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Twelve strains of serotype III group B streptococci (8 isolated from cases of
neonatal disease, 3 isolated from asymptomatically colonized infants, and 1
laboratory reference strain) were examined for in vitro production of three
potential extracellular virulence products: type-specific antigen, neuraminidase,
and protease. In addition, virulence in a mouse model, expressed as 50% lethal
dose, was determined for the 12 strains to determine whether a relationship
existed between the production of any of the three extracellular products and
virulence. Only production of extracellular type-specific antigen showed a corre-
lation with virulence in the mouse model. The high producers of extracellular
type-specific antigen were an average of 166-fold more virulent for mice than low
producers of the same component. There was no correlation between virulence
and either neuraminidase or protease production, nor was there a correlation
between either of these two extracellular products and the levels of extracellular
type-specific antigen. When levels of group B streptococci of each type (a high
and low producer of extracellular type-specific antigen) in organs of infected mice
were examined, comparable levels of organisms were found in the brain, spleen,
and lungs of mice near death regardless of the initial inoculum. However, the
high producer of extracellular type-specific antigen caused death in mice with a
2 to 3 log lower inoculum than the low producer, suggesting that these strains
may be more invasive.

The group B streptococci (GBS) are now rec-
ognized as major bacterial pathogens for infants
(2), and although several potential virulence
products have been described in the literature,
there is little definitive information on the actual
factors involved in virulence. In 1934, Todd (39)
described an oxygen-stable, non-immunogenic
hemolysin produced by GBS. A deoxyribonucle-
ase was first reported by Ferrieri et al. (P. Fer-
rieri, E. D. Gray, and L. W. Wannamaker, Abstr.
VI Int. Symp. Streptococcus pyogenes, Liblice-
Prague, 1975, p. 9) in GBS, and later Ferrieri et
al. (14) demonstrated extracellular nuclease pro-
duction by all five major serotypes. In 1941,
McClean (25) demonstrated that GBS elabo-
rated a hyaluronidase. Kjems et al. (22) recently
determined that 75% of 252 strains of various
serotypes of GBS produced hyaluronidase, al-
though 57% of serotype III did not produce the
enzyme. Hayano et al. (16, 17) demonstrated the
production of a group B streptococcal neuramin-
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idase which was active on a sialomucoid prepa-
ration from bovine submaxillary glands. The
production of this enzyme was further charac-
terized by Milligan et al. (26), who showed a
correlation between high levels of extracellular
neuraminidase and serotype III GBS organisms
isolated from diseased infants. A more recent
study by Mattingly et al. (24) examining 73
clinical isolates of GBS from diseased infants in
23 states demonstrated that although the majot-
ity of type III GBS from infected neonates pro-
duced elevated levels of neuraminidase, enz e
production was not an absolute requirement or
infection in infants. It has recently been de n-
onstrated that large amounts of type-specific
antigen (TSA) from type III GBS are produced
extracellularly in in vitro cultures in a chemically
defined medium (11, 12) or in a chemically de-
fined broth supplemented with acid-hydrolyzed
casein (8). The amount ofTSA recoverable from
the supematant fluid was approximately 20-fold
greater than amounts recovered from neutral
buffer extraction of whole cells (11). Finally,
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Straus et al. (37) recently demonstrated that the
extracellular supernatant fluid from six serotype
III GBS strains possessed protease activity.

In addition to the reports characterizing extra-
cellular products of the GBS, there have been
several studies demonstrating a variation in the
50% lethal dose (LD50) of type III GBS for
certain animal models. Baltimore et al. (5) dem-
onstrated greater than a 100-fold variation in
the LD50 among six type III strains in a mouse
model. Ferrieri et al. (13), working with an infant
rat model, showed that three type III strains,
when given in a range of 102 to 104 colony-
forming units (CFU), produced a variation in
mortality ranging from 73 to 94%. Also, Tieffen-
berg et al. (38) showed a significant difference in
mortality for 12-day-old chicken embryos chal-
lenged with two different type III GBS strains.
Unfortunately, none of the above studies at-
tempted to correlate the observed variation in
virulence with any of the previously character-
ized potential virulence products.

