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A genetic analysis of aminocyclitol resistance in two strains of Staphylococcus
aureus was performed. Resistance of strain FK170, isolated in Zurich, was due to
the production of a 3’-phosphotransferase [APH(3')]. Strain 5532, isolated in
London, produced a 2”-phosphotransferase [APH(2”)] and a 6’-N-acetyltransfer-
ase [AAC(6)]. Plasmid deoxyribonucleic acid (DNA) was isolated by isopycnic
centrifugation from the two parent strains, as well as from susceptible variants
and from resistant transductants of both strains. Comparative analysis of plasmid
DNA by centrifugation in sucrose gradients revealed that strain FK170 harbored
a 2.7-megadalton tetracycline R-plasmid and a 36-megadalton cryptic plasmid.
Strain 5532 contained an 18.5-megadalton penicillinase plasmid. No evidence for
plasmid location of the markers for aminocyclitol resistance could be obtained.

It is well known that antibiotic resistance in
Staphylococcus aureus is frequently determined
by genes that are part of resistance plasmids.
The best known example is the plasmid-deter-
mined resistance in staphylococci to penicil-
lin mediated by a penicillinase (21, 23). In
many tetracycline- or chloramphenicol-resistant
strains of S. aureus, evidence for plasmid inher-
itance of resistance markers has been presented
(15, 16, 23). Occasionally, however, strains which
evidently carry the markers for resistance to
penicillin (1, 26, 28) or to tetracycline (15) inte-
grated in the staphylococcal chromosome have
been found. Resistance to kanamycin and other
aminocyclitols (3, 15), to gentamicin (12, 31, 32),
and to tobramycin (17, 29) has always been
observed to be determined by R-plasmids of
various sizes in staphylococci.

In this paper, we report the existence of two
S. aureus strains in which we were unable to
find any evidence of plasmid-determined resist-
ance to aminocyclitol antibiotics. One of these
strains was resistant to kanamycin and other
aminocyclitols due to the production of an ami-
nocyclitol  3’-phosphotransferase [APH(3')].
This enzyme differed from the APH(3’) enzymes
usually found in gram-negative organisms (13).
The other strain produced an aminocyclitol 2”-
phosphotransferase [APH(2")], as well as a 6'-
N-acetyltransferase [AAC(6)], and was resistant
to gentamicin, tobramycin, sisomycin, and other
aminocyclitols (2, 7, 18).

MATERIALS AND METHODS

Bacterial strains. The staphylococcal strains stud-
ied are listed in Table 1, along with their susceptibili-

ties to representative aminocyclitol antibiotics and the
aminocyclitol-modifying enzymes produced. S. aureus
FK170, in addition to having the characteristics men-
tioned in Table 1, was resistant to tetracycline, eryth-
romycin, and trimethoprim-sulfamethoxazole and pro-
duced penicillinase. Strain 5532 (27) was resistant to
aminocyclitols and penicillins (penicillinase), but sus-
ceptible to other antimicrobial agents. Both strains
belonged to phage group III.

Determination of drug resistance. Minimal in-
hibitory concentrations were determined by serial two-
fold dilutions of antibiotic in Mueller-Hinton agar
(BBL Microbiology Systems) or Mueller-Hinton broth
(BBL). The minimal inhibitory concentration tech-
nique corresponded to the International Collaborative
Study procedure (9). In some experiments, drug re-
sistance was determined by the U.S. disk diffusion test
(20).

Examination of genetic stability. Spontaneous
loss of antibiotic resistance was investigated in cultures
grown overnight at 37°C in brain heart infusion broth.
Induced loss of resistance was examined in cultures
treated with acriflavine or ethidium bromide, in cul-
tures grown at 45°C, or in broth cultures stored for 1
month or longer at 37°C (14). An indicator method
was used to screen for penicillinase-negative mutants
of S. aureus (21, 25). Joint elimination of other resist-
ance markers in negative variants was examined with
the disk diffusion test.

