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Studies indicated that prior growth of Staphylococcus aureus 196E on glycerol or maltose led to
cells with repressed ability to produce staphylococcal enterotoxin A (SEA). A PTS™ mutant
(196E-MA) lacking the phosphoenolpyruvate phosphotransferase system (PTS), derived from
strain 196E, showed considerably less repression of SEA synthesis when cells were grown in
glycerol or maltose. Since SEA synthesis is not repressed in the PTS™ mutant, repression of toxin
synthesis by glycerol, maltose or glucose in S. aureus 196E appears to be related to the presence
of a functional PTS irrespective of whether the carbohydrate requires the PTS for cell entry.
With lactose as an inducer, glucose, glycerol, maltose or 2-deoxyglucose repressed the synthesis
of p-galactosidase in S. aureus 196E. It is postulated that these compounds repress enzyme
synthesis by an inducer exclusion mechanism involving phosphorylated sugar intermediates.
However, inducer exclusion probably does not explain the mechanism of repression of SEA
synthesis by carbohydrates.

INTRODUCTION

Glucose represses the synthesis of staphylococcal enterotoxins A (SEA), B (SEB) and C (SEC)
(Morse et al., 1969 ; Jarvis et al., 1975 ; Miller & Fung, 1977; Iandolo & Shafer, 1977; Smith et al.,
1986). A greater repressive effect is observed if the cells are first grown in glucose-containing
broth before being transferred to enterotoxin production medium (Morse ef al., 1969; Jarvis et
al., 1975; Smith et al., 1986). Jarvis et al. (1975) also demonstrated that glycerol repressed the
synthesis of SEB but the effect of prior growth in glycerol on enterotoxin production was not
determined.

Previously we showed that glucose, which is transported and phosphorylated in Staphylo-
coccus aureus by the phosphoenolpyruvate phosphotransferase system (PTS), repressed SEA
synthesis in S. aureus 196E (Smith ez al., 1986). However, glucose did not repress SEA synthesis
in a mutant which lacked a PTS, indicating that the PTS plays a role in the repression of SEA
synthesis by glucose. Neither glycerol nor maltose is transported and phosphorylated via the
PTSin S. aureus (Button et al., 1973 ; Richey & Lin, 1973). It was of interest to determine the role
of the PTS in inhibition of SEA synthesis by the non-PTS compounds, glycerol and maltose.
Accordingly, the effect of glycerol and maltose on SEA synthesis in S. aureus 196E (PTS*) and in
S. aureus 196E-MA (PTS™) was investigated.

METHODS

Growth of cells. S. aureus 196E and 196E-MA (derived from strain 196E : Smith et al., 1986) were each inoculated
into tryptic soy broth without glucose (TSB w/o glucose; Difco) both with and without the addition of sterile
glycerol (final concn 2%, w/v) or maltose (monohydrate, final concn 1%, w/v). Culture flasks were incubated on a
rotary shaker (200 r.p.m.) at 37 °C for 16 h.

Abbreviations: SEA, staphylococcal enterotoxin A; SEB, staphylococcal enterotoxin B; SEC, staphylococcal
enterotoxin C; PTS, phosphoenolpyruvate phosphotransferase system; CAS, Casamino acids salts medium; TSB,
tryptic soy broth.
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Production of SEA. Cells were harvested from the growth medium by centrifugation, washed twice with sterile
0-1 M-potassium phosphate buffer (pH 7-2) and resuspended in sterile buffer. The SEA production medium was
Casamino acids salts medium (CAS) (Smith et al., 1986). When either glycerol or maltose was added to CAS, it was
sterilized by filtration and then added aseptically to the sterile medium.

Washed cells, suspended in buffer, were added to the CAS to give approximately 5 x 10° cells ml~!. The flasks
were then incubated at 37 °C on a rotary shaker (200 r.p.m.) and samples were removed for pH and SEA
determination after 24 h.

" Determination of SEA concentration. Bacteria were removed from the CAS by centrifuging in an Eppendorf
centrifuge for 2 min. To remove Protein A, normal rabbit serum was added to the supernatant to a final
concentration of 5% (v/v) serum. The serum/supernatant mixture was incubated at 5°C for 1 h and then
centrifuged (Fey et al., 1984). Dilutions of the Protein A-free supernatant were then used to determine the
concentration of SEA by enzyme-linked immunosorbent assay (ELISA) (Smith & Bencivengo, 1985). Goat and
rabbit anti-SEA and purified SEA were a generous gift of Dr Anna Johnson, US Army Research Institute of
Infectious Diseases, Frederick, Md., USA.

