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ABSTRACT

Chromosomal ILocation For A Genetic Determinant Of
Chlortetracvcline Resistance In A Strain Of

Starhvlococcus Aureus

by Doris Beck

The genetic determinant for chlortetracycline resis-

tance in strain 779 of Starhvlococcus aureus was found to have

botlha chromosomal and extrachrormosomal nature., Strain U9 was
also resistant to both ervthromycin and strertomycin viich
were studled for cormrarison to the tetracycline resistance.

Chlortetracyvecline resictance was arrarently stoble in
strain U9 because no sensitive colonies were cdetected during
a series of curing experiments which utilized grouth in
solutions of acriflavine, ethidium bromide, and also grouth
at elevated temreoratures., Low cdoses of ultraviolet radiation
on transcucing rnage lysate propagated on strain U9 caused
an increase in transduction frequency for all three antibio-
tic resistances.

The transduction freouency for chlortetracycline resis-
tance with rhage lyvsate propagated on U9 vas more than a log
higher than for the other chromcsoral resistonces., This
transduction frecuency was higher than that for chlortetra-

O

cycline resistance obtalned uhen rhage 80 was propagated on



strain 2 (pen, tet), an examrle in which the antibiotic
resistances are known to be plasmid linked. Transduction
frequencies for extrachromosomal markers are generally
.higher than for those of chromosomal markers because extra-
chroriosomal material does not derend on recombination within
the host for rene expression,

Transductants obtained with nonirradiated rhage
proragated on U9 were not as stable as those obtained with
irradiated phage because sensitive colonies were founé in
curing experiments. Three sensitive colonies were isolated
with a concommitant loss of penicillinase production., Three
additional colonies of strain 2 (pen, tet) also showed this
coelimination.

Chlortetracycline resistance masy be due to a hetero-
diploid state in S as both chromosomal and extrachromosonal
properties were otserved., An alternative exrlanation could
be that a resident plasmid within the transductants interacted
with the chfomosome extracting the tetracycline resistance

vhich vielded variants with plasmid linked resistance,
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INTRODUCTION

Since the advent of antibiotic therapr many of the
enterococci and stariiylococci have developed resistance to
various antibiotics (Barber, 1966)., The rapidity in which
high levels of resistance are attained and the widespread
occurrence of swvuch resistonces invoke more than mercly
the or-ration of evolution-ry prrocesses. !Mutations occur-

ring in vitro are observed to consist generally of slirht

increases in resistance requiring a long time +to
achieve any high lsvel of drug resistance (Florey, 1949).
tJatanabe (1961) reports tnat high level nultiple

drug resistonce in a strain of Shirella flexneri can be

transferred via episomes to strains of Iscicrichiia coli,

Salmonella trhimurium, and Salmonella «ntoritidis, A

conjugal relationship is not obs~erved in stapnylococci

and thus the only means for transmitting resistances
beteen stroins aprears to be by bacteriophage. Jarolnen
et al. (1965) succeeded in transducins tetracvecline resis-

tance into sensitive strains of Staphrlococcus aurcus in

vivo by injecting infected mice with phage rropagated on

a tetracveline resistant strain of Starnvlococcus aureus.,



The mechanism for tetracycline resistance varies
with the particular resistance transfer factor within

strains of Zscherichila coli (Unowsky and Rachneler, 1966)

or with the nature of the resistance determinants, ie.,
whethér they are of caroriosoral or extrachronosonal origin
("leisblum and Davies, 1968).  Asheshov (1¢66) and Poston
(1966) have demonsirated that tetraciycline resistance is
extrachromosoral in certain curable strains of Starhizlo-

coccus aureus, The rurrose of this study is to determine

vhether the genetic locus for chlortetracrvcline resistance

in strain 79 of Starihrleccoccus aureus is located cn c¢hiromo-

somal or extrachromosorial DITA and to observe any relation-
ships or interactions of chromosomal and extrzchrorosomal

narkers. .



HISTORICAL RIEVITY

Chronosome marping in Staphrlococcus aureus

Chronosorme mapping of Starhvlococcus ~ureus has been

limited due to the absence of sexuality in this organisnm.,
Altenbern (1269) has mapped some markers on the chromosome

of Starhvlococcus aursus by using phenethyl alcohol to

synchronize chromnosomal replication and then subjecting the
bacteria to treatment uith N-methyl-ll'-nitro-N-nitrosoguan-
idine at various times after resumption of DNA synthesis.,
His results indicﬁte that there 1s a definite locus on the
chromosome for the initiation of chromosomal replication
and that the r~ene order is essentially the same in randonly

selected strains of Starhvlococecus aureus,

Altenbern reports that strainé.containing multiple-
resistance factors (MRF) show a cdelay in the gene replication
time possibly because the MRF duplicates first after which

chromosomal replication is permitted,

Plasmids in starhvlococci

The type of plasmid found in the staphylococci are
nontransmissible plasnids which are manifest by the estab-
lishment of drug resistance in the host. It appears that
plasmids are dispensable for the maintenance of cell

viability but are genetically stable wit!y some possible



exceptions, Novick (1963) has found the spontancous rate

of loss for the penicillinase plasmid to be about 10-3

rer cell gencration,

gvidence for rlasmid linknre of somatic traits

Novick (1969) gives a 1list of criteria for deternmin-
ing plasmid linkage., Coelimination studies such as curing
by growth in solutions containing acriflavine (1*itsuhashi
et al., 1963), ethidium bromide (Bouanchaud ct al., 1969),
or rifampicin (Johnston and Richmond, 1970), and growth
at elevated temperatures rrovide evicdence for thne autonomous
nature of plnasnicds and those somatic traits carried on them.

