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Previous investigators have suggested that opsonization of two Bacteroides
species is mediated exclusively by the alternative complement pathway and
requires immunoglobulins. In this study, the nature of the opsonic factors in
nonimmune human serum for four species of Bacteroides was investigated by
measuring uptake of [3H]thymidine-labeled bacteria by human polymorphonu-
clear leukocytes. Normal human serum, C2-deficient serum, immunoglobulin-
deficient serum, and serum chelated with ethylene glycol-bis(,f-aminoethyl ether)-
N,N-tetraacetic acid (EGTA), MgEGTA, and ethylenediaminetetraacetic acid
(EDTA) were used as opsonic sources. Heat inactivation of each of these sera
significantly reduced its opsonic activity for all four Bacteroides species, suggest-
ing that serum complement was essential for effective opsonization. All strains
were opsonized in the absence of the classical complement pathway; however,
kinetics studies revealed that opsonization proceeded at a significantly faster rate
when the classical complement pathway was intact. Although two strains were
opsonized in immunoglobulin-deficient sera, opsonization was less efficient and
appeared to occur via the alternative complement pathway. Unexpectedly, all
strains were well opsonized by the classical complement pathway in 10% serum
which had been effectively chelated with EGTA or EDTA. The explanation for
this finding is unknown; however, it is possible that cell wall cations ofBacteroides
species may participate in the activation of complement in chelated serum,
resulting in effective opsonization. It was also found that Bacteroides, when
incubated with an Escherichia coli strain in normal serum, could compete for
opsonins and thereby reduce phagocytosis ofE. coli. It is possible that competition
for opsonins among bacterial species contributes to the synergistic role these
organisms share in mixed floral infections.

An effective osponic source including comple-
ment or immunoglobulin is required to prepare
bacteria for maximal phagocytosis by polymor-
phonuclear leukocytes (PMNL). Anderson et al.
(1) have shown that encapsulated strains ofHae-
mophilus influenzae are opsonized in immune
serum by the classical complement pathway,
whereas Quinn and co-workers (26) found that
these same strains were opsonized by the alter-
native complement pathway in nonimmune se-
rum. Other investigators (31, 34) have shown
that several bacterial species can be opsonized
by the complement system in the relative ab-
sence of immunoglobulin. In contrast to unen-
capsulated organisms, encapsulated bacteria ap-
pear to require specific antibodies for optimal
opsonization (3, 24).

Casciato et al. (4) were the first to study
opsonization and phagocytosis of Bacteroides
species. They demonstrated that B. thetaio-
taomicron could be opsonized only by heat-la-

bile serum opsonic factors and that phagocytosis
by PMNL occurred equally well under anaerobic
and aerobic conditions. Recently, Bjornson and
Bjornson (2) studied two species of Bacteroides
and concluded that optimal opsonization re-
quired both the alternative complement path-
way and immunoglobulin. These investigators
used strictly anaerobic conditions and methods
designed to block certain components of the
alternative complement pathway. Methods for
studying opsonization in the absence of the clas-
sical complement pathway, such as using C2-
deficient serum or by blocking C1 activation by
magnesium ethylene glycol-bis(,B-aminoethyle-
ther)-N,N-tetraacetic acid (MgEGTA) (8, 31),
were not used.

Several groups of investigators using different
experimental systems have shown in kinetics
studies that complement activation proceeds
more rapidly through the classical complement
pathway than by the alternative complement

784



OPSONIZATION OF FOUR BACTEROIDES SPECIES 785

pathway (9, 22, 25, 31). Ethylenediaminetetra-
acetic acid (EDTA) and EGTA block both the
classical and alternative complement pathways,
although EGTA only partially blocks alternative
pathway function. Conversely, MgEGTA and
C2-deficient human serum selectively block the
classical complement pathway (8, 14). In the
present investigation, we compared the kinetics
of opsonization of various concentrations of nor-
mal human serum, of EDTA-, EGTA-, and
MgEGTA-chelated normal serum, and of C2-
deficient serum to determine the relative impor-
tance of the classical and alternative comple-
ment pathways for optimal opsonization of four
Bacteroides species (5).
Ingham et al. (12) recently reported that B.

fragilis in some way interferes with the killing
of aerobic bacteria by PMNL. Bacteroides in-
fections are frequently synergistic. In this study,
we tested the hypothesis that Bacteroides can
compete with an aerobic gram-negative bacillus
and thereby reduce phagocytosis of this orga-
nism.