Determination of B-galactosidase activity. S. aureus 196E was inoculated into TSB w/o glucose containing 1%,
(w/v) added glucose and cultures were incubated at 37 °C for 16 h on a rotary shaker (200 r.p.m.). Bacteria were
harvested by centrifugation, washed once with sterile distilled water, resuspended to 1/5 of the culture volume in
distilled water, and added to CAS containing lactose (inducer) plus either glucose, maltose or glycerol. Cells were
added to give a final concentration of 1-5 x 10° bacteria ml~! and incubated for 4 h at 37 °C on a rotary shaker
(200 r.p.m.). The bacteria were then harvested by centrifugation and washed twice with sterile distilled water. A
sample of washed cells was dried (100 °C overnight) to determine dry weight. A second sample was taken to
determine -galactosidase activity by the method of Dobrogosz (1981).

Determination of a-glucosidase (EC 3.2.1.20) activity. S. aureus 196E and 196E-MA were grown in TSB w/o
glucose plus glucose or maltose (each 1%, w/v) at 37 °C for 16 h on a rotary shaker (200 r.p.m.). Cells were
harvested and washed as described above and assayed for a-glucosidase activity using the method of Halvorson
(1966).

RESULTS

There was a fundamental difference in aerobic utilization of carbohydrates between the
parent and mutant strains of S. aureus 196E. Under aerobic conditions, strain 196E produced
acid from glucose, maltose or glycerol. The mutant, strain 196E-MA, produced acid from
glucose but was less active on glycerol. No acid was produced from maltose, even when the
maltose level was increased to 5% (w/v). This agrees with earlier work (Smith ez al., 1986) which
indicated that the mutant was active on glycerol or glucose only, whereas the parent produced
acid from a large number of carbohydrates. Additionally, the mutant strain was shown to lack an
active PTS.

Production of SEA was repressed in glycerol-grown S. aureus 196E at glycerol concentrations
that did not repress SEA synthesis in cells grown in the absence of glycerol (Table 1). In addition,
as the glycerol level of CAS was increased, the decrease in pH was greater with glycerol-grown
cells than with cells grown in medium lacking glycerol (Table 1). At similar pH values of the
CAS, the decrease in toxin production was more pronounced with glycerol-grown cells than with
cells grown in the absence of glycerol (Table 1).

Glycerol repression of SEA synthesis was not observed with the mutant, S. aureus 196E-MA,
grown in the absence of glycerol (Table 1). The inhibition of SEA synthesis by glycerol-grown
196E-MA in CAS containing glycerol ranged from 9%, (25 mMm-glycerol) to 28% (200 mM-
glycerol). At high glycerol levels, the pH of CAS decreased to 5-0; however, enterotoxin
production by the mutant strain did not decrease to the extent seen with the parent S. aureus
196E strain (Table 1). It would appear that pH is not a key factor in SEA repression.

Maltose also repressed SEA synthesis in S. aureus 196E (Table 2). There was greater
repression with maltose-grown cells than with cells grown without maltose. Inhibition of SEA
production by maltose-grown cells did not correlate with a decrease in pH since at similar pH
values, there was less SEA produced by maltose-grown cells than by cells grown in the absence of
maltose.

There was little or no repression of SEA synthesis by maltose with S. aureus 196E-MA grown
in either the absence or presence of maltose (Table 2). Interestingly, the mutant produced acid in
CAS containing maltose, as demonstrated by the decrease in pH (Table 2) even though the
mutant did not lower the pH in TSB medium containing maltose. The mutant strain does



Table 1. Effect of growth with or without glycerol on synthesis of SEA by S. aureus 196E and
S. aureus 196 E-MA in CAS containing varying amounts of glycerol

The data shown represent one of four experiments, which showeéd identical trends.

