
acid decressed, rapidly at first and then more slowly until it had com-
pletely disappeared at the end of four hours., The disappesrance. of the
lactic acid was accompanied by a gradual rise of pH of one unit.  The

fact that at the end of four hours the pH was still one unit below its O

—3

hour value, indicated that acidic products other than lactic acid were
still present in the medium at the end of the incubation,

Generally, the pH was a sensitive reflection of lactic acid levels
in the incubation mixtures: the pH fall was reversed as soon as the lactic
acid in the medium began to fall, The situation here is in contrast to
that in salivary sediment (Sancdham, 1967), where the pH can continue to
fall for up to 30 minutes after the lactic acid concentration has begun
to fall. This indicates that under the conditions described here,
streptococcal strain AHT, unlike salivary sediment, does not have suffi-

Inederial
cient carbohvdrate scoregqto prolong the pH fzll past the time when the
lactic acid concentration has begun to fall

With the highest glucose concentration tested, 278 mM, the lactic

acid level did not tend to fall at any time during the incubsation. This
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suggests that with low concentrations of glucose, the disappearance of
lactic acid occurred as the result of the exhaustion of glucose from the
medium,

Thus, lactic acid concentration in the present study was a function
of glucose concentration and of the length of time the incﬁbation had
progressed. Also, when the initial glucose concentration was low, lactic
acid was clearly an intermediate and not an end product of glucose cata-

bolism in streptococczl strain AHT,

C. EFFECT OF USING PHOSH!

The complexity of the trypticase medium used as an incubation
medium in the previous experiments did not permit the conclusion e =
membe that the observed changes in pH and lactic acid concentration were
solely the results of bacterial action on the glucose substrate. It
therefore seemed appropriate to carry out a series of experiments in which
the complex trypticase medium was substituted by a much w=es simplermedium
comprised only of phosphate buffered saline. This would establish whether

any components of the trypticase medium could have been responsible for,

or necessarv for, the rise in pH.

Frocedure

Parallel incubations were carried out in trypticase medium and
phosphate buffered saline (PBS). The concentration of the phosphate in
the FBS was adjusted to have the same buffering capacity over the range
of pH fall from 7 to 5 as that of the trypticase medium. Changes in pH

these
and lactate concentration inAtwo media were determined with duplicate
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tubes at each of three glucose levels, O, 13.9 and 278 mM, Two identical
experiments were run and the results were averaged., The cell concentration

studied in this series of experiments was again 16.7 per cent.,

Results and Discussion

Changes in pH and lactate in the two media are compared in Figures
92 and 9b respectively, FEach point on each curve represents the mean of
four determinations in two experiments,

The results from these experiments showed that there were no ob-

vious differences in the changes that occurred in either pH or lactic

It

acid concentrations as a result of substituting phosphate buffered saline
for the more complex trypticase medium, Obviously the components in the
complex trypticase medium did not contribute to either the pH rise or

lactic acid utilization by streptococcal strain AHT,
"D, CORRELATION OF pH, LACTIC ACID, TOTAL ACTID AND GLUCOSE DISAPTTARANCE

Previous sections in this chapter have demonstrated commikehey of

the effect that the iniﬁial concentration of glucose had on the changes

e

in lactic acid and pH that occurred during incubation. Perticular
interest for dental research resides in the results of incubations using

low levels of glucose; the changes in their pH mimic the major components,

4 I
the fall and rise, of the Stephan pH curve,

Studies of the relationships between pH, lactic acid, total acid,
and glucose utilization can often suggest the presence of additional

substrates and/or metabolic brocesses that otherwise might be unsuspected,

iR

For example, Muntz (1943) using heavy suspensions of placue material
2 5 3 o ) B .
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incubated with glucose under aerobic conditions in vitro, found that the

3
2
.
;__v
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total titratal acid in the medium continued to rise afte
acid had disappeared from the medium. This contimed increase in total