Irradintion of rhare lvsnte utilizéd in transduction
reveals the extent of genetic homology‘pf markers to the
host chromosome by the abilitr of the chromosome to rescue
these markers (Garen and¢ Zinder, 1955 and Arber, 1960).

Low cdoses of ultraviolet irradiation produce an increase in
transcuction fremuencv for rmarkers carried by DA homologous
to the host chromosome and thus rrovide a merns of
differentiating between erisomal ané chromosomal locations

- of markers, Flasmid DNA is not homolognus to the chronosome
and as increasing dosages of irradiation damage the plasmid
carried br the transducing rhage the less likely the
survival of the rlasmid and its somatic characteristics.

Replicative autonomy of somatic traits may be demon-

strated by radiation target size as the plasmid is much



larger than a chromosomal gene. Incompatibility with a
known plasmid constitutes evidence of plasmid linkasge
(lovick and Richmond, 1965). Plasmids belonging to the
same compatibility group can not exist as stable diploids
wvithin a cell so that £he establisiment of the incoming
plasmid recuires the loss of the resident plasmid. Rush
et al. (1969) have demonstrated the autonomy of staphylo-
coccal plasnids by isolating the plasmid DI'A and preparing
electron micrographs of the DA by autoradiographyv.

Their isolazipg of prlasmid DNA was based on the resistance
to alkalil dénatnration of the covalentl: closed circular

durlex DIiTA.

Current genetic asrects of antibiotic resistonces

-

The incidence of drug resistant starhylococci nas
been extensively investigated by Darber (1986) who
revealed the increasing numbers of resistant strains in
clinical infections since the beginning of antibiotic
therapy. She asserts that starhylococcl develop resistance
to erythromycin and streptomycin more readily than to
most antibiotics. This ability would arpear to reflect
the chromosomal locus for these antibiotic resistances
as shown for streptomycin by Korman and Berman (1962)

and Poston (1966) and for erythromycin by Richmond (1969).

Mutations occurring in bactaria are most likely changes



of the chromosomal DNA as the chromosomal DI'A 1s many times
the plasmid DNA and because the chromosome is an essential
feature of all cells.,

In contrast the extrachromosomal nature of
erythromycin resistance has been dermonstrated by lMitsuhashi
et nl, (1965) by joint elimination of penicillinase
production and erythromycin resistance utilizing ultraviolet
irradiation ané growth in acridine. May et al. (1964%) and
Asheshov (1966) have shown that loss of tetracycline
resistance can be accelerated by grovth at elevated
temperatures illustrating an extrachromosomal inheritance
in some strains. Asheshov (1966) and Foston (1966)
utilized irradiation inactivation k%inetics bf transducing
phage lvsntes to demonstrate the plasm{g linkage for
tetracycline resistance and the chromosomal location for

penicillinase prrocduction in some strains of Staphvlococcus

aureus, The strains used by these investigntors had
unstale resist-nce to tetracvclines but stable
determinants Tor producing penicillinase.

Asheshov (1969) in reference to penicillinase
rroduction and Richmond (1969) for erythromrecin resistance
refer to the transition of these renes betuween interrated
chromosomal loci and the extrachromosomal state, These
investicators are finding thot resi-tance to some

drugs nay shoew both chromosomal and extrachromosomal



inheritance within a strain of staphylococci at different
periods of time. Richmond (19€9) demonstrates that there
is a reversible transition between the extrachromosonal

and the integrated state for ervthromyein resistance 1in

~ some strains of Starhvlococcus aureus.

Mechanism of tetracvcline activitxr

The tetracyclines are a group of antibiotics
composed of four fused rings including the following:
aureomycin_(7-chlortetracycline), terranvein (5-hviroxy-
tetracyecline), and declomycin (demethylcalortetracycline).
The microbial specéra and biociemical activities for these
antibiotics are essentially the same so that effects using
one antibiotic usually are paralleled by the others,
Chlortetracycline is somewhat unstable in'liquid media
so that determinations of resistance levels for strains of
bacteria are overestimated.

The tetracyclines afe inhibitors of protein syntiesis
that effect the ribosome (Ueisblum and Davis, 1968).
Tetracycline has been shown by Day (19€6) to bind to both
the 50 S and 30 S subunits of the ribtosome. Suarez (1965)
has rerorted that tetracycline inhibits the binding of
aminoacyl-tRNA to 30 S subunits in vitro and by this mechanism
perhaps inhibits polypeptide synthesis. Day (1966) has
found that if either the 50 S or 30 S subunits are treated

with tetracycline, washed by dialysis and centrifugations,

and then studied in cell frece extracts of Zschericihia coli

that protein symthesis is inhibited and that the tetracyvecline



nmolecules are distributed afterwards between both subunits,
Gurgo et 'al., (1969) have studied the synthesis and location
of mRNA in cells treated with tetracyclines and other
inhibitors of protein synthesis, They report'that peptide
bond formation and polvribosome formation are "uncoupled"
by the antibiotics. Their observation that newly formed
nRYA continvally aprpeared in rolyribosomes sﬁggests that
the rihosomes must add to and move along the mRNA without
the occurrence of rrotein synthesis., 1In any event the site
of action for tetracryecline has not been localized and the
reaction of the tetracyclines may be more extensive than
binding to the ribosomes.

