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Two clinical isolates of Pseudomonas aeruginosa, one a pyocin type 5 strain
from Atlanta, could transfer gentamicin resistance by conjugation. Donor and
recipient strains inactivated gentamicin by acetylation. The R plasmids, pMG1
and pMG2, also determined resistance to sisomicin, another substrate of
gentamicin acetyltransferase I, sulfonamides, and streptomycin, but not resist-
ance to kanamycin, neomycin, tobramycin, butirosin, or BB-K 8. They were
transmissible to many strains of P. aeruginosa, including a Rec- strain, but not
to Escherichia coli or other enterobacteriaceae. These R plasmids were compati-
ble with R plasmids transmissible to P. aeruginosa from E. coli, including
members of C, N, P, and W incompatibility groups. From a strain carrying
pMG1 and a compatible plasmid, pMG1 was transferred independently but
transfer of the second plasmid often resulted in cotransfer of pMG1. In contrast,
pMG1 and pMG2 were incompatible with pseudomonas R plasmids R931 and
R3108, and with R931 they readily formed recombinant plasmids. The four
plasmids in this incompatibility group determine additional biological proper-
ties, including resistance to inorganic and organic mercury compounds, to
ultraviolet light, and to certain deoxyribonucleic acid phages. pMG1 and pMG2
also phenotypically inhibited pyocin production. Consequently such R plasmids

alter the phage and pyocin types of their host strains.

Pseudomonas aeruginosa is well known to be
resistant to many antibiotics. Most clinical
isolates are susceptible to gentamicin, which
consequently has been widely and successfully
used in treating serious P. aeruginosa infec-
tions. Exceptional strains, however, have been
reported to be gentamicin resistant, for exam-
ple, strains from burn units at the Grady
Memorial Hospital in Atlanta and the Red
Cross Hospital in Capetown, South Africa (46,
52). These strains inactivate the antibiotic by
acetylation (11, 39). This report concerns the
properties of R plasmids in these strains which
are responsible for transmissible gentamicin
resistance. A preliminary account was pre-
sented at the Annual Meeting of the American
Society for Microbiology, 6-11 May 1973,
Miami Beach, Fla. Recently Bryan et al. have
also described R plasmids determining genta-
micin resistance in similar strains (9).

R plasmids in P. aeruginosa can be broadly
divided into two types: those transmissible only
from one pseudomonas strain to another, and
those transmissible to Escherichia coli as well.
Pseudomonas R plasmids of the latter type
belong to two of the growing number of fi-
incompatibility groups, groups P (16) and C

(15). Members of other established incompati-
bility groups have not been transferred to P.
aeruginosa by conjugation (14). The R plasmids
responsible for gentamicin acetylation are not
transmissible to E. coli or other enterobac-
teriaceae. They belong to the same incompati-
bility group as plasmids R931 and R3108 of
Bryan et al. (9). They have been found compati-
ble in P. aeruginosa with R plasmids of groups C
and P and also with plasmids of groups W and
N, here reported to be transmissible to pseudo-
monas.

In addition, these plasmids determine a num-
ber of other properties not previously known to
be associated with pseudomonas R factors, such
as resistance to ultraviolet (UV) light, to Hg?*,
and to organic mercurials. They interfere with
pyocin production and the propagation of cer-
tain deoxyribonucleic acid (DNA) phages.
Since phage susceptibility and pyocin produc-
tion are widely used for typing P. aeruginosa,
these effects of R plasmids have important
implications for epidemiological studies.

MATERIALS AND METHODS

Bacterial strains. Table 1 lists the pertinent
characteristics and source of the strains used.
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TaBLE 1. Bacterial strains
Strain Pertinent characteristics® Source
Pseudomonas aeruginosa
Capetown no. 18 pMG1 (Gm Sm Su) C. G. Drube (52)
Stone no. 130 pMG2 (Gm Sm Su) C. G. Drube (52)
Ps. 931 R931 (Sm T¢) L. E. Bryan (10)
280 met~- (R3108) met R3108 (Sm Su Tc) L. E. Bryan (9)
Ps. 1822 RP1 (Cb Km Tc) E.J. L. Lowbury (37)
PU1 (0OT15) FP2+ J. S. Loutit (35)
PU10 (OT651) FP- J. S. Loutit (33)
PU21 (OT47 rif") FP- iluB112 leu-1 str-1 rif” J. S. Loutit (35)
PAO303 FP- arg-18 A.J. Clark (42)
JC9010 FP- arg-18rec les A.J. Clark
PAO307 FP- arg-54 B. W. Holloway (42)
PATI904 rif FP* his-404 str rif R. H. Olsen (40)
Pseudomonas fluorescens
PFO 154 met str R. H. Olsen (40)
Enterobacteriaceae
Escherichia coli C S. E. Luria
E. coliK-12 AB1932-1 F- arg met xyl gal lac tsx nal D. H. Smith (25)
E. Coli K-12 J53 (R7K) F- met proR7K (Cb Sm) N. Datta (12)
E. coliK-12 J53 (R46) F- met proR46 (Cb Sm Su Tc) N. Datta (13)
E. coli K-12 J5(R64) F- met proR64 (Cb Cm Gm Km Su) Y. A. Chabbert (54)
Proteus mirabilis F67 nic M. N. Swartz (44)
Serratia 7840 L.J. Kunz
Klebsiella 6910 L.J. Kunz
Enterobacter 7507 L.J. Kunz
Herellea 7580 L. J. Kunz

%The nomenclature for plasmid markers used here is that presented by R. P. Novick, R. C. Clowes, S. N.
Cohen, R. Curtiss ITI, N. Datta, and S. Falkow, Uniform nomenclature for bacterial plasmids: a proposal, at
the American Society for Microbiology Conference on Extrachromosomal Elements in Bacteria, 10-11 January
1974. Resistance phenotypes are Cb, carbenicillin; Cm, chloramphenicol; Gm, gentamicin; Km, kanamycin;
Sm, streptomycin; Su, sulfonamide; and Tc, tetracycline. FP2 is the sex factor originally detected in

pseudomonas strain 2 (27).

PU21, the P. aeruginosa strain used as recipient or
donor in conjugations, is a rif” derivative of OT47, and
FP- iluB112 leu-1 str-1 strain derived by Loutit et al.
from the PAO line of Holloway (35). It has several
desirable properties: a low frequency of spontaneous
antibiotic-resistant mutants, good recipient ability
for chromosomal gene transfer (35), susceptibility to
well-characterized DNA and ribonucleic acid (RNA)
phages, and a close relationship to other useful strains
such as prototrophic PU1 (OT15), which carries the
pseudomonas sex factor FP2, and strain PU10
(0T651), a mercury-susceptible derivative of PU1
cured of FP2 (33).

