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Abstract

Lactic and acetic acid production was evaluated from six strains of oral streptococci,
viz Streptococcus gordonii, Streptococcus mutans, Streptococcus oralis,
Streptococcus salivarius, Streptococcus sanguis and Streptococcus sobrinus
cultured in the presence of 1, 5, 10 mM glucose and without glucose, at initial pH
values of 5, 6.5, 6 and 7. S. sobrinus and S. salivarius caused the greatest
decreases in pH. At pH values of § and 5.5, lactic acid and acetic acid production in
the species tested was discordant with residual glucose levels. Acid production
from protein was especially great in S. mutans and S. salivarius.

Introduction

Dental caries is a multifactorial process influenced by diet, host
characteristics, time and micro-organisms. The latter reduce plaque
pH, thus iriggering demineralization processes (Featherstone ez al.,
1979).

Oral streptococci the organisms most frequently related to the
appearance of dental caries, are acid-producing (acidogenic) bacteria
able to grow in an acidic medium (acidophilic), and they continue to
produce acids at low pH values (aciduric capacity) as well as synthesize
intra- and extracellular polysaccharides (Harper and Loesche, 1984;
Loesche, 1986). Since not all oral streptococci display the full range
of adaptations to an acidic milieu, their cariogenicity varies from
species to species. However, the relation between caries and micro-

' organisms has been clearly established for the mutans group, which
consists of several species (Hamada and Slade, 1980; Hardie, 1986;
Loesche 1986; Schleifer er al.,, 1984), important among which is

' Streptococcus sobrznu&, owing to its acidogenic, acidophilic and aciduric
properties (DeSoet ez al., 1989; Lindquist and Emilson, 1989).

Until .genetic differences between oral streptococci are firmly
established, their taxonomic positions will continue to be contro-
versial, hence the number of species recognized by different authors
(DeSoet et al., 1990; Faclam, 1977; Hamada and Slade, 1980; Hardie,
1986; Loesche, 1986; Whiley ez al., 1990).
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The present study was designed to investigate the influence of
glucose concentration on lactic and acetic acid production, and the
effect of initial pH on glucose metabolism, in six species of oral

streptococci.

Material and methods

Micro-organisms

The following strains were investigated Streptococcus gordonii (OGS 2224),
Streptococcus mutans (OGS 1024), Streprococcus oralis (OGS 1216),
Streptococcus salivarius (OGS 1424), Streptococcus sanguis (OGS 1832)
and Streptococcus sobrinus (OGS 9121). All strains were obtained in
lyophilized form from the Microbiology Laboratory collection of the
University of Granada Hospital (OGS, Odontologia Granada
Streptococcus). These strains were identified according to the criteria
described by Maiden ez al. (1992).

Preparation _
All strains were incubated on Mitis Salivarius agar (Difco, Detroit,
U.S.A). After incubation for a further 24 h under anaerobic conditions
at 36 * 1°C, and for 24 h aerobically at the same temperature, colonies
were transferred to trypticase soy broth without glucose (Scott,
California, U.S.A.), and incubation continued at 36 +°1°C. In order
to obtain the inidal cultures, aliquots were analysed spectrophoto-
metrically at 650 nm (Beckman 25) and the cultures were adjusted, in
trypticase soy broth without glucose, by dilution or concentration by
centrifugation to an optical density of 1.5, in accordance with the
criteria of Gerhardt (1981), who reported this to be equivalent to
~0.55 mg cells (dry wt) per ml, after drying at 105°C. Tubes were
prepared with 14 ml trypticase soy broth without glucose, at various
pH values (5, 5.5, 6, and 7), obtained with 0.05 M potassium
phosphate buffer and 0.05 M citric acid, and verified with a pH meter
(Crison Micrograph 2001).

Glucose, which had been sterilized separately to avoid alterations
caused by phosphates (Carlsson ez al., 1983), was added to each tube
at concentrations ef 1, 5 or 10 mM. Then 1 ml of the initial culture
was added, and the tubes were incubated at 36 + 1°C for 24 h. Tubes
containiag broth without glucose were also inoculated, to test for the
production of acids from peptides or amino acids in the medium.