Resistance to tetracyclines may be due to a rermea-
bility factor or otaer prrotective barriers such as drug
inactivation depending uron the organism ahd the genetic
determinant for resistance as reported‘%y Unowsky and
Rachmeler (1966). They were able to show reduced uptake
of tetracycline by Zscherichia coll containing the
negative fertility inhibition episome but not for those
cells containing the positive fertility inhibition erisome.
Unowskxy and Rachimeler were unatle to isolate an enz:me

active on tetracycline for ZDscherichia coli containing

the positive fertilitr inhibition resistance-transfer (R)

factor.



MATZRIALS AlD ST IODS
Media

Cultivation of orzanisms. Dacto Braln feart Infus-

. 1ion (BHI), BHI agar, nutrient broth, and nutrient

agar (Difco Laboratories, Detroit, liich.) vere used in
routine cultivation of bacteria. For phage rropagation
nutricnt agar and nutrient broth vere enriched with dextrose
and rhosrhate (K5XFO,), described and named F and D media
by Fattee and Baldwin, 1901 (cf. pp 17).

Selecctive media, Chlortetrac:cline hydrochloride

and erytaromycin (Sigma Chenical Co., St. Louis, lio.) were
sterilized with a membrane filter (1iillipore Filter Corp-
oration, BDdford, ilass.) having a pore cdiameter of C.45 u,
The solutions of antibiotics were frozen énd stored at -20
C until needed and then added to steriié terpered (molten
agar between 45-50 C) mecdia hefore pouring plates.

Dihydrostreptonicin sulfate (Z. R. Scauibb ™~ Sons,
Div, of 0lin l'ataieson Chemical Corp., lew 7York, !N, V,)
and Kantrex (Bristol Laboratories, Div, of Bristol-liyers
Co., Syracuse, N. V.) were purchased sterilized so thnt
sterile solutions of these antibiotics were sinply added
to hot sterile DRI agar.

Curinr arents. The curing agents used were Zthidium

bronide, 2,7,-diamino-N-ethyrl-9-phenylpenantridiun bronide



10
(Calbiochen in Los Angeles, Calif.) and Acriflavine ICl, a
mixture of the hycrochlorides of 2,8(3,6) Diamino-D-meth
acridiniun chloride and 2,3(3,6) Diamincacridine (Sigma
Chemical Co. in St. Louis, lo.), Stock solutions containing
5000 ug/ml were sterilized by membrane filtration as described
previously and stored at 4 C. The curing arents were added

to R’I broth to achieve desired concentrations.

Stranins of Starhloceccus aureus and phages

Identification and sonrces. Strains U9(-ry, pen,

strytet) and 8325 (str, tet) were supplied by Dr. Richord
F. Hovick of the Public Health Research Institute of the
City of lMew “ork, Inc., lfev “ork, i'. Y. Dr, l. ii. Riclriond
of Bristol Universit:; 1lecical School in Bristol sent strain
14+7(str). Pr. 3. d. Ashesaov of the C%Ptrnl Public Iealth
Taboratory in Tondon kindly submitied a culture of strain
2(pen, tet). OStrain PS55 and A3, rropagating strains for
thnges of thn International Tyring Series came from our
stocic, TFhage rropag~ting strains 53 and 20 along with
rhages 53 and 00 of the Intornational Tyring Saries wvere
don~ted by the tichigan Stnte Public llealth Department.
Strains S!(1-5) are clinical isolates that were received
from Tdward '/, Sparrow Hospital in Lansing, Mich. Strains
A-G are tetracrcline resistant transductants of strain 80

obtained using five minute ultraviolet irradiated phage 80
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propagated on sirain U9. Strains 1-3 are tetracycline
resistant transduectants or strain SII5 obtained with nonirrad-
iated rhage 20 propagated on strain U9.

Momaenclature., Strains of 3tarhvlococcus aureus have

been identified by using the firest three letters of the
antibiotics to which the strain is resistant following the
strain nunber,

Fhare trring, Scensitivities and/or resistances to-

vhage 30 and 53 were determined for nost strains utilized.
When needeé, relationship of strains was ascertnined by a
complaete tyring carried out by the Mlehlran State Publie
Health Derartment in Lansing, 1llich.

Cultures to be phage tvned wore cultivated on BiI
agar slants containing 7.55 FaCl for 16 to’lo ours at 37 C.
The bacteria were suspended in 5 ml of F and D broth and

-

diluted so tint a 0.1 ml sample contained arrroximately
5 x lO8 cells., Cell concentrations were determined by
measuring absorbance with a Bausch & Lomb Srectroniec 2C,
Tempered soft F and D agar (2.5ml) vas inoculrted with
5 x 10% bacteria and roured over a P and D base az'r., Tie
plates were 2lloved to cdry and then srotted withh O.1 ml of
trring phage, The plates v-re incub ted at 37 C and
checked for lysis after 3, 16, and 24 hour periods. Tais
rrocedure is a modification of the method used by Pattee

and Raldwin (1961).
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Deternination of drug resicstan

