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INTRODUCTION

Previous investigations of the mutritional requirements in Staphylococcus
sureus were reported in the studies of Sulzer ond Peters (15,16) and Meh and
Regier (7). A synthetic medium containing 8 smino acids, inorgenic salts, and i
vitemins was devised (16). Such a combination supported growth comparable to
that obtained in en equivalent emount of complex medium. It was also found
that wl:(en glutemic acid served es carbon source, enterotoxin B was produced at
a level greeter than with gluco.se a3 carbon source. Ribose, glycerol, snd pyru-
vate supported growth but not toxin production; Kreb's cycle intermedietes did
not support growth.

Subsequently, experiments were continued on the composition of the synthe-
tic medium under more stringemt conditions; the influence »f pH, gas atmospbere, y
and tempereture were elso investigated. The following terminal report cencerns
the nutritionel and physical factors required for growth and toxigemesis of
S. sureus S-6. It is divided into 3 parts: I. Development of a Defined Med-

jum. II. Studies of pH Effects on Growth and Toxigenesis. IXI. Effect of

Gas Atmosphere and Temperature on Growth end Toxigenesis.




I. Development of & Defined Medium

In =ll previous experiments, unwashed cells harvested from complex medis
were used as inocula. flthourh such experiments were perforred with appro-
priaste controls, it was desirable to determine the effect of the complex or-
ganic compounds czrried over with the inoculum. Experiments were therefore
performed with cells washed 3 times in sterile salts solution before use as
an inoculum. Introduction of such inocule into the 7 emino acid medium re-
sulted in little or no growth, indiceting the necessity for some additional
factors present in the complex medium.

A review of the litereture pertaining to the development and use of
several types of defined media for growth of E. sureus has been given in our
previous reports (7,15,16). The mutritional requirements have been known
since the investigations of Gladstone (L), who showed thet nicotinic acid end
thiemine were necessery growth factors in S. eureus. Gretler et al. demon-
strated that biotin was apn sdditionel requirement in some strains of S. gureus,
primarily the non-pathogepic omes. It seemed likely thet growth factors such
as vitemins were not the deficient ingredients in the synthetic medium so

attention was turned toward the composition of the =mino acids.

Materials apd Methods

The vitamins uand inorgaenic salts solution were the same as previously
reported but in further experiments, the latter was modified as described in
the text. Erterotoxin was zcssayed according to the method of Morse =nd
Mah (10) and Veirether et 1. (19).

The Inoculum. Small semples (3 ml) of a stationery phase culture of

S. sureus 5-6 zrown eerobically on 2§ protein hydrolysate (Mead Johnson Int.,
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Evansville, Ind.) broth plus vitamins zt 37 C were aseptically trensferred to
sterile culture tubes, qulck-frozen in e dry ice~-acetone bath and kept at

-15 C. The samples were thawed as needed, a 1% ipoculum introduced into pro-
tein hydrolysate (PHP) broth and the culture incubeted on a shaker et 37 ¢
for 12 hr. It was then cenmtrifuged end wash:d aseptically in salts solution
t0 remove soluble organic compounds, resuspended to the initial volume and
used as a 1% inoculum in the experimeatal vessels. The vessels of choice were
300-ml Nephloflasks (Bellco Glass Inc., Vineland, N. J.) coateining a totel
of 50 ml medium. The carbon source we: 1% glucose in sll cases unless other-
wigse stated; it was sutocleved end added separately.

Growth in defined media reported by previous workers for S. sureus was
not evaluasted in quentitative terms; relative degrees of turbidity were noted
after deily intervals often up to 6 days (17). In the presept imvestigationm,
turbidity vwes measured by Klett-Summerson colorimetry {green filter at S40 mu)
after 2k hr incubation at 37 C under aerobic conditions (shaken at 180 rpm,
Psycrotherm incubator-shsker, New Brunswick Sci. Inc., Newv Brunswick, N. J.).
On complex media, cells were in the maximm ststionary phase after this length

of incubsation.
RESULTS

The Amino Acid Requirements. Since PHP medium supported optimal growth

of S-6 in the presence of nicotinic acid apd thiemine, the initi=1l composi-~
tion of the defined medium was based on the constituent 18 smino acids pre-
sent in PHP. These consisted of glycine, alanine, aspartic acid, vealinpe,

leucine, isoleucine, serine, thieonine, phenylalanine, tyrosine, tryptophan,

lysine, sasrginine, histidine, glutamic acid, cystine, methionine, and prolirs.
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All emino acids were obtsined fram commerciel sources snd were chromztographi-
cally pure. Each wcs added at 2 finel concentreticn of 25 pg/ml. From this
mixtare of amino acids, it wes calculeted that an equivelent -mount of amino
nitrogen was present in 0.08% PHP, end this conceptiation vas ced as an in-
dex of che meximel growth cbtainable under the previously siated conditions.
In the presence of glucose zs a cerbon source, growth in 0.08% PHP [270 Klett
Units, (KU)] was similar to that in the 18 emino acid defined medium (25C KU).
To determine the essentiel smiro acids for optimal. growth of 5-6, en arbitrary
minimum yield of 260 KU in 24 hr wes chosen. Medie resulting in en extended
ieg phese might give rise to less than this arbitrary value even though the
final cell yield may reach 200 KU. Such media would not be selected under
these conditions.