MATERIALS AND METHODS
Bacterial strains. Four species of Bacteroides

were tested: an encapsulated B. fragilis (ATCC 23745;
American Type Culture Collection, Rockville, Md.),
B. melaninogenicus subsp. melaninogenicus (ATCC
15930), B. thetaiotaomicron (NCTC 10582; National
Collection of Type Cultures), and a clinical isolate of
B. vulgatis. All strains were maintained in Todd-Hew-
itt broth (Difco Laboratories, Detroit, Mich.) supple-
mented with 5 ttg of menadione and 0.5 ug of hemin
per ml at 250C in an anaerobic jar (GasPak 100, BBL
Microbiology Systems, Cockeysville, Md.), using pal-
ladium-coated aluminum catalyst pellets to maintain
a reduced environment (26). A resazurin indicator in
the broth assured anaerobic culture conditions. A 0.1-
ml portion was transferred from the maintenance
broth culture to 10 ml of fresh Todd-Hewitt broth
every 7 days to maintain bacterial viability. Esche-
richia coli ON2 was maintained on nutrient agar at
40C.

Radioactive labeling. Radioactive labeling of bac-
teria was accomplished by inoculating 0.1 ml of the
broth culture into 10 ml of reduced Todd-Hewitt broth
containing 0.02 mCi of [methyl-3H]thymidine (specific
activity, 35 Ci/mmol; Research Products Interna-
tional, Inc., Elk Grove Village, Ill.). After 18 h of
incubation at 37°C, the bacteria were washed three
times in phosphate-buffered (PBS), pH 7.4, and resus-
pended in PBS to a desired final concentration of
about 109 colony-forming units (CFU)/ml, using a
spectrophotometric method and confirming by pour
plate colony counts.
PMNL. Venous blood was collected from healthy

donors in preheparinized syringes (10 U of heparin/ml
of blood). Pure PMNL suspensions were prepared by
a previously described method (23). Leukocyte sus-
pensions were adjusted to a final concentration of 107

PMNL per ml of Hanks balanced salt solution con-
taining 0.1% gelatin (gel-HBSS).
Osponic sources. Normal serum was collected

from 10 healthy adult donors, pooled, and stored in
1.0-ml portions at -70°C. Heat-inactivated serum was
prepared by heating thawed serum at 56°C for 30 min.
To study opsonization in the absence of an intact
classical complement pathway, serum was obtained
from a donor with a genetically determined complete
and selective absence of C2 (C2-deficient serum) (15).
Serum was diluted to specified final concentrations
with gel-HBSS. In one series of experiments, undiluted
and 10% concentrations ofnormal serum were chelated
with 0.1 M EDTA or EGTA (0.1 ml of chelating agent
was added to 0.9 ml of serum and incubated at room
temperature for about 30 min) as previously described
(8) and diluted with calcium- and magnesium-free gel-
HBSS. To determine whether the serum was com-
pletely chelated, 0.55 ml of 90 and 10% concentrations
of normal serum, EDTA- and EGTA-chelated normal
serum, and heat-inactivated sera were individually
incubated with 50 1d of sheep erythrocyte-antibody
(EA) cells in gelatin Veronal buffer (37°C, 60 min),
and percentage of EA cell lysis was measured. Normal
serum produced complete (100%) sheep EA cell lysis,
whereas chelated and heat-inactivated sera produced
no EA cell lysis. These results indicated that comple-
ment activation by sheep EA cells did not occur in
either 100 or 10% normal serum with a final chelator
concentration of 0.01 M. The role of immunoglobulins
in opsonization was investigated by using serum from
a 62-year-old man with common variable immunode-
ficiency (immunoglobulin-deficient serum; immuno-
globulin G [IgG], 73 mg/dl; IgM, 7 mg/dl; and IgA, 3
mg/dl by laser nephelometry). This serum had normal
levels of all complement components except for
slightly diminished C1 (96,000 hemolytic units; normal
range, 126,000 to 396,000). To remove specific antibac-
terial antibodies from normal serum, 3 ml of ice-cold
normal human serum was added to a bacterial pellet
of about 109 CFU of B. fragilis; after suspension of
bacteria, this mixture was incubated at 4°C for 60 min.
Serum was then centrifuged (2,000 x g, 4°C, 15 min)
and absorbed twice more in a similar fashion.