Pyocin indicator strains 1 to 8 and A to E of Gillies
and Govan (22, 23) were obtained from L. J. Morse
(Bacteriol. Proc., M33, 1970), and indicator strains
NIH 1 to 27 were obtained from J. J. Farmer III (19).
Host strains for propagating typing phage came from
M. T. Parker and E. A. Asheshov (45).

Media. Selection plates contained minimal me-
dium A (17), supplemental growth factors as required,
2% agar (Difco), and 0.5% glucose. Supplements were
added at the following concentrations (in micrograms
per milliliter): L-arginine, 100; L-histidine, 30; L-leu-

cine, 80; L-isoleucine, 70; L-methionine, 30; nicotinic
acid, 0.12; and L-valine, 117. For P. aeruginosa,
antibiotics were added at the following concentrations
(in micrograms per milliliter): carbenicillin, 1,000;
gentamicin, 20; rifampin, 100; streptomycin, 100;
sulfadiazine, 5,000; tetracycline, 100; and to-
bramycin, 10. For E. coli and other enterobac-
teriaceae, lower concentrations were used (in micro-
grams per milliliter): gentamicin, 10; streptomycin,
25; and sulfadiazine, 100. For selecting or scoring
Hg?* resistance, 0.1 mM HgCl, was added to appro-
priately supplemented minimal plates.

For liquid cultures, pseudomonas strains were
grown in nutrient broth (Difco) containing 4 mg of
potassium nitrate (NNB) per ml. Nitrate was added
since it can be used by P. aeruginosa as a terminal
electron acceptor, permitting more uniform growth
throughout the medium, and has been reported to
enhance conjugal recombinant formation (35). E. coli
and other enterobacteriaceae were grown in L broth
(32) with 2 mg of glucose per ml.

Mating. In most experiments, exponentially grow-
ing cultures of donor and recipient were mixed at 10°
cells/ml in a volume of 2 ml of NNB and incubated
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without shaking in a 125-ml flask at 37 C. Control
flasks contained donor or recipient alone. Mating was
terminated by centrifugation and vigorous agitation
as the cell pellet was suspended in medium A without
ammonium sulfate (A-N). Dilutions in A-N were
spread on minimal plates containing antibiotic or
HgCl,, and, when PU21 was used as recipient, rifam-
pin was used for counterselection. When PU21 was
used as donor, counterselection was by omission of
isoleucine, leucine, and valine. Frequency of transfer
was calculated with respect to the number of donor
cells at the end of mating. For matings with P.
fluorescens, experiments were conducted at 30 C.

For the kinetics of R plasmid transfer (Fig. 1),
donor and recipient cultures were mixed at 3 x 10°
cells/ml, incubated for 5 min at 37 C, and diluted
gently 100-fold into prewarmed NNB. Periodically,
samples of 0.1 m] were removed to tubes containing 3
ml of 0.75% agar at 45 C and agitated in a mechanical
shaking device (36) to interrupt mating, and the
contents were then poured onto selection plates. For
delayed selection with gentamicin, plates were incu-
bated for 4 h at 37 C, and an amount of gentamicin to
give a final concentration of 20 ug/ml was introduced
beneath the agar along the bottom of the petri dish.
Plates were kept overnight at 4 C to allow diffusion of
the antibiotic and then reincubated at 37 C.

Curing. Cells carrying pMG1 or pMG2 were
treated with mutagens or with agents reported to
eliminate plasmids from E. coli (1, 55) or P.
aeruginosa (33, 43). Survivors were plated on L plates
(32) and then replicated for antibiotic-susceptible
colonies, which were retested by spotting.

Cells were grown overnight in NNB containing 100
or 200 ug of acriflavin per ml starting with an
inoculum of 10° organisms/ml. An inoculum of 10°
cells/ml was incubated in NNB containing 10, 20, or
30 ug of mitomycin C per ml for from 4 h to 3 days.
N-methyl-N'-nitro-N-nitrosoguanidine (nitrosoguani-
dine) treatment at 500 ug/ml for 30 min followed the
procedure of Adelberg et al. (2). Sodium dodecyl
sulfate was used at 100 mg/ml in NNB and also in
Penassay broth (Difco) adjusted to pH 7.6 (1). An
inoculum of 10* to 10° cells/ml was sampled after
overnight growth and also after several days. UV
treatment was to 1% survval.

Resistance to antibiotics. Agar dilution minimal
inhibitory concentration values were determined by
spotting 10* to 10° organisms from an overnight
culture in NNB on Mueller-Hinton medium (Difco)
plates containing serial dilutions of antibiotics. Drugs
not available commercially were obtained from H. R.
Black (Lilly, tobramycin), C. G. Drube (Schering,
gentamicin B or Sch 14342, sisomicin), F. Kobayashi
(Kowa, lividomycin A), H. E. Machamer (Parke-
Davis, butirosin, paromomycin), and K. E. Price
(Bristol, BB-K 8).

Resistance to metal ions and organic mercury
compounds. Metal ion resistance was tested on brain
heart infusion (Difco) agar plates containing graded
concentrations (5 x 10-° to 10-2 M) of AgNO,,
Cds0,,CoCl,, CuSO,, HgCl,, NiSO,, or Pb (C,H,0,),,
applying 10* to 10° cells per spot test. Resistance to
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mercurochrome, phenylmercuric nitrate, and thime-
rosal was tested in the same manner.

Resistance to UV irradiation. Late log-phase cells
grown in NNB were centrifuged and resuspended in
medium A-N at about 10° cells/ml. Five milliliters of
cell suspension in a 10-cm diameter dish was gently
agitated 50 cm beneath a Sylvania germicidal lamp
delivering 9.2 ergs per mm? per s at this distance.
Samples were removed at intervals and plated on L
plates for survivors with precautions to minimize
photoreactivation.

Resistance to alkylating agents. Cells were grown
in NNB to late log phase, centrifuged, and resus-
pended at about 10° cells/ml in medium A-N contain-
ing either 20 mg of methylmethane sulfonate per ml or
500 ug of nitrosoguanidine per ml. Each mixture was
incubated at 20 C without shaking and sampled at 0,
15, 30, and 60 min for survivors.

Resistance to bacteriophage. Phages B3, D3, E79,
F116, and G101 were provided by B. W. Holloway
(26), phages C5, M6, PB1, PO4, PP7, and 7S by D. E.
Bradley (6-8), and 22 typing phages by M. T. Parker
and E. A. Asheshov (45). Phage was propagated in ZC
agar overlays on Z Agar plates and harvested in Z
broth (53). Typing phages were grown at 32 C on their
homologous propagating strains, and the other phages
were grown at 37 C on PU21, or, where indicated, on
PU21 (pMG2). Lysates were sterilized with chloro-
form except for chloroform-susceptible C5, F116, and
Col 18, which were passed through 0.45-um pore size
membrane filters (Millipore Corp.). For quantitative
tests, phage was diluted in Z broth and titered on
PU21 or its R plasmid derivatives by using ZC top
agar and Z plates.

