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Of 137 Staphylococcus aureus strains, 87 agglutinated in normal rabbit serum.
The agglutination was shown to be caused by the Fc-part of immunoglobulin G
(IgG). F(abl)2-fragments of IgG and immunoglobulin M (IgM) in corresponding
concentrations were unreactive. The agglutinating strains had a high or moderate
content of protein A. Strains with a low content of protein A and protein A-negative
mutants did not agglutinate. The importance of the reaction between the Fc part of
IgG and protein A for serotyping of S. aureus is demonstrated. Two alternative
methods for serotyping S. aureus are suggested, using either F(ab')2 fragments of
IgG or intact IgM.

Agglutination of several Staphylococcus aureus
strains by normal sera (man, rabbit, mouse) has
been observed by many investigators (3, 4, 9, 16).
Protein A, a cell wall component of S. aureus
(6, 13, 15, 23, 34) which reacts with the Fc frag-
ment of immunoglobulin G (IgG) from different
species (8, 9, 18, 20), has been suggested to be
identical with the agglutinogen (16, 17, 34). Other
investigators have shown that protein A and the
agglutinogen are not identical substances (3, 4,
11). It has been reported that the agglutinogen
responsible for the agglutination of S. aureus in
normal rabbit sera is not identical with protein A
but with some other substance present in S. aureus
and preparations of crude protein A (11, 12).

Because of the conflicting reports, based mainly
on work with rabbit sera, the present investigation
was undertaken to reexamine the role played by
protein A in agglutination of S. aureus. As serum
from rabbits is generally used for serotyping of
S. aureus, a reaction between normal rabbit im-
munoglobulin and S. aureus could interfere with
the serotyping reactions. If S. aureus agglutinates
in normal rabbit sera due to a reaction between
protein A and the Fc part of IgG, intact anti-
bodies of the IgG type would seem unsuitable for
serotyping of S. aureus.
The work described in this report demonstrates

that S. aureus, but not protein A-deficient mu-
tants of S. aureus, is agglutinated by normal rab-
bit IgG and by Fc fragments, but not by F(abl)2
fragments derived from normal IgG or by im-
munoglobulin M (IgM). The importance of the
agglutination of S. aureus in normal rabbit sera
for serological typing has also been investigated,

and two alternative methods for serotyping are
suggested, using the F(ab')2 fragments of IgG or
Igm.

MATERIALS AND METHODS

Strains and cultivation technique. S. aureus type
Cowan I (originally obtained from P. Oeding, the
Oeding type collection of 15 S. aureus strains), 141
S. aureus strains (isolated in the routine laboratory),
and Escherichia coli 0111 were used. All S. aure-us
strains were cultivated on nutrient agar and E. coli
0111 on dextrose agar.

Mutants and revertants. The mutants and revert-
ants used in this paper were described in a previous
report (7). S. aureus Cowan I was exposed to nitro-
soguanidine or ethylmethanesulfonate, and survivors
were screened on nutrient agar plates containing
rabbit anti-protein A serum for loss of protein A
production. More than half of all protein A-deficient
mutants also lacked nuclease, coagulase, a-hemolysin,
fibrinolysin, mannitol utilization, and the phage
type pattern. Mutants with various combinations
of these deficiencies were also isolated. Induced or
spontaneous revertants of the mutants were obtained.

Sera. Pooled serum from 25 nonimmunized rabbits
was used as normal rabbit serum. Anti-staphylococcus
serum was obtained by weekly serial intravenous in-
jections of Formalin-killed bacteria in rabbits by the
method of Oeding (28). Antiserum to E. coli was
obtained by weekly injections of living bacteria until
a slide agglutination titer of 1:64 was recorded.
Antiserum to protein A was produced by immuniz-
ing rabbits with highly purified protein A. Two sub-
cutaneous injections of 0.25 mg of protein A in
Freund's adjuvant were given 3 weeks apart. Blood
was collected 2 weeks after the last injection (9).