Bacterial opsonization procedure. A 0.1-ml
amount of each bacterial suspension was incubated in
a polypropylene vial (Bio-vials, Beckman Electronics
Instruments Div., Chicago, Ill.) containing 1.0 ml of
the indicated opsonic sources for specified times in an
incubator shaker at 37°C (New Brunswick Scientific
Co., Inc., New Brunswick, N.J.) (250 rpm) followed by
centrifugation at 2,000 x g for 15 min (4°C). The
supernatant fluid was discarded, and the bacterial
pellet was vigorously resuspended in 1.0 ml of gel-
HBSS.

Bacterial surface staining with fluorescein-
conjugated anti-C3. To look for evidence of C3 dep-
osition on the bacterial surface, each species was
washed twice in PBS after opsonization and resus-
pended in 0.02 ml of PBS. Five-microliter samples
were then deposited on clean glass slides and air dried
at room temperature. The bacterial smears were
stained with 20 p1 of fluorescein-conjugated goat anti-
human C3 serum and examined with a phase-contrast
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immunofluorescence microscope. Surface staining in-
tensity was quantitatively graded from 0 to 4+.

Phagocytosis mixtures and assays. Bacterial
uptake by PMNL was quantitatively measured by a
modification of a previously described method (32).
Initial experiments were performed in an anerobic
glove box (model AL 318; Coy Laboratory Products,
Inc., Ann Arbor, Mich.) (28). However, it was deter-
mined that all four Bacteroides species studied were
aerotolerant, and as described by others (4, 16), that
similar results were obtained when osponization and
phagocytosis were performed in an aerobic environ-
ment. Therefore, all subsequent assays were per-
formed in an aerobic environment.

Briefly, 0.1-ml samples of the opsonized bacterial
suspensions were added to each ofthree polypropylene
vials, followed by the addition of 0.1 ml of the leuko-
cyte suspension yielding a CFU-to-PMNL ratio of
about 10:1. These vials were incubated for indicated
periods in the incubator shaker at 250 rpm (370C).
Immediately after removal from the shaker, 3.0 ml of
ice-cold PBS was added to two of the vials. Leukocyte-
associated radioactivity was determined after washing
the PMNL in one of these two vials three times by
means of differential centrifugation (160 x g for 5 min
400). The final leukocyte pellets were resuspended in
3.0 ml of scintillation liquid (Aquasol-2, New England
Nuclear Corp., Boston, Mass.) and counted in a liquid
scintillation counter (Beckman LS-250). The second
vial was used to determine total radioactivity (repre-
senting both leukocyte-associated and non-leukocyte-
associated bacteria). Vials were prepared as outlined
above. After 3.0 ml of cold PBS was added, these vials
were centrifuged at 2,000 x g for 15 min. The super-
natant fluids were discarded, and the pellets were
vigorously resuspended in 3.0 ml of scintillation liquid
and counted. Bacterial uptake by PMNL was calcu-
lated by the following formula: percentage of uptake
= (cpm in leukocyte pellet)/(total cpm) x 100. The
third vial was used for morphological confirmation of
phagocytosis. Immediately after incubation in the
shaker for 12 min, 50-p1 samples were deposited on
clean glass slides by using a cytocentrifuge, stained
with Wright stain, and examined with a light micro-
scope. In every instance, there was good correlation
between the quantitative phagocytosis and micro-
scopic evaluation.