S. aureus 196E grown: S. aureus 196E-MA grown:
AL A
s - * Al ~ §
Glycerol Without glycerol With glycerol* Without glycerol With glycerol*
concn in CAS A N A N - A N A ~
(mM) SEA (ng ml~') pH SEA (ng ml!) pH SEA (ng mlI~') pH SEA (ng mI~') pH
0-0 104-7 8-8 167-2 87 1333 87 129-2 86
10-0 118-8 86 176-6 8-6 - - - -
125 - - 1641 84 - - - -
150 128-1 85 453 78 - - - -
175 - - 203 74 - - - -
200 1281 84 109 6-8 - - - -
225 - - 63 59 - - - -
250 1250 83 31 55 1333 81 118-1 81
275 - - 31 55 - - - -
300 68-8 66 31 5-4 - - - -
40-0 422 55 0-0 52 - - - -
50-0 438 52 - - 131-9 57 111-1 55
60-0 375 50 - - - - - -
700 359 5:0 - - - - - -
750 - - - - 127-8 50 1111 50
100-0 - - - - 126-4 50 105-6 50
1250 - - - - 1222 50 105-6 51
150-0 - - - - 1264 50 94-4 51
200-0 - - - - 1236 51 93-1 50

* Glycerol added at 29 (w/v).
-, Not determined.

Table 2. Effect of growth with or without maltose on synthesis of SEA by S. aureus 196E and
S. aureus 196E-MA in CAS containing varying amounts of maltose

The data shown represent one of four experiments, which showed identical trends.

S. aureus 196E grown: S. aureus 196E-MA grown:
A A
r A} s
Maltose Without maltose With maltose* Without maltose With maltose*
concn in CAS A N A N . A N, A .
(mm) SEA (ng ml~') pH SEA (ng ml"!) pH SEA (ng ml~!) pH SEA (ng ml~!) pH
0-0 1011 88 122:2 85 1156 86 109-6 86
1-0 118:0 - 87 846 83 - - - -
15 147-0 86 80-3 82 - - - -
2:0 138-8 84 763 79 - - - -
25 1427 83 681 75 - - - -
30 80-3 7-0 512 66 - - - -
35 84-6 6:6 347 62 - - - -
40 56-2 63 139 55 - - - -
45 19-2 58 109 50 - - - -
50-0 - - - - 1137 7-8 116-4 81
100-0 - - - - 127-4 59 1151 75
150-0 - - - - 122:0 56 119 59
200-0 - - - - 112:0 55 109-6 57

* Maltose added at 1% (w/v).
-, Not determined.

contain a-glucosidase and thus can split maltose. Unlike the parent strain 196E, synthesis of
a-glucosidase by the mutant was not repressed by glucose nor induced by maltose (data not
shown). a-Glucosidase activity was not detected in the culture supernatant fluids of either strain.



Table 3. Effect of glucose, maltose, glycerol and a glucose analogue on synthesis of
B-galactosidase in S. aureus 196E

Data shown represent one of three experiments, which showed identical trends.

Addition to CAS pH* p-Galactosidaset
None 7-4 9-8
Lactose (5 mm) 54 2709
Lactose (5 mM) + glucose (5 mM) 54 146-0
Lactose (5 mM) + glucose (10 mm) 52 52:5
Lactose (5 mM) + maltose (5 mM) 52 580
Lactose (5 mM) + maltose (10 mm) 47 402
Lactose (5 mM) + glycerol (10 mm) 55 1464
Lactose (5 mM) + glycerol (20 mM) 54 1245
Lactose (5 mM) + 2-deoxyglucose (5 mM) 74 28-8

* pH of CAS at 4 h incubation.
t B-Galactosidase activity is expressed as pg o-nitrophenol (30 min)~! (10 mg dry wt cells)~! with o-nitrophenyl
B-D-galactoside as the substrate.

Glucose, glycerol and maltose inhibited lactose induction of f-galactosidase in S. aureus 196E
(Table 3). Glycerol, however, was not as effective as the two sugars in repressing the synthesis of
the enzyme. In addition, the glucose analogue 2-deoxyglucose inhibited the synthesis of
staphylococcal f-galactosidase. f-Galactosidase activity could not be demonstrated in S. aureus
196E-MA.