N

acid suggested either further degradation of glucose (without an asssoc-
iated accummlation of lactic acid), or a switch in substrate from glucose
to stored polvsaccharide (Qandhd_, 1967),
Another example is the work of Neuwirth and Summerson (1951), who
incubated saliva serobically with a low level of glucose, and showed that
lactic acid accumulated only as long as glucose was present in the medium,

and began to disarpear as soon as the glucose had disapreared., Sandham

(1963, 1967) carried out similar but more comprehensive experiments with

ot

a high concentration of salivarv sediment, and was able to show thet
glucose -in the
medium and also that accumulation of other acids after glucose had dis-
appeared, resulted from the degradation of carbohydrate stored in the
sediment. It was therefore felt that more precise information, i.e.,

N

the changes in glucose concentration in the medium with time, should bhe

2
obtained in the present study.

Additionally, pH curves with a low glucose concentration (13.9 mi)
had been shown not to return to neutral values, although 211 the lactic
acid had disappeared from the media, This observation indicated that
acids other than lactic were still present in the medium at thst time.
Since pH is a function of both the cuantities of acids present and the
strengths of these acids, it was felt that further information should be
obtained about the total titratable acid, to be followed in later

sections by identification and quantitation of these
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acids individually.

Procedure

Incubations were set up in which the glucose concentration was
13.9 mi., Samples were withdrawn at regular time intervals for ph
measurement and for determination of glucose, lactic and totel acid, as

described in Chapter IIT.

Fesults and Discussion

Ais previously, the time of the pH minimum, 45 minutes, corresponded
with the time of the maximum lactic acid concentration and subsequently
the pH rose while the lactic acid concentration fell (Fig, 10). The
titretable acidity in the incubation mixtures zlso reached a meximum
at L5 minutes and then began a substantisl but not complete fall. This
is in contrast to the results in salivary sediment (Sandham, 1967) where
no fall in titratable acidity occurred under similar conditions.

Obviously in this system the conversion of lactic acid to weaker
scids only partially explains the rise in pH; the conversion of acids to
non—écidic products or the production of base also occurred. The rate
of decrease of thé total titratable acidity was considerably less than
the rate of decrease of lactic acid in the medium, so thet after four
hours of incubation, the lactic acid was completely gone, but a substan-
tial amount of titratable acid still remained. This confirmed that lactic
acid was being converted, at least in part, to other acids.

The glucose concentration in the medium decreased rapidly in the

first thirty minutes and had reached zero by one hour. It may be signi-~
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Figure 10. Changes in PH, lactic acid, total acid, and glucose with
time,
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ficant that the pH minimum and the lactic acid concentration maxirum were
consistently reached slightly before the glucose in the medium was used

up. Lactic acid utilization occurred at a substantiszl rate even before

the glucose had entirely disappeared from the medium. This would

consistent with the observation by London (1968) that in Streptococcus

faecium the synthesis of lsctic oxidase ircr ased greatly when glucose

cium
A 3

was almost exhausted from the medium,

E. LACTIC ACID UTILIZATTON IN SEVERAT, ADDITIONAT, STR. OF STREFTOCOCCUS

"J
mi
s
%)
]
3

To gain some idea of how common the ability to utilize lactic acid
is among streptococci, in varticular oral streptococei, and to determine
the relationship of this phenomenon to any pH rise, a nmmber of other
strains of streptococcus were examined., These included one from each of
Lancefield's Groups, 4, C, D, 7, F, G, H and K, and several strains
originally isolated from the mouths of human, rats and hamsters, including
streptococcal strein AHT, BHT, CHT, "HT (Zinner, 1965: Jablon and Zinner,
1966)s B-49, FA-1, 2F2, GF-71, HS-10, 242, (Fitzgerald and Feves, 19603

Fitzgerald et al, 1960); GS-5 and PK-1 (Gibbons, 1966).

