
to 60°C or higher. 2. Filtration of erythro- 
mycin through bacterial filters entailed the 
loss of some activity. 3. The antibacterial 
action of erythromycin increased progressively 
with increasing alkalinity of the culture me- 
dium, within the pH range of bacterial growth. 
4. Many substances which may affect the ac- 
tion of other antimicrobial agents had no 
important effect on the action of erythromy- 
cin. 5. Erythromycin inhibiting substances 
could not be demonstrated in cultures of 
erythromycin-resistant bacteria. 6 .  The size 
of the inoculum affected the results of sensi- 
tivity tests with erythromycin, but there was 
considerable tolerance within the range of 
inocula used in clinical testing. 7. The broth- 
dilution and agar-plate dilution methods gen- 
erally gave comparable results in tests for 
sensitivity of bacteria to erythromycin but the 
values obtained by the agar method often were 
higher, particularly with some coliform or- 
ganisms. 8. Tests done on more than 1000 
bacterial strains, most of them recently iso- 
lated from patients, indicated that erythro- 
mycin was most active against the Gram- 
positive cocci and was quite active against 
strains of Neisseria, diphtheria bacilli and 
Hemophilus, but for practical purposes it 
could be considered inactive against most coli- 
form and enteric bacilli. 9. Concentrations 
of erythromycin in plasma after single oral 
doses varied widely but in general were pro- 

tions were found 1 or 2 hours after a dose, and 
no activity was demonstrated at  6 hours ex- 
cept following doses of 1.0 g. Significant 
concentrations were maintained in the plasma 
with oral doses of 250 mg or more every 3 or 
4 hours. 10. The amounts of erythromycin 
activity recovered in the urine appeared to be 
small and erratic after ingestion of single doses 
or after repeated small doses, particularly 
early in the course of therapy; however, on 
continuous therapy with divided doses, up to 
15% of the amount ingested daily could be 
demonstrated in active form in the urine. Re- 
sults of studies on the mode of action of 
erythromycin and on the resistance of bac- 
teria to that agent are presented in the suc- 
ceeding papers. 
__ ~ _ _ _ _ _ _  ~ 
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Resistance of Bacteria to Erythromycin.* (19816) 

THOMAS H. HAICHT AND MAXWELL FIN LAND.^ 
From the Thorndike Memorial Laboratory, Second and Fourth Medical Services (Harvard ) ,  Boston 

City Hospital and the Dcpartmcnt of Medicine, Harvard Medical School, Boston, Mass. 

In the course of studies on some of the anti- tions were also made on the occurrence or de- 
biotic and other important biologic properties velopment of resistance of bacteria to erythro- 
of erythromycin, a number of which were mycin. These included a search for resistant 
presented in a previous paper ( 1 ) , observa- variants in cultures of “sensitive” strains, 
-- - with and without exposures to the antibiotic. 

* by a grant from the u. s. public Health The development of resistance in bacteria dur- 
ing treatment of patients was also observed. Service. 

t With the technical asistame of Clare Wikos !%me of the details of these observations are 
and Marilyn K. Broderick. presented here. The methods and materials 
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were, for the most part, similar to those used 
in the preceding paper( 1). 

Search for Highly Resistant Variants in 
“Sensitive” Strains. Subcultures were made 
in broth from isolated colonies of the follow- 
ing organisms : Streptococcus C203, Strepto- 
coccus 98, a type 3 and a type 7 pneumococ- 
cus, Staphylococcus 193 and Staphylococcus 
195. In the usual 2-fold broth-dilution tests 
the strains of streptococci and pneumococci 
were completely inhibited by 0.02 pg of 
erythromycin per ml and the staphylococcal 
strains by 0.2 pg per ml. The centrifugated 
sediment from 10 ml of each of these fully 
grown cultures was resuspended in a minimum 
volume of the supernatant fluid; a 2 mm 
loopful of each suspension was then streaked 
on the surface of a series of blood-agar plates, 
one of which contained no antibiotic while 
the others contained 2-fold dilutions of 
erythromycin from 800 to 100 pg per ml, 
inclusive. Each of these cultures grew lux- 
uriantly on the antibiotic-free agar but no 
growth was discernible on any of the erythro- 
mycin-containing plates. 

Variations in Resistance =Ijter Single Sub- 
cultures in Erythromycin. Two recently iso- 
lated strains of Staphylococcus aureus (No. 
192 and 197) were used for this study; they 
were each completely inhibited by 0.4 pg of 
erythromycin per ml in the usual plate-dilu- 
tion test. Isolated single colonies were picked 
from pour-plates of these cultures and they 
were subcultured in broth. When fully grown 
each was used for 2 further subcultures, one 
in the antibiotic-free broth and the other in 
broth containing 16 pg of erythromycin per 
ml, employing a 10% inoculum. After incu- 
bation for 48 hours, pour plates were made 
from these 4 cultures and 8 individual colo- 
nies were picked from each. These colonies, 
in turn, were subcultured in fresh broth and 
tested for sensitivity to erythromycin by the 
platedilution method. 

The results are shown in Table I. The sen- 
sitivity of the cultures derived from the anti- 
biotic-free media were all the same? within 
the limits of error of the method. The colonies 
derived from the growth in broth containing 
16 pg of erythromycin per ml varied in their 
sensitivity over a range of concentrations from 

T-4BI.E I. Sensitivity of CXlltures of Single Col- 
onies from Antibiotic-Free Broth and from Broth 

Containing Erythroml-cin. 