Disec assar, Tacto sensitivity discs for antibiotics

(Difco) were used to assay for resistance to antibiotics.
Inorganic assav discs were made using discs (£.35 rm in
diamgter manufactured'by Carl Schleicher > Schuell Co.,
Keene, Iy "I.) which were st ilived by autoclaving for 25
nminutes at 20 pounc¢s rressure, dried, and inrregnated with
0.01 ml of inorganic ion solutions sterilized rrevionsly
by autocléving. The amounts of inhibitors impregnated

on discs are 1ist cd in Table 1, The amounts of inorganic
ions were the concentrations found to be most suitable in
denonstrating variahilits of starhilococei by iovick and
Roth (1963),

Four inhibitor impregnated-discs wa2re yrlaced on BII
agar rlates seeded with lOJ cells of fhe strain to be tested,
The rlates were subsequently incubated 2t 37 C for 16 to 24
hours. Resistances and/or sensitivities were cetermined by
measuring the radius of the inaibition zone around tae disc.

GredeC plate assnr, A series of gracded plates was

made up by ~dding suitable ¢ilutions of the antibiotic
to RIIT agar. An overaiciht BII culture of the organism
to be tested was syrotted with an inocul~ting loop on the
prepared set of craded plates, Overnicht brotly cultures
were also suitably diluied so that about 200 cfu (colony
forming units) wonld be obtained when 0.1 nl was svread
over the surface of eaci rlnte. The level of resistance

vas recorde” as the hiciaest concentration of antibiotic



Table 1.

13

Preparation of assay discs for drug resistance.

Inhibitor

Amount of inhibitor
impregnated per disc

Kanamycin sulfate
Streptomycin
Penicillin
Erythromycin
Novobiocin

Neomycin
Tetracycline
Chloromycetin
Sodium arsenite
Sodium orthoarsenate
Lead nitrate
Sodium metasilicate
Zinc nitrate
Cadmium nitrate

Mercuric nitrate

ug
30.00
10.00
10.00
15.00
30.00
30.00
30.00
30.00
13.00

12.20
0.45

0.03
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in which isolated colonles were able to grow or that highest
concentration of antibiotic in vhich growth was not imraired
for spotted cultures, An7 effect of inoculum size was observed

and noted,
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Selection of ¢rug res

The metihod of Szylbalski and Brrran (1952) for gradient
rlate construction was utilized to crecate a gradient of

antiblotic concentration across & pretri dish, IRII agar vas

(S e

)

usaed as the slanted base arar and a top agar made up of

T A

I agar containing antibiotic riich woas added alfter solidi-

4

fication of the slanted base larzsr, F[or selection of chlor-

tetracyeline resistnant colonias thz top ar=r contained 3 ug/nl

chlortetracycline. Selection for lranarycin resistant orcan-
incrzasing concentrn-

-

, 10, 20, 30, and 40 ug/ml

Fal

isms utilized kanonyecin gracdients of

tion' emrloring concentrotions of

(W)

kananycin sulfnte in the top ag-r,

By means of a sterile glass rod cdurlicate gracdient
plates re srread with 107 sensitive orgnnisms of an over-
night BIII broth culture and then incubated at 37 C for 16 to 24
hours., Coloniecs grouings in the highest concentration of anti-
biotiec were selected, inocul~ted into 3 I broth, and incubnted
at 37 C for 16 to 24 hours, The overnight broth cultures
were assayed for leval of ¢drug resistance by culturing on

a scries of gracded plates and also inoculnted onto another
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set of gradient plates of tle same or 1igher concentration
of antibiotic as 1n the previous gradient. Selection and
cultivation of most resistant colonins was repeated with
other passares thr-ugh gradient plates to obtzin dérug
resistant strains, Levels of resi-tance were'measured and

noted aftor pass-ge thrcuch cach gradient.

Curinc strain- of -antibiotic resi-tance

Growth at elevated terveratures. This curing proc-

edure was slightly modified from thne method used by Ashcs-
hov, 1966, nesistant colonies vere selected from Bl agnr
plates containing 15 ug/nl cilortetracycline wranicih had been
incubated at room temrerature for tiree dars previous to
use, inocul=ted into 2II brotah, and incubsted a2t 37 C for
16 to 2% ours. The overnizht culiures were diluted 1l:4 in
fresh EBIII broth and incubated 13 hours at 37 C in a ryrotory
water bath shavin~ 123 cyeles/nin. 3Samples (0,15 ml) of
this log rhase culture wvere inoculated into 20 nl of BI
broth prewarrnied to 37 and 43 C and incub~ted 5% hours in
water baths of 37 and 42,5 to 43.5 C resypectively vit'iout
shakXing., Arter the incubation 5 ml sanples of the cultures
were shaken vizorously with 3 ml of ballotini in a vortex
blendor to separate clumps of cells into single cell units,

The cultures were then diluted so that 50 to 150 c¢fu in 0.1

nl samrles were srread onto nutrient ag-r rlates (dried
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previously for three days at room temperature. The plates
were incuhated overnight at 37 C and rerlicated onto nutrient
agar containing 195 ug/ml chlortetracycline. To diminish
spreading of colonies all plates to be used in the rerlicating
'proceSs vere routinel:;r ¢ried by incubating xt_room tenper-
ature threce days andé additionally at 37 C oyernight rrior
to use., Due to this drying period selective mecdia is not
as concentrated as indicnted for chilortetracycline., Sensi-
tive colonies vhich crow only on media it .out antibiotic were
isoloted and restreaked on sclective tetraciciine nmedium to
reconfirm tetracycline sensitivity.