To determine the =mino acid requirement, the following protocol was
adopted. Sterting with the 18 emino ecids in inorgenic salts solutiom plus
vitemins, each emino ecid was singly deleted =pd the grovth recorded. Omis-
sion of some amino acids satisfied the specified growth criterirs of 200 KU in
2k hr under acrobic conditions st 3T C. Addition of sich amino acids was
presumed unnecesscry for optimal growth of S-6., Furthermore, by deleting
such sn emino acid in zombination with the deletion of each of the remeining
17 amino acids, peirs of smino ccids may be found unnecessary. Deleted pairs
resulting in equivelent or better growth may be tested in the seme fashjon with
the remaining 16 amino acids. Such a protocol would avoid a factorial series
¢f combinations vhile providing some practicel basis for selection of the
appropriate smino scids.

In the initial deletion experiments, any ome or seversl emino acids could

be omitted. However, only one of the possibilities, usually the deletion
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yielding the highest growth, was tested. In the final experiments, deletion
of an> additional amine acid resulted in equivalent or better growth in only
one or two ceses. In such instances, both deletions were tested further.

Ir the first series, eech individuel amino acid was cmitted {n succes-
sion. A contrui ilesk combaihing ell 10 smino acids, vitamine and glucose
es carbon source, was prepasred in the besal selt solution previously des-
cribed (7). Experimentel flasks were identical to the control except for
the emino acid mixture. A different amino acid wes omitted from each of the
18 flasks, leaving 17 emipo acids in each flesk. £11 19 flasks were then
sutocleved, inoculated, and incubated for 2U4 hr under the conditioms previgus-
ly described.

Of the 18 amino acids, 14 were not absolutely essential for growth. In
fact, omission of some (espartic ecid, isoleucine, elemnine, tryptophan, metbio-
pine snd tyrosine) led to growth yields which satisfied the criterion of 200 KU
in 24 hr. These results are depicted in Fig 1.

In the second experiment, aspertic acid was completely cmitted; it was
arbitrarily chosen for this experiment since it was non-essentiel. In eddi-
tion to espertic acid, a differept emino ecid was omitted from eaech of the
17 flesks leaving 16 emino scids in each flask. * control conteining 17 emino
acids (no aspertic acid) was mainteined. A1l 18 flasks were gutoclared, ino-
culated, epd incubated for 2k hr as previously described. The growth ylelds
are shown in Fig 2.

The results showed that the double omission of aspartic acid and any one
of the following: isoleucine (218 KU), lysime (198 KU), tryptophan (208 KU},
glutemic acid (198 KU), tyrosine (204 KU), end serine (198 KU), again resulted

in equivalent or improved growth. The 17 smino :ccid control gave o resding
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of 191 KJ. The deletion of the aspartic scid-isoleucipe palr yielded the
nighest growth in this series.

Omission of pspertic acid and lsoleucine in z flask comtaiming all the
other components of the defined medium was selected as the test pair for the
next set of experiments. Using this pair as & control, s totel of 3 amino
acidr was deleted frcn the dcfined mediwm. In this case, 16 flasks were pre-
pared. An edditional amino acid besides the espertic ecid-isoleucine pair
vas omitted from each of the 1§ flasks, leaving 15 amipo acids in each flesk.
211 17 flasks were sgain autoclesved and incubated after inoculating as pre-
viously described. The results of this experiment are tsbuleted in Fig 3.

The 16 ammino acid control showed a yleld of 245 KU. The triple omission
of aspartic acid, isoleucine, snd any one of the foliowing: alanipe {246 XU),
lysipne (215 KU), tryptophen (197 KU), serine (214 XU), end glycime (219 KU),
again resulted in eguivalent or better growth.

Since omission of aspertic acid, isoleucine and elasnine gave the highest
grovth, they were deleted as the coptrol of the next experiment ip which e
total of L amino acids was cmitted. Again the seme protocol was followed and
& different amino acid was amitted from each of 15 flasks, leaving 14 emino
ecids in each vessel, The flasks were trested as previgusly described end
the results are tabulsted in Fig &.

The 15 amino acid control flask yielded 2LO KUJ. The combined omission
of aspertic acid, isoleucipe, alanine, and eny one of the following: lysine
(230 KU), tryptophsn (238 KU), glutemic acid (22€ KU), serine {211 KU), his-
tidipe (212 KU), tyrosine (206 KU), threcnine (194 KU), end leucipe (212 KU)

agein resulted in eQuivalent or better growth.
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The omission of lysine, espertic acid, isoleucine, and elenine from the
defined medium was selected for the next series in which 5 amino acids were
cmitted. The protocol was egain the seme as previously described, this time
with 1k vessels end 13 emino acids in each. The results are tebulated in

Fig 5.

The combined cmission of aspartic acid, isoleucine, aslanine, lysine, end
eny osne of the followving: tryptophan (256 KU), tyrosine (2Ll KU), glutemic
acid (24h XU), glycine (214 XU), serine (216 KU), threonine (214 KU), end
methionine (216 KU) again resulted in equivalent or better growth. The 14
amino ecid conmtrol in this cese was 258 KIJ. The combined omission of trypto-
phen and the previous 4 non-essential amino acids was chosen as the control
for the next series in vhich 6 amino acids were deleted. .“gein, the previous
protocol was followed, this time with 13 flesks and 12 mmino acids in each.
The deta are tabulasted in Fig 6. .

The 13 amino acid control was 225 KU. The combined omission of aspeartic
ecid, isoleucine, alsnine, lysine, tryptophen, and eny one of the following:
glutemic acid (226 XU), serine (220 KU), and tyrosine (200 KU) sgain resulted
in equivalent growth.