Procedure

The cells were grown for 18 hours, washed, and incubated with
13.9 mM glucose, as described in Chapter ITI. Fach streptococcal strain
was incubated in duplicate mixtures for each experiment. Two ex periments

were carried out, and the results averaged,
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Results and Discussion

Changes in pH and lactic acid concentration have been plotted
against time for each of the streptococcal strains in Figures 1lla and 1lb.
The tested streptococci fell into two distinct classes (Table I). The
first, which is  referred to as Class A, produced & pH fell followed by
a pH rise and utilized 211 lactic acid from the medium during the 18
hour incubation period. This class was composed of streptococeal strain
AHT and the strains from Lancefield's Groups C, F, G and K., All the
remaining streptococcal strains tested (Class B) neither produced a
significant pH rise nor utilized lactic acid.

the

4 prominent portion of oral microflora consists OQNStreptococci;
estimates of their number vary from 27 to 98 per cent of the total flora
(Gibbons, 19643 McCarthy, 1965)., If meny of these oral streptococci are
able to utilize lactic acid, they could contribute significantly to the
lactic acid utilization by the oral microflora that has been observed by
many investigators (Muntz, 19433 Neuwirth and Summerson, 1951; Sancham,
1967)., It is of some interest that streptococci of Lancefield's Groups
C, G and K, strains of which were observed to utilize lactic acid in this
series of experiments, are frequently found among the oral microflora

(Cran, 19643 Zinner, 1966).
F, THE FATE OF UTILIZED LACTIC ACID

The present study has shown that when a high concentration of
streptococcal strain AHT was incubated with a low concentration of
glucose, lactic acid accumulated and then disappeared from the medium,

at which time the major portion of the total titratable acidity still
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Figure 11, Changes in a. pH and b. lactic acid concentration by
selected species and strains of streptococcus.
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remains
The purpose of this series of experiments was to clarify the fate

of the utilized lactic acid by identifying and cuantitating as many of

the products formed from lactic acid as possible.
Procedure

The work reported in previous sections showed that with concentration
of 13.9 ni glucose the maximum lactic aeid concentration occurred at 45
minutes in incubation mixtures containing 16.,7% streptococcal strain AHT,
After that time the lactic acid concenbration began to fall., The 45—
mimite time was therefore chosen to add a trace amount of lactate~U~Clh
to the incubation mixtures. Since little additional lactic acid would be
formed after that time, the specific activity of the lactic acid would re-
main relatively constant thereafter. This would be essential for obtaining
an szccurate estimstion of the quantities of products formed from the lactic
acid.

The technicues used for determining radiocactivity in the cells,
supernatant and carbon dioxide have been described in Chapter III. A
sample of L=hour supernatant was acidified to pH 2.5 with hydrochloric
acid and the contents separated on a silicic acid column as described in

Chapter III. The radiocactivity in the effluent was measured by liouid

scintillation counting

Results and Discussion

The major portion of the radioactivity from the la ctate-”—C
remained in the supernatant after 4 hours (Fig., 12). 4 small amount of

the label, 2.61 ml, zppeared in the cell fraction and ]
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Figure 12, The distribution of lactate—U—-ClL!’ in the incubation mixture.




in the carbon dioxide.

After column chromatography of the L-hour supernatant, two radio-~
active peaks appeared in the effluent (Fig, 13), the position of the
second peak corresponding to that of acetic acid. No lactic or formic
acid peaks appeared., The second peak, titrated with standardized sodium
hydroxide, contained an acidity of 10.32 meq./1 of incubation mixture.,
The amount of radioactivity in the peak indicated that it contained 20,6
milligram-atoms of carbon per liter, which is consistent with the peak
being made up entirely of acetic acid.  The first reak, however, contained
no titratable acidity. When it was steam distilled and analvsed for
ethanol by Conway's microdiffusion method (Neish, 1952) as described in
Chapter III, it was found to contain 3.56 mM ethanol,

These results established that afﬁer four hours incubation, the
lactic acid formed from glucose was in turn converted to acetic acid,
ethanbl and carbon dioxide. The pH rise observed in the medium was due

both to the conversion of laectic acid to a weaker acid. and to its

‘e

conversion to the neutral products ethanol and COQ, This also identified
the acid responsible for the substantial titrateble acidity remaining

in . the incubation mixtures after L hours.