Since correlations have been shown in other
bacteria between virulence and protease (15, 19,
32) and neuraminidase (31) production as well
as between severity of infection and circulating
capsular polysaccharide antigens (33), the pres-
ent study was undertaken to examine whether
elevated levels ofany ofthese extracellular prod-
ucts from type III GBS correlated with virulence
in a mouse model.

MATERLS AND METHODS
Bacterial strains. Serotype III GBS strains 110,

118, 120, 122, 124, 127, 130, 150, 180, 182, and D136C
were used in this study. The strains were kindly sup-
plied by Carol J. Baker, Baylor College of Medicine,
Houston, Tex., with the exception of D136C, which
was supplied by Hazel Wilkinson, Centers for Disease
Control, Atlanta, Ga. All were clinical isolates (8 from
cases of neonatal disease and 3 from asymptomatically
colonized infants) except strain D136C, which is a
standard Lancefield immunizing strain. The organisms
were stored in Todd-Hewitt broth (THB) at -70°C
until needed. Before use, the cultures were streaked
on 5% sheep blood agar plates and incubated at 37°C
for 18 to 24 h.

Mice. All virulence studies utilized ICR male mice,
6 weeks of age, which were obtained from Simonsen
Laboratories, Gilroy, Calif.
Media. THB (Difco Laboratories, Detroit, Mich.),

prepared according to the manufacturer's directions,
was used for growing and diluting the organisms in-
volved in all virulence studies.
A chemically defined medium, FMC, which was

previously described by Milligan et al. (27), was used
to grow the organisms for the determination of extra-
cellular TSA (11) as well as for extracellular levels of
protease (37). Briefly, this medium contains amino
acids, vitamins, purine and pyrimidine bases, minerals,
1% glucose, 0.065 M phosphate, and 0.019 M sodium
carbonate at an initial pH of 7.0. FMC, supplemented

with THB and human serum albumin, was used for
determination of neuraminidase activity (28).
Determination ofneuraminidase and protease

activity. The growth conditions and assay procedure
for neuraminidase activity were performed as previ-
ously described by Milligan et al. (28), and the growth
conditions and assay procedure for protease activity
were performed as previously described by Straus et
al. (37) except that the protease reaction was termi-
nated after 6 h of incubation.
Determination of extracellular TSA. The

growth conditions and assay procedure for determi-
nation of extracellular TSA levels have been previ-
ously described by Doran et al. (11). Of the two sialic
acid-containing type-specific polysaccharide peaks ob-
tained after Sepharose 4B column chromatography (a
high-molecular-weight [HMW] antigen and a low-mo-
lecular-weight [LMW] antigen), only the HMW anti-
gen was quantitated for each strain. Quantitation was
initially achieved for six strains by rocket immunoe-
lectrophoresis procedures similar to that described by
Weeke (41). TSA quantities for these six strains were
then compared with planimeter tracings of pool 1
elution profiles (HMW antigen) of their extracellular
antigens from a Sepharose 4B column (see Fig. 1) in
order to perform a least-squares linear regression (cor-
relation coefficient = 0.876; rt..t = 95 to 99% valid).
This linear regression was utilized to quantitate extra-
celluar TSA from appropriate planimeter tracings for
other GBS strains.
Mouse lethality tests. Bacteria from a single GBS

colony on a blood agar plate were inoculated into 10
ml of THB. This was incubated in a 37°C water bath
until an adjusted optical density reading of -490 at
675 nm (early stationary phase) was achieved on a
Coleman Junior model 620 spectrophotometer. Opti-
cal densities were multiplied by 1,000 and converted
to adjusted optical density units so that values would
be in accordance with Beer's Law and be proportional
to bacterial mass (40). One adjusted optical density
unit is equivalent to 0.43,ug of cellular dry weight per
ml (28). This THB culture contained approximately
3.5 x 108 CFU/ml (mean number of CFU [±standard
deviation] of 40 tests = 3.47 x 108 ± 1.19 x 108).
Cultures were removed and chilled on ice. Appropriate
10-fold dilutions were made in THB, and groups of
five mice were injected intraperitoneally with 1.0 ml
of each dilution. Dead mice were counted and removed
from their cages at 24-h intervals for 72 h.