Qualitative susceptibility tests with typing phage
were performed at a dilution which just failed to give
confluent lysis on the propagating strain (routine test
dilution). With few exceptions the lytic spectrum for
the typing phages on the entire set of propagating
strains corresponded to that supplied with them. Test
strains were grown overnight in Trypticase soy broth
(BBL) containing 10 mg of potassium nitrate per ml
(NTSB). Two milliliters of a 1:10 dilution was
applied to the surface of a Trypticase soy agar (BBL)
plate, the excess was removed, and the plate was
allowed to dry before spotting with a multiple spot-
ting device. Once phage had absorbed to the medium,
plates were incubated at 32 C for 12 to 14 h. Ten
plaques per spot or less was considered a negative
typing reaction.

Phage adsorption was studied as described by
Bradley (7). Bacteria at 10° to 2 x 10° cellsy'ml NNB
were mixed with an equal volume of phage at 4 x 107
plaque-forming units/ml and shaken at 37 C. Sam-
ples were removed at 0 and 20 min, centrifuged to
remove bacteria, and titered on PU21 to determine
the percentage of phage adsorbed.

Pyocin typing. Pyocin typing by the cross-streak-
ing technique was performed on Trypticase soy agar
plates containing 5% defibrinated horse blood (BBL)
as described by Gillies and Govan (22, 23). For the
pyocin production method of Farmer and Herman
(19), strains were grown in NTSB (29) and induced
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with 1 ug of mitomycin C per ml. Lysates were tested
on indicator strains grown in NTSB and applied to
Trypticase soy agar plates.

Plasmid compatibility. By using donor strains
listed in Table 1, plasmids RP1 and R3108 were
transmitted to PU21 directly, and plasmids R7K,
R46, R64, and R931 were transferred to strains
PAT904 rifr, PA0303, or PA0307 as intermediate
hosts and then to PU21. In each case 10° cells of donor
and recipient were incubated overnight in 2 ml of
NNB, and growth of the donor on selection plates was
prevented by rifampin or omission of a nutritional
requirement. Selection was made for resistance to
carbenicillin (RP1), gentamicin (R64), streptomycin
(R7K, R46), or tetracycline (R3108). Details will be
reported more fully elsewhere (G. A. Jacoby, manu-
script in preparation), but for each plasmid it was
established that resistance to the expected non-
selected antibiotic markers was acquired concomi-
tantly and that resistance was serially transmissible
to PUL.

To test compatibility, PU21 (pMG1) at 10° cells/ml
was mixed with PU1, PU1 (RP1), PU1 (R7K), PU1
(R46), PU1 (R64), PU1 (R931), or PU1 (R3108) at 5 x
108 cells/ml and incubated at 37 C for 2 h. Transfer of
pMG1 was selected on minimal plates containing
gentamicin or streptomycin in the case of PU1 (R64).
The frequency of transfer was calculated with respect
to the number of donor cells determined at the end of
each mating. Compatibility was tested in two ways.
Firstly, pMG1 transconjugants were spotted on anti-
biotic media, which allowed the presence of each R
plasmid to be scored separately. As a control, the
stability of the resident plasmid in the recipient was
similarly scored. Secondly, a purified colony of PU1
carrying pMG1 and the second R plasmid was used as
donor selecting for markers unique to each plasmid,
and these transconjugants were spotted on antibiotic
media to determine cotransfer or hybrid formation
between pMG1 and the second R plasmid.

Gentamicin acetyltransferase activity. Gentami-
cin acetyltransferase was assayed spectrophotometri-
cally as described by Benveniste and Davies (4) in
sonic extracts of cells grown overnight in L media by
using gentamicin free of interfering bisulfite supplied
by the Schering Corp.

RESULTS

Transferable gentamicin resistance. Gen-
tamicin-resistant clinical isolates Capetown no.
18 and Stone no. 130 were each mated overnight
in NNB broth with P. aeruginosa recipient
strain PU21, and selection for transfer of resist-
ance was made on plates containing rifampin to
kill the donor cells. Gentamicin-resistant trans-
conjugants were obtained at a frequency of
10-* to 10-° per donor (Table 2). These gen-
tamicin-resistant PU21 derivatives could trans-
fer resistance to P. aeruginosa strain PU10 at a
frequency of 10-2 to 10-? in a 2-h mating. Along
with gentamicin resistance, PU10 acquired re-
sistance to streptomycin, sulfonamide, and
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Hg?*. The kinetics of transfer are shown in Fig.
1. Streptomycin, sulfonamide, and Hg?* resist-
ance were transferred simultaneously between
70 and 80 min after mating was initiated.
Gentamicin resistance appeared to be trans-
ferred 20 to 30 min later if the mating mixture
was applied directly to gentamicin plates. If
antibiotic was added to plates after 4 h of
incubation, then gentamicin resistance entered
between 80 and 90 min. Even this 10-min delay
represented a lag in phenotypic expression since
sulfonamide- or Hg?* -resistant colonies selected
at 70 or 80 min (before the apparent entry of the
gentamicin resistance marker) on further test-
ing proved to be uniformly gentamicin resistant
as well. No matter which agent was used for
selection, transconjugants were resistant to all
three antibiotics and Hg?*. The R plasmid
determining this phenotype from Capetown no.
18 will be termed pMG1 and from Stone no. 130,
pMG2.

Host range of pMG1 and pMG2. pMG1 and
pMG2 were transmissible from PU21 to a vari-
ety of other P. aeruginosa strains. For example,
pMG1 transferred to strain PAO 303 at a
frequency of 2 x 10~ after overnight mating
and to JC9010, a rec derivative of PA0303, at 8
x 10-4. Since JC9010 shows a several hundred-
fold decrease in the efficiency of recombination
for chromosomal genes (A. J. Miller and R. V.
Clark, personal communication), the observa-
tion that it is at least as efficient as PA0303 in
accepting antibiotic resistance is consistent
with transfer of an extrachromosomal plasmid.

pMG1 and pMG2 could be transferred to P.
fluorescens strain PF015.4 at a frequency of
10-2. Transfer could not be detected (frequency
less than 10-8) to E. coli K strain AB1932-1,
restriction-less E. coli C, Proteus mirabilis
strain F67, or to clinical isolates of serratia,
klebsiella, enterobacter, or herellea. In experi-
ments with E. coli, transfer of resistance to
streptomycin, sulfonamide, and Hg?* as well as
to gentamicin was sought with consistently
negative results. Under comparable conditions,
an R factor with broad host range like RP1
transferred from PU21 to E. coli at a frequency
of 4 x 10-2. Thus pMG1 and pMG2 belong to
the class of pseudomonas R plasmids not trans-
missible to enterobacteriaceae.