Preparation of rabbit IgG. Ammonium sulfate
precipitation followed by chromatography on a
diethylaminoethyl (DEAE) cellulose column in
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0.0175 M Na2HPO4 (pH 6.3) was used for purification
of rabbit IgG (9). By applying a gradient from 0.0175
M sodium phosphate to 0.0175 M sodium phosphate
plus 0.5 M sodium chloride (pH 6.3), two further
major peaks could be eluted from the DEAE cellu-
lose columns. By immunoelectrophoresis, the first
peak was shown to contain IgG. IgG was purified
from that fraction by chromatography on Sephadex
G 200. A single line corresponding to IgG was found
in immunoelectrophoresis when the material was
tested against donkey anti-rabbit serum. Each IgG
sample was concentrated in an ultrafiltration cell
(Diaflo m 50, Amicon Corp.). The samples were
divided into two portions. One was dialyzed against
0.15 M NaCl and adjusted to a protein concentration
of 20 mg/ml. The protein concentration was deter-
mined by measuring the optical density at 280 nm by
using a molar extinction coefficient of 13.4. The other
portion was dialyzed against 0.1 M sodium acetate
before pepsin digestion.

Preparation of rabbit IgM. IgM was prepared from
normal rabbit serum and rabbit immune serum har-
vested 1 month after the start of immunization with
S. aureus strain 17 A. The serum was centrifuged for
3 hr at 50,000 X g and 4 C to remove lipoproteins.
Seven to eight milliliters of the serum was then
chromatographed on a column of Sephadex G-200
(85 by 3.5 cm) which was equilibrated and eluted
with 0.1 M tris(hydroxymethyl)aminomethane (Tris)-
hydrochloride, 1.0 M NaCl, pH 8.0 (5). The first
peak, containing the IgM globulin, was dialyzed
against 0.02 M Na2HPO4 (pH 8.0). It was then
chromatographed on a DEAE cellulose column

FiG. 1. Schliereni pattern obtainted in sedimentationt

velocity experiment on purified normal rabbit IgM
in a synthetic boundary cell at a speed of 59,780
rev/min for 20 miil after reachinig Jill speed; s5ol.W =

18.6.

FIG. 2. Immunoelectrophoresis at pH 8.6 of (a)
top line, purified rabbit IgM; (b) lower line, facto,
serum h, according to Oeding against donkey anti-
rabbit serum. Cathode is to the left, anode to the righl.

equilibrated with the dialysis buffer (5). After elution
of a small amount of protein with the dialysis buffer,
IgM-containing material was eluted with a gradient
from 0.02 M Na2HPO4 (pH 8.0) to 0.3 M Na2HPO4
(pH 8.0). Fractions emerging near the end of the
gradient and showing a single IgM band in immuno-
electrophoresis were pooled and concentrated by
ultrafiltration (Diaflo m 50, Amicon Corp.) to a
concentration of 5 mg/ml. Analytical ultracentri-
fugation of this preparation showed that it consisted
of more than 95% of 19S material (Fig. 1). In im-
munoelectrophoresis, it gave a single line against a
donkey anti-rabbit plasma protein serum (Fig. 2).

Pepsin digestion. Pepsin digestion of IgG was per-
formed as described by Nisonoff (27). Pepsin (Worth-
ington Biochemical Corp.) was used in the following
proportion: 1 mg of enzyme per 50 mg of IgG in
0.1 M sodium acetate (pH 4.5). As a control, anti-
E. coli IgG was added before digestion with pepsin
in a concentration corresponding to 2% of the IgG
concentration of the sample.
When pepsin-digested IgG preparations were

tested for their ability to agglutinate E. coli 0111,
no significant decrease in titer was observed as
compared with the nondigested material, indicating
that the specific antibody-reactive sites were intact
(1).

Papain digestion and separation of papain frag-
ments. IgG globulin was digested by the method of
Porter (30). One milligram of papain (Worthington
Biochemical Corp.) per 100 mg of protein was added,
and digestion was allowed to occur in 0.1 M sodium
phosphate buffer (pH 7.0), 0.01 M cysteine, and 0.002
M ethylenediaminetetraacetic acid (EDTA). The
digestion mixture was incubated at 37 C for 16 hr
and then dialyzed against distilled water for 48
hr. After dialysis against 0.01 M sodium acetate
(pH 5.5), the column was first eluted with 200 ml
of starting buffer, after which a gradient from 0.1
M sodium acetate (pH 5.5) to 0.9 sodium acetate
(pH 5.5) was applied. Three peaks were eluted,
and peak III was shown to move more slowly than
peaks I and II in immunoelectrophoresis.