RESULTS
Opsonization by normal and heat-inacti-

vated serum. All four Bacteroides species were
individually incubated for 60 min in 100, 25, 10,
and 1% concentrations of normal and heat-in-
activated normal serum before constituting
phagocytosis mixtures and determining PMNL
uptake at 12 min. The opsonic capacity for each
species, except B. vulgatis, was significantly re-
duced when the serum concentration was de-
creased from 10 to 1% (Fig. 1). Undiluted heat-
inactivated serum was a relatively good opsonin
for B. melaninogenicus (43% uptake) but was
minimally opsonic for the other species (<20%
uptake). At a concentration of 10%, heated se-
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FIG. 1. Phagocytosis of B. melaninogenicus, B.
fragilis, B. thetaiotaomicron, and B. vulgatis by
PMNL after incubation in human serum. Bacteria
were opsonized for 60 min at 100, 25, 10, and 1%
concentrations ofnormal and heat-inactivated serum
before presentation to PMNL. Phagocytosis was
quantitated by measuring leukocyte-associated ra-
dioactivity at 12 min. Slashed bars represent bacte-
rial uptake after incubation in heat-inactivated se-
rum.

rum had about 25% of the osponic activity of
normal serum. In another experiment, each spe-
cies was incubated for 60 min in 10% concentra-
tions of normal and heat-inactivated serum be-
fore preparation of phagocytosis mixtures and
determining PMNL uptake at 2, 6, and 12 min
(Fig. 2). All four species were effectively phago-
cytized after incubation in normal serum; how-
ever, the rate of phagocytosis was more rapid
with B. vulgatis than with the other species. B.
thetaiotaomicron and B. vulgatis opsonized in
heat-inactivated serum were more readily phag-
ocytized than the strains of B. fragilis and B.
melaninogenicus (27, 18, 6, and 5% uptake, re-
spectively).
These results demonstrate that: (i) each Bac-

teroides species was phagocytized, albeit at dif-
ferent rates, after opsonization in normal human
serum; (ii) B. melaninogenicus was more effec-
tively opsonized by heat-stable factors in undi-
luted serum than other Bacteroides species and
the heat-stable opsonic capacity of serum was
progressively diminished by serial serum dilu-
tions; and (iii) heat-labile serum factors were
critically important for optimal opsonization of
all four Bacteroides species at serum concentra-
tions of <25%.
Osponization by C2-deficient and immu-

noglobulin-deficient sera. To study the im-
portance of the classical complement pathway
and immunoglobulin in the opsonization of Bac-
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teroides species, we incubated each bacterial
species for 60 min in 10% concentrations of nor-
mal serum, C2-deficient serum, heat-inactivated
serum, and immunoglobulin-deficient serum be-
fore adding PMNL and determining uptake at
12 min (Fig. 3). When compared with normal
serum, C2-deficient and immunoglobulin-defi-
cient sera were effective opsonic sources for all
four species. Absorbed normal serum, prepared
as described above, was moderately opsonic for
B. fragilis and B. melaninogenicus (30% up-
take). Heat inactivation of each serum markedly
reduced its opsonic activity for all four Bacte-
roides species (<10% uptake).

Studies of the kinetics of opsonization were
performed to examine the potential influence of
the classical complement pathway on opsoniza-
tion. We incubated B. fragilis and B. melanin-
ogenicus in 10% concentrations of normal and
C2-deficient serum for 1, 5, 15, and 60 min before
constituting phagocytosis mixtures and measur-
ing PMNL uptake at 12 min. Opsonization of
both species in normal serum was essentially
complete within 1 min (Fig. 4). Although C2-
deficient serum was an effective opsonic source
at 60 min, the rate of opsonization was signifi-
cantly slower than with normal serum. Addition-
ally, when immunoglobulin-deficient serum was
used (Fig. 4), opsonization proceeded more
slowly than when either normal or C2-deficient
serum was used as an opsonin.
These results suggest that: (i) an intact clas-