Measurement of the final pH

At the end of the last incubation stage, the final pH of the culture
medium was measured with a pH meter.
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Standard inoculum

data due to differential growth of the species tested. Dilution factors
were taken into account in the expression of the final results.
Extraction with perchloric acid

The standard inoculum (5 ml) was left in an ice water bath for 5 min,
then 5 ml perchloric acid was added to precipitate the proteins. The
mixture was shaken by circular orbital motion, and concentrated 0.1 M
potassium hydroxide was added until a final pH of 7 was obtained.
The amount of potassium hydroxide added was taken into account in
the expression of the results. The mixture was cooled for 5 min in an
ice water bath, then centrifuged at 10,000 x g for 5 min at 0°C. The
supernatants were stored at 4°C until use for the remaining analyses.
Evaluation of lactic and acetic acid and residual glucose

Lactic and acetic acid and residual glucose were measured with
commercial kits by Boehringer-Mannheim: L-lactic acid 139081,
L-acetic acid 148261, and gluco-quant glucose test UV 816434. The
procedures and calculations were done according to the manu-
facturer’s instructions. All measurements were performed in triplicate,
with a Beckman 25 spectrophotometer.

Results

Tables 1 to 4 summarize the results for initial pH and glucose values,
final pH, lactic and acetic acid production, residual glucose, and
numbers of bacteria in mg/l (Gerhardt, 1981).

S. gordonit lowered the pH to 4.64 from a starting value of 5.50.
Acid production was maximal at pH 7 and a glucose concentration of
10 mM. At pH 5, acid production was lower, and there was always
residual glucose.

S. mutans lowered the pH to 4.32 from an initial value of 6.00.
Lactic acid production was high at pH values of 6 and 7. In cultures
with little or no glucose at an initial pH of 5, considerable amounts of
lactic acid were produced, whereas little or no acetic acid was detected.

S. oralis failed to grow at pH 5. The greatest reduction in pH was
from an initial value of 6.00 to 4.27. Acid formation was greatest at
pH 7 with a glucose concentration of 10 mM, but at lower glucose
concentrations acid production was maximal at pH 5.5.

S. salivarius loweted the pH to 4.11 from an initial value of 6.00.
Acetic acid production was noted at pH 7. Acid production in relation
to the inifial glucose concentration was most concordant at pH 7, but
at pH 5.5 more acid was produced with 1 and 5 mM glucose that at
pH 7. Acid production was considerable in the absence of glucose.
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Table 1 The pH, acid production and residual glucose at an initial
glucose concentration of 0 mM, in oral streptococci

Lactic acid Acetic acid Gt Bacteria
Species pH; pHy ApH  (mM) {mm) {mmM}  (mg/l)
S. gordonii 50 431 0.09 31.01+0.16 3496+0.15 O 1,447
5.5 551 0.01 48.07 = 0.20 51.62+0.09 0 1,988
6.0 576 0.24 36.01:0.18 10157031 O 2,012
7.0 6.85 0.15 40.44 £ 0.16 26.81+0.10 O 1,398
S. mutans 50 440 060 109.19+0.22 0 0 1,100
5.5 460 0.90 87.19 £ 0.20 150+£0.10 O 1,375
60 476 124  86.25+0.18 2165+026 0 1,755
7.0 622 0.78 2.13+0.10 0 0 2,398
S. oralis 5.0 NT NT NT NT NT NT
5.5 464 ° 0.86 87.20 £ 0.23 833+0.10 O 1,719
6.0 488 112 107.46 + 0.25 4362+022 0 2,426
7.0 6.48 052 13.95 + 0.20 5328+0.12 0 3,807
S. salivarius 5.0 456 044 127.92x0.30 16.65+0.16 0 2,171
55 4.82 0.68 98.23 + 0.20 566+012 0 2,426
6.0 476 124 12556 £ 0.51 30.00+020 O 2,845
7.0 6.06 094  67.12+0.30 66.61+£021 0 2,670
S. sanguis 5.0 5.03 0.03 15.27 £ 0.12 0 0 1,684
55 479 071 64.19 + 0.22 18.32+0.10 0 2,291
6.0 543 0.57 52.99 + 0.30 4396+031 0 3,173
7.0 6.48 0.52 14.52 + 0.20 66.61+021 0 4,230
S. sobrinus 50 473 063 76.64 + 0.55 233:010 0 833
5.5 4.67 0.83 68.06 + 0.20 3579030 0 1,355
6.0 498 1.02 89.64 + 0.23 0 0 1,557
7.0 6.35 0.65 79.28 = 0.22 3763025 0 1,637

pH;. initial pH; pH;, final p

NT, not tested.
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Table 2 The pH, acid production and residual glucose at an initial
glucose concentration of 1 mM, in oral streptococci