Cured colonies "r2re conprared with parent strains by
disc assays and rhage trring so that relationship was
ascertained and lin'tage rroups of tetrac;ycline and other

markers could be discloscd.

Growth in acrillavine., OGColutions of acriflavine

~

vere race ur in ZUET in concentration of 25.00, 12,50,

6.25, and 3.12 ug/ml according to the method of Tashi-

noto et al., (19C%). A colony of tie resist=nt strain wvas
selected fron an antiblotic containing BII agar plate, inocul-
ated into D7II broth, and incubrted at 37 C for a period of 16
to 24 hours, Samples of 0.1 nl of the overnirsiht broth culture
vere then inocul~ted into the series of acriflavine dilutions
and incuhnted 24 to 3{ hours at 37 C. The culture of highest

acriflavine concentr:ation yi~lding uninaibited growth was
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selected and a sample of 5 ml blended with 3 ml ballotini

as previously described. Suitable dilutions were made so that
50 to 150 cfu were spread onto nutrient agsr plates and
incubated overnight at 37 C. Sultable plates containing
isolated colonies were then replicated on nutrient agar
containing 15 ug/ml chlortetracveline. Cured colonies

were tested as before to conlirm drug sensitivity, to
ascertain rolationship with pareht strain, and to detect link-
age with ofher narkers.,

Growth in ethidium bromide, Ethidiunm bromide was

added to BII broth to give final concentraotions of 6, 4, 2,
and 1 ug/ml (Pouanchaud et al., 1969). The experiment
was perforned as described for acriflavine in the

prececing section.

-

Transcuction of chlortetracreline resistance

Frovagation of rh-ge, P and D agar and P and D

broth were used in rhage rropagation and transcuction
procedures following the methods of Pattee and Baldwin
(1961), F and D broth 1is composed of nutrient troth enriched
with 0.2]) dextrose and 0.25% phosrhate (K2HP04). F and D
base agar and soft agar contain 1,957 and 0.3 % agar resrect-
ively. Typing rhage 30 was propagated on strain U9

(pen, str, tet) using the agar-layer technique of Swanstrom

and Adams (1951).
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The propagating strain was grown overnight on BII
agar slants containing»7.5% laCl ané@ the grovwth from this
slant was suspended .in 5 ml of T and D broth giving a
suqupsion of apprgximately 2 to 6 x 109 cells/ml. Soft F and

8 cells of the propagating

' D agar was lnoculated vita 5 x 10
strain and 105 to lO6 thage, The soft agar nmixture was
roure¢ over a P and D agnr base, allowed to solidify, and
incubated overnigiht at 37 C. Two ml of F and D brota were
then adcded to each plate and the soft agar layers scravned
into a sterile centrifure tube with a sterile glass rod.
The mixture was shaken vigorously; to extract the phage from
the soft agnr and allowed to incubate 30 minutes at room
tenpernture., The soft agar was renoved from the raage lysate
by ceatrifuging 10 minutes a2t 1100 rym and collecting the
“supernatant lrsate., To sterilize the %ysate 0.5 ml of
chloroform was added for each 10 ml of so’ution, shaken
‘vigorously, and incubated 3C minutes at roon temperature.
Befora use,the lysate vas decanted from the chloroform layer
and any renaining chloroform blown off, Titers of about
109 pfu were achieved by this method,

For assay, scmples of 0,1 ml of snitably dilnted
thage were added to 2.5 ml of warm tempered soft P and D

8

agar containing 5 x 10~ cells of strain 30, The soft agar
was poured over a P and D base acg-r, allowed to solidify, and
incubated overnirnt at 37 C prior to counting plaque forming

units (pfu).
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Transduction rrocedure, Recipient strains, 30 and SHS

were grown overnight on BHI agar slants containing 7.5 NaCl
and the growth from these slants was susrended in 10 ml of F
and D broth giving a susrension of approximately 1 to 3 x 109
cells/ml. One nl of tﬂe recipient bacteria suspension was
nixed vith 1 ml of the rhage lvsate yielding a multiplicity

of infection (moi) of 0,5 to 1.0. The cells were incubated in
a gyrotory water bath shaker at 37 C saaking 123 crcles/min,
After the incubation reriod the cells were cdiluted 1:10 to
retard phage adsorption and centrifuged 10 minutes at 1100

rrm to renove unad¢sorbec prhnge, The cells were resusyended

in P and D broth and assnyed for antibiotic resist-nce by plat-
ing 0.1 to 0.2 ml sarrles on sclective nedia, The three
selective media consisted of BII ager conéaining 1 vg/nml
erythromyein, 15 ug/ml chlortetracycli;e, or 25 ug/ml
streptomyecin sullfate, Chlortetracrycline rlates were used
three to ten cdarys after prrerar-tion and were 'tept in refrig-
eration at 4 C until needed. TIII agar vas used as it inhibits
lyéis of transductants by virulent rhage. Controls consis-
ting of recipient bactoria rlated on selective media and
sterility tests Tor rh-ge plated on BWI ag-r were run vwith
each transduction poriod. Suitable dilution and plnting of
recipient cells on BII agar nt time cof ass~y was cdone to

det~rmine the fraction of recipient cells.,
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Time reaquired for phenotsric exrression. Transduced

cells were resuspended in 10 ml of P and D broth after the
transduction poriod and incubated at-37 C in fhe gyrotory
water bath shaking 123 creles/min, Samples of 0.1 ml were
plated on chlortetracicline selective agar qnd 0.2 ml were
plateé on erytaronycin and strertomrecin sclective agar each
hour for a total assay period of 5 hours,