Enzymatic procedures. Crude extracts containing
aminocyclitol-modifying enzymes were prepared with
the lysostaphin method as described (30). Enzymatic
activities were measured by the phosphocellulose pa-
per binding assay (6). The system for phosphorylation
by extracts of S. aureus FK170, FK429, and the trans-
ductant RN450 Kan was identical to that described by
Kayser et al. (14). Phosphorylation and acetylation by
lysates of S. aureus 5532 and derivatives and the
transductant Ps53Gen were done according to stan-
dard procedures (6, 7, 18).
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TABLE 1. Origin of S. aureus isolates, production of modifying enzymes, and susceptibility to representative
aminocyclitol antibiotics

Minimal inhibitory concentration® (ug/ml) of: Aminocycli-
. a Origin, relevant characters, and refer- tol-modifying
Strains’ ences enzyme pro-
Kan Gen Tob Ami Net yme p
duced
FK170 Wild type, Zurich (this paper) >256 0.03 0.03 16 0.06 APH(3)
FK427 APH(3')-negative variant of FK170 (this 4 0.03 0.03 2 0.06 None
paper)
FK428 Tetracycline-susceptible variant of 4 0.03 0.03 1 0.06 None
FK427 (this paper)
FK429 Tetracycline-susceptible variant of >256 0.03 0.03 16 0.06 APH(3)
FK170 (this paper)
5532 Wild type, London (27) >256 250 125 8 8 APH(2")
AAC(6)
S25 APH(2")-negative variant of 5532 (27) 64 0.7 4 4 0.1 AAC(6)
5532 P’ase”  P’ase-negative variant of 5532 (this pa- ND* ND ND ND ND APH(2")
per) AAC(6)
S25 P’ase P’ase-negative variant of S25 (this pa- ND ND ND ND ND AAC(6)
per)
Ps53 Propagating strain for phage 53 1.0 0.12 0.06 0.06 0.06 None
Ps53 Gen Gentamicin-resistant transductant of >256 128 128 8 8 APH(2")
Ps53 (27) AAC(6)
RN450 Plasmid/prophage-free variant of Ps47 0.5 0.06 0.03 0.12 0.03 None
(23)
RN450 Tet  Tetracycline-resistant transductant of 0.5 0.06 0.03 0.12 0.03 None
RN450 (this paper)
RN450 Kan Kanamycin-resistant transductant of >256 0.03 0.06 8 0.12 APH(3)
RN450 (this paper)
RN11 Host of reference plasmid PI258 (23) ND ND ND ND ND None
RN1304 Host of reference plasmid T169 (23) ND ND ND ND ND None

¢ Kan, kanamycin; Gen, gentamicin; Tob, tobramycin; Ami, amikacin; Net, netilmicin; Tet, tetracycline; P’ase, penicillinase.

5 ND, Not done.

Transduction procedure. Transduction was per-
formed with phage 53 of the phage typing set. The
phage was adapted to donor strains by serial single-
plaque passages. High-titer phage lysates were pre-
pared, and antibiotic resistance was transferred to
appropriate receptors as described in the text. The
procedure corresponded to the method used in our
laboratory (14).

DNA procedures. Cleared lysates of the strains
under study were prepared by a method similar to
that described by Novick and Bouanchaud (23). The
lysates were mixed with saturated CsCl to give a final
density of 1.54, and ethidium bromide was added to
give a final concentration of 500 ug/ml. Approximately
8.5 ml was centrifuged to equilibrium in a 50 Ti fixed-
angle rotor at 42,000 rpm for 40 to 60 h at 20°C. (for
more details see reference 15). When E. coli K-12 J53
(R15) served as a source of the reference deoxyribo-
nucleic acid (DNA), the methods of Clewell and Hel-
inski (4) for isolation of plasmid R15 were closely
followed.

To characterize plasmid DNA, centrifugation in
linear sucrose gradients (11 ml, 15 to 30%) was carried
out. The gradients were prepared in TES buffer [0.05
M tris(hydroxymethyl) aminomethane-0.05 M ethyl-
enediaminetetraacetic acid-0.05 M NaCl, pH 8.0], 0.1
to 0.2 ml of plasmid-containing solution was layered
on top of the gradients, and centrifugation was carried
out in an SW41 rotor (Beckman Instruments, Inc.) at

20°C for 180 to 240 min. Sedimentation constants and
molecular weights of individual molecules were com-
pared with data of reference plasmids and calculated
by the methods of Hudson et al. (11) and Clowes (5).
The molecular form of plasmid DNA peaks—cova-
lently closed circular or open circular—were deter-
mined by comparing the sedimentation pattern of
partially denatured plasmid solutions with unimpaired
preparations or by sedimenting the material in an
alkaline sucrose gradient (10).