Determination of levels of GBS in various or-
gans ofinfected mice. ICR mice were injected intra-
peritoneally with 1.0 ml of THB containing various
concentrations of either GBS 127 or 130. Pairs of mice
were sacrificed by cervical dislocation at various times,
and their brains, lungs, and spleens were aseptically
removed, weighed, and placed in 3.0 ml of sterile
saline. The tissues were homogenized with a Kinema-
tica GmbH Polytron tissue grinder (Brinkmann), and
final volumes were determined. The tissue suspensions
were diluted in sterile saline and plated on sheep blood
agar plates. The plates were incubated at 37°C for 18
to 24 h, and the CFU per milliliter were enumerated.
The CFU per gram of tissue were then determined.

Statistical analysis. LDso values were calculated
by the method of Reed and Muench (34). Comparison
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of significance of differences between LDso values was
by the Mann-Whitney test (9). Significance of differ-
ences between mortality values per single dilution was
determined by chi-square analysis (9). The paired and
unpaired Student's t tests (35) were used to compare
all assayed levels of extracellular products for signifi-
cant differences.

RESULTS
Quantitative comparison of extracellular

type m antigen produced by type m GBS
strains. The supernatant fluids from 10-liter
cultures ofvarious strains oftype III GBS, grown
in a chemically defined medium to early station-
ary phase, were chromatographed on a Sepha-
rose 4B column to separate the group B and
type III antigens. The eluate fractions were col-
lected and assayed for sialic acid content as well
as for type III specificity by the capillary precip-
itin reaction. The results are expressed as micro-
grams of sialic acid per milligram of cell dry
weight to allow comparisons of samples from
different experiments based on equivalent cell
mass.
The elution profile of two GBS strains (Fig. 1)

demonstrates two sialic acid-containing peaks, a
HMW antigen peak centered at fraction 40 and
aLMW antigen peak centered about fraction 75.
The HMW fraction, which gave a strong capil-
lary precipitin reaction with type III antiserum
and a negative reaction with group B antiserum,
has been demonstrated by Doran et al. to be
immunologically (11) and chemically (12) iden-
tical to the "native" type III antigen described
by Baker et al. (3). The LMW antigen, which
has been shown to give a line of complete iden-
tity with the HMW antigen in immunodiffusion
studies (11), has not been completely character-
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ized at this time.
Quantitation of the extracellular HMW anti-

gen produced by these strains allowed them to
be separated into two groups, "high" and "low"
producers. The elution profile in Fig. 1 of strain
122, with a peak height of 0.085 jig of sialic acid
per mg of cell dry weight, is representative of a
high producer, and the profile of 127, with a
peak height of 0.015 jig of sialic acid per mg of
cell dry weight, is typical of a low producer. All
high producers have extracellular HMW type
antigen peak levels above 0.035 ,ug/mg of cell
dry weight (with most above 0.04), whereas the
low producers' extracellular HMW type antigen
peak levels are less than 0.02 ,Lg/mg of cell dry
weight.
When the total amount ofHMW type antigen

from each of the 12 strains was quantitated by
rocket immunoelectrophoresis utilizing known
TSA standards, the groups were significantly
different (P = 0.005) as demonstrated in Table
1. Based on these data, strains 110, 120, 130, 122,
124, 150, 180, 181, and 182, with levels of extra-
cellular TSA ranging from 3.73 to 16.89 ,ig/ml of
cell dry weight, can be grouped as high pro-
ducers, and strains D136C, 118, and 127, with
levels of extracellular TSA of 1.07 ,ug/ml of cell
dry weight or less, are low producers.
Quantitative comparison of other extra-

cellular products of type m GBS strains.
The supematant fluids from 50-ml and 6-liter
cultures of the 12 strains were assayed for neur-
aminidase and protease activity, respectively
(Table 1), to determine whether enzymatic ac-
tivity correlated with the amount oftype antigen
produced. Neuraminidase production by type III
strains can be separated into high and nonpro-

(I) O 10 20 30 40 50 60 70 80 90 100
Fraction Number

FIG. 1. Sepharose 4B elution profile of extracellular sialic acid-containing type III antigens from 1-liter
cultures of two GBS strains. Fractions were assayed for sialic acid by the thiobarbituric acid assay (1) and
tested for type III specificity by the capillary precipitin test with rabbit antiserum against type III antigen.
( ), Strain 122; (-----) strain 127; VO, void volume.
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TABLE 1. Relationship between in vitro levels of
extracellular products and virulence in a mouse

model of various strains of type III GBS
Neur-
amiIii-

Extracel- dae Protease
lular (rmol of activity LD50

Strain of TSA (ug/ sac (units/ (CFU) in
type m GBS mg of acsdre- min per a mouse

cell dry pleraed mg of model'
,,,t)aper protein)

per mg of
cell dry
wt)