Both the glutemic acid-less end serine-less mixtures were tested further.

The standard protocol wes used, this time with 12 flasks and 11 emino ecids
in each. The results are shown in Fig 7. Omission of aspartic acid, isoleu-
c¢ine, elanine, glycine, tryptopban, glutmmic acid and asny one of the follow-
ing: serine (209 ¥KU) end methionine (218 KU) resulted in equivalent growth.
The 12 amino acid control was 224 KU.

In & simjlar experiment, serine, instead of glutamic acid, wes deleted;

othervise, the conditions vere the same. The results are depicted in Fig 8.




g.5

S-Arino Acld Peletion plus Glucose

18 Amino Acid Conirol

14 Amino Acid Control

Cys
Pro

Leu

Val

His

Arg

- Glu

Phan ala

Hly

Ser

Theao

Neth

Tyro

Try pto

50 160 i50
Klett Units

200

250




G=fuine Acid Deletion plus Glucose

()

Rig

18 Amino Acid Control

13 Amino Acid Control

1

Cys
Pro

Leu

Val

His

Arg

Glu

Phen ala

Gly

Ser

Threo

Neth

Tyro

o

00 50
Kiett Units




-1‘-

Flg 7
T=imino Acid Deletion plus Glucose

I8 Amino Acid Control
12 Amino Acid Control
- Cys
- Pro

- Leu
- Val
- His
~ Arg

Phen ala
- Gly
- Ser

Thred
- Meth

Tyro

0 50 100 150 200 50
Klett Unils




Fig 8
T-Amino Acid Deletion p_us Glucoae

15 e

I8 Amino Acid Contrel

12 Amino Acid Control

- Cys
~ Fro

- leu

- Val

- His

- Arg

- Glu

- Phen ala

- Gly

- Threo

- Meth

- Tyro

50 100 I50
Klett Units

§4

RSP




-15 -

The cambined deletlon of aspertic acid, isoleucimne, alanine, lysine, trypto-
phan, serine and eny one of the folloving: glutamic acid (200 KU), threopine
(212 XU), end tyrosine (204 KU) again resulted in equivalent growth. The 12
emino scid control wes 208 KUJ. It should be noted that in the glutemic acid-
less series, omission of serine geve equivalent growth, vhile in the serine-
less series, omission of glutemic acid gave setisfactory growth. In both of
these cases, the combinstion of =mino acids actuelly deleted was the same.,

The threonine-less and glutemic acid-less combinstions were both investi-
gated further. In the threonine-less series, the szme protocol wes again
used; a conirol omitting the previous 6 non-essential emino acids in zddition
to threonipe served es a reference medium. The omission of 8 smino acids
was tested with respect to this culture; the results are shown in Fig 9. The
control yielded 172 KU but none of the experimental vessels gave permissible
growth yields. Thus, this series did not result in satisfactory growth accord-
ing to the predefined criteria.

An experiment, identical to the above in which glutemic ecid instead of
threonine was omitted, gave the results shown in Fig 10, The glutemic acid-
less control gave a value of 135 KU, 1In this series, only the methionine-less
flask showed equivalent growth; the ebsence of methionine was tested in cn
attempt to eliminete 9 emino acide. The results of this experiment are given
in Fig 11. The control culture produced 197 KU, =nd only the histidine-less
flask (209 KU) showed satisfactory growth.

Elimination of 10 emino acids from the defined medium wves tested on the
besis of the histidine-less findings. Again, the procedures were the seme as
previously described, this timec with B =mino acids. The results sre _iven n

Fig 12. The control ylelded en unscceptsble value of 95 KU, and none of the
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experimental flasks showed satisfactory growth. With these results the amino
ecid deletion experiments were termineted.

The fipel amino ecid mixture consisted of glycinme, valipe, leucine, threo-
nine, phenylalanine, tyrosine, cysteine, methionine, proline, erginine, end
histidine. The results of testing all the previcus controls used in the dele-
tion experiments are depicted in Fig 13. The results are in accordance with
the findings of the previous experiments; the first 8 vessels yielded accept-
able grovth vhile the last two, in which methionine and histidine were deleted,
were unacceptable.

Omission of any one of the L amino acids, proline, arginipe, valine, or
cysteine, resulted in little or no growth. However, a mixture composed solely
of these sapparently essential smino rscids did not support pgrowth.

Glutemic Acid. Since $-6 grev well in PHP riope, it must use emino ecids

as & carbon source becsuse other orgenic compounds are not significent in this
medium. Endogenous respiretion of S. eureus can be =ttributed ip pert to the
disappeerance of glutemic acid from the free smino acid pool (5,13). Further-
more, suspensions of S. sureus metebolize glutamic acid in the presence of
either on endogencus (5) or exogenous {(3,5) emergy source. This energy re-
quirement is rpparently necessary for trensport of the amino acid across the
cell membrane.

Growth of S-6 wes tested or jlutamic acid (as monosodium glutamete, MSG)
as the main carbon source in the defined medium. The yield wes in the scme
range when grown on MSG (196 XU) or glucose (208 KU).

Other azmino ecids vere also tested as cerbon sources in the defined med-
fum. MNone of the folloving emino ecids known to exhibit G, uptake (5) were

utilized: threonine, proline, glycine, clsnine, erginine, cysteine, histidine
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end seripe. Eech vas tested dy eddition et a concentretion of 0.2% snd com-
rered with the growth yield on 0.2% MSG. Prolime geve the highest velue
(46 XU) compered to MSG (116 KU).