Ultraviolet irradiation of rhage. Tour ml of rhnge

lysate susfended in T and D broth ere gentlr suirled under
an ultraviolet lanr at a distance of 42 cm at waich the
light intensity vas 13 ergs/mm2/sec as determined by the
killing effect on 3Z. coli K12. One ml of the radiated phrge
suspension was used in transcduction and anofher nl in titer-
ing the phage. The remaining 2 ml of lysa%e were reiriger-
ated at 4 C for repetition of exp“fimeﬁé if needed. All
rrocecuras vere carried out in wvellow light to diminish
rossibilities of photoreactivation. Tetracycline transduct-
ants were assayed after resusrencion of centrifugeé¢ transcucecd
bacteria but erythromycin and strerptonycin transcuctants
were assnyed after a 4 hour incubhation in the gyrotory water
bath since there was a rhenotyric ~xpression lag -ith

these resistances.

Transcuction frecvencv. Transdnction freauencies

wvere calcul-~ted as the number of transductants/input rhage.

The total number of transductants was calculated by
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multiplving the number of resistant colonies grouing on
antiblotic selective mecdia by the ratio of input recipient
bacteria to the number of bacteria assnyed., Thls metliod
was used to nornalize for multiplication of bacteria during

assays or for loss of bacteria in centrifugation.



RESULTS

Phage tvpe and drue resistance

Strains of Staphvlococcus aureus vcrce tyred for

susceptibilities to lytic action of rhage 80 and 53. Drug
resistance was cetermined using inhibitor disc assays and
series of graded plates., Table 2 lists the results of disc

assavs and rhage tyring.

Selection for cdruz resistant variants

To select for kanamycin resistant mutants, cultures
were passed through a series of five gradient plates of
increasing kanamycin concentration and the level of resistance

deternined by testing the nost resistant colonies isolated
from each gracdient on a series of grad;é rlates containipg
various amcunts of kananvein,

Two subcultures of strain 8325, A3, and 147 and one
subculture of U9 andé FS55 were each observed in duplicante.
The initial level of resistance for all strains was equal to
or less than 5 ug/ml kanamycin sulfate., The levels of resis-
tance after each passage through gradient plate selections
are shoun in Table 2, There was much fluctuation and varia-
tion occurring within strains so that subcultures shoved a large

standard deviation when results were compared. Due to this

large variation in kanamycin resistance within strains it

22
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Table 2. Phage type and chemical resistance of strains of
Staphylococcus aureus.

Strain Inorganic ion . Antibiotic Susceptibility
resistance resistance to phagea
80 53
U9 Cd, Hg, Zn. Ery, Pen, Str, Tet S R
147 Cd, Hg, Zn. Str. S S
8325 Pb. Str.
PS55
A3
80 Hg. Pen. S R
53 . S
SHI Cd, Zn. Ery, Str, Tet .- S R
SH2 Cd, Hg, Zn. Ery, Pen, Str R R
SH3 R R
SHU Cd, Zn. Chl. R R
SH5 Cd, Hg, Zn. Pen. S R
SH6 R R

aSymbols R and S denote celi resistance and sensitivity
respectively to lytic action by phage. Blanks for susceptibility
to phage indicate that the strain was not phage typed.
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was relatively eas:r to obtain a more resistant strain by
gradient rlate selection and an isolate of 147 was able to
survive a concentration of 10C ug/ml kanamycin vhen a broth
culture was spotted on a graded plate. This isolate was
phage tvred by the lichigan State Public Health Department
ascertoining its relationship to strain 147,

Strain A3, 147, FS55, and 8325 were similarly observed
for their mutation to chlortetracycline resistsnce. The
results are trbulated in Table 4 and show thrt there is
little variation of resistance in these sensitive strains.
Antiblotic agar used in making gradient plates contained 3
ug/ml chlortetracycline for all experiments as growth was
continuously inhibited a2t this concentration and colony
forming units were uniformly restricted to the least ccncen-
trated recgion of the plate, Lack of grouth on gracdient
plates past regions of a pr~rticular antibiotic concentration
or lack of variability in resistances prevented isol-tion of
any resist-nt variants for chlortetracvcline resistance,

Two to six samples of each gracdient were observed. There was
a contrast of growtih on the kanamvein and chlortotracyrecline
gradient plates (Fig. 1). Fig. 2 1s a graprh of the averarge
level of resistance for all strainsvtested versus the numb-
er of gradient plates in wvhich the strains had been

passaged,
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Figure 2. Effect of number of gradient plate colony selections
on levels of resistance to two antibiotics. The highest concentration
of antibiotic uninhibitive to growth was determined for colonies
seiected from gradient piates by cultivation on different graded plates
of tHe antibiotic. Symbols: (D) ievel of resistance to chlortetra-
cyciine and (Q) levek of resistance to kanamycin.
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Curin~ exreoriments

Procedures in vhich growth in solutions of acriflavine
or ethidium bromride as well as in normal ZIII brotihh at elevated
temperatures ware utilized to rossibly eliminnte resistance to
chlortetrac;cline in strain U9(ery, pen, tet). The success-
ful curing of strain 2(ren, tet) with ethidium bromide pre-
cluded using grorth under the other conditions. The results
of these experinents are taobul~ted in Tables 5 and 6.