High TSA producers
110 3.73 248.8c 15.19d 6.3 x 104
120 8.28 307.1c 5.85d 7.9 x 10'
122 16.89 355.4c 55.19 1.3 x 104
124 6.13 328.3C ND' 1.1 x 105
130 7.49 327.0 15.46" 1.9 x 106
150 7.04 309.9c 2.92 5.7 x 104
180 7.14 <10C ND 1.1 x 105
181 5.54 <10c 0.21 2.2 x 105
182 5.78 <10c 0.38 8.5 x 104

Low TSA producers
D136C <0.02 <10C 1.61 2.5 x 107
118 0.43 <10c 4.01d 1.3 x 10i
127 1.07 <10C 0.84d 2.5 x 107

aUnpaired Student's t test: t = 3.64; P = 0.005.
'Mann-Whitney Test: P = 0.0091.
c Results from Milligan et al. (26).
Results from Straus et al. (37).

'ND, Not detected.

ducers as defined by Milligan et al. (26). Six of
the strains tested were high neuraminidase pro-
ducers, and six had no detectable enzyme activ-
ity. When the levels of neuraminidase activity
for high TSA producers were compared with
those of nonproducers, six of the high TSA
producers (GBS 110, 120, 122, 124, 130, and 150)
were indeed high neuraminidase producers, but
a significant difference could not be demon-
strated since three of the high TSA producers
(GBS 180, 181, and 182) were also non-neur-

aminidase producers (Table 1). The same holds
true for protease activity demonstrated by these
strains. Although Straus et al. (37) were able to
show that certain high neuraminidase producers
(GBS 110, 120, and 130) also had significantly
higher protease activity than several non-neur-
aminidase producers (GBS 118, 127, and 142),
there was not a significant difference in protease
activity between high and low TSA producers
when additional strains (GBS 122, 124, 150, 180,
181, 182, and D136C) were examined.
Mouse lethality tests. Virulence studies

with the 12 GBS strains were performed on mice
to determine wehther the organisms could be
separated into groups based on degrees of viru-
lence and also to determine whether these
groups correlate with levels of extracellular
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products.
The test conditions for determination of vir-

ulence and subsequent calculation of an LD5o
value were similar to those described by Balti-
more et al. (5). The LD5o values of the 12 strains
for the mouse model can be seen in Table 1.
When the strains were grouped on the basis of
levels of extracellular TSA, there was a 10- to
3,000-fold difference in LD5o between the high
producers (GBS 110, 120, 122, 124, 130, 150, 180,
181, and 182) and the low producers (GBS
D136C, 118, and 127). Only when the 12 strains
were grouped in this manner (based on TSA
levels) was there any significant difference in
virulence (LD5o) when assessed by the Mann-
Whitney Test (P = 0.0091). There were no sig-
nificant differences in virulence (LD50) when the
strains were classified by levels ofneuraminidase
production or protease activity.
Table 2 demonstrates the virulence data based

on percentage killed by the various strains at
two different concentrations of bacteria, either
3.5 x 104 or 3.5 x 105 CFU/ml. The strains were
again classified according to the levels of extra-
cellular TSA. When chi-square analysis was ap-
plied to these data, a highly significant difference
(P = <<0.001) was observed between the two
groups, with 68.8% of the mice killed by the high
producers versus only 1.8% killed by the low
producers.
Levels of GBS in various organs of in-

fected mice. Since it had been previously de-
termined that a high TSA producer required
fewer organisms for mouse lethality than a low
TSA producer, it was necessary to determine
whether high TSA producers were actually able
to cause death with fewer resultant organisms in
these organs than could be found in these same
organs of a mouse infected with a low TSA
producer. Therefore, the number of GBS in the
brain, lungs, and spleens of mice infected with
either a high or low extracellular TSA producer
was determined at various times. The brain and

TABLE 2. Comparison of virulence in mice for
strains of type III GBS

Type III GBS strainsa No. of mice dead/no.
injected5%)

