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The cotransformation frequency of mecC5 with pur-102 using Staphylococcus
aureus C5 deoxyribonucleic acid was found to be approximately 45%. However,
in cotransduction studies, there was a 15% cotransduction of purine prototr3phy
and methicillin sensitivity but, in the reciprocal cross, no purine-prototrophic plus
Mecr cotransductants were obtained (frequency less than 0.06%). The data support
the hypothesis that the mec determinant resides on an inserted deoxyribonucleic
acid sequence in S. aureus and that there is no allelic equivalent in sensitive cells.

Staphylococcal methicillin resistance is, per-
haps, the most enigmatic of all bacterial anti-
biotic resistances. The mechanism by which
Staphylococcus aureus expresses its intrinsic
forn of penicillin resistance is unknown, and the
nature of the genetic determinant for methicillin
resistance (mec) is largely unknown. Reliable
studies of methicillin-resistant (Mecr) strains
strongly support a chromosomal location for mec
(1, 5, 9, 11), and Kuhl et al. (4) have mapped the
mec determinant of the Mecr strain DU4916 (3)
and of 20 Mecr clinical isolates within a specific
linkage group on the staphylococcal chromo-
some, with closest linkage to pur-102. Genetic
transfer of mec by transduction (2, 8) and by
transformation (9) has been demonstrated to be
independent of host recombination functions
and has prompted speculation that mec may
comprise part of a transposable genetic element.
The data we present here support the hypothesis
that mec resides on an inserted DNA sequence
in S. aureus and that Mec8 strains do not possess
an ailelic equivalent to mec.
Transformation experiments (Table 1) con-

firm the linkage of mec and pur-102. When pri-
mary selection was for Pur+ and transformants
were scored for Mecr, we obtained 46% cotrans-
formation for mecC5, which is in good agreement
with the 40% cotransformation that Kuhl et al.
(4) observed for mec-4916. The data in Table 1
also confirm our previous observation (10) that
only a fraction of mec recombinants survive
primary selection on methicillin-containing me-
dia. The pur+ mec cotransformants represent a
subset of the totality of mec transformants, yet
fewer Mecr transformants were obtained by di-
rect selection (363 versus 426).
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Cotransduction of mec and pur' was at-
tempted using the Mecr strains C5 and DU4916
as donors, and with primary selection for purine
prototrophy (Table 2). No Mecr cotransductants
were ever observed, although several thousand
Pur+ were screened. These results were surpris-
ing for two reasons. The cotransfornation fre-
quency of 46% suggests that the two determi-
nants should be contransducible. Furthermore,
Kuhl et al. (4) observed a 1 to 5% cotransduc-
tional frequency between Mec' and novobiocin
resistance in S. aureus clinical isolates, although
the nov-142 locus maps further from mec than
does pur-102. To determine whether Mecs, as
opposed to Mecr, could be cotransduced with
Pur+, we used as an additional recipient strain
GS2005, a mecC5 transformant of GS860 which
retained its auxotrophicpur-102 marker. Donors
and recipients in the transductional crosses were
thus isogenic except at the mec and pur loci.
The initial selection was for Pur+ with the trans-
ductants replica-plated to methicillin-containing
media (Table 3).
No Mecr cotransductants were obtained, con-

firming our previous observation. However,
Mec8 cotransduced with Pur+ at a frequency of
15%. It should be noted that methicillin resist-
ance is a very stable trait and no spontaneous
loss was detected.
Because of very low transduction frequencies

obtained with primary selection on methicillin,
cotransduction studies ofpur-102 and mec with
mec being the primary selective marker were
not pursued. However, no Pur+ cotransductants
were obtained from 25 randomly selected Mecr
transductants of GS860 (with strain C5 as the
donor strain).