sical pathway and immunoglobulin are impor-
tant for optimal opsonization of B. fragilis and
B. melaninogenicus; (ii) these species can be
effectively opsonized in the absence of an intact
classical complement pathway (C2-deficient se-
rum) but the rate of opsonization proceeds more
slowly; and (iii) opsonization by immunoglobu-
lin-deficient serum is less effective than opsoni-
zation by normal serum and appears to be me-
diated by the alternative complement pathway
since the kinetics of opsonization are similar to
those for C2-deficient serum.
Opsonization by chelated serum. The pre-

vious results demonstrated that there was heat-
labile opsonic activity in normal serum for all
four species of Bacteroides and that for optimal
opsonization, an intact classical complement
pathway was required. To further investigate
the participation of the classical complement
pathway in the opsonic process, normal serum
was chelated with EDTA or EGTA, which have
been shown to block both the classical and al-
ternative complement pathways, and with
MgEGTA-chelated serum, which selectively
blocks the classical complement pathway. B.
fragilis and B. melaninogenicus were individ-
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FIG. 2. Phagocytosis of B. melaninogenicus, B.

fragilis, B. thetaiotaomicron, and B. vulgatis by
PMNL after incubation in human serum. Bacteria
were opsonized for 60 min in 10% normal serum (NS;
0), 10% heat-inactivated serum (ANS, A), and gel-
HBSS (0) before measurement ofPMNL uptake at 2,
6, and 12 min. Results represent the means and
ranges of three experiments.

ually incubated for 60 min in 10% concentrations
of normal serum, MgEGTA-, EGTA-, or EDTA-
chelated normal serum, and heat-inactivated
sera before preparation ofphagocytosis mixtures
and measurement of PMNL uptake at 12 min.
E. coli ON2 (21) was included for comparison
and was treated in an indentical manner. All
three chelated sera had significant heat-labile
opsonic activity for both Bacteroides species
(Fig. 5). In contrast, E. coli ON2, which was as
well opsonized in MgEGTA-chelated normal se-
rum as in normal serum, was not opsonized in
EGTA- or EDTA-chelated serum.
The finding that the Bacteroides species were

efficiently opsonized in all three chelated sera
was surprising since it had been shown that
sheep EA cells were completely lysed in both 90
and 10% normal serum, but were not lysed in
any of the chelated sera. To determine whether
the heat-labile opsonic activity in chelated se-
rum was indeed mediated by complement, op-
sonization was performed at both 4 and 370C,
and bacteria were examined for the presence of
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FIG. 3. Phagocytosis of B. melaninogenicus, B. fragilis, B. thetaiotaomicron, and B. vulgatis by PMNL
after incubation in human serum. Bacteria were opsonized for 60 min in 10% concentrations ofnormal serum
(NS), heat-inactivated serum (ANS), C2-deficient serum (C2-defl, immunoglobulin-deficient serum (Ig-def),
and heat-inactivated immunoglobulin-deficient (AIg-def) serum. PMNL uptake was determined at 12 min.
Results represent the means and ranges of three experiments.
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FIG. 4. Phagocytosis of B. melaninogenicus and
B. fragilis by PMNL after incubation in human se-
rum. Bacteria were opsonized for 1, 5, 15, and 60 min
in 10% concentrations of normal serum (NS; 0), C2-
deficient serum (C2-def; A), immunoglobulin-deficient
serum (Ig-def; U,, heat-inactivated normal serum
(ANS; 0), and gel-HBSS (x). PMNL uptake was

determined at 12 min. Results represent the means

and ranges of three experiments.

surface C3. B. fragilis was incubated for 1, 5, 15,
and 60 min in each of the above sera simulta-
neously at 4 and 370C. Samples were taken for
staining with fluorescein-conjugated anti-C3 se-

rum, and opsonized bacteria were added to
PMNL for measurement of uptake at 12 min.
Bacteria were rapidly opsonized in all unheated
sera at both 4 and 370C (Table 1). There was a

good correlation between the heat-labile opsonic
activity in all sera and the demonstration of
surface C3 by phase-contrast immunofluores-
cence microscopy. Bacteria incubated in heat-
inactivated sera were not opsonized (<10% up-

take) and did not have surface C3 deposition.
These results suggest that B. fragilis, unlike