High TSA producers ......... 148/215 (68.8)
Low TSA producers .......... 1/55 (1.8)

a High TSA producers: GBS strains 110, 120, 130,
122, 124, 150, 180, 181, and 182. Low TSA producers:
GBS strains D136C, 118, and 127.

b ICR mice were given either 3.5 x 104 or 3.5 x 105
organisms of the indicated strains, injected intraperi-
toneally in 1.0 ml of THB.

c Chi-square: 2 x 2 contingency table; t = 79.5; P =
<<0.001.
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lungs were selected because these have been
shown to be the major sites of involvement in
infected neonates. Table 3 demonstrates the
levels of GBS in organs from mice infected with
various inocula of a low TSA producer (GBS
127) and a high TSA producer (GBS 130) at 6,
12, and 24 h postinfection. Normally, 100% mor-
tality occurred between 12 and 24 h in mice
infected with 3.5 x 10' CFU of strain 127 or 3.5
x 10' CFU of strain 130 per ml. When levels of
both strains of GBS in the three organs of mice
given the above inocula were examined at 12 h
postinoculation, the CFU per gram of tissue
were approximately the same for the two strains.
Thus, it appeared that mice which would have
eventually succumbed had high but comparable
levels of organisms in the brain, spleen, and
lungs after 12 h post-inoculation regardless of
the initial inoculum or the amount of extracel-
lular TSA produced by the infecting GBS strain,
indicating that once infection is established, high
and low producers appear to be equally virulent.

DISCUSSION
Although numerous potential extracellular

virulence products of the GBS and differences
in virulence in animal models among strains of
the same type GBS have been described in the
literature, there has been no attempt to correlate
any extracellular GBS product with virulence.
Since the only virulence product described to
date is the cell-associated TSA (23), this was a
logical product to investigate. There have been
several studies with the pneumococcus (6, 7, 10,
21) attempting to correlate the release of specific
soluble substance (capsular polysaccharide) in
vivo with virulence. In addition, clinical studies
have indicated that the in vivo release of cap-
sular polysaccharide antigens from other orga-

nisms may also play a role in virulence. For
example, O'Reilly et al. (30) suggested that the
levels and mechanism of clearance of polyribo-
phosphate may influence the development and
intensity of the humoral immune response in
infants and children with Haemophilus influ-
enzae meningitis. Pollack (33) demonstrated
that the presence of circulating klebsiella cap-
sular antigen in the sera of patients infected with
Klebsiella pneumoniae appeared to correlate
with the severity and duration of infection. He
postulated that the circulating antigen could
neutralize antibodies before opsonization oc-
curred.

Previous investigations have also demon-
strated antigens of the GBS in body fluids, lend-
ing support to the concept of antigenemia influ-
encing the level of circulating protective anti-
body. WiLkinson (42) was able to demonstrate
by counterimmunoelectrophoresis the presence
of type-specific carbohydrates of GBS in the
sera of patients with GBS infections, although
no correlation with severity of infection was
made. Other investigators have also found anti-
gens of GBS in body fluids (4, 18, 36). In the
present study, we examined in vitro production
of extracellular TSA as well as extracellular
levels of neuraminidase and protease from 12
strains of type III GBS. We also determined the
virulence, expressed as LD5o, of these strains in
a mouse model to look for any correlations be-
tween the production of extracellular products
and virulence. The 12 strains were divided into
9 high and 3 low in vitro producers of extracel-
lular TSA (Table 1). The high TSA producers
were significantly different (P = 0.005) from the
low producers. The LD5o values in a mouse
model for the nine high extracellular TSA pro-
ducers were an average of 166-fold more virulent

TABLE 3. Levels ofGBS in organs of infected mice at various times
GBS levels" (CFU/g of tissue) at time post-inoculation:

GBS inoc-
GBS strain ulum 6 h 12 h 24 h

(CFU)a
Brain Lungs Spleen Brain Lungs Spleen Brain Lungs Spleen

127 (low TSA 3.5 x 10" 8.2 x 10" 1.9 x 10" 5.4 x 10" 4.1 x 106 1.7 x 10" 8.4 x 10" NSc NS NS
producer) 2.4 x 105 3.9 x 107 1.8 x lo0 1.1 x 107 8.6 x 10" 2.1 x 10" NS NS NS

