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XINVTIGAfIONS ON S3Ti'-LOOUUAL HYALRQNIDAUB

III - Th Uffect of several ".iilipu f:.ctors" on Byaluionddase 7ormation
of Staph. nurpus in vitro

(7ollowing is the translation of an article by Joachim Schmidt.
Institute of Medical Microbioloay & Bridemology of Karl-4arx-
Univ.. Leipis. published in the German-language periodical,
lent. 3akt. 194 (1964) pages 59-72. TranslatioA performed
by Constance L. last.)

After determining experimental conditions at which optimal Staphyloccal
hyaluronidase formation occurred (II japer in series), several other factors
that influenced the enzyme synthesis were studied. This concernes the effecto
of growth factors, antibiotics and bacteriorhages in order to eventually
show Increased byaluronidase in the presence of hyalaronie acid, also inter-
relationshipe of ensyme formation in mixed cultures.

1.

The imptrtance of several Prowth factors like thiamin (vitamin 31).
nicotinamide, biotin, riboflavin (BZ). .yridoxin (36) and others, for the
growth of Staph. aureus has been the subject of several publications (Re-
view by ]isk 1959). However, obviously trials are lacking about the in-
fluence of those compounds that nxert an effect on hyaluronidase formationu.
We used the synthetic medium of Gladstone (1937), which contains the amino
acids cystine, leucino, valine, Iroline, glycine, asparagine. phenylalanine
and arginine. These were present in a concentration of 30 mg % and were
dissolved in a buffered salt solution containing 1% glucose. (Also see
article II). The growth factors, biotin, thiamin, and nicotinanide were
added, to give the following combinations. Redium fl-Basal medium; #2-
basal plus biotin; #3-basal plus nicotinic acid; #4-basal plus thiamine;
r5-basal plus nicotinic acid and thitmin; 16-basal plus biotin and thispin;
#7-basal plus biotin and nicotinic acid; #B-basal plus biotin, nicotinic
acid and thiain; #9-difco bouillon. The concentration of the vitamins was
1 microgram per al. It is known from Knight (1937) that quantities of 0.2
ug per al. of thiamin allow good arowth. Siotin at 0.001 ug/al is adequate
(Porter and Pelcser 1940). High concentrations of nicotin-amide are inhibiting,
toser and Kasai (1947) found no effect at 1000 ug/al, at 3000-5000 ug/al
growth was shown, while at 10,OUU ug/ml sometimes a severe inhibition was
observed.

Staph. strain M(18 from a blood agar plate was grown for 20 hours at
370C in difoo bouillon, centrifuge4, and the sediment was washed three times
with physiological saline. After m:aking a definite dLlution (turbidity of
2000) the Individual media were inoculated and Incubated at 370 After 24
and 46 hour*s samples were taken for hyaluronidase and turbidity determinations.
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The results are presented in table 1. With medium #1 only a minimal
formation of hyaluronidase wan noted. Growth was also somewhat diminished
compared to the control (bouillon). Addition of one of the vitamins, above
all nicotinamide (03), resulted in greatnr growth and greater enzyme forma-
tion. The effect on growth, of biotin and thiamin, was less pronounced.
Nicotinic acid plus thiamin (#5) were best in combination. If all three
growth factors were added (*8) growth and enzyme-formation were Increased
further, but the values were still less thitn those obtained with difco-
bouillon. (A decrease ofdscosity of 62.8% after 24 hours to 73.7% after
48 hours were determined) The differences in enzyme synthesis between
medium 3,5,8 compared to #1 were larger than the range of the individual
determination*.

If the values obtained for enzyme activity are compared to turbidity of
#1, the differences are loss than if one merely looks at the absolute by-
aluronidase values. Apparently the enzyme values were somewhat greater with
medium 5 (nicotinic acid plus thiamin) and 8 (all three vitamins) than those
obtained with medium number 1 (no vita-mins). The increased enzyme formation

'under the effect of vitamins is yrobably not a direct stimulatory effect,
but is probably rather a result of increased growth. However, hbyaluronidase
increased more sharply during log-phase growth than the increased growth
would lead one to expect. Therefore, these larger differenoes could be
explained in this way.

2The influence of antibiotic substances on the ability to make hyalaronidaee
in Staph. has not beenisported. It has been rerorted that antibiotics usually
inhibited the formations of other bacterial enzymes or even toxins.