DISCUSSION

Previously we demonstrated that SEA synthesis in S. aureus 196E was repressed when the
cells were first grown in medium containing glucose. The repression became more severe as the
concentration of glucose in CAS increased (Smith ez al., 1986). Our present results with glycerol
and maltose were similar to those obtained with glucose: SEA synthesis was repressed more
severely in S. aureus subjected to prior growth in glycerol or maltose. Maltose-grown S. aureus
196E-MA did not show repression of SEA synthesis; however, there was a small repressive
effect on SEA synthesis when the mutant strain was grown in glycerol and suspended in CAS
containing high levels of glycerol. Metabolism of glycerol or maltose by the mutant strain
decreased the pH of CAS to levels similar to that produced by the parent 196E strain; yet the
decreased pH did not lead to inhibition of enterotoxin synthesis in the mutant strain. That strain
196E-MA decreased the pH value without a concomitant inhibition of SEA synthesis indicates
that repression of SEA synthesis in S. aureus 196E by glycerol or maltose is not due to decrease in
pH.

A large number of carbohydrates and related compounds are transported and phosphorylated
in S. aureus via the PTS (Friedman & Hays, 1977). These compounds include lactose, sucrose,
galactose, glucose, mannose, fructose, mannitol and various analogues such as 2-deoxyglucose,
o-methylglucose and o-nitrophenyl p-D-galactoside. In S. aureus, only lactose and mannitol
appear to have inducible enzymes for PTS activity, and the carbohydrate-specific components
of the PTS are induced by growth of S. aureus in the presence of lactose or mannitol (Nakazawa
etal., 1971; Friedman & Hays, 1977). In S. aureus, glycerol and maltose do not depend on PTS
for transport and phosphorylation (Richey & Lin, 1973 ; Button et al., 1973); they probably enter
the cells by a facilitated diffusion mechanism.

Glycerol and maltose repressed the synthesis of alpha toxin in S. aureus (Duncan & Cho, 1972)
while glycerol repressed f-galactosidase and SEB synthesis (McClatchy & Rosenblum, 1963;
Jarvis et al., 1975). We found that not only did glycerol and maltose repress SEA synthesis in S.
aureus 196E but they also inhibited f-galactosidase synthesis. However, glycerol was not as
effective as maltose or glucose in repressing f-galactosidase production.

The mechanism by which glucose, maltose or glycerol inhibit the production of p-
galactosidase or SEA is not clear. A mechanism for their repression of f-galactosidase synthesis
could include interference by intracellular sugar phosphates of uptake of various carbohydrates



by an inducer exclusion mechanism (Saier & Simoni, 1976; Saier, 1985). When glucose-grown S.
aureus 196E was presented with lactose and glucose simultaneously, little or no formation of -
galactosidase resulted. Glucose would enter the cell via the constitutive glucose PTS (Friedman
& Hays, 1977) and the resultant glucose 6-phosphate (G6P) or some other phosphorylated
intermediate derived from glucose could prevent the formation of the induced lactose-specific
PTS enzymes. As a result, lactose would not gain entry to the cell and would be unavailable for
enzyme induction.

Maltose enters the staphylococcal cell via facilitated diffusion (Button et al., 1973). Glucose
formed by the action of a-glucosidase would be phosphorylated to G6P (or seme other
phosphorylated intermediate), which would prevent the induction of the lactose-specific PTS
enzymes. Glycerol is also transported into the cell by a facilitated diffusion mechanism (Richey
& Lin, 1973) so it is possible that a phosphorylated glycerol derivative represses the uptake of
lactose.

The repression of p-galactosidase synthesis by 2-deoxyglucose (Table 3) supports the
postulated inhibition of induced enzyme synthesis by G6P. The glucose analogue is
phosphorylated to the 6-phosphate compound via the PTS in S. aureus, but is not further
metabolized (Friedman & Hays, 1977; Iandolo & Shafer, 1977). The non-metabolizable 2-
deoxyglucose 6-phosphate derivative may prevent the entry of lactose into the cell. While the
mechanism of inducer exclusion by sugar-phosphate intermediates may be an explanation for
repression of lactose-induced B-galactosidase synthesis in S. aureus 196E, it does not appear to
be a viable mechanism for explaining SEA repression by glycerol, maltose or glucose. However,
phosphorylated sugar intermediates may inhibit SEA synthesis by some mechanism other than
inducer exclusion.

The data presented here indicate that even though glycerol and maltose are not transported
via the PTS, it is necessary for the cells to have an effective PTS in order to demonstrate
repression of SEA synthesis since these compounds do not repress SEA synthesis in the PTS~
mutant. Further, our results indicate that repression is not due to decrease in pH effected by
metabolism of glycerol or maltose.
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