Biotin. 1In early experiments only thiamine end micotinic acid were
incorporeted into the medium to setisfy the known vitemin requirements of
S. sureus. (Qrowth of S-6 in defined medium containing glucose ss carbon
source was virtuelly unaffected by the addition of yeast extract. i

However, MSG was not metsbolized in defined medium in the presence of
thimmine and nicotinic acid es the only added vitam: s; with the eddition
of yeast extract, MSG wes used as a carbon source. Biotin substituted for
this growth factor requirement; cells incubsted without biotin ylelded ce.

YT KU. Addition of biotin to glucose-grown cells did not stimulate growth.

The Selts. The inorganic selts are reported es wt/vol, final % concen-
tretion. The smmonium fon concentretion was tested by deletion of the 0.4%

(NE, )oHPO, 1n Gale's solution (2), replacement of the phosphate by 0.33% .
NegHPO, , end addition of 0.05% NH,Cl. The finel % concentrations of the

other selts were: KHPQ,, O.1; MgsQ, *TH,0, 0.0T; NeCl, 0.l; end FeSQ,*TH,O,

0.001; the finsel pH vas T.l. These modifications led to an increase in the

growth yield vhen either glucose or glutemic acid served as cerbon source,

The results are shown in Tsble 1. This mixture of inmorgasmnic salts was edopted

TABLE 1
GROVTH IN BASAL MEDIUM PLUS MSG OR GLUCOSE

Gele's besel media Modified besal medie
MSG Glucose MSG Glucose

196 KU 256 ¥ 216 xu 280 v
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as the finel combinstion.

Enterctoxin Formation. Growth im 0.5¢ PHP without =dded glucose or MSG

resulted in about 7X more toxin than that produced in defined medium with
glucose or M3G. This concentration of PHP supportcd & .} yield equivelent
to the defined medium with edded carbon source. Upon addit‘on of glucose or
MSG to the minimum PHP concentration (0.06%) mecessary to su._ ‘.t growth equi-
velent to the defined medium, toxigenesis was egain very low. These results
indicated that the quantity of toxia produced in the defined medium must be
limited by availsble precursors end that the low values are most likely a
response to their presence or sbsence rather then to the ability to produce

toxin.
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II. Effect of pH on Growth end Toxigenesis

It was previously shown by Sulzer and Peters (16) and Msh end Regier (T)
that changes in pH which accompa y the growth of enterotoxigemic atreins of
Staphylococcus aureus in PHP medium underwent = sequence of changes starting

with an acid pH snd ending with an ulkaline pH. Such results were typical of
cells grown on PHP and could be repeated from one experiment to another.
Peters (12) showed that little or no toxin wes produced in the presence of
1% glucose in FHP. Exemination of the pH of cultures grown under these con-
ditions revealed 2 terminel pH of § or lower.

Because of these observations, further work was performed in our labora-
tory by R. E. Marland (9) snd W. Biggs to determine vhether there is, in fact,
an effect of pH on enterotoxin production. The effect of pH was investigated
under the following conditions: 1) the initiel pH was adjusted to various
predetermined levels by the zddition of standard HC1l or NaOH. The medium was
not buffered, apd the pH wes permitted to change as & result of cell growth;
2) the pH of the medium was adjusted to a selected levzl by the sddition of
phosphate buffer st a molarity which would buffer effectively; 3) the pH was
held constant at a selected concentration during the course of growth of
cells by continuous addition of sterile acid or dase.

The results of growth and toxigenesis were compared to a culture in which
no gttempt wes made to adjust or control the pH of the PHP medium. In this

case the changes in pH were simply recorded.
Methods‘

Fernbach flasks were modified by making three indentations (baffles) at

the base of the vessels to permit jreaster agitetion of the culture medium
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during shaking. In eddition, the flasks hed two ports to permit ssmpling end
ad justment of pH. Eech vessel received 400 ml of PHP medium which was adjust-
ed to the desired pH prior to sterilizatiom by the addition of standard ecid
or base. The pH wes not altered after sterilization; the values selected

for the experiment were the following: 5.0, 6.0, 7.0, 8.0, and 6.2; the
latter value represented the pH of the pormal unadjusted PHP medium., The
flesks were inoculated with the standerd inoculum and shrken on & rotery
sheker et 37 C. VUsing a sterile syringe snd hypodermic needle, sesmples were
removed at 0, 6, 12, 24, and 36 hr. Again growth was measured by the Klett-
Summerson colorimetry. The pH was measured witb a Beckman Zeronatic pH Meter,

end the enterctoxin wes estimated by the method n¢ Vedsworth et al. (18).
RESULTS

The results of these experiments cre shown in Teble 2. Exeminetion of
this table shows thet the pH of these cultures did not remsin 2t the initizl
pH for long. A comparison of the velues obtained et the 36 hr sampling showed
that none of the sdjusted semples veried from pH 7.6 by more then 0.1 units.
In addition, the semples showed little difference in growth as determined by
turbidity meesurements. On the other hend, both the pH 7 =nd pH A semples
yielded 100 p3/ml of enterotoxin compered with 5C ug/ml in the pH © and 6
sesmples. The conbrol cultures with uned justed pH permittec a higher growth
and toxin yield. These values vere virtuclly the seme =2¢ those obteined vhen
the s:me medium was introduced in 50 ml aliquots into the smaller FNephloflacsks.