Massart (1947) and Irampitz and Werner (194'/) found an inhibition of
ribonuclease in Staph. aureus. Dufrenoy and Pratt (1948) found a definite
inhibition of alkaline phosrhatase with low doses of penicillin, but not
with high concentrations (100 IE/ml). Gillisen and Ruda (1958) could not
confirm these findings. Neither in greater, nor in lower than bacteriostatic
concentrations was alkaline phos:htatnse diminished In the presence of peal-
cillinz or neomycin. Also penicillin had no effect on acid phosphatase, al-
though neomycin in greater than bnnteriostatic conceiitration did exhibit
some inhibitory effect. Schuler (1944) did not observe any effect on the
enzymes which regulate carbohydrate metabolism. boniece (1956) investigated
the effect of antibiotics on coakv'lase formation in resistant strains of
Staph. aureus. They measured the time required to coagulate plasma in the
presence of erythropyci#,tetracyclin, chloramphenicol, streptomycin and
penicillin. Erythromycin was inhibitory, while tetracyclin and chloramphenicol
did not. Streptomycin was slightly inhibitory tt high, concentration, and
penicillin was not at all. Hinton and Orr (1960) reported that chloramphenicol,
tetracyclin and oleandomycin in low concentrations inhibit alpha-hemolysis
formation proportional to inhibition of growth. Streptoaycin and bacitracin
had a greater effect on inhibiting nllhu-hemolysis formation than on growth.
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Rosendal and Faber (1955) and Faber and RoEendal (1954) have done studies
about kyaluronidas. in Staph. They found that in a strain of serological
group A (Type 24) the effect of rypnicillin was to inhibit hyaluronidaso formation
in the cell as well an its release from the bacterikl200lo3. They showed that
a greater production of hyaluronic acid had occurred. The inhibitory effect
of penicillin on byaluronidase formation mav be because It acts on SI-groups.
Dufrenoy and Pratt (1947), Pratt and Dufrenoy (1948) reported that penicillin
may cause a transition of SH-groups to S-S groujls. Also it is known that
compounds that react with sulfhydroxyl groups inhibit onsjrmes (Glick and
Kanfaann 1950). Faber and kosendtl also report(d that in a strain of group
A ("ype 4) penicillin cansed increased hyaluronidase production. This is
not explainable by the above-mentioned mechanism.

In the present investigation we wanted to test whether l•aluronidase
synthesis is altered in Staph. aureus strains in the presence of sub-bacterio-
static doses of different antibiotics. We used Staph. aureus strains X31,
X55, 1(15, r48, Fr55, and 682, which showed a differential resistance to
different antibiotics (penicillin. streytomycin, chloronitrin, terramrcin).
The strains were incubated in difco-bouillon in the presence of corresponding
antibiotics, as well as control.•. Samrlps were taken after 2. 4, 6, 8, 11.
and 24 hours for turbidity and hyaluronid'ase measurements. The following
type of expermlents were used:

Staph. strain 331 plus 0.01 IE penicillin per al; control no penicillin
• 1(X55 plus 0.01 13 penicillin Ter .1; control no penicillin

0.006 IN penicillin per ml
U15 plu•u 0.06 13 penicillin per al; control no penicillin

0.50 I1 penicillin Ter al.
S • lrJ8 plus 10 ug streytomycin / al; control no antibiotic

15 ug chloronitrin / ml.
5 ut terramycin /ml.

3 FrN5 plus 10 ug streptomycin/ml; control no antibiotic
15 ue chlorontrin/mi.

* • 682 plus 10 up, strertonycin/ml; control no antibiotic
5 u- terramyc in/ml.