Immunoelectrophoresis. To characterize IgG and
IgM globulin and the F(abl)2, Fab, and Fc-fragments
of IgG globulin, immunoelectrophoresis (31) was
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performed with anti-rabbit plasma protein from
donkey (Behring Werke AG).

Heat treatment. Heat treatment of serum was per-
formed at 60 C for 10 to 30 min to inactivate degra-
dation products of fibrinogen (14, 22).

Agglutination. Agglutination was performed on
slides by using 40 ,uliters of serum or immunoglobulin
solution in appropriate dilutions. Smears were made
with a platinum loop and the reaction was recorded
as positive if definite agglutination occurred within
5 min. All experiments included controls for spon-
taneous agglutination performed in 0.15 M NaCl.

Adsorption. Adsorption experiments were per-
formed as described by Oeding (28).

Determination of protein A. Protein A was ex-
tracted from S. aureus by the method of Jensen (16).
The extract was diluted approximately 1:1 in 0.1 M
Tris-hydrochloride (pH 8.0), so that 1 ml of the final
solution of crude protein A corresponded to 5 ml
of broth culture of S. aureus containing 109 colony-
forming units/ml. The hemagglutination technique
for quantitation of protein A (32) was applied to
doubling dilutions of the material to be tested. Pre-
cipitation in gel was performed against anti-protein
A serum in 1%c agar (Special Agar Noble; Difco)
in 0.15 M Tris-hydrochloride (pH 7.2) with protein
A extracts concentrated 60 times by freeze drying.
All strains producing protein A as determined by
the hemagglutination technique were also shown to
produce protein A as shown by immunodiffusion in
gel.

RESULTS

Agglutination reactions with rabbit serum. S.
aureus strains consecutively isolated from the
routine laboratory were tested by slide agglutina-
tion. Four strains agglutinated spontaneously in
0.15 M NaCl. The 137 strains not agglutinating
were tested against pooled serum from 25 non-
immunized rabbits; 87 (63%) of the strains ag-
glutinated in undiluted serum, and 76 (55 %/cl) were
agglutinated by serum diluted 1 to 10. None of
the strains agglutinated in serum diluted more
than 1 to 40.

Isolation of the agglutinating factor in serum.
By analyzing fractions obtained by gel filtration
of pooled normal rabbit serum on Sephadex
G-200 (10), all agglutinating activity could be
shown to be located in the second peak, corre-
sponding to IgG (Fig. 3). When pooled serum
was precipitated with 22% ammonium sulfate, all
agglutinating activity was found in the precipi-
tate. By chromatography of the precipitated glob-
ulin fraction on a DEAE cellulose column, almost
all agglutinating material could be eluted with the
IgG fraction in 0.0175 M sodium phosphate buf-
fer (pH 6.3). By applying a gradient from 0.01 75 M
sodium phosphate to 0.0175 M sodium phosphate
plus 0.5 M sodium chloride, more agglutinating
material could be eluted. Immunoelectrophoresis
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FIG. 3. Chiromatography olt Sephadex G-200 of 6

ml of pooled niormal rabbit seruim. The columnt (95 X
2.5 cm) was equilibrated with 0.1 ! Tris-hydrochloride,
1.0 M NaCl (pH 8.0). Fractiolns (6 ml) were collected
at a flow rate of 18 ml/lhr. Bar intdicates fractions
agglutiniatintg S. aureus.