In the next series of experiments. the pH vas buffered et 7.0 by the
addition of puosphsate buffers containing equimolcxr cmounts of both mono- end

dibesic sodium sclts. ! renge of & molerities between 0.1 M und 1.0 M was
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prepered. After sddition of the phosphate, the medium was adjusted to pH 7.0
by the a2ddition of standerd NoOH. Agein the medium was sterilized in the
modified Fernbach flasks in 400 ml quantities. The protocol was, othervise,
the same as previously described.

The results of these experiments ere depicted in Table 3. Throughout i
tke renge of molerities chosen, the finsl pH remained close to the initial i
resding of T7.0; however, the effect is one of inhibition of both growth and

Table 2. Comparison of Growth, pH, and Enterotoxin

Production in Cultures of Protein Hydroly-
sate at Several Initisl pH Values

Condition Time pH Turbidity Enterotoxin
(Hours) (Klett Units) {pg/ml)
Initiel 0 5.0 0 0
pH 6 5.0 125 1.5
ed justed 12 5.8 252 10
to 5.0 2k 6.9 375 --
3% 7.5 L6s 50
Initial o 6.0 o 0
pH 6 5.4 265 N
ad justed 12 6.4 253 8
to 6.0 24 7.2 370 20
¥ 1.5 Lis 50
Initial 0 7.0 o} 0
pH 6 5.6 175 3
ad justed 12 6.7 261 10
to 7.0 2y 7.4 Los 20
3 7.6 L5 100
Ipitial 0 8.0 0 0
pH 6 5.5 in 1
ed justed 12 6.9 247 B8
to 8.0 24 1.5 375 20
¥% 77 b5 100
pH not 0 5.8 0 0
ad Justed 6 5.4 222 0
12 7.2 L6s 100
2h 7.9 520 260
36 8.1 510 260
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toxin production. The inhibition is proportional to the concentratiorn of the
Phosphate buffer, with less growth and toxin produced et higher values of
Phosphete. 1In esrlier experiments, it was found that in cultures containing
0.03 M phosphate et PH 7.0 maximum growth end normel smounts of toxin were
produced. In these cultures, however, the terminesl pH values were approxi-
metely 8.0. These findings indicated that the presence of phosphate moleri-
ties sufficient to buffer against pH changes inhibited both growth and toxin
Production The increased concentration of the phosphate ijon and not its
effect on the pH alone sappeared to be the primary inhibitory factor.

Teble 3. The Effect of Phosphete on pH,
Growth, end Enterotcoxigenesis

Molarity 24 hour Turbidity Enterotoxin
of PO, PH (Klett Units) (ug/ml)
0.1 T.22 490 130
0.2 7.20 182 65
0.3 6.95 L2s 32
0.k 6.95 396 16
0.5 7.0 128 0
1.0 7.0 0 o)

»Conseguently, the pH of the medium was held constent by the sddition of
sterile acid 61' base during growth of the cultures; the pH wes maintained at
the following velues: 5.0, 6.0, 7.0, 8.0, and 9.0. This wes eccomplished by
using a modified Coleman Titrimeter. Gless tubing of 4 mm internsl diesmeter
wes drawn to a small tip end imserted through a rubber stopper into the cul-

ture medjum. The glass tubing was connected to 1/8" rubber tubing which wes

pessed throupgh an actuating mechanism on the titrimeter end atteched to a
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sterile burette contrining either sterile 1.0 N NeOH or sterile N HCl. The
cultures were inoculated end incubagted as previously described; they were
checked at close intervals, particularly between 6 end 8 hr, at vhich time
it was necessery to convert from bese to scid additions. The titrimeter was
actuated by changes in pH registered by a Beckmen pH Meter from s combina-
tion electrode inserted into the flask.

The data obtained from these experiments sre shovn in Table 4. Meinten-

Teble 4. Growth end Toxigenesis at
Constant pH Meinteined by

Titration
PR Turbidity Enterotoxin
(+ 0.2) (Klett Units) (ng/m1)
5.0 NS 0
6.0 365 32
7.0 378 100
8.0 370 50
9.0 328 )

ence of pH st a constant level resulted in toxin ylelds which were much lower
thsn those obtezined when pH was uncontrolled. There wes no spparent trend in
correlstion between pH and toxin production.

The control flasks in which the pH was normelly unadjusted is depicted in
Fig 14. The initisl pH of unadjusted PHP medium is pormally 5.8. The culture
remains on the acid side for e period of approximately 3 hr, At the end of
this time, thers is =z rapid rise in pH, increasing to = value of ca 8.2 gt
the end of 9 hr; the pH remains virtually unchenged from this point until

24 hr when the cultures vere nommally terminated. The final turbidity st the

end of 24 hr wes approximately 530 XU, and the finel toxin value ca 260 ug/ml.

!
i
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All of the.. findings indicated that the pH had en effect on the quem-

tity of toxinp produced, but the formation of toxin is not completely elimin-
ated by slteration of rH. RFurther investigstions ere underway to clerify

these findings.




-2 .

IIXI. Effect of Ges Atmosphere emd Tempereture on
Growth end Toxigenesis

Methods

Description of Equipment. The cpparatus used for theze experiments was
designed and constructed especially for this purpose. Fipgure 15 shows the
schematic diagrem for the fewvmenter ; it peruitted the messurement of turbid-
ity, pH, dissolved oxysen, and tempersture vithout necessity for semple re-
moval. In addition, it permitted ¢ wide range of temperatures to be used,
end it permitted the testing of various gas atmospheres.