Curing exrerinents were carricd out also on chlor-
tetraccline resist-nt transcductants of strain SO0 and S
Phage 30 was prorasated on U9 and 4 ml of the transducing
rhare lysate radianted with ultraviolet radiation having an
intensity of 13 ergs/mmg/sec at a distance of 48 cm, The set
of transductants A to G were transduced with the irradiated
phare and the set cf transductants 1 to 8 obtained with non-
irradiatec phage., These results are tabulated in Table 7 and
8. Curing of U9 and those transductants rroduced with irrad-
iated rhare was not achieved, but chlortetracyclinc resistance

vas lost by strain 2(pen, tet) and by transcuctants 3 and 6

unienh wore a product of nonirradiated phage.

Kinetics of ultraviolet irradi-tion of rhaze lrsates

Phare susrension was irraciated for 0, 1, 2, 3, 5
and 7 minutes and thien the bacterioprhage was used to trans-
duce chlortetrac:cline, erytaron;cin, ané¢ strerton-cin resis-

tance into strain SiI5 and 0., The frequency of transduction is
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plotted against dose of ultraviolet lipght (Fig. 3 and k4)

for strain 80 as recipient strain. ‘'/hen strain Si5 was
utilized as the recipient strain similar results were obtained.
Small cdoses of ultraviolet radiation increased the freguency
of transcduction for resistances to.chlertetracycline, ery-
thromyein, and strertonyecin with rhage 20 vhen propagated

on strain U9,

A similar experiment was done utilizing a rhage
lysate propagated on strain 2(pen, tet) in vhich the tet-
racvcline marker had been shoun by Asheshov (196£-b) to be
extracihronosomal, Fig. 5 is the grarh of transduction
frequency for chlortetracycline resistnnce versus dosare
of ultraviolet radiation of rhage lrsate propagated on
strain 2(pen, tet).

Table @ is a list of streoins utilized in transcuc-
tion experiments and the transduction freauencies for the

different antibiotic resistances 1thich were assared,

Pacnotrric lag

Time requireé¢ for e:rression of transduced genes
wvas cetermined by assaring for erytaromsecin, strertomycin,
and chlort~tracrcline resi-t-nces at hourly interv-ls alt-r
transduction, The number of transcuctants for each
antlbiotic resistance is rlott=d versus time after trans-

duction (Fig. 6). There is a two hour lag beflore renes
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Figure 3. Effect of dose of ultraviolet light on
the transduction freauency of chlortetracycline resistance

by phage 30 rropagated on Starhrlococcus aureus strain U9

in vhich Starhvlococcus aurens strain CO was the recipient.
ymbols: (DO) transduction frenuency of erythromyecin
resistancey, (O) transduection freauency of strertonyein

resistance, and (A) rhage survival,
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propagated on Staphyiococcus aurcus strain U9 in which Staphylococcus
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frequency of chiortetracyc!ine, (f3) phage survival. B '
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. Figure 5. Effect of dose of ultraviolet light on the
transduction frequency of chlortetracycline resistance by phage 30
propagated on Staphylococcus aureus strain 2(pen, tet) in which

Staphylococcus aureus strain 80 was the recipient. Symbols: (O).

transduction frequency of cﬁlortetracyc!ihe, (L) phage survival
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Table 9. Transduction frequency for antibiotic resistances by phage
80 propagated on Staphylococcus aureus strain U9 and
2( pen, tet) in which Staphylococcus aureus strain 80 was the

recipient.
Propagating Transduction of resistance
strain
Frequency Antibiotic
U9 1.0 x 10-6 Erythromycin
us 5.8 x 1079 Streptomycin
w 7.9 x 10-6 Chlortetracyciine
U9 9.9 x 10-6 Chlortetracycline
2 5.6 x 10-6 Chlortetracycline




Figure 6, Thenotrric laz of transduced resistonce
to three antibiotics as shown b7 the time needed for gene
expreséion after transduction. Grarhs indicate the nunmber
of transductants resistant to chlortetracrcline (Q),
erythromsein (B), and streptorycin (W) cdetermined at
hourly intervals after transcuction and the number of

recipient bacteria rer nl (@) as determined by viable cell

count at heurly intervals after transcductioen.
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determining eryvthromvein and strertomycin resistances were
exrressaod, 0Gencs for chlortetracycline resistance in
contrast were exrressed immediately so that the number of
transductants paralleled the viable cell count wnicn was

deternined nourly.



DISCUSSIOQN

By the use of gradient plate technique bacteria
resistant to Xkanamcin can be sslected anéd isolated
but the same nethod is ineffective for chlortetracycline.

On kanamycin gradient rlates the number of colonies

inversely reflects the rradient of antibiotic concentration.
This gradient of growtiy howvever does not occur on the calor-
tetracycline gracient plates and thus strasins wvith increased
resistance are not obtained, It aprears that the chlor-
tetracreline level of resistonce is unilorm within the strain
and that nutations to tetracrcline resistonce are exceedingly
rare vhereas nutations to sli-zht increas2s in kanarycin
resistance do occur and ¢o vield a significant nunmber of
resistant v-riants. ©Such sclected rutations have hish rrob-
ability of beincs chromosonial nutations as riost of the DIIA

of the bacteria is chrorosoral and- tlie chromosorne is an ess-
ential part of all cells., Flosnids or erisones are not
essential for the maintenance of cell viability.