Stability of pMG1 and pMG2. Spontaneous
loss of pMG1 or pMG2 was not observed, nor
could curing be obtained after exposure to
acriflavin, sodium dodecyl sulfate, mitomycin
C, or UV. After treatment of PU21 (pMG1) with
nitrosoguanidine, a nonreverting gentamicin-
susceptible derivative, PU21 (pMG3), was ob-
tained. PU21 (pMG3) is also sulfonamide and
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Hg?* susceptible but retains transmissible
streptomycin resistance. No agent has been
found to promote loss of the entire plasmid.

Biochemical basis of gentamicin
resistance. By spectrophotometric assay (4),
the presence of gentamicin acetyltransferase in
sonic extracts of Capetown no. 18 and Stone no.
130 was confirmed (11, 39). R-plasmid-negative
PU21 has no such activity, but PU21 (pMG1)
and PU21 (pMG2) had gentamicin acetyltrans-
ferase. Furthermore, this activity was lost in
gentamicin-sensitive PU21 (pMGS3), supporting
enzymatic inactivation as the mechanism of
gentamicin resistance.

Spectrum of aminoglycoside resistance.
Gentamicin acetyltransferase I has high speci-
ficity for gentamicin C components and for
sisomicin, with very slight activity toward kan-
amycin B and tobramycin (11) and none for
other aminoglycosides (5). The spectrum of
aminoglycoside resistance determined by pMG1
and pMG2 is shown in Table 3, which gives agar
dilution minimal inhibitory concentrations to-
ward various drugs for PU1, PU1 (pMG1), and
PU1 (pMG2). These R plasmids determine
gentamicin and sisomicin resistance but do not
enhance resistance to kanamycin, neomycin,
paromomycin, lividomycin A, tobramycin, gen-
tamicin B (Sch 14342), butirosin, or BB-K 8, as
expected from the enzymatic specificity of gen-
tamicin acetyltransferase 1.

Other resistance determinants on pMGI
and pMG2. In addition to antibiotic resistance,
some E. coli R plasmids are known to provide
resistance to heavy metal ions (47), UV light
(18), and bacteriophage (3). Mercury ion resist-
ance is a property of the pseudomonas sex factor
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FP2+ (34), but resistance to agents other than
antibiotics has not yet been reported for pseudo-
monas R plasmids.

As indicated previously, pMG1 and pMG2
provide Hg?* resistance. PU21, which is FP-,
was inhibited by 5 x 10~ M HgCl, in brain heart
infusion plates (34). PU21 (pMG1) and PU21
(pPMG?2) were resistant to 10-* M HgCl, in this
medium. Enhanced resistance was not detected
to Ag*, Cd?*, Co?*, Cu?*, Ni?*, or Pb?+.

The plasmid-containing strains were also
tested for resistance to organic mercury com-
pounds used as antiseptics. PU21 (pMG1) and
PU21 (pMG2) were as susceptible as PU21 to
phenylmercuric nitrate and thimerosal but were
resistant to a 100-fold higher concentration of
mercurochrome than was their plasmid-negative
parent.

PU21, like other P. aeruginosa strains (26),
was highly susceptible to UV radiation. Plas-
mids pMG1 and pMG?2 increased the resistance
of PU21 to UV light (Fig. 2). Cells carrying one
of these plasmids showed 10-2 survivors after a
dose of more than 700 ergs/mm?, whereas a
comparable degree of killing was produced in
PU1 after a dose of about 180 ergs/mm?. The
mechanism of this UV radiation protection is
not yet known. The plasmids were not able to
correct enhanced UV light lethality in Rec-
strain JC9010. Quantitative measurements also
failed to show enhanced survival of PU21
(pPMG1) or PU21 (pMG2) compared with PU21
after exposure to such alkylating agents as
methylmethane sulfonate or nitrosoguanidine.

Typing by phage susceptibility is widely used
to characterize P. aeruginosa strains for epide-
miological investigation. Table 4 shows the

TaBLE 2. Origin of strains transferring gentamicin resistance

Frequency of transfer
Strain Origin Pyocin type of gentamicin resistance
to PU21
Capetown no. 18 Red Cross Hospital Burn Unit, 29 4 x10-¢
Capetown, South Africa
Stone no. 130 Grady Memorial Hospital, 5 3x10-¢
Atlanta, Ga.
TaBLE 3. Spectrum of aminoglycoside resistance
MIC (ug/ml)®
Strain
strep kana neo paro livA gent sis tobr genB but | BB-K8
PU1 50 200 50 500 50 2.5 5 2.0 100 25 5
PU1 (pMG1) 5000 100 100 1000 50 100 100 1.0 50 10 5
PU1 (pMG2) 5000 100 100 1000 50 100 100 1.0 50 15 5

e Minimal inhibitory concentration (MIC) values were determined by agar dilution. Antibiotic concentrations are.give.n in
terms of the free base. Abbreviations: strep, streptomycin; kana, kanamycin; neo, neomycin; paro, paromomycin; livA,
lividomycin A; gent, gentamicin complex; sis, sisomicin; tobr, tobramycin; genB, gentamicin B or Sch 14342; but, butirosin.
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response of PU21, PU21 (pMG1), and PU21
(pMG?2) to 22 phages in a standard typing set. & +++
Plasmid-containing strains were not lysed by -
phages 16, F8, or M6 so that the phage type has 2leoo
been altered. S
This effect was investigated further by utiliz- ©
ing phages that have been well characterized 3|°°°
regarding their chemical composition and mode —
é‘ [—N K-
'g‘ § +oo §
4 sof s
[
§ E coo g
o suLFa® -
D 4OF  + meRcURY® S| +++|E
& 8 STREPTOMYCIN® - ‘%.
L & GENTAMICIN® (delayed) 2 o ]
g 30 L 4 GENTAMICIN® (diract) *E’ Bl°°°| s
g % 8
g ] El+++| R
Q 2 - 2
® 20 5 b
5 8 gl+++|g
8 Xl |- =
& U B ©
& 10 -g -g E oo g
s| S g
5| i £
+oo | B ,
3|e 2
O 10 20 30 40 50 60 70 80 90100 110 420 & §
MATING TIME (minutes) S E|+++ e
©
Fi6. 1. Kinetics of pMGI1 transfer. PU21 (pMG1) & 5
and PUI0 at 3 x 10* cells/ml were mixed, diluted R Rleeco 2
1:100 at 5 min, and sampled periodically for the < s
indicated transconjugants. g g |44+ 3
0 B £
I +++ §'
E
10" S looce §
s ®
IN J|oco §
§ o E
& ]| +++ E
N
~ -3
: © C | +o0 "E
D S
® g
10-4 = | +4++ a
&
N |+ ++ g
¢
10°% 15 % s ) 75 90 =a| 8
33| &
U.V. DOSE (sec.) g 5| 2
Fi6. 2. UV dose survival. Log survival is indicated &3 e 2:
at a UV dose of 9.2 ergs per mm? per s for PU1, ®; PU1 SR
(pMG1), A; and PU1 (pMG2), O. A