The operation of the fermenmter is ss follows. The medium was introduced
into a 1000 ml pyrex jer which comtadned e ground gless flange top. This
cover contained 4 openings which could eccommodsate #4 rudbver stoppers. 2
Model O Brosites Pump (Brosites Machine Co., 60 Churck St., N.Y., N.Y.) wes
connected to the culture jar by rubber tubing. The medium was circulsted by
pumping from the culture jar to & coiled glass tube immersed in 2 water bath.
Following heating, the medium flowed through e cuvette inserted imto a Klette
Summerson Colorimeter equipped witk = 540 my filter. The medium was then
returned to the jer and the cycle repepated. The oxygen and pH electrodes end
capillery outlets for sempling end PH adjustments were present at both the
inlet and outlet of the culture jer. The ges mixture vhich served ss the
etmosphere for this system was passed through a sterile Gelmen-type GA filter
with & pore size of 0.2 u, held in e sterile Svinny edsptor., The gas entered
the system through e glass frit diffuser situated at the bottom of the cul-
ture jar. Ges flov vas reguleted by a needle velve at the cylinder outle*

in addition to & water mencmeter in the line immedistely in fromt of the cul-

ture jmr. Spent gas was removed from the top of the culture jer and pessed
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through a moisture trap. The flov rete of the pes ez celibrsted by measur-
ing the water displuced from en inverted gradueted cylinder st the end of
the exhaust line; flow rates renged from 10 cc/min to 1200 ce/min.

Constant sgitation vwes meinteinel by setting the flow of the medium
through che Brosites pump at such a rate thet an equivelent of the entire
volume (500 ml) of medium circulsted through the system in 5 min. In eddi-
tion to the recirculetion, egitstion was 1nsured by use of a magnetic stirrer
set et a fixed speed which resulted in s vortex within the culture and immed-
iately adjacent to the gas diffusing frit.

The entire apparetus wes sterilized by eutoclevimg at 15 1bs steam
Przssure for 15 min et 120 C. The Gelman filter,through vhich the gas
pessed, wes sterilized in the lipne at the same time. Vhen either the oxy-
gen of pH electrodes were used, they were sterilized seperetely in chlorine,
rinsed in sterile distilled wster, znd inserted into the sterilized culture
Jar.

The Oxygen Electrode. The dissolved O, content of the cultures wes

measured by means of a Golvenic Cell Oxygen Analyzer developed by Mancy and
Vestgarch (8). Vhen used with the fermenter, the electrode wes attached to
& Bausch and Lcmb Model VOM 6 microamp meter equipped with a recorder. ¢
new electrode was prepered for each experiment and calibreted in 0, ssturated
medium before use., The recorded vslue vas expressed as per cent satw ation
with O; epnd was reed from the calibration curve established for that elec-
trode. The zero per cent ssturation is thet reeding esteblish=d in a satur-
ated solution of sodium sulfite.

QOther Methods. Protein wes determined by the procedure of Lovry, et el.

(6). Relative lipsse was m2asured by the method of Notelson {11). In this
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method, ¢ reegent blank comtaining vater instezd of culture filtrate served

28 a control; both 30 =nd 60 mir resdings were recorded.
FESULTS

The effect of air rs & gas atmosphere was tested by varying the flow ‘
rate ss it passed through the cultures in the fermenter. Fl.w rates from
¢ cc/min/G00 ml culture liquid to 1200 cc/min/500 ml culture medium were
tested. The liquid volume of the fermenter was purposely increased to 900 ml
to reduce the volume of the hezd space in the fermenter. However, 500 ml was !
the standerd liquid volume used in the fermenter vhen other flow rates were
tested. The flow rates could be mzinteined throughout the entire experiment
with fluctuatiors in rste not exceeding 10%. Measurement of the per cent
seturation of the cultures with dissolved oxygen wes made on both reference
end fermenter semples.
Vhen the flow rate of eir was 1200 cc/min/500 ml of culture, there was
a reduction in growth snd enterotoxin formstion. The data for this rate of
flow zre given in Fig 16. The yicld of enterotoxin varied between 16 end
32 pg/ml at the 24 hr sampling time. The turbidity of the cultures renged
from 370 to 570 KU; the letter semple yielded only 20 ug/ml of enterotoxin.
At cero flow retes of zir, 3 liquid volumes, 500 ml, 700 ml, and 500 ml
vere tested. The resulting head spaces above the medis vere 300 ml, 500 ml,
and 700 ml respectively. The only oxygen availzble to these cultures was
that concentration slreedy present in the head space. The cultures were agi-
teted by recirculetion end magnetic stirring as previously described. The

results of these firdings =re shown in Fig 17 end Fip 18. The enterotoxin

and growth yields were directly related to the concentrstion of oxygen ori-
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ginelly present in the air space. The data showed thet both growth and
enterctoxin are higher vhen grester mmounts of air are availsble. The in-
teresting finding is that little or no toxin is produced when the head space,
end the available amount of oxygen, is greatly reduced.