The curves obtained for hyaluroni4ase for strain 131 are the same for
all conditions. Growth was slow-r in the presence of penicillin. Strain
X55 showed no difference in enzyme Troduction in the presence of 0.01l
penicillin/mi when compared to control (Fig. 2). This was similar to what
was observed with strain 331. With addition of 0.06 13 prnicillin/ml. both
growth and hyaluronidase formation were avrkedly diminished. Strain M15 in
the presence of 0.5 12 penicillin/ml showed slower growth, Enzyke formation
was also slower, but reached control levels after 11 hours. Similar results
were obtained with strains Fr48 and Fr55 (Ofi. 3) in reference to addition
of chloromitrin. Here also growth and hyatluronidase esythesis were slower.
All other experiments (strain Y'r .," !lus atreltomsycin, strain 1r48 plus
streptomycin, terramycin, strair -:?. Ilus streptomein and terramycin) showed
no difference when compared to tV-ir ,nrresjonding controls without antibotics.
In the presence of antibiotics,-n: •;wred to controls, a decrease of hyaluronidase
synthesis-later formation-occurr.d. This is probably not a direct effect of



the anti'iotics on enzyme formation, but r.robably an indirect effect as a
result of diminished growth. This' conclusion is readily apparent when the
hyaluronidase curves are compared to the 6rowth curve.

3.

In further studies we studied hyaluronidase formation of Staph. aureus
as a result of infection by specific bacteriorphages. We could find no re-
ference in the literature about this topic.

We used Staph strain (49 and 26 in Difco-bouillon. Phage was added
a) at the time bacteria were inoculated, b) 1.5 hours later after incubating
at 370 C. A third set received no rhiaes, only bacteria. Each flask con-
tained 20 ml medium (bouillon) and the culture material was added until
turbidity was visible. 0.5 ml of 1hage in the RTD (routine test dilution)
was added. Incubation was at 37 0 C; samles were taken for turbidity and
hyaluronidase measurements were made at Z, 3, 4, 5, 6j, 8, and 11 hours.

In figures 4 and 5 the results are summarized. With strain 949 (Fig 4)
the flask with no phage added exhibited Triximum enzyme formation (viscosity

decrease about 65%) at the end of the lorrithmic growth phase. If phage 80,
was added growth wqs slowed markedly; after 4 hours the lytic events over-
came the cells which resulted in almost completely 'dissolved" the bacteria.
Hyaluronidase synthesis was low (viscosity decrn'ise 25%). It paralleled
the slow growth for 4 hours and after 8 hours decreased again. No increase
in free hyaluronidase occurred during the lysis period. If phage was added
after 1.5 hours of incubation, then growth was initially heavier, but after
5 hours the bacteria also became lysd. Hyaluronidase reached higher values
(viscosity decrease 55;) but enzyme activity only increased slightly more
after 6.5 hours. After 8 hours a decrease was already apparent.

With strain 26 the same experiment yroceeded differently. Little dif-
ference was seen in growth up to 5 hours in all three flasks. This probably
corresponds to the duration of the log-r•hase of growth (Fig. 5). Lysis
occurred rapidly thereafter. The curves for hyaluronidase, on the other
hand, showed an identical pattern in all flasks. This may be explained in

.,.the following way: most enzyme synthesis occurrs in the log-phase of growth,
and with strain 26 lysis occurred only in the last third of this growth phase.

Yrom these studies we can conclude that in early lysis and the consequent
cessetation of growth the enzyme formation is also less. if lysis occurred
later then enzyme synthesis can reach control levels. Therefore lysis has
no effect on the pattern of the enzyme curve. iurther, the data showed that
maximum hyaluronidase formation takes place in the log-phase of growth.
Apparently the enzyme does not accuualate intracellularly, because in that
case the enzyme activity should rise markedly after lysis of the cells.
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Nyaluronidase formation in the presence of hyaluronic acid

Several bacteria showa contidpr.-ble inereas- in hyaluronidase production
in the presence of hyaluronic arjid. Thia stimulatory effect could be demon-
strated with Streptococcus (Mecrlen 1941, Ro-ers 1943, Sellers 194).
.Pnenmococcus (Mc~lean 1941), Olostritium Irrfringens (McClean and Hale 1941,
Byers 1944, Rogers 1943, Hellmessen 1954) Escherichia freundil (Brunish and
Mozersky 1958), but could not be found with Starhylococcus (Rogers 1945.
Schwabacher 1945). The phenomenon is thought to be an adaptation to the
kyaluronli acid-containing medium (Rogers 1945) and be a sign that adaptive
enzyme formation was occurring.

In the present investigations we tested 5 strains of Staph. aureus,
(352, X18, 449, 9?lb. 1600), to see whether the presence of byaluronic acid
increased enzyme synthesis. The strains were Prown in growth medium which
contained 0.2% hyaluronic acid (Scherin. Co.. Berlin), for 24 hours. Controls
contained no hyaluronic acid. With str•ain's 352 and 418 we also looked
at 6, 12 as well as 24 hours.