VoL. 6, 1974

of attachment to the cell (Table 5). Phages B3,
D3, E79, F116, G101, PB1, and PO4 contain
DNA, PP7 and 7S contain RNA, whereas the
composition of C5 and M6 remains to be deter-
mined (6, 7, 8, 26). Some of these phages utilize
polar pili for adsorption, whereas others either
are not known to be pilus dependent or have
been shown to attach nonselectively to the
bacterial wall and hence have been listed as cell
wall phages (Table 5) (7, 42, D. E. Bradley and
T. L. Pitt, J. Gen. Virol,, in press). Each phage
was propagated on PU21 and then titered on
PU21, PU21 (pMG1), or PU21 (pMG2) to
determine the efficiency of plating. Plasmid-
containing strains had only a slight reduction in
the efficiency of plating pilus phages C5, F116,
PO4, PP7, and 7S, but did not propagate pilus
phage M6 or cell wall phages B3, D3, E79, G101,
or PB1 (Table 5). Actually, with undiluted
lysates of phage B3 minute plaques were ob-
served, and with undiluted phage D3 there was
partial lysis, but propagation did not occur in
either case and host-modified phage could not
be detected. Interference with propagation oc-
curred at a stage subsequent to phage adsorp-
tion since adsorption of B3, D3, E79, G101, PB1,
and M6 by PU21 and PU21 (pMG2) was equiva-
lent (Table 6).

Effect of pMG1 and pMG2 on pyocin type.
Another commonly used technique for charac-
terizing P. aeruginosa isolates is pyocin typing.
PU21, like most P. aeruginosa (26), is pyocino-
genic, and by the cross-streaking plate tech-
nique of Gillies and Govan (22) it inhibited
seven of eight primary indicator strains and four
of five in an additional subset (Table 7). Re-
markably, PU21 (pMG1) and PU21 (pMG2)
had no pyocin activity against these indicators
and thus became pyocin nontypable.

Farmer and Herman have developed another
procedure for pyocin typing that utilizes mi-
tomycin C in broth culture to induce pyocin
formation. Lysates are then spot tested against
27 indicator strains (19). By this technique,
PU21 had pyocin activity for 20 of 27 indicators
(Table 8). Again the R plasmids interfered with
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pyocin production. Lysates of PU21 (pMG1)
and PU21 (pMG2) were active against only one
indicator strain. This remaining activity was
shown to be due to pyocin and not phage since
on serial dilution inhibition was lost without the
appearance of phage plaques.

Incompatibility testing with pMG1 and
PMG?2. Unlike pMG1 and pMG2, some R plas-
mids discovered in P. aeruginosa are transmissi-
ble to E. coli and have been assigned to incom-
patibility groups, specifically group P for RP1
(24) and group C for R64 (15). Members of most
other E. coli incompatibility groups are not
transmissible to P. aeruginosa, exceptions being
R plasmids of group W, such as R7K, and of
group N, such as R46 (Jacoby, manuscript in
preparation).

To test compatibility of pMG1 with these R
plasmids, RP1, R64, R7K, and R46 were trans-
ferred to P. aeruginosa strain PUl. These PU1
derivatives were then used as recipients for
pMG1 (Table 9). Plasmid pMG1 was trans-
ferred to strains carrying RP1, R64, or R7K at
the same frequency as to R plasmid negative
PU1. A slight (less than 10-fold) decrease in
transfer frequency was observed with PU1 (R46)
as recipient, but subsequent tests showed that
this effect probably resulted from a variable
decrease in the expression of gentamicin resist-
ance in a strain carrying both pMG1 and R46.
These pMG1 transconjugants were then tested
for retention of the plasmid originally resident

TABLE 6. Adsorption of phage to PU21 and PU21

(bMG2)
% phage adsorbed®
Strain
B3 D3 E79 | G101 | PB1 M6
PU21 14 999 | 998 | 96.3 68 31
PU21 (pMG2) 13 99.8 | 998 | 96.1 69 35

2Phage at 4 x 107 plaque-forming units/ml was mixed
with 10° to 2 x 10° bacterial cells/ml, shaken at 37 C, and
sampled to determine phage counts in the supernatant after
cells had been removed by centrifugation. The percentage of
phage adsorbed was calculated from the ratio of counts at 20
min to counts at 0 time immediately after mixing.

TasBLE 5. Effect of pMG1 and pMG2 on phage propagation®

Cell wall phage Pilus phage
Strain
B3 D3 E79 G101 PB1 C5 F116 Mé PO4 PP7 78
PU21 10 T 6x10°| 4x 10| 6x10° | 4x10° | 8x 10° | 2 x 10" | 5 x 10| 7 x 10* 102 10"
PU21 (pMG1) | <10~ | <10-° <10-° <10-* <10-* 0.7 0.4 <10-° 0.3 0.3 0.3
PU21 (pMG2) | <107 | <107° | <10-° | <10-* [ <10-* 0.8 0.3 <10-* 0.3 0.5 0.4

2 Phage were grown on PU21 and titered on PU21 or its R plasmid derivatives. Efficiency of plating (EOP) was calculated
from the ratio of plaque counts. For PU21, titer values are given; for PU21 (pMG1) and PU21 (pMG2), efficiency of plating

values are given.
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TaBLE 7. Effect of pMG1 and pMG2 on pyocin type
Inhibition of Gillies and Govan indicator strain®
Strain
1 2 3 4 5 6 7 8 A B C D E
PU21 T e L S e R O T o e
PU21 (pMG1) - - - - - - - - - - - - -
PU21 (pMG2) - - - - - - - - - - - - -
¢ 4+, Inhibition; —, no inhibition.
TasLE 8. Effect of pMG1 and pMG?2 on pyocin type
Inhibition of Farmer and Herman indicator strain®
Strain
11213|4(5|6|7]8!9|10|11]12|13|14]|15]|16{17]18]|19]20(21|22|23| 24| 25| 26|27
PU21 +l+|+H|+ ]+ +-|+|-]- +|+|+ -]+ +l+ |+ H [+ H]H] -+
PU21 (pMG1) -1+l -1{=-1-1-=-1=-1-1-=-1-1-=-1-1-1=-1-1=-1=-1=-1-=-(-1-1-1-1-1-1-
PU21 (pMG2) + B ) [ [ ) _
o 4, Inhibition; -, no inhibition.
TasLE 9. Compatibility of pMG1 with other plasmids
pMG1 + +
. R plasmid in- pMG1 R*pMG1+/ transfer Rplad(g{/ I}* tr:::ier pMG1+* R*/R*
Recipient® compatibility | transfer MG1* ¢ frequency . requency in next
ou| frequency® P from in next from R recipient#
group req Y R*pMG1+ ¢ recipient® pMG1+/ P
PU1 5x10-*
PU1 (RP1) P 10-2 20/20 3 x 10~ 0/60 10-2 99/100
PU1 (R7K) w 4 x10-3 17/20 2x10-2 0/20 6 x 10~ 17/20
PU1 (R64) C 7x10-2 20/20 2 x 102 0/20 3x10-* 1/19
PU1 (R46) N 7x10-¢ 38/40 7x10-2 0/40 2 x 1077 2/2