G. THE EFFECT OF AVAEROBIOSIS ON I.A

3
o
3
=¥

In order to have conditions comparable to those of Stepha
Hemmens (1947), all experirents performed up to this point included no
specific attempt to exclude oxygen during incubation. That oxyvgen is

important to the system might be expected from the fact that cell ex—

tracts of another strain of streptococcus, Strevtococcus fzecdim, have
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been reported to contain an L{+)-specific lactic oxidase which can utilize
oxygen as an electron acceptor (London and fprleman, 1961). Hovrever,
they did not report the level of enzyme activity exhibited when oxygen or

a dye acceptor wes not provided during the assay of the enzyme, which is

more pertinent to the conditions prevailing in dental placue in vivo, if
one accepts the suggestion of Gibbons, Socransky, de Araujo and Van Houte
(1964) that the oxygen tension iIn dental plague is low. BRecause the
enzyme assays by London and Arrleman (1961) and Tondon (1968) were carried
out with cell-free extracts in phosphate buffers, their exreriments did
not determine whether any of the substances prasert in a more complex

medium could act as electron acceptors in lieu of oxyvgen or added dve.

The purpose of the exreriments reported in this chapter was to

i

determine whether streptococcal strain AMT would demonstrate a sienificant

ability to utilize lactic acid and to raise the pH in the complex medium

(trypticase) used in this study under anaerobic conditions.

Procedure

4

. ' The methods for pH and lactic acid determinations were the same as
those previously described, and 2 glucose concentration of 13,9 ml was again
used. Anzerobic conditions were produced in the incubation tubes by sealing
the tubes with serum stoppmers and flushing the contents with a mixture of
95% nitrogen and 5% carbon dioxide for 20 minutes prior to the incubation,
The flushing was achieved by introducing two hvpodermic svringes through
the serum stopper. One of these, which was used for introducing the
gas mixture, was forced into the medium, so that the medium bubbled

vigorously. The gases then left the tube vie the second needle, which



did not extend into the medium. After the flushing was finished, the
needles were removed from the tubes, and the incubation begun.

Puring the inqubation, which was carried out for 18 hours, samples
vere aseptically removed with hypodermic syringes for determination of

their pH and their lactic acid content.

Results and Discussion

Changes in pH and lactic acid cbncentration have been plotted
against time (Fig. 14). TFach curve is the mean of two duplicate experi-
ments conducted under anaerobic conditions; each experiment contained
duplicate tubes,

The results showed only a very small rise in oH and a very small
drop in lactic acid concentration during the 1£ hour incubation, indicat-
ing that oxygen was esserntial to both processes, and that nothing in the

complex medium could act as an alternate electron accentor,

Many workers have reported that under some conditions, increased
amounts of end products other than lactic acid are formed by streptococei
during the degradation of glucose, for example, when the pH of the medium
is high (Gunsalus and Niven, 1943; Plstt and Foster, 1958), when impair-
ment of glucose uptake or utilization exists (Pierce, 1957), and during
the exponential growth phase (Forrest et al, 1961). The purpose of the
present study was to compare the relative amounts of lactic acid and

other products formed by streptococesl strain AHT from glucose under two

physiological conditions: (a) during the exponential growth phase of the
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Figure 14. Changes in pH and lactic acid concentration under anaerobic
incubation.,
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bacterial growth curve, and (b) during the utilization of a low i

concentration of glucose by a high concentration of cells,

Procedure

Cells of streptococcal strain AHT were grown as described in Chapter
IIT. After the 18 hour growth period, totsl titratable acid and lactic
acid were measured in the growth medium tryvticase soy broth.