Curing experiments are not successful in eliminating
chlortetracreline resistance from strain U9 but co elininate
the resistance in strain 2(yren, tet) which has been shoun
by Asheshov (106() to be extrachronosomal. It is concluded
that tetrac:cline resistnnce is stabie in U9 because 4202

colonies wvere examined and no sensitive colonies were discloned.

45
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Ultraviolet irradiation of transducing phage lysate
increases the transduction freaquency for resistance to
chlortetracycline, erythromycin, aond strertonyein when phage
80 has been rropaz~ted on U9, If rhage 30 has been rrorag:ted
on strain 2(ren, tet), irradiation of rhage suspension does
not incrense the transduction freauvency of chlortetracjycline
resistaonce but instead there is a decrease of the transduct-
ion frequency vhich parallels rhace inactivation. Arber (1940)
has shown that ultraviolst irracdiation of phage lysate rro-
duces an increase in transcduction frequency for chromosonal
narkers and¢ a cdecrcase for erisorie lin%ed traits, It 1is
arparent that the genetic detorminant for chlortetracyciine
resistance 1n U9 is either linked to the chromosome or to a
rlasrmid containing DITA honolerous to the chronosorne,

The transduction freaquency for chlortetrac-cline
resistance with rhace 20 rroras-ted on 9 is arproximately
a log hiplier (Fir. 6) tinan the transuction frequency for
resistances to er:Zhromycin and strertonmvein. The trans-
duction freaquency for chlortetracycline resistance is 1.5
times larger when thage 30 is rropagated on U9 rathar than
on strain 2(pen, tet). Airber (1960) reports tiat the trans-
duction frequency of sextrachrormosennl nmrrikers is rniueh higher
than that of clhromosoral markers as the estalhlisihrent of
rlasnid DNA within the recipicent does not cerend on recombin-

ation with the host chiromoscne,
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Chlortetracrcline resistant transductants procduced
with phaze 30 propagated on U9 were tested by growing under
the curing conditions describec rreviously. A set of 3
transductants were a rrocduct of nonifradiatod riaage and a
set of 7 of irradinted rhace l;'scta, Sonsitive colonies
vere isolated only from the crour transduceé with nonirrad-
iated rhage. Since ultraviolet irradiation of transducing
rhage rroduces an incrense in transduction freauency for
chroriosonal narkers and a cecrease in transduction frequency
for prlasmid linked markers, a heterodiploid having chlortet-
racrcline resistance determinants bhoth chromosomally and
extrachromosonally wouvld rield rainly rlasiid narlers vith
nonirradiated transducing ringe and chromesonal markers
with irradinted transducing rhag2. Such heterodirloidy in
U9 would account for the high transduction frequency of
chlortetrac;-cline resistance, the homolozy of this genetic
marker with the chromosome as noted by the inecrease in
transduction frequency with lov doses of ultraviolet irrad-
iation of transducing rhage, and the curinz of resistance
in transductants rroduced vith nonirradiated rhage lysate,

A second alternative could be that chlortetracvecline
resistsnce is linlzed to the ciwroriosone in U9 but that in
the transductants there is an extraction of the DITA conferr-
ing tetrac:cline resictance by an interaction of the trans-
ductant chromosome with a resident plasmid. The resulting
transductants would thien possess a plasmid linked resictance

for clilortetracycline wialch ni~ht be curable, The coelinin-
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ation of resistances to tetracyvecline and penicillin suggest
that the interacting plasmid could be a penicillinase
plasmid.

A third alternative is that U9 contnins a stable
plasmid whichh has oxtensive homology with the chromosone,
This exrlanation avoids reasons for such homology such as
a chromosorial origin of the plasnid or the incorroration of
chromosonal material into the plasnid,

Thé tine required for gone expression of resistances
tokchlortetraCTcline, ervtaronyein, and streptorrrein were
determined and corrnred vitir the results cdescribed by Foston
(19645). The purrose here vas to observe any deviantion
of chronosomal resistance Tor chlortetrac-—rcline and erytiiro-
mycin vith plas~id borne resiztonces, Dominance of chlor-
tetracrcline resistance linlked to bot: chromosone ond prlasnid
is shovn by its immediate exrression and inheritance
in all daugiter cells, Irrthromcin and strertonyein recuire
2 hours after trnnscéuction for their exrression and thus
must be rcecessive traits,

In sumnary strain U9 has an unusual genetic determin-
ant for chlortetracycline rzsistance since it disrlays
propertincs of both extrachromosomal and chrorosecmal linlage.
Zvidence for the extrachromosomal locus of tetracycline resis-
tance in "9 1is the high transduction frequency when phage is
propagated on U9 and the instability of this tetracycline
resistaince in some transductants. The chromosomal linkage

is evidenced br the stability of tetracicline resistance in
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U9 and the rise in transduction frequency when transducing

rhage proragnted on U9 1is exrosed to low doses of ultraviolet

light. U9 might therefore be a heterodiploid with resrcct

to tetracvcline resistance
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