E. coli ON2, is opsonized by the classical com-

plement pathway in 10% chelated sera as dem-
onstrated by rapid opsonization at 370C. Further
evidence is provided by similarly rapid opsoni-
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FIG. 5. Phagocytosis of B. melaninogenicus, B.
fragilis, and E. coli ON2 byPMNL after opsonization
for 60 min in 10% concentrations of normal serum

(NS), MgEGTA-chelated (MgEGTA), EGTA-che-
lated (EGTA), and EDTA-chelated (EDTA) sera, and
heat-inactivated sera. PMNL uptake was determined
at 12 min.

zation at 40C, a temperature which inhibits op-
sonization by the alternative pathway (29).
The exact mechanism whereby complement

can be activated in chelated serum is unknown.
Bacterial cell walls contain variable concentra-
tions of calcium and magnesium. It is possible
that bacterium-associated cations are able to
promote complement activation in chelated se-

rum. Using atomic absorption, we found that B.
fragilis contained 3.1 tug of calcium and 5.4 jsg of
magnesium per g of bacteria. In contrast, E. coli
ON2 contained 2.3 ug of calcium and 2.5 ,ug of
magnesium per g of dry bacteria.
Competition for opsonins. Ingham and co-

workers (12) reported that in vitro incubation of
three aerobic bacteria with B. fiagilis or B.
melaninogenicus in serum inhibited phagocy-
tosis and killing of the aerobic strains. It was

postulated that these bacteria might be acting
synergistically to produce an infection which
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would not occur in the presence of either bac-
terium alone.
Based on this observation, we postulated that

there may be competition for opsonins among
bacterial species, and that when opsonic factors
are present in low concentrations, certain species
may not be effectively opsonized and phagocy-
tized, resulting in the development or perpetua-
tion of a polymicrobial infection.
To test the hypothesis that Bacteroides might

be capable of competing for opsonins with gram-
negative aerobic bacilli, [3H]thymidine-labeled
E. coli ON2 was incubated in a 10% concentra-
tion of normal serum, individually and in the
presence of unlabeled B. fragilis or B. mela-
ninogenicus, for 60 min before constitution of
phagocytic mixtures and measurement ofuptake
at 12 min. Radioactively labeled Bacteroides
was mixed with unlabeled E. coli ON2 in the
same manner. There was about a 50% reduction
in opsonization ofE. coli ON2 in the presence of
either anaerobic species, but opsonization of the
Bacteroides species was not diminished in the
presence of E. coli ON2 (Fig. 6). These results
were statistically significant (P< 0.05, Student's
t-test for paired values). The kinetics of opsoni-
zation of these three organisms had shown that
the Bacteroides species were more rapidly op-
sonized in 10% serum than E. coli ON2. These
results demonstrate that these two Bacteroides
species can effectively compete with E. coli ON2

for opsonins, thereby inhibiting phagocytosis of
E. coli ON2.

DISCUSSION
Although nonclostridial anaerobic bacteria

have been known to cause human disease since
1893 (30), the relative frequency and importance
of these bacteria as a cause of serious infectious
disease, particularly abscess formation (6, 10)
and bacteremia (33), has only recently been rec-
ognized. Although more than 400 anaerobic spe-
cies reside in the colon and about 200 species
colonize the oral cavity, only six species, includ-
ing B. fragilis and B. melaninogenicus, produce
the majority of clinical infections (7). In-
terestingly, the numerically dominant Bacte-
roides species in the colon are B. distasonis, B.
vulgatis, and B. thetaiotaomicron, whereas B.
fragilis accounts for only about 0.5% of the
colonic microflora (17). Its prominent role as a
cause of suppuration and sepsis suggests unique
virulence properties. Onderdonk and co-workers
(19, 21) have described the abscess-promoting
properties of the B. fragilis capsule as well as
noting increased mesothelial adherence when
compared with other Bacteroides strains.
To assess the opsonic requirements of clini-

cally important Bacteroides species, Bjornson
and Bjornson (2) studied the capacity of various
sera to opsonize two species, using a killing assay.