Growth was the same in the rreonceor absence, of hyaluronic acid, and
enzyme activity was not altered in any flasks. We concluded, (confirming
Rogers and Schwabacherls work) that the addition of byaluronic acid to the
growth medium does not stimulate hyaluronidase formation in Staph. aureus.

Behavior of Hyaluronidase in Kixpd Cultures

If two (or more) species of bacteria are Crown in a growth medium, a
detrimental influence my occur. This 1-henonenon, which may be observed
In vitro as well as in vivo, is known as bacteriijl antagonism Mnd has been
studied extensively. This involves a complex ýrocess which eoperates
antagonisticall.y-acting subsU.nces like antibiotics, certain enzymes, lipids,
pigents in adaptive processes, or into a different rate of growth. According
to Gillissen the influence of anta,-onism may also be effected through secondary
factors like limiting food subtly, iicr•.;d metabolites, extreme pH changes
and lack of oxygen. In Staiph. the antaE.onism was studied in reference to
Diphtheria-and Colibacteria and Streptococci (see Xlek 1959). The opposing
influences on growth have been studied most.

We found no references in the literature about the behavior of hyaluronidase
formation of Staph. in mixed cultures. Thus five strains of Stal h. were
used (X418. 917b, 152, M49, 1600). Mixed cultures of these strains were
prepared with; Pne.znicoccus, Interococcus, hemolytic Streptococcus, Neisseria
catarrhalis, Diphtheria (Type Gravis), Coli, Froteus, Pyocyaneus, and Staph.
epilermidis. The same concentration of bacteri:a suspension was inoculated,
with a pipette, into medium. After 6, 12, and 24 hours incubation samples
were taken for enzyme and turbidity measurements. The quantity of Staph.
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in the growth culture vae determined by streakin,ý 0.1 ml of the culture on
a blood agar plate. Controls of the partticular strain of Staph. were al-
ways "run" for comparison; t*++ (4+) was growth on the control plates. In
the mixed cultures the corresponding value-s were h 04+ ,+ (3+, 2+, + ) cor-
respondingly.

The results with the strains tested were generally uniform. For example,
the results obtained with Starh. strrins 1600 and 152 are presented in figures
6 and 7.

In mixed cultures with Staph. e-ridermis, Pneunococcus. hemolytic Strepto-
coccus and Diphtheria the same level of enzyme was found as in the control
cultures of the corresponding strains of Stalh. Growth also was likewise the
same. Proteus, coli, and pyocyr:neus gave different results in the mixed
culture experiments. These germs had alre-ady largely overcome the Staphylococci
after 6 hours of growth. After 24 hours the Staph. were only present in
very small numbers (colony count). Sut, hyaluronidase formation was not
suppressed much (X49, 1600 not at all; 971b, E52, 1(18 very slightly lowered)
during this suppressed growth. Ev,•n thou.ih rrowth was greatly curtailed
hyaluronidase was still synthesized. A '.yrently Staph. grew to the log-
phase period, but its growth was aUs•equently inhibited as a result of the
antagonistic effect. In mixed cultures with Neisseria catarrhalis two
strains, 152 and 1418, showed thr s.we levfl of enzyme as controls despite
inhibited growth. With strain 141,-, no kallironiidase activity was measureable.
The other two strains, 971b and 16v), sho'wed prowth inhibition in the presence
of Neisseria catarrhalis, but still formed a small amount of enzyme. The
hyaluronidase curves in the mixipd 'ultures with Enterococci also behaved
somewhat differently. Strain 141;- eii.l:,ac-d the Enterococci completely, so
that the enzyme activily was e.-.tly thc. 3ame as in controls. With strain
752 and 1600 the Interococci grew very slightly. Particularly with 1600 the
enzyme activity was deminished, hewever.

In mixed cultures of Staph. ,tmreuu with other strains of bacteria the
hyaluronidase activity is rather more variable. This is dependent on the
growth intensity of Staph. aureut in the particular cultures.