Further investigations revesled that a flow rate of 20 cc/min/500 ml
culture medium wes optimum for growth and toxin production in the fermenter.
The dets obtained from such ep experiment are plotted in Fig 19. The maxi-
mun growth wes obtained in 16 hr with a turbidity of 580 KU ~nd a meximm
emount of epterotoxin of 320 ug/ml. No other flow rate of eir tested in
these experiments resulted in greater growth or toxin production. These
figures corresponded to those obtained on shake cultures using the stendard
Nephloflasks. This figure eglso shows the results obtained when pure oxygen
is diffused through the fermenter et e rate of 20 cc/min/500 ml culture medium.
Although the oxygen resulted in greater rcte of pgrowth snd & higher total
yield, the smount of enterotoxin presenmt at the end of 24 hr wes approximate-
ly the same (320 pg/ml) =s found in cultures receiving air ot the seme flow
rate.

The effect of higher flow rates of oxygen was measured by increasing
the rzte of flow of pure oxygen to 200 cc/min/500 ml culture. Maximum growth
wvas then reached at the end of 8 hr, and the dry weight =t this time was
2680 pg/ml vhile the turbidity corresponded to 540 KU. The 24 hr sample
showed that the maximm toxin produced was 130 pg/ml, cpproximately 3/8 as
much as with the lower flow rete.

Choosing the highest flow rate of 200 cc/min/500 ml of medium, this rate

wes used to measure the effect of varlous mixtures ¢f O, snd CG, end air end

CO,. Dack (1) reported thet the presence of 10 to 20% CO, resulted in greater
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enterotoxin production although there was considersble variation in the same
strein under similar conditicma. These observations supported the hypothe-
gis that CQ; may enhsnce enterotoxin production since it might be expected
that high flow rates of either air or (; resulted in a rapid removal of the
CQ; vhich was formed by cell metebolism; consequently, a decrease in the
enterotoxin yield would be observed. Similarly, lower flov retes resulted
in less CO; loss and higher smounts of enterotoxin would be produced.

Becauge of these findings, various comcemtrations, 5, 10, end 20% CO, in
oxygen were tested; a 5% CO, concentration in eir was slso examined. The
results obtained were varisble and did not correspond to increasing or de-
creasing concentrations of CO, insofar as emterotoxin or cell yield ves con-
cerned. When the level of CO; wes 20%, the growth of cells was the highest
observed, but the smount of enterctoxinm produced was half as much as normal.
It can be concluded from these findings thet CO, does not cense s marked
stimulation of toxin production.

Measurement of dissolved oxygen by means of Galvanic Cell Oxygen Amalyzer
showed that even st high flow rates of air or oxygen, there was no detectadle
dissolved oxygen at the early stationary phase even if pure oxygen were used
Dissolved O, measurements for the sheke cultures showed e longer time period
during vhich the culture contained no free dissolved Q.

DISCUSSICN

Although both growth and enterotoxin production were dependent om the
concentration of O, present in the culture medium, the rapge of flow retes
and the concentration of O, used in these experiments showed that the levels

vere not absolutely critical. At lov O, concentrations, S. aureus grew poorly
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and little or no toxim could be demonstrated. At higher concentretions of
0., both growth end tcxin formation were stimuleted. However, at the highest
oxygen conceutrations, growth but not toxin formstion was increessed.

(. was utilized so repidly that there was no dissolved O, measureable
in cultures during either logerithmic or eerly stationary phace when it was
supplied at o rate of 200 cc/min/500 ml culture. The period of gro.th dur-
ing which this repid uptake of O, occurs wss quite brief. During this short
period, the reste of metsbolism of the cells is meximum, =and the populction of
organisms present is nesr maximum. Most of the putrients should be utilized
during the lstter pert of this logarithmic growth phase. Vhen the cells
enter the stetionzry phase, they do so beczuse some esveileble mutrient hes
become limiting. It is expected thet O, uptske of cells in the stationzry
phrse vould be diminished; the oppeerence of dissolved O, et this point con
be rersomnebly expleined on this »-=sis.

The pertinent findings from these experiments are as follows, At high
flow rates of O, or =zir, the pgrowvth rete of the cultures is increesed to
maximum level, Under these conditions, cells cre cgpcble of using dissolved
0; as well as O, present st a gas-to-cell interphase. The rate of utilize-
tion of O, under these conditions cennot be estimated from dissolved O. dzta
since its concertretion in solution should be iero vhen the cells are zctive-
ly metebolizing (This =lso meens thet O, would be evailable for the complete
combustion of intermedietes which would eccumulzste as end products under con-
ditions of limiting O,.) It is conceivable that such end products could
serve gs intermedistes for the synthesis of such extracelluler proteins zs
enterotoxin. The present findings support this hypothesis; little or no

enterotoxin is produced =t high flow rates of zair or 0. At low flow rztes,
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vhere less G, is cvzilable, the efficlency of utilizstion of substrastes is
decreased; the growth rate is lowvered; but, enterotoxin production is much
higher. Greater O, concentrstions permit a more efficient combustion of
substretes end, becmuse of this efficiency, fever end products sre evailsble

to scrve ss intermedistes for the synthesis of eaterotoxin.
TEMPERATURE AND OTHER STUDIES

The temperature of incubation for all the present experiments was 37 C,
“he cptimm tempercture of growth for S. tureus. Beceuse of the etiology of
neturzl stephylococcal food poisoning outbresks, however, growth of this or-
g:nism ct less than the optimum temperature must result in the elabor-tion
of enterotoxin. Quantit. surements for enmterotoxin have not been
rerorted =t temperatures other 1 an the optimum 37 C; therefore, the tempers-
ture range for enterotoxigenmesi: wes examined.