TABLE 1. Comparison of opsonization and C3 surface deposition on B. fragilis at 37 and 40C
% PMNL uptake at: Intensity of surface C3 staining at:

Opsonic source'
1 min 5 min 15 min 60min 1 min 5min 15 min 60min

370C
NS 52 42 45 45 +++ +++ +++ +++
ANS 8 10 7 8
MgEGTA 44 41 48 32 ++ + ++ +++
AMgEGTA 7 7 9 9 - - - -
EGTA 27 45 47 31 + ++ + +
AEGTA 7 5 6 8 - - - -
EDTA 40 40 37 51 + ++ + ++
AEDTA 6 8 7 9 - - - -

40C
NS 42 43 49 38 ++ ++ ++ ++
ANS 17 7 8 9 - - - -
MgEGTA 47 34 35 46 ++ ++ ++ ++
AMgEGTA 6 5 9 11 - - - -
EGTA 29 32 37 38 ++ + ++ ++
AEGTA 5 5 7 7 _ _ _ _
EDTA 46 41 46 37 ++ ++ ++ ++
AEDTA 7 8 6 11 - - - -

'B. fragilis was incubated for 1, 5, 15, and 60 min in 10% concentrations of normal serum (NS), MgEGTA-,
EGTA-, and EDTA-chelated serum, and heat-inactivated sera (A) at 37 and 40C. Phagocytosis was quantitated
by measuring leukocyte-associated radioactivity at 12 min. Surface C3 deposition was quantitated (O to 4+) by
phase-contrast immunofluorescence microscopy.
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FIG. 6. Phagocytosis of E. coli ON2, B. melanino-
genicus, and B. fragilis by PMNL after opsonization
for 60 min in 10%o normal serum individually and in
the presence of a competing organism. Phagocytosis
was quantitated by measuring leukocyte-associated
radioactivity at 12 min. Solid bars represent uptake
of [3Hlthymidine-labeled E. coli ON2; hatched bars
represent uptake of labeled B. melaninogenicus; and
stippled bars represent uptake of labeled B. fragilis.
Results represent the means and ranges offive exper-
iments.

They found that immunoglobulin and an intact
alternative complement pathway were required
for opsonization of these two species and that
when either component was deleted from serum,

opsonization was significantly impaired.
In this study, the nature of serum factors in

nonimmune human serum which were opsonic
for four species of Bacteroides was investigated.
Undiluted normal serum contained significant
heat-stable opsonic activity for B. melaninogen-
icus. When serum was diluted, there was mini-
mal heat-stable opsonic activity for each species
tested, indicating that heat-labile serum factors
appeared to be of major importance for opsoni-
zation of these bacteria.
To evaluate the relative contributions of the

classical and alternative complement pathways
to the opsonization of the four Bacteroides
strains, C2-deficient serum was used to study
opsonization in the absence of an intact classical
complement pathway. Although each Bacte-
roides species was effectively opsonized by 60

INFECT. IMMUN.

min, kinetics studies revealed that opsonization
occurred at a significantly slower rate via the
alternative pathway.
Although heat-stable serum factors were min-

imally opsonic for the Bacteroides species in
this study, it remained possible that natural
antibodies contributed to the activation of the
classical or alternative complement pathway by
these species. To examine the potential role of
immunoglobulin in this regard, the opsonic ca-
pacities ofimmunoglobulin-deficient serum from
a patient with hypogammaglobulinemia and of
absorbed normal serum were compared with
those of normal serum. Both sera contained one-
half to two-thirds of the opsonic activity of nor-
mal serum for B. fragilis and B. melaninogeni-
cus, and results of kinetics studies revealed that
opsonization proceeded via the alternative com-
plement pathway. These results suggest that
Bacteroides species can be opsonized in immu-
noglobulin-deficient serum, but that for optimal
opsonization, the classical complement pathway
and immunoglobulin are required. The reasons
for the discrepancies between our results and
those of Bjornson and Bjornson (2) are uncer-
tain, but may be related to methodological dif-
ferences or to the previously described hetero-
geneity of opsonic requirements among strains
of certain species (11, 22, 31).
To determine whether complement was the