The cells were then harvested, washad, and incubated for L hours
using a high concentration of cells (16.7%) and a low initial glucose
concentration (13.9 mM) under an atmosphere of 95 per cent nitrogen and
5 rer cent carbon dioxide. The radioactivity in the cells and in the
supernatant were determined as described previously in Chapter III,

Carbon dioxide was measured by labelling the glucose used as substrate

. 14 . s
with a trace amount of glucose-U-C7 7, trapping the evolved carbon dioxide
in sodium hydroxide, and counting it by liouid scintillation, as described
in Chepter IIT,

The volatile acids and alcohols present in the supernatant were
analysed by gas chromatography. The samples were prepared as follows:

2 o/

Duplicate samples were withdrawn with a syringe pipette at O hour, L5
mimites, and 4 hours for pH and lactic acid determinations. Duplicate

samples of the supernatant (5 pl} were also removed at O and L hours,

acidified and then injected directly into the gas chromstograph.
J e T oy

Results and Discussion

Analysis of the 18 hour growth medium showed that under tho

02}

e

conditions, streptococcel strain AHT was highly homofermentative, in that




97.6 per cent of the total titratable acidity in the broth was attribu-
table to lactic acid,.

However, when the cells were incubated with a high cell concentra-
tion and & low initial glucose concentration, lactic acid accounted for
only 66.9 per cent of the products formed from glucose (Table II)., Other

products such as acetic, butyric, isobutyric, propionic, and ethanol

were also formed (Table II; Figs. 152 and 15b). Nearly all the radio-

o

I~

.
activity from glucose-U-C remained in the supernatant after four hours

of incubation; only a small amount of the label avpeared in the carbon

3

dioxide, and none in the cells (Fig. 16).

A material balance for the anzerobic dissimilation of glpcose by
streptoccccal strain AMT was calculated (Table II). The values used
were those obtained at 4 hours, minus the values at O hour. The carbon
recovery was 100.3 ?er cent and the oxidation reduction ratio, 1.05,

The present study showed that with streptococcal strain AHT, like
several other organisms, the relative amounts of lactic acid and other

products formed curing the breakdown of glucose can be alterad by changes
in the conditions of incubation, with less lactic acid being formed during
growth than during a short incubation at high cell concentration (restin
cell conditions).

While this manuscript was in preparation, Drucker and Melville

(1968) reported that when thev grew streviococcal strain AHT for 72 hours

’_J.

slucose broth in an atmosvhere of 95% nitrogen and 5% carbon dioxide

> < > 2
they found that formic, acetic and butyric acids and ethanol were pro-
duced, and that only 469.L per cent of the glucose was fermented to lactic

acid. The reason why they obtained & lower yield of lactic =zcid in a



TABLE IT

END PRODUCTS OF GLUCOSE IMETABOLISY BY STREFTOCOCCAT, STRATN AHT

50

mif of rproduct rer mlf Meg, of
Froduct, loofg%mgit:f]&ucose 8; Oxidation  Reduction
(+) (=)
Glucose 100 600 - -
Lactic acid 146.9L L0 .82 - -
Acetic acid 56,88 113.76 - -
Carbon dioxide 11.85 11,85 L7, 50 -
Ethanol 5.53 11.06 - 22.12
Butyric acid L7k 18.96 - 18,94
Propionic acid 1.58 Lo Tl - 3.16
Isobutyric acid 0.20 0.80 - 0.80
601.99 47.50 L5,04
or
100.3% 0/k= 1.05
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growing culture than was observed in the present studv is not clear at

the present time,

I. CORBELATION OF VOLU

DRY AMD WET WEIGHTS, AMD

NITROG

CONTENT OF CELL FREPARATIONS

As previously described, the amount of cells present in incubation
mixtures was measured in terms of volume of packed cells, These cells
were grown and prepared in an identical mamer for every experiment in
order that the cell preparations would not differ significantly between
experiments. However, since manv workers report their results in terms of
wet welght, dry weight, or nitrogen, an experiment was carried out to
measure these parsmeters in preparstions of streptococcal strain AHT used

