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Current interest in antimicrobial susceptibility testing of anaerobic pathogens
and recent recognition that actinomycetes other than Actinomyces israelii may
cause actinomycosis in man prompted this in vitro survey of 74 strains of
actinomycetes, representing seven species. Minimum inhibitory concentrations
(MICs) for 24 antimicrobials were determined by inhibition of gross colonial
enlargement in semisolid antibiotic agar after incubation at 37 C for 48 h under
anaerobic conditions. Erythromycin and rifampin were the most active drugs in
vitro (MICs of 0.008 to 0.25 ug/ml), although a small number of non-israelii
strains were conspicuously more resistant to the latter (MICs > 0.5 ,g/ml).
Penicillin G, cephaloridine, minocycline, and clindamycin were also very active
in vitro (MICs of 0.03 to 1.0 ,ug/ml); for a few non-israelii strains the MICs of
clindamycin were 2.0 to 8.0 ,ug/ml. MICs of cephalothin, ampicillin, lincomycin,
tetracycline, doxycycline, and chloramphenicol were well within a therapeutic
range for all strains of A. israelii and most other species, although the MIC of
lincomycin against a few non-israelii strains and of tetracycline and doxycycline
against the majority of these strains was 2.0 to 8.0 ,g/ml. Oxacillin, dicloxacillin,
and cephalexin were less active in vitro, particularly against strains other than A.
israelii. Most non-israelii species were not suppressed by 125 ,ug of metronidazole
per ml, which concentration inhibited all strains of A. israelii; otherwise, there
were no antimicrobial susceptibility differences among the species tested.
Aminoglycoside activity was negligible.

Although penicillin is the drug of choice in
actinomycosis, other antimicrobials, especially
tetracylines, have been employed with success
either in penicillin-allergic patients or in cir-
cumstances where penicillin failed to effect a
cure (30). Earlier studies from this laboratory
described the in vitro susceptibility of Ac-
tinomyces, primarily Actinomyces israelii, to
cephalosporins and lincomycins (23, 24). Recog-
nition of the pathogenic role of other ac-
tinomycetes in human infection (Table 1), the
introduction of a number of newer antimicrobi-
als, and the recent widespread interest in sus-
ceptibility testing of anaerobic pathogens
prompted the broader survey herein reported.

MATERIALS AND METHODS
Seventy-four strains of actinomycetes were col-

lected from clinical isolates recovered at hospitals in
the Cleveland area and from the Mycology Unit at the
Center for Disease Control in Atlanta, Ga., The Na-
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tional Collection of Type Cultures in London, Eng-
land, and the Department of Microbiology, West Vir-
ginia University, Morgantown. The following species
were studied: A. israelii, 32 strains; A. eriksonii, 6
strains; Arachnia propionica, 7 strains; A. naeslundii,
5 strains; A. viscosus, 15 strains; A. odontolyticus, 5
strains; and A. bovis, 4 strains. The latter two species,
not as yet associated with disease in man, were in-
cluded for comparative purposes only.

Inhibition of gross colonial enlargement in antibi-
otic-containing semisolid agar (Actinomyces Broth,
BBL), as previously described (23), a modification of
the method of Blake (2), was employed to determine
the in vitro susceptibility of actinomycetes to the fol-
lowing antimicrobial compounds, supplied as indi-
cated: penicillin G, streptomycin, doxycycline
(Pfizer Co., Inc.); ampicillin, oxacillin, dicloxacillin
(Bristol Laboratories); cephalothin, cephaloridine,
cephalexin, vancomycin, capreomycin, erythromycin,
cycloserine (Eli Lilly & Co.); chloramphenicol (Parke,
Davis & Co.); fusidic acid (Leo Pharmaceutical Prod-
ucts, Ballerup, Denmark); novobiocin, lincomycin,
clindamycin (Upjohn Co.); metronidazole (Searle);
rifampin (Ciba Chemical and Dye Co.); sulfisoxazole
(Hoffman-La Roche, Inc.); tetracycline, minocycline
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TABLE 1. Actinomycetes, other than A. israelii,
associated with human disease"