heat-labile opsonin in serum, B. fragilis and B.
melaninogenicus were incubated in normal,
MgEGTA-, EGTA-, or EDTA-chelated serum
and in heat-inactivated sera. Surprisingly, in a
10% concentration of chelated sera, opsonization
proceeded normally compared with normal se-
rum. Opsonic activity, however, was abolished
by heat inactivation. In comparison, 10% che-
lated sera were not opsonic for E. coli ON2. By
immunofluorescence microscopy, C3 was seen
on the surface of both Bacteroides species in-
cubated in normal and chelated sera but not
after incubation in heat-inactivated sera. Similar
results were obtained when opsonization was
performed at 4 and 37°C, indicating that opson-
ization was mediated by the classical comple-
ment pathway, which is preferentially activated
at 4°C (29). EGTA- and EDTA-chelated sera
were shown to be incapable of being activated
by sheep EA cells. It is possible that the Bacte-
roides species, unlike E. coli ON2, supply suffi-
cient amounts of cell wall cations to activate
complement at the cell surface and promote
opsonization. This results in efficient phagocy-
tosis that may proceed in the presence of only a
few surface molecules of C3b.
Ingham et al. (12) recently described several

patients with polymicrobial otogenic brain ab-
scesses who responded to an antimicrobial agent
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effective primarily against anaerobic bacteria
with little demonstrable in vitro activity against
aerobic organisms. To investigate possible mech-
anisms for this clinical response, they incubated
each of three aerobic organisms with either B.
fragilis or B. melaninogenicus in human serum
and found that the anaerobic bacteria inhibited
phagocytosis and killing of the aerobic orga-
nisms. The mechanism for the decreased phago-
cytosis was not determined; however, it was
postulated that Bacteroides species acted syn-
ergistically with the aerobic bacteria to produce
an infection. Similarly, other investigators (18,
20) have found that mixed fecal organisms, when
implanted into rat peritoneal cavities in gelatin
capsules, act synergistically to produce abscesses
in those animals surviving the initial period of
gram-negative bacillary peritonitis and sepsis.
Based on the results of these investigations, we
postulated that the bacterial synergism may in
part be due to competition for opsonins among
bacterial species.
To test the hypothesis that competition for

opsonins may occur when two or more bacterial
species are present, E. coli ON2 was incubated
in 10% normal serum individually, and with B.
fragilis or B. melaninogenicus. There was a
significant reduction in the opsonization of E.
coli ON2 in the presence of either Bacteroides
species; however, opsonization of Bacteroides
was not influenced by the presence of E. coli
ON2. This suggests that bacterial species which
are more efficiently or rapidly opsonized than
others present in a given inoculum may actually
deprive the remaining organisms of sufficient
opsonins. That competition for opsonins occurs
in vivo is currently speculative. Since opsonins
may be present in limited quantities in extravas-
cular spaces, it is possible that in the process of
competition for available opsonins, some bacte-
rial species are poorly opsonized. Singly or in
combination, these organisms are not opsoni-
cally recognized and are therefore able to escape
phagocytosis while continuing the multiply un-
impeded by normal host defense mechanisms.
The results of these studies suggest that op-

timal phagocytosis occurs when Bacteroides
species are opsonized by the classical comple-
ment pathway in the presence of immunoglob-
ulin. The role of the B. fragilis capsule with
respect to opsonization remains unclear. In this
study, an encapsulated B. fragilis strain was
opsonized as well as three unencapsulated Bac-
teroides species and was no more effective in
competing for opsonins with E. coli ON2 than
was B. melaninogenicus. The mechanism
whereby bacteria incubated in chelated sera are
efficiently opsonized via the complement system
requires further investigation.
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