in the present studies and to correlate them with packed cell volume,

Procedure

n an incubation mixture containing o

l,..h

The cells used were those
16.7% suspension of cells (V/V) supplied with 13.9 m¥ glucose, before
and after four hours of incubation. The incubatioh mixtures were centri-
fuged at 2000 x g for 15 minutes, the supernatants removed and discarde ed,
and the cells washed twice in ice-cold distilled water. Their wet weights
were then determined on an anslytical balance (Mettler model). Dry weight
was determined after drying the samples overnight in an oven at 85% C
(Pelczar, 1957, p. 172). Nitrogen analyses were carried out using

lessler's Reagent (Harleco Stable Dry-Pack HNessler's Reagent —— Folin and

u, Hertman-Leddon Co., Philadelvhia),
3 )] iy



Results and Discussion

One Fl of packed cells was found to have a wet weisht between 10164
and 1025 pg, a dry weight between L4 and 46 g, and a nitrogen content

between 12.8 and 13.0 RE. There were no differences between determinations

carried out on cells from O hour and from L-hour incubation mixtures.
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CHAPTER V
SUMKARY AND CONCLUSIONS

When a dense suspension (16.7%, V/V) of streptococcal strain AHT
was incubated with a low level of glucose (13.9 m¥), the pH fell rapidly,
reached a minimum, and then slowly rose again, These findings were
similar to those previously obtained by Stephan and Hemmens (1947) with
2 dense suspension of a pure strain of an unidentified oral streptococcus.
Those workers had postulated that the pH rose in their system because
lactic acid was being consumed. This stimulated and initiated our inves-
tigation into the metsbolic processes associated with the pH rise with
streptococcal strain AHT,

When cell concentrations of AHT were progressively increased from
O to 33.3 per cent, and the initial glucose concentration kept constant
at 13.9 md, progressive increases occurred in both the rate of pH fall
and the subsequent rate of pH rise, At the highest cell concentrations
the rates of fall and rise in pH approached those which many workers have
shown to occur in dental plaque in vivo. That the extent of the pH fall
also progressively increased with increasing cell concentrations suggested
two possibilities: (1) that some degradable polysaccharides were present
in the cells used for preparing the incubation mixtures, or (2) the pro-
ducts formed from 13.9 mM glucose were more acidic at high than at low
cell concentrations. In a subsequent experiment, a slight pH fall occurred
when no glucose was provided to the cells, suggesting that (1) was the
more probable. When no cells were included in the incubation mixtures,

no change in pH occurred during incubation, demonstrating that bacteria
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were responsible for the pH changes that occurred,

Subsequently, in a similar series of experiments, changes in pH and
in lactic acid concentration were followed when the cell concentration
was kept constant at 16,7 per cent (V/V), and the glucose concentrétion
wes varied (0, 13.9, and 278 mM). These glucose concentrations provided
three basic types of results. The first occcurrsd when no glucose was
supplied to the cell suspension; no lactic acid formed and the vH fell by
approximately 0.22 unit. As mentioned above, this pH fall probably re-
sulted from the degradation of a small amount of carbohydrate in the cells,
The second type of result occurred with a2 low initial glucose concentra-
tion (13.9 mM), when the pH fall and subsecguent pH rise that occurred
were accompanied by a rise and fall, respectively, in lactic acid concen-
tration. Both the maximum lactic acid concentration and the pH minimum
occurred at the same time, 45 minutes, indicating that pH was a sensitive
reflection of lactic acid concentration. The lactic acid concentration
subseguently decreased to zero by four hours, demonstrating that lactic
acld was an intermediate and not an end product of glucose catabolism in
streptococcal strain AHT, The third type of result occurred with what
was apparently a non-limiting glucose concentration, 278 mM, With that
glucose level, the concentration of lactic acid rose continuously and the
pH fell continuously throughout the incubation period. The changes in pH
that occurred with 13.9 mM glucose were similar to those occurring in
dental plague in vivo (Stephan, 194L4s; Xleinberg, 1961, 196L): more de-
tailed examinations were therefore carried out on incubation mixtures
containing that level of glucose,

In these experiments, the changes in pH, lactic acid, total acid
1 s £ 3 P
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and glucose during the four hour ineubation, were correlated, The re-
sults consistently showed that the disappearance of glucose from the
medium occurred apnroximately 15 minutes after the concentration of

lactic acid in the medium had started to fa2ll. This observation was

consistent with that of London (1968) who reported that Streptococcus

faecium strain NCTC 7171 synthesized lactic oxidase at by far the
greatest rate when glucose wes almost gone from the medium.