Actinomycete Human disease

A. naeslundii .......... Gall bladder empyema, wounds,
bacteremia, cervicofacial dis-
ease, suppurative thyroiditis

Arachnia propionica ... Cervicofacial disease, renal ab-
scess, infected human bite, la-
crimal canaliculitis, lung ab-
scesg, empyema

A. eriksonii ............ Lung and wound abscess, em-
pyema

A. viscosus ............ (Aerobic; catalase positive [?] A.
naeslundii) wound, sinus tract

a See references 4, 7, 14-16, 22, 32.

(Lederle Laboratories); gentamicin (Schering Labora-
tories).

Discrete colonies grown on the surface of sheep
blood agar plates (incubated at 37 C in a Brewer Gas
Pak jar for 4 to 5 days) were submerged in 5 ml of semi-
solid actinomyces agar (0.35%) by placing an agar
square (0.5 by 0.5 cm) a few millimeters below the
semisolid agar surface and sealing the tube under
pyrogallol carbonate seal (1). After overnight incuba-
tion at 37 C, the presence or absence of visible colo-
nial enlargement was readily determined by gross in-
spection (23). To verify, when necessary, equivocal
overnight results, 48-h readings were also done. To
avoid bias, only 48-h minimum inhibitory concentra-
tions (MICs) are reported, although 75 to 85% of the
assay end points (varying with different antibiotics)
remained unchanged after the longer incubation. At-
tempts to determine bactericidal end points were not
successful (23); this will be discussed subsequently.

RESULTS
Figures 1 through 12 depict the range of MICs

of 19 antimicrobial compounds. The number of
strains inhibited by a given drug concentration
is indicated within the bar. Cycloserine, sulf-
isoxazole, streptomycin, gentamicin, and ca-
preomycin were also screened and will be dis-
cussed separately. The total number of strains
represented in any single bar may not agree with
the total number originally available for study,
inasmuch as occasional contaminants, and par-
ticularly commensals, interfered with assays in
some instances.

In Fig. 1, the range of MICs of penicillin G
was 0.03 to 0.5 gg/ml for all 32 A. israelii strains
and 0.06 to 0.5 ,ug/ml for all other actinomycetes
except one strain of A. naeslundii and three of
four A. bovis strains, for which the MIC was 1.0
,gg/ml. Ampicillin was slightly less active, par-
ticularly against some of the non-israelii spe-

cies, but was active at concentrations well
within a therapeutic range.

Figure 2 demonstrates the susceptibility pat-
tems of three cephalosporins-cephaloridine,
cephalothin, and cephalexin. As is true for most
gram-positive bacteria, cephaloridine was the
most active in vitro, cephalexin the least, and
cephalothin occupied an intermediate position.
The in vitro activity of cephaloridine was al-
most identical to that of penicillin G. Even
though the least active in vitro, cephalexin
given by mouth in doses of 4.0 g per day would
provide serum levels in excess of MICs for all

PENICILLIN G - AMPICILLIN (mcg/mI)
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A. viscosus (15)
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FIG. 1. Susceptibility of actinomycetes to penicil-
lin G and ampicillin.
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FIG. 2. Susceptibility of actinomycetes to ceph-
aloridine, cephalothin, and cephalexin.
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strains of A. israelii and most, but not all, strains
of the other species. Three strains (two A.
eriksonii; one A. naeslundii) were inhibited only
by 16 ,g of cephalexin per ml.

Figure 3 depicts the MICs of tetracycline and
two newer analogues-minocycline and doxycy-
line. Minocycline was the most active of the
three drugs against all of the species tested.
Doxycycline was somewhat less active and tet-
racycline, as might be expected, was the least
active, although all strains of A. israelii, A.
viscosus, A. propionica, and A. bovis and ap-
proximately one-half of the remaining strains
were suppressed by 2 ug of tetracycline per ml,
an easily attained serum concentration. Only
actinomycetes other than A. israelii had MICs
exceeding 2 Mg of tetracycline per ml. The
uniform susceptibility of all 15 strains of A.
viscosus to 2 Mg of tetracycline per ml was
noteworthy.