after gel filtration of the agglutinating fractions on
Sephadex G-200 showed that all agglutinating ac-
tivity was confined to IgG. No agglutination was
obtained with purified IgM. The agglutinin titer
was not reduced by heat treatment at 60 C,
which further excludes the possibility that degra-
dation products of fibrinogen are responsible for
agglutination of S. aureus in normal rabbit sera
(14, 22).
Reactions with IgG from normal rabbits. All

strains (87 of 137) which agglutinated in normal
rabbit serum also gave a positive reaction with
isolated IgG in a concentration of 10 mg/ml.
Table 1 shows that IgG in a concentration of 1
mg/ml agglutinated 76 of 137 strains tested. The
same strains were agglutinated by serum diluted
1 to 10. In Table 1, the strains are arranged in
order according to their content of protein A as
determined by hemagglutination. The strains were
also agglutinated by Fc fragments of IgG. High
percentages of the strains having high contents of
protein A were agglutinated by IgG and Fc frag-
ments, whereas lower percentages of the strains
containing less protein A were agglutinated.
Strains without detectable protein A or with cell-
associated protein A giving a hemagglutination
titer of 1 to 1 were not agglutinated. No reactions
were obtained with IgM. When F(ab')2 fragments
of IgG were tested in a concentration of 6.6 mg/
ml, a positive reaction was obtained with many
of the strains. This was interpreted as indicating
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the presence of some specific antibody activity.
However, F(abl)2 fragments in a concentration of
0.66 mg/'ml did not agglutinate any of the S.
aureus strains, indicating that the concentration
of normally occurring specific antibodies was low.
As a control, E. coli was shown to be agglutinated
by F(ab')2 fragments derived from anti-E. coli
IgG in the same titer as for intact anti-E. coli IgG.

Agglutination of protein A mutants of S. aureus.
Table 2 shows mutants of S. aureus obtained by
exposing S. aureus Cowan I, to nitrosoguanidine

TABLE 1. Agglutiniatiotn of 137 Staphylococcus auireus
strainis in niormal rabbit immunioglobulili G

(I mg/ml) anid F(ab')2 fragments
(0.7 mg/ml) of the globulini

Strains Strains Strains
Strains ag- aggluti- aggluti- aggluti-

Protein No. of glutinating nating nating nating
A strains in 1 mg of in 0.3 mg in 0.7 mg in 1.0

content tested IgG per mla of Fc of F(abl)2 mg of
fragment fragment IgM
per ml per ml per ml

0-1b 30 0 (0) 0 0 0
2 12 5 (46) 3 0 0
4 16 9 (56) 8 0 0
8 25 18 (72) 16 0 0
16 28 23 (81) 16 0 0
32 22 17 (77) 15 0 0
64 4 4 (100) 4 0 0

n Values in parentheses express per cent of
strains agglutinating.

bReciprocal hemagglutination titer of extracted
protein A in a broth culture with 109 colony-form-
ing units per ml.

or ethylmethanesulfonate and screening survivors
for loss of protein A production.
A spectrum of mutants with different properties

was obtained. For mutants lacking protein A, no
agglutination reaction was recorded. However,
mutants with a leaky production of protein A
were agglutinated, as were protein A-producing
revertants of protein A-negative mutants.

Agglutination with IgG from immunized rabbits.
Figure 4 shows agglutination reactions obtained
with IgG from rabbits immunized with S. aureus
strain 17 A (Oeding). The S. aureus strains tested
are type strains used for serotyping of S. aureus.
As shown in the figure, F(ab')2 fragments of IgG
gave a lower agglutination titer than did intact
IgG (two to four titration steps) with strain 17
A, used for immunization, and strains 670, Co-
wan I, and 1503. All of these strains are stated
to have antigenic similarities, with antigens a5
and hl in common, according to Oeding (29).
Strain 5687 is also known to be antigenically re-
lated to these strains. However, with this strain,
which has a low content of protein A, the same
agglutination titer was recorded for F(abl)2 and
intact IgG. With strains 2235 and 1015, which
lack antigenic similarities to strain 17 A, intact
IgG gave agglutination reactions at titers 1 to
40 and 1 to 20, but F(abt)2 gave no detectable
reaction. For anti-E. coli IgG, which was mixed
with anti-S. aureus 17 A IgG as a control, the
same titer was obtained for IgG and F(ab') 2

when tested in slide agglutination against E. coli.
Agglutination obtained with IgM from immu-

nized rabbits. IgM was prepared from anti-S.