It could be possible that Eubstances that act antagonistically, like
end-Iroducts of metabolism. r:-ay inhibit the forr.ed hyaluronidase. Therefore,
the following exleriment wan dort-; coli, iroteuz, und lyocyaneus were in-
cubated sepeartely in medium for 24 hours. This was then steril-filtered
throuih glass filters (Jena G5). The filtrate containing the correslonding
metabolic products was added to the ý.olL;.tion (medium) with the hyaluronidase
of strains X18 and 352 and held at 4-5 0 C for 20 hours. No inhibition of
hyaluronidase activity was noted (compared again to controls).

The low activity of hyaluronid:.ic of Stalh. aureus in mixed cultures
with coli, proteus and pyocyanet-, is therefore not a met#&bolite-inhibition,

but is dejendent on the antaborn-.tic 'ffect of these strains of bacteria.

They. of course, suppress growth of the Stiý,"hyle.cocci.
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In the experiments describ,,i we studied thn effects of several "milieus
factors on hyaluronidase formation. Bneteriudl 1rovth factors (Nicotonic
acid, biotin, thiamin) lead to ine rvusec! enzyme formation indirectly as &
result of increased grovth. Antibirtics and -htages enzyme synthesis was
shown also by an indirect effoct. The rripruLry effect of antibiotics or
phages was to decrease growth, antibiotics inhibited growth, phayes lysed
the cells. In contrast to otiper t:'icteria Staph. aureas did not exhibit
increased hyaluronidase activity In the ]:resent, of hyaluronic acid.

The results support the conc--t tha•t sti'+.ilococci-hyaluronidase is
a constitutive enzyme, which is *i.'•ys indpiendfnt of the substrates in the
growth medium. It is not an adh:itive enzyme, which is synthesized by the
microorganisms because of a need (Lirstroem 1930, 1938; Leiner 1958).
Karstroem called-all'enzymes which increase 5 times in activity because of
a stimulus adaptive enzyme. The hyaluronidase of Clostridium rerfringens,
pneumococci, streltococci and E. freundii may be classified in this area.
Adaptive stimulation did not incrf-,,se hyaluronidase formation in Staph.
aureus. Enzyme activity always correnIonded to growth ability.

Nyaluronidase formation in rixnd cultures was dependent on the microbial
antagonism. The enzyme activit., wax present if growth of the particular
strain of Staph. was not supprP!rFd completely, bat was allowed to reach
its log growth phase.

summary

The investigations on the influence of various Omilieu factors' on
the abillty of StAph. aureus to form hyaluronidase led to the conclusion
that bacterial growth substance,- result only indirectly through the promotion
of growth in an increased formation of enzyme, while this can be reduced
by antibiotics or bacteriohmages. likewise in an indirect way by influencing
growth. In the presence of byaluronic ,cid no stimulation of hyaluronidase
production occurred, and in mixed ciltures it yroved to be dependant on
the interrelations of the bacteriatl antagonism.

7.
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(Solid line, no rhage; Dashes, rh-a,,e 75; Do't-Dash. pbage 75
added. 1.5 hours later; H hyaluronidase, W growth.

10



Vhim-Abf. i%

.60 ...... .... -

6 12 2Sd

. i~n1 ph. neimrvi';I A~ 1'irimoknkken. +AA... t~~u4%44kA
?Stni.I. nurvmrii -1 N. eat~rriaihn.

ost' Na.III. atirliia -i C{INpiIkt.eihk.(Tpgv

St4A111. sIIIetUA .4 haemol. i8treptokohkkm.
---- Staph. &ureN 4- Proteusbaktzrien.
-.-- Staphi. sureu ts , PyocyancumbaktetiLem
---- StAph. ALUreU 4 lftapb. epidemridi..

Staph. auratUS.
Staph. sureus + Enterokokken.

Abb. 6L Vwbahtm dir Hyaluronidauobiklung des Staph. ear,. in )Umhkulbmm (amiby.
Iokokkensatnmm 1600).

7igure 6 -Pattern of byaluronidase formaition of Btapii. aureUS (strain
1600) in mixed cultures.
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(ZsicumwtkW~Un usieh Abb 4) ' 5 .1rw
Abb. T. VhJA sb lir yalurooaidmbildtang des Stap. &woo Is Mbdluuhuýiu (@bophw

iokokkessumm B aI).

Piguro ? - attern of byaluronidztae forz'mtion of Starb aareus (5)in
mixed. cultures.

"Sbols own* as for fig. 6
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