The totél aci& rose with the lactic acid, reached a maximum simul-
taneously with the lactic acid, ancd then fell during the remainder of the

experiment. The rate of fall of the total acid was much less than that

cent, of the total acid still remained in the medium after the lactic
acid had disappeared. If such & situation rrevailed in the dental rlacue,
acids other than lactic acid would be of great importance in e dental
caries (Sandham, 1967).

To find out whether any components of the complex medium plaved a
role in the observed changes in pH and lactic acid concentration, a
series of experiments were carried out in which dense suspensions of
streptococcal strain AHT were incubated in both trypticase and in phos-

phate buffered mediwm. Incubations carried out with O, 13,9 and 278 my

.
y]

glucose gave identical results in both the simple and the complex medie,
demonstrating that components of the complex medium were neither necessary
for, nor contributed to, the processes,

To explore whether streptococcal strains other than AHT could

utilize lactic acid, 1¢-hour cells of several other strains were tested,

=3

x

o

Aty

*

Strains from each of Lancefield's Groups C, F, G, and K resembled



in that they showed a pH rise accompanied by a complete utilization of
lactic acid before 18 hours of incubation. ALl other strains tested
did not exhibit these properties, These strains may have been non-
reactive because the conditions of study were not optional for demon—

stration of reactivity by those particular organisms. For example,

)

recent unpublished results in this laboratorv have shown that AHT, in the

stationary phase of the growth curve, repidly loses its 2bility to de-
grade lactic acid, Similar factors may have been operative in the present
study. The number of strains that did utilize lactic acid, did so

despite the fact that these strains had all been maintained under labor-
atory conditions for prolonged veriods of time. Whether lactic acid
utilization is more common among freshly-isolated streptococci remains

to be determined,

inother series of experiments were carried out with streptococcal

7y

strain AHT, to determine the products to which lactic acid was being

14

converted, using lactate-U-C"", The glucose concentration used was

again 13.9 mM. The results demonstrated that AHT

degraded lactic acid

to form acetic acid, carbon dioxide, and ethanol. The acetic acid ex-
plained the titratable acidity that remained in the medium afiter four
hours of incubation.

In all the experiments described above, no specific attemprt was
made to exclude oxygen during incubation. When experimentis were carried
out in which lactic acid degradation was asssssed under both zerobic and
anaerobic conditions, lactic acid was found to be utilized in the pre-
sence, but not in the absence, of oxygen. This suggests that in dental

plague in vivo, streptococci could only utilize lactic acid as long as
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oxygen were present. On the other hand, the utilization of oxygen by

streptococcl during the degradation of lactic acid could be a large factor

i_J.

n the production of the awerobic state existing in dental rlacue.

In another series of experiments, the end products of glucose
fermentation were determined both in 12-hour growthlmedium and after a
4 hour incubation at a high cell concentration under anaerobic conditions.
The results showed that lactic acid was the chief end-product, consisting
of 97.6 per cent of the total acidity in the medium after 18 hours of
growth, and 66,9 per cent of the products formed from gluccse after 4
hours of incubation at a high cell concentration. Acetic,propionic,
butyric and isobutyric acids, carbon dioxide and ethanol were procduced in
smaller amounts. When a materisl balance table was calculated from the
data, the carbon recovery was 100.3 per cent ancd the oxidstion reduction
ratio, 1.05.

The present studies have attempted to increase our understanding of
an interesting aspect of glucose catabolism, lactic acid utilizstion, in

he

streptococcal strain AHT under 2 variety of physiological conditions. T
presence of large numbers of streptococci in dental plaque suggests that

this chemical activity may be of consicerable cuantitetive importance in

the metabclism of dental plaque.
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