TABLE 2. Agglutinationi of Staphylococcus aureus Cowani I and various derived mutanzts antd revertanzts in
ntormal rabbit IgG anid F(abl)2 fragments of the globulint in conicenitrationls

of I mg/ml anzd 0.7 mg/ml, respectively
I-Hemo- Fibr

Agglutination with Production of

IgG F(ab) ProAei Nuclease Coagulase

+ - 64 + +

+ - 1-4 + +
+ - 2_ +

+ +

+ - 4-32 + +

a-Hemo- Fibrino-
lysin lysin

+ +

+ +
+
+

+ +

Determination

Strains
I
(Cowan I)

Mutants
12

I
5
ilc
26c

Revertants
3

Mannitol
utilized

+

Phage type

52/52A/80/81

52/52A/80/81
52/52A/80/81

NTb
NT
NT

52/52A/80/81

a Reciprocal hemagglutination titer of extracted protein A in a broth culture with 109 colony-forming
units per ml.
bNT, not typable.
e Two spontaneously agglutinable mutants excluded.
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FIG. 4. Agglutination of S. aureus strains in 10 mg of rabbit anti-S. aureus strain 17 A IgG per ml
(shadowed columns) and in 6.6 mg of F(ab') 2-fragments of the globulin per ml. Protein A content of the
strains is indicated in the figure. Bar (-) indicates no agglutination recorded; * indicates immunoglob-
ulin preparations including 2% anti-Escherichia coli 0111 IgG.

TITER
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STRAIN 17A 670 Cowanl503 5687 2235 1015

FIG. 5. Agglutination of S. aureus strains in rabbit
anti-S. aureus strain 17 A IgM (I mg/ml). Bar (-)

indicates no reaction recorded.

aureus 17 A serum, the same serum used for iso-
lation of specific IgG. Figure 5 shows that IgM
agglutinated bacteria of strain 17 A used for im-
munization, and also strains 670, Cowan I, and
1503, which have antigens in common with 17 A.
Strains 2235 and 1503, which are antigenically dis-
similar, were not agglutinated. Strain 5687, which
gave a weak reaction with F(ab1)2 from IgG was
not agglutinated by IgM in a concentration of 1

mg/ml. At higher concentrations of IgM, a weak
reaction was recorded.

Adsorption of factor sera by Oeding method.
Rabbit anti-S. aureus 17 A serum was adsorbed
by the Oeding scheme for production of specific
factor sera aS and hl. Figure 2 shows the results
obtained when the anti-S. aureus 17 A serum had
been adsorbed with strains 670 and 1503 to pro-

duce factor serum hl. No IgG line was any longer
detectable in immunoelectrophoresis. The ad-
sorbed serum contained factor hl antibodies,
probably of IgM class. The same result was ob-
tained when the anti-S. aureus 17 A serum was

absorbed with strains 1503 and 640 to produce
specific factor serum a5. The results indicate that
the current methods for serotyping S. aureus are

based on reactions with IgM.

DISCUSSION

Protein A (antigen A) was originally described
by Jensen (16) as a common antigen in S. aureus
strains. He found antibodies to this antigen to be
widespread and concluded that these antibodies
to protein A are responsible for the agglutination
of most S. aureus strains by normal sera. The role
of protein A as an "agglutinogen" was demon-
strated by adsorbing normal sera with different
S. aureus strains. The adsorption reduced the ag-
glutinin titers of normal sera to very low values.
Soluble protein A added to normal human sera
was also shown to inhibit the agglutination of S.
aureus. Similar results were obtained by Yoshida
et al. (34) who demonstrated that their purified
protein A removed 94% of the agglutinins in
normal human sera, Lofqvist (23), using specific
rabbit antiserum to protein A, was able to remove
the agglutinins of S. aureus in serum by adding
protein A. Similar results were obtained by Hof-
stad (15).
From the adsorption experiments with protein

A described above (15, 16, 23, 34), it is impossible
to conclude that protein A is the substance re-

sponsible for agglutination by normal rabbit sera.
It is now well known that protein A reacts with
the Fc part of mammalian IgG (8.9, 18). It has
been shown that adsorption with S. aureus can

remove more than 90% of the IgG in normal rab-
bit serum (21). In the experiments performed in
this study, no IgG could be detected by immuno-
electrophoresis of rabbit sera after adsorption
with S. aureus. From these experiments, it is ob-
vious that specific agglutinins to S. aureus, if
present, can be removed by protein A.