Lactic acid Acetic acid Gg Bacteria
Species pH; pHg¢ ApH (mMm) (mm) {mm) {mg/l)
S. gordonii 5.0 489 0.1 55.24 + 0.12  35.97 £ 0.18 1.03x0.11 1,473
5.5 542  0.08 53.66 £ 0.22  44.46 £ 0.22 0 2,357
6.0 560 140 5260+ 0.15 93.24+0.55 0 2,292
7.0 672 028 56.54 £ 0.30 5.99 £ 0.15 0 1,618
S. mutans 5.0 456 035 48.83 £ 0.25 0 0.13 £ 0.05 645
5.5 447 103 107.46 £ 0.14 0 0 1,618
6.0 475 125 11293025 17.15:0.44 0 1,422
7.0 582 118 133.20 + 0.48 6.66 = 0.13 0 1,825
S. oralis 5.0 NT NT NT NT NT NT
5.5 493 057 78712063 1049 x0.12 970
6.0 477 123 142,62 £ 0.25  33.46 £ 0.59 2,750
7.0 622 078 29.97 £ 0.30  54.62 2 0.12 3,929
S. salivarius 5.0 471 029 76.45+£0.55 14.82:0.14 0 598
5.5 445  1.05 13292+ 058  16.81+0.55 0.2420.10 2,500
6.0 465 135 105.10 = 0.41 0 0.62+0.10 3,173
7.0 588 112 107.65+0.30  68.27 £ 0.26 0 2,946
S. sanguis 5.0 499  0.01 29.88 = 0.55 0 0.50 £ 0.01 1,793
5.5 481  0.69 7277 £ 023 19.31 2 0.52 0 3,330
6.0 5.24 076 98.98 £ 0.22 103.91 £ 0.55 2.30+0.10 3,300
7.0 6.28 072 4185+ 0.13  41.63=0.66 0 3,750
S. sobrinus 5.0 4.27 073 117.27 £ 0.58  13.15£0.12 0 1,352
5.5 454 096 151.58 + 0.15  29.97 + 0.48 0 2,292
6.0 4.81 1.19 11152 £ 0.18 0 0 1,833
7.0 6.22 0.78 97.19 2 0.33 249 £0.22 0 2,611
'

Abbreviation$ as for Table 1.
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Table 3 The pH, acid production and residual glucose at an initial
glucose concentration of 5 mM, in oral streptococci

Lactic acid Acetic acid Gg¢ Bacteria
Species pH; pHs ApH (mm) (mm) (mm) {mg/)

S. gordonii 5.0 4.90 0.10 5335+ 022 2298022 1.00 £ 0.01 842

5.5 4.91 0.59 95.21x0.25 25.64+0.19 [t} 2,230
6.0 5.46 0.54 67.97 = 0.31 65.61 £ 0.25 0 2,750
7.0 6.31 0.69 106.90 £ 0.35  34.97 £ 0.23 0 1,463
S. mutans 5.0 4.59 .41 59.76 + 0.22 0 3.10 £ 0.02 711
5.5 4.77 0.73 76.83 + 0.15 Q 0 1,320
6.0 4.36 1.64 186.37 = 0.55 5.16 + 0.13 0 2,115
7.0 5.24 1.76 145.64 = 0.51 0 0 2,531
S. oralis 5.0 NT = " NT NT NT NT NT
5.5 4.78 0.72 218.23+ 055 38.96£0.19 0 2,663
6.0 4.40 1.60 175.43 = 0.31 0.50 £ 0.09 0.62+0.10 3173
7.0 5.81 1.19 66.74+ 033  46.62+0.45 0 4,583