4 PU21 (pMG1) was mated with the recipients listed in this column for 2 h.

® Transfer of pMG1 was selected with gentamicin except with PU1 (R64) where streptomycin was used. This
column gives the pMG1 transfer frequency for each recipient.

¢ This column shows the number of transconjugants carrying both pMG1 and the R plasmid resident in the
recipient per number tested. Retention of RP1 and R7K was scored with carbenicillin, R64 with tobramycin,
and R46 with tetracycline.

4 Transconjugants from the first mating that carried both pMG1 and the second R plasmid were mated a
second time with a rifampin-resistant derivative of PU1. This column gives the transfer frequency of pMG1.

¢pMG1 transconjugants from the second mating were again scored for the presence of both R plasmids on

media similar to that used after the first cross.

' This column gives the transfer frequency of the other R plasmid in the second cross.
¢ The number of transconjugants carrying both pMG1 and the second R plasmid is again indicated.

in the recipient by spotting on antibiotic media
which allowed the presence of each R plasmid to
be scored independently. When RP1 or R64 was
the resident R plasmid, all pMG1 transconju-
gants tested carried both plasmids (Table 9).
Three of 20 PU1 (R7K) recipients had lost the
resident plasmid, but R7K was somewhat un-
stable in P. aeruginosa and showed a compara-
ble frequency of loss spontaneously from PU1
(R7K) in control experiments. On testing PU1
(R46) (pMG1) derivatives picked directly from
selection plates, 40 of 40 colonies carried both
plasmids, whereas with further purification,
two of these clones lost R46, a higher frequency

than seen in control experiments, although 95%
of the clones were stable.

To show that each R plasmid was independ-
ently maintained in these double-plasmid-con-
taining strains, they were used as donors to a
further recipient selecting for transfer of a
marker unique to each plasmid. These trans-
conjugants were then scored for the presence of
the second R plasmid. pMG1 was transmissible
at a frequency of about 10-2 from each double R
plasmid combination (Table 9). On spot test-
ing, these second-step pMG1 transconjugants
carried pMG1 alone, indicating that it was
independently transferrable from the double-R
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plasmid donors. Results on selecting for transfer
of the other R plasmid from pMG1* R* strains
were more complicated. The frequency of trans-
fer of the other plasmid was similar to that
observed in control experiments from a strain
carrying it alone, i.e., high for RP1, intermedi-
ate for R7K and R64, and low for R46. On spot
testing, the majority of second-step transconju-
gants receiving RP1, R7K, and R46 also re-
ceived pMG1. Nonetheless, in a third round of
transfer (data not shown) such strains, like the
original double pMG1+* R* strains, could still
donate pMG1 independently, indicating that
whatever the mechanism of this pMG1 cotrans-
fer, it does not involve a permanent physical
association of the two R plasmids. Thus, these
transfer experiments and the stability of pMG1
together with RP1, R7K, R64, and R46 indicate
that pMG1 does not belong to the P, W, C, or
N incompatibility group.

Like pMG1 and pMG2, R plasmids R931 and
R3108, which were discovered by Bryan et al. in
clinical P. aeruginosa strains, are not transmis-
sible to E. coli (9). To test compatibility of these
plasmids with pMG1, they were transferred to
strain PU1, and these derivatives were again
used as recipients for pMG1. The frequency of
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transfer of pMG1 was reduced 10- to 100-fold to
PU1 (R931) and PU1 (R3108) (Table 10). In
addition, pMG1 eliminated plasmid R3108 from
all transconjugants tested. With PU1 (R931) as
recipient, on further testing 18 of 60 transconju-
gants carried markers from each plasmid. Sev-
eral of these colonies were purified and used as
donors to a new recipient. Whether selection
was made for a marker originally carried by
pPMGT1 or by R931, all transconjugants on this
round of mating continued to carry markers
from both parental plasmids, and the same
result was obtained (data not shown) on another
round of mating, suggesting that composite
plasmids had been formed by recombination. In
a reciprocal cross with R931 as the entering and
pPMG1 as the resident plasmid (data not
shown), 18 of 20 transconjugants tested carried
markers from both parents, and on further
testing as donors, these colonies also behaved as
recombinant plasmids. Similar results were ob-
tained with pMG2 in identical experiments.
Thus pMG1, pMG2, R931, and R3108 belong to
the same incompatibility group.

Table 11 shows additional similarities be-
tween pMG1, pMG2, R931, and R3108. All
mediate resistance to streptomycin and to

TasBLE 10. Incompatibility of pMG1 with R931 and R3108

pMGl R*pMGl*/ + +/R+
Recipient® tpMC;l . R+*pMG1+/ transfer pMG1+ f R transger pMGl*Rt R
pient f ranster pMG1+¢ frequency from in next req*uency l;o’m 1n nex
requency’ R*pMG1+ ¢ recipients R+pMG1 recipient®
PU1 4 x 103
PU1 (R931) 10—+ 18/60 10-2 70/70 10-2 70/70
PU1 (R3108) 4 x10-* 0/20

2 PU21 (pMG1) was mated with the recipients listed in this column for 2 h.

® Transfer of pMG1 was selected on gentamicin.

¢ Transconjugants were spot tested on tetracycline for retention of R931 or R3108. The number of colonies
resistant to both tetracycline and to gentamicin per number tested is indicated.

4 Seven tetracycline- and gentamicin-resistant transconjugants from PU21 (pMG1) x PU1 (R931) were
purified and back-crossed to PU21. This column gives the average transfer frequency for gentamicin resistance.

¢ Ten gentamicin-resistant transconjugants from each of these crosses were tested for tetracycline resistance.

"'This column gives the average transfer frequency for tetracycline resistance in the back-cross to PU21.

¢ Ten tetracycline-resistant transconjugants from each of seven crosses were tested for gentamicin resistance.