Figure 4 illustrates the susceptibility patterns
with clindamycin and lincomycin. All A. israelii
strains were inhibited by 0.06 to 0.5 Mg of the
former per ml and 0.06 to 1.0 ,ug of the latter per
ml. A small proportion of the other species
required 2.0 to 8.0 Mg of either drug per ml for
inhibition. The unusually wide range of MICs
for strains of A. propionica and A. naeslundii
was not observed with other antimicrobials in
this survey.
The results obtained with oxacillin and di-

cloxacillin are shown in Fig. 5. Oxacillin in
concentrations of 0.5 to 8.0 ,g/ml suppressed all
strains of A. israelii; only two strains of A.
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CLINDAMYCIN - LINCOMYCIN (mcg/mrl)
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FIG. 4. Susceptibility
damycin and lincomycin.

of actinomycetes to clin-
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MINOCYCLINE - DOXYCYCLINE - TETRACYCLINE (mcg/mI)
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FIG. 5. Susceptibility of actinomycetes to oxacillin
and dicloxacillin.

israelii were not suppressed by similar concen-
trations of dicloxacillin. A. eriksonii and A.
viscosus strains were slightly more resistant to
dicloxacillin, otherwise the remaining species
exhibited an in vitro susceptibility pattern
resembling that of A. israelii. Both of these
semisynthetic penicillins were considerably less
active in vitro than penicillin G, ampicillin, and
both parenteral cephalosporins.
Erythromycin (Fig. 6) was the most active

antimicrobial agent in this assay system. All
strains, except one strain of A. israelii, were
suppressed by 0.12 Mug or less of this drug per ml.
Other than two strains of A. bovis, all ac-
tinomycetes were inhibited by 1.0 to 8.0 ,g of
chloramphenicol per ml (Fig. 7). Vancomycin
suppressed all actinomycetes tested in a narrow
range of concentrations, i.e., the MICs ranged
from 2.0 to 20.0 Mg/ml (Fig. 8).
The pattern of MICs of rifampin differed

FIG. 3. Susceptibility of actinomycetes to minocy-
cline, doxycyline, and tetracycline.
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slightly from those of the antibiotics previously
cited (Fig. 9). Although 87% (65/74) of ac-
tinomycetes were highly susceptible to rifampin
(MIC of 0.008 to 0.12 jig/ml), there was a small
cluster of distinctly more resistant strains (no-
tably four of six A. eriksonii) that grew despite a
rifampin concentration of 0.5 ,g/ml, the highest
employed in this assay. Fusidic acid (Fig. 10)
selectively inhibited a significant number of
strains, but the MICs covered a rather wide
range in contrast to most of the antibiotics
described in Fig. 1 through 8. Novobiocin (Fig.
11) inhibited all 28 available strains of A.
israelii in concentrations ranging from 1.0 to 8.0
,ug/ml, but the MICs for approximately 25% of
strains of the other species were 16 Ag or greater
per ml.

Metronidazole (Fig. 12) has recently been
investigated for in vitro activity against a num-

ERYTHROMYCIN (mcg/mI)

VANCOMYCIN (mcg/mI)

A. isroelii (26)

A. eriksonii (6)

A.viscosus (15)

Ar. propion. (7)

A. naeslundii(5)

2 5 10 20

I 5 12 8 I

I I 2 1

I I 5 8 1 1

1 3 2 2

L 1 4 1

A. odontolyt. (5) LI2I1

A. bovis (4)

FIG. 8. Susceptibility of actinomycetes to van-
comycin.
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FIG. 6. Susceptibility of actinomycetes to erythro-
mycin.

CHLORAMPHENICOL (mcg /ml)

FIG. 9. Susceptibility of actinomycetes to rifam-
pin.
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FIG. 10. Susceptibility of actinomycetes to fusidic
acid.