Contrary to the findings of Jensen, Yoshida et

E.Coli *
0111

-ki I
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al., Hofstad, and Lofqvist, Cohenet al. (3, 4) using
sera from nonimmunized rabbits and mice con-
cluded from adsorption experiments that the ag-
glutinogen is not protein A. In further studies, the
agglutinogen was considered to be a complex (2).
Cohen et al. based their objection on the finding of
agglutinins against S. aureus in normal rabbit
serum, which in agar-gel experiments did not pre-
cipitate protein A. Neither could Grov et al. (11,
12) show that the agglutinogen is identical to
protein A. They conclude that the agglutinogen
is identical to some other substance in a prepara-
tion of crude protein A. Grov et al. (12) further
report that agglutination of staphylococci by
normal sera from man, hog, horse, and sheep is
confined to the Fab part of IgG. Agglutination
occurred in normal rabbit serum but not in
IgG derived from it.
The report of Grov et al. (12) that normal rab-

bit serum agglutinates S. aureus Cowan I in a
titer of 1:20 is in accordance with our results.
However, their finding that normal rabbit IgG
does not agglutinate S. aureus Cowan I is in
sharp contrast with our experience. Our IgG
preparations give a clear-cut and strong aggluti-
nation with 87 of 137 S. aureus strains, among
them Cowan I. The difference is difficult to ex-
plain.

In this study it was not possible to show any
agglutination of S. aureus by any component in
serum other than IgG. Agglutination could be
demonstrated with low concentrations of Fc frag-
ments derived from normal rabbit IgG but not
with F(abl)2 fragments at similar concentrations.
High concentrations of F(abl)2 fragments caused
weak agglutination of many of the S. aureus
strains tested. The presence in low concentration
in normal sera of antibodies to teichoic acid has
been reported (24, 25). The present results show
that the Fc part of the IgG molecule is mainly
responsible for the agglutination of S. aureus by
normal rabbit sera and that specific antibody ac-
tivity in the F(abl)2 part of the IgG has a weak
agglutinating effect in high concentrations. Strong
evidence that agglutination of S. aureus is due to
a reaction with protein A is provided by the
demonstration in this study that protein A-defi-
cient mutants of S. aureus are not agglutinated by
normal rabbit IgG, whereas protein A-producing
revertants of such mutants are agglutinated.
The results of our experiments performed with

normal rabbit serum are in accordance with those
of Kronvall (17), who was able to demonstrate
agglutination of S. aureus by human myeloma
IgG. As rabbit antisera are used in current meth-
ods for typing S. aureus by means of agglutina-
tion reactions, interference by protein A with the
specific antigen-antibody reaction must be of im

portance for serotyping. Difficulties with the re-
producibility of serotyping of S. aureus are well
known (33). A reaction between protein A and the
Fc part of antibodies used for serotyping can ob-
viously contribute to these difficulties.
Our study shows that IgG from rabbits immu-

nized with S. aureus strains reacts with the strains
used for immunization and with antigenically
similar strains and, in addition, with strains con-
taining a significant amount of protein A. The
F(ab')2 fragments obtained by pepsin digestion of
the IgG molecules do not react with protein A
but give a specific agglutination reaction with
S. aureus strains containing antigens in common
with the strain used for immunization. We have
further shown that careful adsorption with S.
aureus to produce specific factor sera removes
IgG but that the adsorbed serum still agglutinates
the S. aureus strain used for immunization and
strains with common antigens, IgM was shown
to be responsible for this agglutination. It is
therefore suggested that F(abD)2 fragments of IgG
or intact IgM be used for specific serotyping of
S. aureus.
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