TaBLe 11. Properties of pMG1, pMG2, R931, and R3108

Resistance to:®
Antibiotic Inhibition
Plasmid s . | of pyocin Phenyl- . Phages
resistance production|] UV | Hg?* B’:;:z‘[:: mercuric :‘:lolsl:l
nitrate B3 D3 | ET9 | G101 | PB1| Msé

pPMG1 | Gm Sm Sul Yes r r r ) s r r r r r r
pPMG2 | Gm Sm Su|l Yes r r r s s r r r r r r
R931 Sm Te¢ No r r r ) s r r r r r r
R3108 | Sm SuTc No 8 r r r r r r s r s 8

@ Abbreviations: Gm, Gentamicin; Su, sulfonamide; Sm, streptomycin; Tc, tetracycline.

® Abbreviations: r, Resistant; s, susceptible.
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Hg?+. R931 provides UV-light resistance and
gives the same pattern of phage resistance as
pMG1 and pMG2. Strains carrying R3108, in
contrast, are resistant to phages B3, D3, and
G101 but susceptible to E79, PB1 and M6. In
addition to Hg?* resistance, R3108 also pro-
vides resistance to phenylmercuric nitrate and
thimerosal.

These properties of R3108 allow it to be used
to show that UV-light resistance and inhibition
of phage propagation and pyocin production are
characteristics intrinsic to pMG1. PU21
(R3108) was mated with PU1 (pMG1) selecting
for tetracycline resistance. Transconjugants
were obtained at a low frequency. As expected
from the fact that pMG1 and R3108 belong to
the same incompatibility group, all had lost
gentamicin resistance as pMG1 was eliminated.
Concomitantly they became susceptible to UV
radiation (Fig. 3), fully susceptible to phages
E79, PB1 and M6, and pyocin typable, indicat-
ing that the effect on these properties is indeed
determined by pMG1.

DISCUSSION

Currently more than 95% of clinical P.
aeruginosa isolates are susceptible to gentami-
cin. Although these pathogens are characteristi-
cally resistant to many other antibiotics, R-
plasmid-mediated resistance appears to be un-
common (9, 30). The donor strains used here,
Capetown no. 18 and Stone no. 130, were chosen

10

10-1

1073

SURVIVING FRACTION

1074

10-5 L 1 1 i L

U V. DOSE (sec.)

Fic. 3. UV dose survival. Log survival is indicated
at a UV dose of 9.2 ergs per mm? per s for PUI
(pMG1), A; PUI (R3108), @; and a gentamicin-sus-
ceptible transconjugant in a mating PU21 (R3108) x
PU1 (pbMG1) selected for tetracycline resistance, O.
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as exceptionally gentamicin-resistant isolates.
Both originated in burn units where P.
aeruginosa is a common pathogen and where
the clinical use of gentamicin favors the emerg-
ence of resistant strains.

Transfer of gentamicin resistance was de-
tected by conjugation with a rifampin-resistant
P. aeruginosa recipient, PU21, using rifampin
for counterselection. Although commonly used
curing agents did not eliminate gentamicin
resistance from PU21, a plasmid must be in-
volved since streptomycin and sulfonamide re-
sistance were acquired concomitantly and re-
sistance to all three antibiotics could be serially
transmitted from PU21 to other pseudomonas
strains, including Rec~ JC9010. The plasmids
have been termed pMG1 and pMG2, and al-
though they were detected in clinical isolates of
different pyocin type and geographical origin,
their properties have so far proven identical.

Because of its clinical importance, the bio-
chemical basis of gentamicin resistance in P.
aeruginosa has been intensively studied. N.
Tanaka in 1970 reported that gentamicin-resist-
ant strains from the Grady Memorial Hospital
outbreak possessed ribosomes resistant to the
action of gentamicin (50). However, Brzezinska
et al. (11) found that such strains, including
Stone no. 130 used here, inactivated gentamicin
enzymatically by N-acetylation of the 2-deoxy-
streptamine moiety. Capetown no. 18, the other
donor strain, has also been reported to have
similar activity (39). Gentamicin acetyltrans-
ferase could be demonstrated in extracts of
PU21 (pMG1) and PU21 (pMG2), but not in
plasmid-negative PU21 or in PU21 (pMG3), a
gentamicin-susceptible mutant of pMG1, thus
supporting R-plasmid-determined gentamicin
acetyltransferase as the biochemical basis of
antibiotic resistance in these strains. Further-
more, the spectrum of aminoglycoside resist-
ance produced by pMG1 and pMG2 (Table 3) is
precisely that expected from the substrate spec-
ificity of gentamicin acetyltransferase I (5, 11).

Although transmissible at low frequency to P.
fluorescens, transfer of pMG1 and pMG2 could
not be detected to enterobacteriaceae including
E. coli K or restriction-less E. coli C. This prop-
erty distinguishes these plasmids from R plas-
mids of broad host range previously discovered
in P. aeruginosa such as RP1 and R64, the latter
a plasmid that also determines gentamicin re-
sistance but by a different inactivating enzyme,
gentamicin adenylyltransferase (54). In E. coli
there is a close correlation between plasmid
incompatibility group and host range (14). R
plasmids of incompatibility groups P (RP1) and
C (R64) can be transferred from E. coli to P.
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aeruginosa, but members of most other incom-
patibility groups cannot be, exceptions being
members of group W (R7K) and group N (R46)
(Jacoby, manuscript in preparation). In P.
aeruginosa, Bryan et al. described R plasmids
such as R931 and R3108 that are restricted in
host range and cannot be transmitted to E. coli
(9). They also have reported transmissible gen-
tamicin resistance from P. aeruginosa strains
inactivating gentamicin by acetylation (9) and
have shown that these plasmids were incompat-
ible with R931 and R3108 but compatible with
P-type plasmid RP4, which is now felt to be
identical to RP1 (28).

Plasmids pMG1 and pMG2 have been found
compatible in P. aeruginosa with P-type RP1,
C-type R64, N-type R46, and W-type R7K but
incompatible with R931 and R3108 (Tables 9
and 10). pMG1 and R931 or R3108 are unable to
coexist stably in the same host cell. One plas-
mid is either eliminated by the other, or the two
plasmids undergo recombination and become
serially cotransmissible. This covalent linkage
of incompatible plasmids must be distinguished
from a more temporary association seen be-
tween some compatible plasmids that also re-
sults in cotransfer. Thus, from a strain carrying
pMG1 and a second plasmid, such as RPI,
selection for RP1 usually results in the concomi-
tant transfer of pMG1, but transfer of pMG1
occurs independently (see Table 9). Such uni-
lateral cotransfer can be a prelude to physical
recombination. In an attempt to pass pMG1 to
E. coli from a strain carrying both pMG1 and
RP1, streptomycin-resistant transconjugants
have been obtained at low frequency in which
this pMG1 determinant has been linked to RP1
with retention of P-type specificity (unpub-
lished data). Possibly such events are more
common in P. aeruginosa than in E. coli and
provide a mechanism for generating new assort-
ments of plasmid genes.