It appears that although methicillin sensitiv-
ity and Pur+ can readily be cotransduced, the
methicillin resistance determinant cannot be co-
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TABLE 1. Transformation of methicillin resistance:
direct versus ind?rect selectiona

Primary selec- No. of trans- % Mec' cotransfor-
formantab mation (no. of Mec'

colonies)
Pur+ 926 46(426)
Mecr 363

a Donor was Mecr strain C5 (1); the genotype of the
recipient, strain GS860, was 8325-4 pyr-141 hisG15
nov-142 pur-102. Transformation methods are those
of Pattee and Neveln (6). The Pur+ transformants
were selected on CDS medium (6) lacking the adenine
and guanine supplements and with the amino acid
mixture replaced with 0.7% Casamino Acids (technical
grade; Difco). After allowing 48 h at 370C for expres-
sion, the transformants were replica-plated to brain
heart infusion agar (Difco) containing 5% NaCl (final
concentration) and 6.25,ug of methicillin (Bristol Lab-
oratories) per ml. Methicillin-containing plates were
incubated for 48 h at 300C.

b Total number of colonies recovered from 0.8 ml of
transformation suspension plated on appropriate se-
lective media. Input per ml of transformation suspen-
sion was 20,g ofC5 DNA and 2.5 x 109 colony-forming
units of strain GS860.

TABLE 2. Cotransduction ofpurine prototrophy and
methicillin resistancea

Transducing + t Mecr co-
pae(donor MOI PrtadUb transaduc-phagen) tion frequency tion (%)
strain) to

80a (C5) 0.3 2.80 x 10-6 <0.02
29 (DU4916) 0.5 1.26 x 10-6 <0.21

"Transduction experiments were carried out as de-
scribed previously (7) at the given multiplicities of
infection (MOI) with strain GS860 as recipient. Selec-
tive conditions are described in Table 1.

b The number of transductants obtained per plaque-
forming unit of phage.

transduced with Pur+. Mecr and Mec' do not,
therefore, map as allelic equivalents in S. aureus.
A hypothesis to account for these observations

proposes that the methicillin resistance deter-
minant is part of a foreign piece of DNA which
has become inserted into the chromosome (ad-
jacent to the pur locus) of a staphylococcal cell
by an illegitimate recombinational event. Be-
cause of the foreign and inserted nature of this
DNA, there would be no corresponding Mecs
allele in wild-type strains. Genetic transfer of
this foreign DNA would be possible because of
the flanking staphylococcal DNA sequences
which would provide the sequence homology
required for the recombinational events. With
transformation, the length of the donor DNA
would not be a limiting factor, and mec and its
flanking staphylococcal sequences would often
be present on the same DNA fragment withpur-
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TABLE 3. Cotransduction ofpurine prototrophy
with methicillin resistance or methicillin sensitivity

Mec' or

Transducing Pur+ trans- Mec co-Recipi- phage (donor MOIb duction fre- transduc-
ent quency' tion fre-stran)" y quency

(%)d

GS860 80a (GS2001) 0.12 2.55 x 10-6 <0.06
GS2005 80a (GS4) 0.15 1.37 x 106 15.5

Strain GS4 is Pur+ Mec'; strain GS2001 is Pur+ Mecr (10).
b MOI, Multiplicity of infection.
'The number of transductants obtained per plaque-forming

unit of phage.
d Selection was on purine-deficient medium containing 5

Ag of methicillin per ml, and the plates were incubated for up
to 96 h at 30°C before being considered negative for growth.

102. With transduction, however, there is the
limitation of DNA length introduced into the
cell. In cotransduction of methicillin resistance
with purine prototrophy, the DNA fragment
must contain both determinants plus sequences
adjacent to mec to provide homology for recom-
bination. This length of DNA might constitute
more than a "phage headful" and, therefore,
could not be transduced as an intact fragment.
As a consequence of this, each marker would be
individually transduced, but no cotransduction
of the two loci would be possible.
This model would account for certain obser-

vations which have been made concerning the
genetic behavior of the mec determinant. Meth-
icillin-sensitive strains have not been demon-
strated to mutate spontaneously to methicillin
resistance because there would be no sensitive
allele at which the mutational event could occur.
The low frequency of transduction of methicillin
resistance and the requirement for UV irradia-
tion of the transducing phage lysate to get rea-
sonable transduction frequencies can be ex-
plained. The mec DNA, because of its nonho-
mologous nature, requires the presence of flank-
ing staphylococcal sequences to provide the ho-
mology required for chromosomal integration.
However, headful restraints result in these flank-
ing sequences being relatively short on the trans-
duced DNA fragment. Thus the probability of a
crossover event occurring is reduced. By stimu-
lating recombination with UV irradiation of the
DNA, the probability of a crossover occurring in
the short flanking sequences is increased.
The low rates of transduction of methicillin

resistance seen in vitro would be accounted for
by the reduction in homology necessary for the
recombinational events of integration and by the
inefficient expression of the resistance at the
time of primary selection (Table 1; 10).
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