2L1i

FIG. 7. Susceptibility of actinomycetes to chlor-
amphenicol.

ber of anaerobic pathogens and holds particular
promise because it is bactericidal for Bacteroi-
des fragilis (37). Eighteen of the 25 A. israelii

RIFAMPIN (mcg/ml)

A. bovis (4)
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NOVOBIOCIN (mcg/mI)
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FIG. 11. Susceptibility of actinomycetes to novobi-
ocin.

strains tested (72%) were suppressed by 25 to
100 ,ug of this drug per ml, but the majority of
strains of the other species, excluding A. bovis,
were not suppressed by 125 Ag of metronidazole
per ml, a concentration that did suppress all A.
israelii strains.

Sulfisoxazole possessed selective in vitro ac-
tivity against a significant number of A. israelii
strains in concentrations ranging from 4.0 tc
16.0 mg/100 ml, but these MICs were poorly
reproducible in this assay system when tested a
second or third time. Streptomycin in a concen-
tration of 4 ,g/ml inhibited a single strain of A
israelii, a second strain at 32 ,ug/ml and approxi
mately 20% of the remaining strains of A
israelii at a concentration of 128 gg/ml; the
other species were not tested. Approximately
40% of all actinomycetes, equally represented
among the various species, were inhibited by 5C
Ag of gentamicin per ml. Cycloserine and ca
preomycin were essentially inactive against ac
tinomycetes in this assay system.

DISCUSSION
Clinicians are often compelled to initiat

treatment for actinomycosis on the basis of a

characteristic "sulfur granule" found in tissue
sections or pus, without an accompanying con
firmatory culture. That actinomycetes othe:
than A. israelii are sometimes associated witl
human disease has only recently been docu
mented (4, 7, 14-16, 22, 32). The technica
problems of routi-ne antimicrobial susceptibilit3
testing of these slower growing organism<
prompted the present in vitro survey. If othei
species have antimicrobial susceptibility pat
terns similar to those of A. israelii, then infec
tions associated with these less common specie:
might be expected to respond to the sami
antibiotics even if therapy must be initiated iI
the absence of a positive culture. Organism,

other than actinomycetes may provoke similar
granule formation in tissues (34).
A. bovis, as currently classified, has never

been associated with infection in man (1).
Reports in the older literature carrying this
designation are probably incorrect, although
data concerning the isolates in question were
often incomplete. The species name, israelii or
bovis, often depended on the investigator's
preference rather than morphology or biochemi-
cal characteristics. Consequently, reliance on
species designation prior to 1960 is unwise
unless complete descriptions are available (33).
Difficulty in obtaining a pure culture and cul-
tural variations due to commensalism ac-
counted for many of these early problems in
speciation.
The organism originally described as Ac-

f tinomyces propionicus by Buchanan and Pine
in 1962 has recently been removed from the
genus Actinomyces and placed in a new genus,
Arachnia (4, 5). Although Arachnia propionica,
as it is now known, resembles Actinomyces
species morphologically and biochemically, it
differs serologically, has the ability to produce
large amounts of propionic acid from glucose,
and has diaminopimelic acid in its cell wall.
The name actinomycosis remains appropriate
for the similar chronic suppurative disease syn-
dromes caused by organisms of both Ac-
tinomyces and Arachnia, because organisms in
these two genera are morphologically similar.

e Both genera are classified in the family Ac-
Y tinomycetaceae, which is a further reason for
I retaining the term "actinomycosis" for infection
° due to either species (5). Accordingly, these

strains were included in this in vitro survey. A.
eriksonii may soon be reclassified in the genus
Bifidobacterium (4).