Rapid screening for plasmid DNA with little start-
ing material was performed, with slight modifications,
as described for gram-positive organisms (8). Single
colonies were suspended in 10 pl of electrophoresis
buffer (pH 8.2) in small tubes. A 15-ul amount of the
lysis mixture was added. The mixture was composed
as described (8), but contained 30 ug of lysostaphin
per ml instead of lysozyme. After incubation for 15
min at 37°C, the total volume was transferred to a slot
of a standard vertical slab gel apparatus. The gel
concentration was 0.7% agarose type I (Sigma Chem-
ical Co.). The DNA was electrophoresed for 1 h at 30
V and then for 4 to 5 h at 80 to 100 V.

RESULTS

Experiments to obtain antibiotic-suscep-
tible variants. The first indication that resist-
ance to aminocyclitols in S. aureus FK170 might
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be governed by a chromosomally located gene
came from the observation of the considerable
stability of this resistance character. Phospho-
transferase-negative variants could not be iso-
lated spontaneously or by treatment of cultures
with various curing agents known to affect plas-
mid replication. In total, 35,500 colonies were
examined and screened for loss of kanamycin
resistance with negative results. However, stor-
age of broth cultures for 40 days at 37°C yielded
five enzyme-negative variants among 14,500
clones examined in a single experiment. No joint
elimination of other resistance markers in the
kanamycin-susceptible variants was observed.
Aging of cultures was also successful in obtaining
tetracycline-susceptible variants. Resistance to
erythromycin and production of penicillinase,
however, were remarkably stable characters in
FK170. No susceptible variant clones could be
found among more than 30,000 colonies exam-
ined.

Physical characterization of plasmid
DNA in strains FK170 and derivatives. Be-
cause of the relative stability of resistance to
aminocyclitols in strain FK170 and in variants
derived from it, additional experiments were
conducted to establish whether resistance was
plasmid mediated or not. Dye-buoyant density
centrifugation was used to isolate plasmid DNA
from cleared lysates. Plasmid DNA was shown
to be present in all strains. Plasmid DNA was
then layered onto sucrose gradients to charac-
terize individual molecules (Fig. 1). Strain
FK170 contained two distinct plasmids. The
smaller plasmid was shown to be a tetracycline
resistance plasmid, since the Tet-susceptible
variant FK429 did not contain it and the mole-
cule was observed in RN450 after transfer of Tet
resistance from FK170 (Fig. 2). In separate ex-
periments, this plasmid sedimented together
with the reference plasmid Tes of strain RN1304
(23) and thus had a molecular weight of 2.7 X
10%. The larger plasmid present in FK170 had a
molecular weight of 36 X 10°. This plasmid also
was found in all derivatives of FK170 and there-
fore seemed not to be essential for the resistant
phenotype.

To exclude the possibility that a kanamycin
resistance plasmid would have the same size as
this “cryptic” plasmid and thus would band at
the same position in sucrose gradients, we tried
to isolate variants which had lost the cryptic
plasmid. Cultures of FK170 and FK428 were
stored for up to 100 days at 37°C, and individual
clones were isolated. The presence of plasmid
DNA in these clones was examined with rapid
agarose gel electrophoresis procedure. Among
176 clones of both strains, no variants devoid of
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the 36-megadalton (Md) plasmid were observed.
Clones of FK170, which had lost the 2.7-Md
tetracycline resistance plasmid, however, were
found frequently.

To obtain additional evidence of the chromo-
somal location of the APH(3’) gene, resistance
to kanamycin was transduced from FK170 into
RN450. No plasmid DNA was detected in the
RN450 transductants producing APH(3’).

Physical characterization of plasmid
DNA in strain 5532 and derivatives. Sepa-
ration of plasmid DNA from chromosome DNA
in CsCl-ethidium bromide density gradients
gave results which strongly suggested the chro-
mosomal location of the determinants for the
production of APH(2"”) and AAC(6’). Although
plasmid DNA was present in 5532 and in the
APH(2”)-negative variant S25, no covalently
closed circular DNA was detected in penicillin-
ase-negative derivatives of these strains (Fig. 3).
This suggested that the plasmid peaks in the
wild-type strain and in the APH(2"”)-negative
variant were due to a penicillinase plasmid.
Comparison of *H-radiolabeled plasmid DNA
with differentially labeled DNA from the refer-
ence strain RN11 in neutral sucrose gradients
showed that both molecules had identical sedi-
mentation characteristics. The penicillinase
plasmid of 5532 thus proved to have a size of
about 18.5 Md. Transfer of APH(2”) together
with AAC(6') from 5532 into Ps53 resulted in a
gentamicin-resistant transductant of Ps53 (27).
Isolation of plasmid DNA from this transductant
and from Ps53 and comparative analysis of the
DNAs by differential sedimentation revealed
that both strains contained identical plasmids,
about 19 Md in size (Fig. 4). The biological
function of the plasmid in Ps53 is unknown. It is
probably impossible for it to be a penicillinase
plasmid, since the Ps53 bla locus has been es-
tablished to be chromosomal (26).