Qualitative anelyses for enterotoxin previously reported by Segalove and
Dack (14) indirated thet enterotoxin might be produced between 20 and 23 C
if the cultures wvere incubated from 3 to 7 deys. Ko detectable enterotoxin
was produced on leborstory medium after 3 days incubatiom at 15 C. Results
reported by these investigators were based on enimel assays.

The effect of vzriocus temperstures was consequently reinvestigated .nd
enterotoxigenesis evaluated using quentitative serological methods. The
temperstures chosen ror these experiments were 43 ¢, 45 C, 46 C, 23 C, end
15 C. The results of grovth end toxin produced =t these temperatures xre
shown in T:ble 5. Beccuse of the slowver growth rrte ot lower temperatures
it v-s necess-ry to pemit all cultures to grow until they reached the maxi-

mum stationsry phese in order to have a basis for comparison. & tergperztures
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Trdle 5. Growth end Toxigenesis During
Verious Times cnd Temperztures
of Incubaticn

Incubation Maximum Growth Enterotoxin R:tio
Temp. °C Time  Dry Veight Plate (pg/mv) Toxin/Dry
(ue/m1) Count/ml Weight
15 168 hnr 1575 1.1;:1013 2 .001
23 72 br 1510 1.zuaolo 16 .01
37 24 hr 3500 2.0x10% 20 1
L3 24 br 263 1.exmi~8 50 .02
LS 3 hr 473 1.1x10 ) .
b6 18 nr 0 - 0 -

[PU———

above 43 C, grovth end enterotoxigenesis were sharply reduced. Some measure-

able growth was produced at 45 C, but no toxin wes detectable; cultures failed

: 10 grow or produce toxin at 46 C. At the lower temper:sture renge, both grovth
l and toxigenesis vere egair diminished. Toxipn wes greatly reduced ot 23 C,
- f and only barely detectable at 15 C. Although the concentration of toxin iu
the latter experiment wes only 2 pg/ml, nonetheless, this showed thet entero-
toxin can be formed at low temperstures
The data obtained from cultures grown under certsin specified copditions
; are depicted and described in Tzble 6; dry weight, toxin, relstive lipese
activity, and extrecellulsr protein were measured end ccmpered. Lipase acti-
vity varied directly wvith toxin productien. 1Imn sddition, the quentity of
toxin produced was directly relcted to the smount of extracellular protein

present in the medium; the most interesting finding here is the fect that

the smount of toxin present accounts in most cases for spproximately 3C% of
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the totel extracellular protein produced. It sppeers from these data that
the el-boration of extrecelluler protein {such as lipase) other than toxin
is under ¢ similer type of control mechanism. Culture conditions vhich sffect

total extracelluler protein spperently azffect lipese end enterotoxin forma-

tion as well.

Table 6. Reletionship of Dry Weight end Enterotoxin
to Lipase fctivity and Extrazcellular Protein

Conditions of Dry Veight Toxin Relative Lipase Extra-Cellu- 3
Experiment (ug/md) (--g/ml) Activity# lar Proteip

(ug/m1)
Sheke Culture 3205 260 6l L6o
Lov Flow Rete Air 2750 190 6L 268

Lov Flow R:te .
Oxysen 3850 320 128 683
Constant pH 7.0 1360 65 15 155

Constant pH 7.0

wity 1% Glucose 2520 4 64 230
Lnaerobic 46k o] o} X
Temperature 15.2° 1575 2 L 52

less then 2C

NG

Tempersture 45. 2w c

#The velue stated for the relstive lipase activity is the dencminntor of
smz1lest fr-octional portinn of the diluted filtreste which gave & color
change in one aour's incubetion.

#Extra-celluler protein is reported in equivalent .g/m) of bovine serum
aibumin. ‘hen messured by this method, the B enterotoxin of 95% purity
geve ¢ value of 240 equivezlent vg/ml  The ectual concentrztion of the
enterotoxin wes 200 up/ml.
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loving criterie vere chosen: growth for 24 hr st 37 C with continuous shoking, =ini-
baum ncceptrble yield of 200 Klett Units. Growth wes defined on the besis of these
stringent, arbitrary criterie; positive growth wos reported only if they vere met.
The defined medium cGeveloped wes composed of inorgenic selts, 11 rmino ccids (gly-
cine, veline, leucine, threonine, phenyleslanine, tyrosine, cysteine, methionine,
proline, erginine, and histidines, end 3 vitamins, thiemine, nicotinic acid, end
oiotin. Biotin wes e growth factor requirement in S-6 when glutamic ecid but not
glucose wes used as a carbon source. The quantity of enterotoxin B was ce T tinmes
less in the definec then in complex medium, even though growth ylelds were similnr.
Any modificetion of the initial PH of the medium resulted in some loss of entero-
toxin production, regerdless of whether it was initielly sltered without further
ca.nge, buffered with phosphete st constant level, or adjusted throughout the growth
cycle by eddition of acid or brse. Both growth yleld snd toxigenesis were ciminished
ot the two exiremes of temperature, 15 and 43 C, tested; it is of practical iopor-
tonce tnat enterotoxin ccn be produced et these temperatures.

Varying concentrations of COp in pure O, were not beneficial for toxigenesis.
With incressed sprrging of air or pure O into growing cultures, growth but not tox-
igenesis was stimilsted; however. st high sporge rates, both were drasticelly re-
duced. An optimum air or O, sparge-rate exists for growth or toxigenesis.
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