In 1960, Peabody and Seabury reviewed the
basic differences in therapy between ac-
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FIG. 12. Susceptibility of actinomycetes to metro-
nidazole.
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tinomycosis and nocardiosis (30). They summa-
rized both clinical and in vitro experiences
reported to that time and concluded that peni-
cillin, in adequate and sometimes massive doses
given over an extended period of weeks to
months, was the undisputed drug of choice.
They also stressed and re-emphasized the im-
portant role of surgery, not only for drainage of
abscesses and empyemas, but also because of
the extensive fibrosis so characteristic of actino-
mycotic infections. Because occasional failures
followed the use of penicillin alone, they re-
viewed the in vitro and clinical data relative to
sulfadiazine, streptomycin, erythromycin,
chloramphenicol, and the tetracyclines. Cures
had been achieved with each, alone or in
combinations, and in vitro data suggested that
Actinomyces were readily inhibited by chloram-
phenicol (0.005 to 0.1 ug/ml (26) and erythromy-
cin (0.005 to 0.1 gg/ml) (20, 36), and were read-
ily inhibited by several tetracyclines (13, 20, 21,
27, 30). Even streptomycin, considerably less
effective in vitro, had produced excellent clini-
cal results in some instances (3. 8, 38). The pres-
ence of other organisms, such as Actinobacillus
actinomycetemcomitans or other gram-negative
anaerobic bacilli or coccobacilli ("associates"
that invariably accompany the Actinomyces,
according to Holm, and may be penicillin resist-
ant), might explain such unexpected results
(19). Cures after the use of isoniazid and stil-
bamidine have also been reported (17, 28).

It is difficult, if not impossible, to compare
our in vitro results with those published during
the past thirty years with antibiotics other than
penicillin G. The technique of colonial immer-
sion in semisolid antibiotic agar, the use of
actinomyces maintenance medium (1), now
available commercially as Actinomyces Broth,
the brief 24- to 48-h incubation period, and the
use of complete suppression of colonial enlarge-
ment as the visual end point differs in part or in
full from the methods of all, except Blake (2).
Thioglycolate or various enriched broths, unde-
fined inocula, prolonged periods of incubation
(usually 5 to 20 days), and gradations of growth
suppression, rather than total growth inhibi-
tion, characterized almost all other studies (3,
9, 11, 12, 18-20, 35, 36). Despite such extreme
variations in assay technique, almost all inves-
tigators showed, however, that A. israelii was
uniformly susceptible to penicillin G and was
inhibited by MICs identical to those obtained in
this study.

Blake tested five strains of A. israelii against
'a variety of antibiotics, in both broth suspen-
sions and in semisolid agar (2). He employed

brain heart infusion media (Oxoid), did not
standardize the inoculum for his suspension
dilutions, and used week-old colonies for the
semisolid agar inhibition assays. End points
were recorded at 5, 10, and 21 days for broth
suspensions and after 72 h in semisolid agar.
MICs of penicillin G, cloxacillin, ampicillin,
erythromycin, and tetracyclines were similar to
those reported here. Blake stated that bacteri-
cidal end points could be determined for colo-
nies of Actinomyces by transferring these agar
squares into antibiotic-free semisolid agar (after
72 h of incubation in antibiotic agar) and
recording the absence of any growth after addi-
tional incubation for 21 days.' As shown previ-
ously in this laboratory, transfer of agar squares
containing antibiotic-suppressed colonies into
antibiotic-free broth, followed by prolonged an-
aerobic incubation (up to 28 days), yielded
ultimate colonial enlargement on squares origi-
nally exposed to concentrations of drug ranging
from 64 to 128 ,ug/ml in over 95% of the assays
(23). Usually only one or a few colonies, of the
more than several dozen originally present on
each square, ultimately enlarged as single dis-
crete colonies. Thus, a bactericidal effect of
these antibiotics was not apparent even at drug
concentrations many-fold greater than those
capable of producing bacteriostasis. It is possi-
ble that a technique permitting accurate quan-
titation of the exact number of colonies origi-
nally inoculated with each agar square might
allow an estimate of the percentage of colonies
killed.
Holm (19) and Garrod (11) both suggested