3.5x 106 NDd ND 5.5x 104 ND ND 1.5x 104 5.2 x 103 4.7x 104 1.1 x 104
ND ND ND ND 2.8 x 10 ND ND ND 7.8 x 103

3.5 x 104 ND ND 2.5 x 104 ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND

130 (high TSA 3.5 x 10" 1.1 x 10" 3.3 x 107 5.7 x 107 2.4 x 105 3.1 x 108 1.9 x 10" 2.1 x 107 3.0 x 10" 2.5 x 10"
producer) 1.4 x 106 3.7 x 107 2.7 x 10" 3.1 x 105 3.5 x 10" 5.6 x 10" NS NS NS

3.5 x 104 9.1 x 102 ND 1.2 x 104 1.7 x 105 2.5 x 107 8.6 x 107 ND 1.2 x 104 5.7 x 103
9.4 x 104 1.0 X 107 1.6 x 107 1.5 x 10" 5.0 x 107 1.2 x 10" ND 9.6 x 103 7.8 x 103

a Given intraperitoneally in 1.0 ml of THB.
'Levels calculated for two different mice each time.
c NS, No survivors.
d ND, Not detected. No growth was detected when 10 id of undiluted tissue suspension was plated. Concentration limits were

as follows: <3 x 103 CFU/g of spleen, <1.5 x 103 CFU/g of lungs, and <8.5 x 102 CFU/g of brain.
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than the low producers. The difference in viru-
lence of these two groups was significant at the
99% confidence level. It should be noted that the
grouping of these strains into high and low TSA
producers is based on in vitro differences in
quantity ofHMW antigen. It is not clear at the
present time whether the same phenomenon
occurs in vivo, but preliminary- studies employ-
ing rocket immunoelectrophoresis ofmouse sera
from animals infected with high and low TSA
producers demonstrate that this may be the case
(data not shown).
There are several possible explanations as to

how elevated levels of extraceliular TSA could
increase the virulence of GBS. In addition to
neutralizing protective type-specific antibodies
in the host, it is also possible that the extracel-
lular TSA might activate complement via the
alternative pathway since activation of comple-
ment by carbohydrate antigens such as lipopoly-
saccharide has been documented (29). Another
possibility is that extracellular TSA could have
a suppressive effect on the maturation of mac-
rophages or recruitment of polymorphonuclear
leukocytes. Yokochi et al. (43, 44) demonstrated
that the capsular polysaccharide from K. pneu-
moniae markedly suppressed the generation of
macrophages from precursor cells, although no
direct toxic effect on mature macrophages was
shown. Also, Kato et al. (20) demonstrated that
in mice treated with K. pneumoniae TSA, the
migration of polymorphonuclear leukocytes into
the peritoneal fluid after challenge with Salmo-
nella enteritidis was less marked than in un-
treated control animals.
Although protease (15, 19, 32) and neuramin-

idase (31) activity have been shown to be in-
volved in virulence in other bacteria, attempts
to demonstrate any correlation between these
enzymes from the GBS and virulence in a mouse
model were unsuccessful under the present assay
conditions. These data, showing neither enzyme
correlating with virulence or with extracellular
TSA levels, failed to support any role of these
enzymes in virulence for the mouse model.

In the experiment involving the level of GBS
in various organs of infected mice, it was of
interest that in all three organs assayed (spleen,
lungs, and brains) the levels ofGBS (high or low
producers) were comparable, regardless of the
initial inoculum, in mice which would ultimately
succumb to the infectious process. These data
suggest that high producers of extracellular TSA
may have a selective advantage in initiating
infection at a lower inoculum, due perhaps to
the production of high levels of TSA, but once
the infection process is established, either class
of type III GBS has the same potential to invade
tissue.

VIRULENCE OF TYPE III GBS 453

Although these data support the concept that
increased levels of extracellular HMW TSA are
related to virulence, it is possible that other
undefined extracellular or cell-bound products
could also contribute to virulence. Further stud-
ies are therefore needed to determine whether
the production of factors previously described
for the GBS correlates with virulence in the
various animal models. And finally, the mecha-
nism of how the extracellular TSA contributes
to virulence, if indeed it does, remains to be
determined.
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