DISCUSSION

Most determinants of antibiotic resistance in
S. aureus, as in Enterobacteriaceae, are thought
to be located on staphylococcal plasmids. Occa-
sionally, however, strains have been found which
carry typical plasmid resistance markers inte-
grated into the staphylococcal chromosome.

In this paper, we describe the apparent chro-
mosomal location of genes controlling the pro-
duction of aminocyclitol-modifying enzymes in
two such strains. The kanamycin-resistant strain
FK170 harbored a small 2.7-Md and a large 36-
Md plasmid. Since a kanamycin-susceptible var-
iant also contained the two plasmids and since
plasmid DNA could not be detected in kana-
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Fi1G. 1. Neutral sucrose gradients (15 to 30%; from right to left) of plasmid DNA. Symbols: (A) O, *H-labeled
S. aureus FK170; @, *C-labeled S. aureus FK427 [APH(3)-negative variant of FK170]; (B) O, *H-labeled S.
aureus FK429 (Tet-susceptible variant of FK170). CCC, Covalently closed circular; OC, open circular.
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FI1G. 4. Neutral sucrose gradients (15 to 30%; from right to left) of plasmid DNA. Symbols: O, *H-labeled S.
aureus Ps53; @, *C-labeled S. aureus Ps53 Gen (gentamicin-resistant transductant of Ps53). CCC, Covalently

closed circular; OC, open circular.

mycin-resistant tranductants, evidence of chro-
mosomal location of the marker for production
of APH(3’) is strong. The small plasmid of
FK170 has been found to code for resistance to
tetracycline. The biological functions of the
larger plasmid are unknown. It seems unlikely
to us that this cryptic plasmid has anything to
do with resistance to penicillin or erythromycin,
because these phenotypic traits are remarkably
stable in strain FK170. It is known that large
plasmids in staphylococci are generally very un-
stable (15). The failure to eliminate the cryptic
plasmid by prolonged aging of a culture for more
than 3 months points to the possibility that this
plasmid might contain genetic information vital
for FK170.

Chromosomal location of the markers for pro-
duction of APH(2”) and AAC(6') in S. aureus
5532 is likely, since the only plasmid found in
this strain was shown exclusively to specify the
production of penicillinase. Cotransfer of the
determinants of APH(2”) and AAC(6’) to Ps53
(27) suggested the close location of the genes on
the chromosome. Recently, attempts to separate
APH(2"”) from AAC(6’) in enzymatic extracts of
S. aureus R Palm by several techniques were
not successful (18). It was suggested, therefore,
that one and the same enzyme could phospho-
rylate as well as aceytylate aminocyclitols. On
the other hand, Dowding (7) was able to separate
phosphorylating from acetylating activity by
polyacrylamide gel electrophoresis in his strain.
The genetic experiments conducted with strain
5532 do not resolve the situation in this culture,
since they are consistent with both hypotheses.

It is now becoming more and more apparent
that bacterial replicons are able to interact and

recombine in a variety of ways that may not
involve conventional base homologies. The oc-
currence of apparently nonhomologous recom-
binational events in S. aureus has been observed
repeatedly, especially in the case of antibiotic
resistance determinants. Such events, involving,
among other things, insertion of plasmid frag-
ments into the chromosome, transfer of DNA
sequences from the chromosome into plasmids
(19, 22, 24), or the stable integration of entire
plasmids into the chromosome (26) can be most
easily interpreted by translocatable elements or
insertion sequences. Indeed, a clear-cut example
of genetic translocation in S. aureus involving
the 5.2-kilobase transposon Tn551 has recently
been described (24). It could be that illegitimate
recombination of genes, plasmids, or plasmid
fragments, coding for resistance to aminocycli-
tols, has also occurred in the S. aureus strains
FK170 and 5532. Further experiments to dem-
onstrate translocation of aminocyclitol resist-
ance in these strains are now being performed.
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