that the concentration of antibiotic (penicillin)
required to inhibit the growth of whole colonies
of Actinomyces was five times that needed to
suppress the growth of a ground-up suspension.
Earlier studies in this laboratory with lincomy-
cin, cephalothin, cephaloridine, penicillin G,
and cloxacillin uncovered no such difference or,
at most, a single dilution variance between
MICs required for colonies in semisolid agar and
those obtained by broth dilution studies with
suspensions of Actinomyces (23). Blake also
investigated this aspect of the assay system and
found that MICs for suspensions determined
after 5 days of incubation agreed with 72-h
readings for whole colonies; subsequent read-
ings at 10 and 21 days yielded MICs two to four
times higher than 5-day readings, probably
from attendant antibiotic deterioration (2).
The whole-colony immersion technique was

utilized for this in vitro survey because as many
as 30 to 40 strains could easily be processed, and
two drugs tested during a single run with a
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comparable inoculum, i.e., colonies of uniform
size and age. In addition, periodic emergence of
commensals was an annoying problem with a
small but significant number of strains; this
event was readily apparent in semisolid agar,
whereas it occurred somewhat more frequently
and was more difficult to appreciate (short of
Gram staining all suspicious tubes) in the broth
dilution method. Agar plate dilution studies
were also attempted, but the slow growth of
most rough strains, particularly A. israelii,
precluded determining a clear cut end point at
48 h, let alone earlier. The single caveat in
recommending this in vitro assay technique is to
avoid prolonged aerobic exposure of the colonies
at room temperature prior to their inoculation
into semisolid media; this favors the emergence
of commensals, particularly staphylococci (33).
The in vitro activity of cephaloridine, in

particular, as well as cephalothin, clindamycin,
lincomycin, and minocycline against A. israelii
and most other actinomycetes, suggests that
these drugs should be useful in the management
of patients with actinomycosis. A limited num-
ber of reports already suggest that parenteral
cephalosporins and the lincomycins can be
added to the list of drugs endorsed by Peabody
and Seabury (chloramphenicol, tetracyclines,
and erythromycin) as alternative therapies
when penicillin fails or the patient is unable to
tolerate this drug (6, 10, 25, 29, 30, 31). Erythro-
mycin, in particular, appears to be an excellent
alternative to penicillin, particularly when long-
term oral therapy is indicated (18, 36). Oral
cephalexin and the semisynthetic penicillins,
oxacillin and dicloxacillin, are considerably less
active in vitro and probably should be avoided.
There are no major species variations in

antimicrobial susceptibility among the first line
drugs summarized above, so infection with
strains other than A. israelii should also respond
to an adequate course of treatment with penicil-
lin G or any of the penicillin alternatives.

Sulfonamide is the drug of choice for no-
cardia infections, and despite our inability to
demonstrate reproducible in vitro results with
sulfisoxazole in this assay system, it appears
that many strains of A. israelii are inhibited by
concentrations readily attained in serum (4.0 to
8.0 mg/100 ml) and, therefore, proven cases of
actinomycosis, not mistaken instance of nocar-
diosis, can on occasion respond to sulfonamides
(9, 20).
Although this in vitro assay method is some-

what unusual, it provides a reproducible, rapid
method for determining the in vitro susceptibil-
ity of these rather slowly growing organisms to

penicillin and other antibiotics. This is particu-
larly useful, because one facet in the treatment
of actinomycosis has never been adequately
explored, i.e., the development of in vivo-
acquired antimicrobial resistance. Garrod (12)
claimed that unsuccessful treatment with peni-
cillin may be accompanied by increased in vitro
resistance; the inhibitory concentration for two
strains of A. israelii rose from 0.03 units/ml to
0.2 and > 0.5 units/ml. Boand and Novak found
strains of A. bovis (probably A. israelii) did not
readily become adapted to or resistant to peni-
cillin with serial passage in subinhibitory con-
centrations of the drug, although four of six
strains developed two to fourfold resistance (3).
Streptomycin resistance was rapidly induced by
this method.
Because actinomycetes can now be main-

tained frozen at -20 C in actinomyces mainte-
nance medium (Actinomyces Broth) agar for
periods of I to 2 years, clinical isolates should be
saved for future studies; should penicillin ther-
apy prove ineffective, subsequent isolates can
be simultaneously compared with the original
for any change in degree of susceptibility.
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