The appropriate nomenclature for the incom-
patibility group of pMG1, pMG2, R931, and
R3108 is problematic. These R plasmids clearly
do not belong to established E. coli incompati-
bility groups C, N, P, or W. Bryan et al. (9)
proposed incompatibility group P-2 as a desig-
nation for this class in pseudomonas with R
plasmids like RP1 assigned to group P-1. C-, N-,
or W-type plasmids, which are compatible in P.
aeruginosa as in E. coli (unpublished data),
would then be assigned to further P groups.

Such a dual system of nomenclature may be
unavoidable at this stage of our knowledge of
incompatibility groups in pseudomonas. Unfor-
tunately, R plasmids of group P-2 cannot be
transferred to E. coli to exclude the possibility
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that they belong to another already established
incompatibility class. An R plasmid is known in
E. coli that determines gentamicin inactivation
by acetylation (51). However, this plasmid,
R135, and other members of the M incompati-
bility group are not transmissible to P.
aeruginosa (unpublished data).

pMGT1 and related plasmids share a number
of biological properties in addition to
non-transmissibility to E. coli (Table 11), in-
cluding resistance to inorganic and organic
mercury compounds, to UV radiation, and to
certain bacteriophages. pMG1 and pMG2 inter-
fere with pyocin production as well. For Hg?+
resistance the mechanism has recently been
established. Summers and Lewis (49) have
shown that PU21 (pMG1) and PU21 (pMG2)
(designated PU21/PS18 and PU21/Stone in
their Table 2) determine an inducible system
converting Hg?* into a volatile form, probably
Hg’. The pseudomonas sex factor FP2 deter-
mines Hg?* resistance by the same mechanism
(49). Parenthetically, pMG1 and pMG2 have
been tested in FP- strain PU10 to see if they
promote the transfer of chromosomal genes to
PU21 with negative results. FP2+ PU1 carrying
PMGI1 or pMG2 remains a good chromosome
donor, so that FP2 is compatible with these R
factors (unpublished data). A mechanism for
resistance to organic mercurials is also known in
pseudomonas. Tonomura and co-workers have
characterized an inducible system that cata-
lyzes the release and reduction of mercury from
phenylmercuric acetate and other organic mer-
cury compounds (20, 21). Strains carrying
R3108, which promotes high level resistance to
phenylmercuric nitrate, have similar enzymatic
activity (S. Silver, personal communication).
Differences among the plasmids in this group in
resistance to mercurial compounds could reflect
either differences in the specificity of the en-
zymes involved or in their inducibility.

The mechanism by which this group of plas-
mids protect against UV irradiation is not yet
known. In Salmonella typhimurium an N-group
R plasmid has been shown to protect against
both UV light and the lethal effect of alkylating
agents (38). pMG1 and pMG2 do not enhance
survival after exposure to such alkylating agents
as methylmethane sulfonate or nitrosoguani-
dine and might determine an enzyme specifi-
cally involved in excision repair of UV-induced
lesions from DNA (38). If so, they might be
expected to correct the phenotype of excision-
deficient mutants of P. aeruginosa. They did
not enhance survival of UV radiation hypersen-
sitive Rec~ JC9010, but should be tested further
in a larger set of radiation sensitive mutants of
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P. aeruginosa, such as those recently described
by Kung and Lee (31).

pMG1, pMG2, and R931 have been shown to
effect the propagation of certain DNA phages
(Tables 5 and 11), including one that is pilus
dependent (M6) as well as several that attach to
the cell wall (B3, D3, E79, G101, and PB1).
R3108 produces a more selective inhibition of
phage growth since strains carrying this plas-
mid are still lysed by E79, PB1, and M6. The
mechanism of this alteration is not known.
Phage adsorption (Table 6) is not changed.
DNA restriction has not been excluded as the
responsible mechanism but no host-modified
phage have been detected. pMG1 and pMG2
also interfere with pyocin production by strain
PU21. This effect could result from the elimina-
tion of a pyocinogenic plasmid, but in P.
aeruginosa pyocin production is determined by
chromosomal genes (27). Actually, it is possible
to show that, whatever the mechanism, the
interference with pyocin production is a pheno-
typic change since elimination of pMG1 by
introduction of R3108 restores pyocin activity.
Further studies are required to determine if the
effect is specific for only certain pyocins and if
pyocin susceptibility is altered as well.

The biological utility of plasmid-borne pre-
vention of phage propagation and pyocin pro-
duction is less obvious than of Hg?* and UV
light resistance. However, naturally occurring
P. aeruginosa strains are almost invariably
lysogenic and pyocinogenic (26). Prevention of
phage propagation promotes R plasmid spread
between otherwise incompatible mating pairs
when the recipient is lysogenic for a phage to
which the donor would otherwise be susceptible,
and prevention of pyocin production similarly
limits lysis of a potential recipient by pyocin
otherwise produced by an R plasmid donor.

For epidemiological purposes it is important
to be able to distinguish different P. aeruginosa
strains. Pigment formation, biochemical capac-
ity, and antibiotic resistance have not proven
useful since the majority of strains are quite
uniform in these respects. Reliance has been
placed on typing by phage susceptibility, pyocin
production or susceptibility, and serological re-
action. Whatever method is used, it has been
found that clinical isolates can be subdivided
into many different groups. It has usually been
assumed that differences between these groups
are due to stable chromosomal genes. However,
it seems increasingly likely that P. aeruginosa
is rich in extrachromosomal DNA, and the in-
fluence of these plasmids on the techniques
used to differentiate strains must be taken in
account. The effect of R plasmids is particularly
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important since antibiotic usage in a hospital
can substantially alter their prevalence.

The strain in which pMG2 originated came
from the Grady Memorial Hospital outbreak
where gentamicin-resistant pyocin type 5
strains largely replaced the previous mixture of
gentamicin susceptible pyocin types under the
selective pressure of gentamicin usage (46, 48).
In this outbreak cross-infection is thought to
have played the major role in the spread of
pyocin type 5 strains (46, 48). However, the
spread of R plasmid pMG2 through a popula-
tion of gentamicin-susceptible strains of diverse
pyocin types would also produce gentamicin-
resistant isolates which were restricted in pyo-
cin type or nontypable. Since pMG2 and related
plasmids interfere with the propagation of cer-
tain typing phages as well, the phage type of
plasmid recipients would also change. In the
future, the influence of R plasmids on pyocin
and phage typing must be appreciated in epide-
miological investigations.
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