S. salivarius 5.0 4.51 0.49 110.10: 0.54  14.48 + 0.19 0.60 £ 0.20 1,130
5.5 4.46 1.04 161.57 = 0.66 10.65 + 0.22 140+ 020 2578
6.0 4.41 1.59 16251+ 0.64  13.82+0.22 0 3,540
7.0 5.23 177 141.21 = 0.61 71.26 + 0.55 1.82 £ 0.60 4,084

S. sanguis 5.0 4.92 0.08 2941022  38.46 £ 0.51 0.30 £0.01 1,862
5.5 4.56 0.94 191.46 = 0.13 0 0 5,500
6.0 4.76 1.24 10464025 75.60£0.23 250010 3,173
7.0 5.84 1.16 123.49 = 0.22 0 0 4,332

S. sobrinus 5.0 4.17 0.83 141.68 = 0.55 10.32 £ 0.45 280030 1,100
5.5 4.21 1.28 251.87 + 0.44 9.99 + 0.25 3.10£ 060 1919
6.0 443 457 137.25 £ 0.53 0 0 2,578
7.0 %.62 1.38 170.34 £ 043 19.15 £ 0.19 0 2,611

Y

Abbreviations as for Table 1.
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Table 4 The pH, acid production and residual glucose at an initial

glucose concentration of 10 mM, in oral streptococci

Lactic acid Acetic acid Gs Bacteria
Species pH; pHs ApH {mm) {mm) {mm) (mgh)
S. gordonii 5.0 4.78 0.22 75.50 + 0.25 16.81 £ 0.15 '202+002 1,250
5.5 4.64 0.86 98.03 £0.30 34.97:£0.16 ] -1,571
6.0 4.82 1.18 108.40 £ 0.22  57.28 + 0.33 0.16 £ 0.02 3,587
7.0 5.79 1.21 183.82 £ 0.55 17.65 = 0.35 0.02+0.01 3,113
S. mutans 5.0 4.61 0.39 62.03 + 0.54 Q 0 1,378
5.5 4.33 117 167.89 + 0.56 0.33x0.10 0 1,905
6.0 4.32 1.68 192,12 £ 0.46 10.32 £ 0.31 0 2,063
7.0 4.80 2.20 179.48 £ 0.35 0 032x0.10 2714
S. oralis 5.0 NT NT NT NT NT NT
5.5 5.00 0.50 109.82 £ 0.15 6.16 £ 0.25 0 1,684
6.0 4.27 1.83 204.09 = 0.25 0 1.20+0.02 3,056
7.0 5.11 1.89 115.95 + 0.64 0 0 771
S. salivarius 5.0 4.68 0.32 7475 £ 0.13 10.49 £ 0.23 5.30 £ 0.30 938
5.5 4.33 117 211.16 £ 0.15 0 0.60 +0.20 1,231
6.0 4.1 1.89 110.57 £ 0.55 0 1.90£030 3,173
7.0 4.80 2.20 24481+ 0.67 8242:0.18 0 4,825
8. sanguis 5.0 5.03 0.03 24.32 £ 0.37 8.32 £ 0.32 232020 1,231
5.5 473 0.77 124,53 £ 0.73 8.33+0.17 0 4,583
6.0 4.59 1.41 152.90 £ 0.42  38.30 £ 0.32 6.64 £0.20 3,750
7.0 5.54 1.46 180.99 £ 0.15 0.67 £ 0.11 0 5,000
S. sobrinus 5.0 4.26 0.74 111.89 = 0.55 6.49 = 0.35 1.02 £ 0.30 959
5.5 4.07 1.43 320.70 £ 0.44 4] 0.80+£0.30 2,750
6.0 1.)5' 1.85 166.19 £ 0.46 0 1.30+£0.20 2,661
7.0 473 2.27 221.53 + 0.34 0 0 3,327

Abbreviations as for Table 1.
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In cultures of S. sanguts, the lowest final pH was 4.56, recorded from
an initial value of 5.50. Acid production was always lowest at pH 5 but
not always at pH 5.5; acid production was not concordant. Acetic acid
production was maximal at pH 6, with large amounts of residual
glucose.

The lowest pH attained in S. sobrinus at the end of the cultures was
4.07, recorded from an initial value of 5.50. Of all species tested, S.
sobrinus produced the greatest net change in pHj z.e. a decrease from
7.00 in the inital culture to 4.73. At pH 5.5, lactic acid production
approached 320.7 mM with 10 mM glucose.

Discussion

The decrease in plaque pH allows caries to appear, but the depth of
the lesion is regulated by the concentration of non-ionized lactic acid
outside the enamel, rather than by the pH itself (Featherstone et al.,
1979). Itis nonetheless clear that plaque pH must fall below a critical
value, and the amount of acid present must be large enough to dissolve
calcium phosphates and allow the loss of minerals from the tooth to
commence.

Micro-organisms which are able to grow well within the oral cavity
as well as survive at acid pH value, and acidify the environment, are the
ones most likely to cause caries (Loesche, 1986). Most oral bacteria
are only able to develop within a narrow range of pH values between 6
and 8, the streptococci being a significant exception. However, not all
streptococci are acidophilic. Bowden and Hamilton (1987) noted that
at a pH of 5.5, S. mitior was unable to survive, whereas S. mutans
survived well, and S. sanguis grew more slowly. When pH 4.5 was
reached during culture, the number of S. sanguis and S. mutans cells
decreased, although some cells continued to survive. Harper and
Loesche (1984) reported that S. sanguss multiplied at pH 5.5, and
reduced the pH in the culture to 4.7. DeSoet et al. (1989) recorded
that this species did not develop at pH 5.

Although most oral streptococci are acidogenic (especially S. sobrinus)
(DeSoet et al., 1989), the rate of acid production varies from one
species to another (Hamada and Slade, 1980). Among streptococcal
species the type of acid produced has a fundamental effect on the
appearance of caries. In most oral streptococci, the production of a
specific"type of acid depends on the available substrate; thus the
formation of lactic acid is greater at high concentrations of glucose
than at low concentrations. These differences are related to the
inhibition of the enzyme pyruvate formate lyase (Marsh and Martin,
1984).
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In the present study, we investigated the acidogenic, acidophilic and
aciduric characteristics of S. gordonii, S. mutans, S. oralis, S. salivarius,
S. sanguis and S. sobrinus. With the exception of S. oralis, which failed
to grow at pH 5, all other oral streptococci continued to grow and
produce acid at pH values between 5 and 7. In addition, the final
pH found in cultures of each species depended to some extent on
the initial pH: S. gordonit, S. sanguis and S. sobrinus caused the
greatest decreases in pH from an initial value of 5.5, whereas in the
other species, the largest decrease in pH was seen at a starting value of
6.0. The greatest decrease was that caused by S. sobrinus, confirming
an earlier report by Hardie (1986). However, in the present study,
S. salivarius brought about the second largest decrease in pH. These
observations underline the importance of oral streptococci in caries
formation, and show that the influence of S. salivarius, S. gordonii
and S. oralis can be as important as that of S. mutans, S. sobrinus and
S. sanguis.

The species we investigated produced acids mainly from glucose,
although the amounts produced from peptides through degradative
processes were not inconsiderable, because several amino acids
(alanine, cysteine, glycine, serine, and threonine) in our degradation
produced pyruvate, and the pyruvate can originate lactic and acetic
acid by fermentation (Stryer, 1982). S. salivarius and S. mutans were
particularly efficient at producing acids from peptides at certain pH
values. In fact acid production from proteins surpassed production
from the glucose substrate in these species. Under our conditions,
more carbohydrates were apparently used to synthesize storage
products than to produce acids. This factor should be taken into
account in evaluations of the cariogenic potential of micro-organisms.

In general, at pH 6 and pH 7 the strains we investigated produced
more acid at higher concentrations of glucose. At pH 5 and pH 5.5,
increased glucose in the culture medium did not always enhance the
production of lactic acid, or reduce that of acetic acid (DeSoet et al.,
1989). At low pH the ATTPase, which controls transport mechanisms,
may be blocked impeding the removal of intracellular protons and
acids and leading to significant enzymatic alterations (Eisenberg and
Marquis, 1981).

In conclusion, -notable metabolic interactions take place in
cariogenic dental plaque. Studies aimed at evaluating the cariogenic
potential "of oral streptococci traditionally considered to be of low
cariogenic potential should take into account apparently conflicting
data for lactic and acetic acid production with respect to residual
glucose.
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