Nin complete inhibiting conc., rg/ml 
rFrom antibiotic-free broth- 

Colony Staph. 199 3taph. 19; 

From broth containing erythromycin, 

.4 2 .j 
6.3 12.5 

.4 .4 
6.3 .4 
12.5 1 5  
12.5 .1 

.2 1 5  
6.3 12.5 

16 PB. ml 

that which inhibited the parent strains to es- 
sentially that to which they had been exposed. 

Effect of Repeated Subculturcs in Graded 
Concentrations of Erythromycin. An attempt 
was made to develop strains with increased 
resistance to erythromycin by a method simi- 
lar to that previously employed in this labora- 
tory with other antibiotics( 2,3).  Eight 
strains of “sensitive” bacteria: recently iso- 
lated from patients, were subcultured serially 
a t  48-hour intervals on the surface of blood- 
agar plates containing 2-fold concentrations 
of erythromycin up to and including 100 pg 
per ml. The plates were freshly prepared at 
the time of each transfer and the inoculum 
for each subculture was a 2 mm loopful of a 
broth suspension of the growth from the sur- 
face of the plate containing the highest con- 
centration of the drug on which the strain had 
previously shown good growth. The sensi- 
tivity of each strain a t  the time of each sub- 
culture is shown in Fig. 1. 

The 4 strains of Staphylococcus aureus, one 
of which (No. 195) was subcultured serially 
on 2 occasions, all increased in resistance 
very rapidly so that they grew profusely on 
agar containing 100 pg/ml after only 3 to 5 
subcultures on the ery thromycin-con taining 
medium. The strain of enterococcus also 
increased in resistance in about the same man- 



ERYTHROMYCIN RESISTANCE 

CHANGES IN RESISTANCE RESULTING FROM REPEATED SUBCULTURES 

OF 8 BACTERIAL STRAINS ON AGAR CONTAINING ERYTHROMYCIN 
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ner. while the type 3 pneumococcus reached 
the same level of resistance after 12 subcul- 
tures on erythromycin-agar. However, a 
group A hemolytic streptococcus and a strain 
of Streptococcus v i r id~ns ,  the latter from a 
patient with subacute bacterial endocarditis, 
increased only slightly in resistance after 20 
transfers on the antibiotic-containing agar. 
The parent strains all retained their sensi- 
tivity unaltered throughout a parallel series 
of subcultures on similar plates without anti- 
biotic. The results lare summarized in Table 
11. 

Cross-Resistance. The final subcultures of 
the 8 parent strains and of the 9 strains which 
had been transferred serially on erythromycin- 
agar were then all tested for sensitivity to 
penicillin, streptomycin, aureomycin, chlor- 
amphenicol, terramycin, bacitracin, poly- 
myxin and neomycin. The results are 
shown in Table 111. In almost every instance 
the strain which had been transferred without 
antibiotic and the corresponding one which 

had been repeatedly exposed to erythromycin 
were inhibited by the identical concentration 
of each of the other antibiotics. There were 
a few minor exceptions: the parent strains of 
type 3 pneumococcus and enterococcus ap- 
peared to be slightly more sensitive to penicil- 
lin than the corresponding erythromycin-re- 
sistant strains; the parent strain of Staph. 195 
was inhibited by 1.6 pg/ml of terramycin and 
2 5 pg/ml of chloramphenicol, while the 
erythromycin-derived strain of this organism 
was inhibited by 3.1 and 50 pg/ml of these 
antibiotics, respectively; and the type 3 pneu- 
mococcus which had not been exposed to 
erythromycin was inhibited by 400 pg/ml of 
neomycin while the corresponding erythromy- 
cin-resistant strain was inhibited by 100 
pg/ml of neomycin. Except in the latter in- 
stances, the differences were only 2-fold ( i e . ,  
one serial dilution) and were considered to be 
within the limits of error of the method; the 
sensitivity of the pneumococcus €0 neomycin, 
however, may have been significantly in- 
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TABLE 11. Development of Erythromycin Resistance I n  Vitro.  

-Min complete inhibiting conc. of erythromycin (pg/ml)- 
After serial subcultures 

0 1 1  blood-agar After 10 additional 
Wit 11 out C‘ont alining subcultures in anti- 

biotic-f ree hroth Before antibiotic erythroniycin 
Orga iiisin subcultures (Series P) (Series R )  t Series P Series Rt  

.2 

.4 

____ 
.02 400 

1 1  , t ,  

9 9  , l  ,# 

.u-4 > l o o  ( 2 3 )  
.4 (20,  

Pneumococeus, tTpe 3 .02 

Strrptocr~cr.rc.\ rirrda~cs .4 (20)  
Elit ~ Y W W P U Y  .1 .s > l o o  (9 )  .- > >loo 

I ,  1 ,  > lG00 ” ( 3 )  
” ( 3 )  
” (9 )  
” ( i )  

Streptowccus C“‘o3 

292 -4 ” (11) .4 1600 
,, ,t 

1 .  

1 ,  :!! i I 193 
Stalili~lococcus { 194 

--- 
I ;&)* :: 

. _ _  ~ _ _  _ ~ _ _ _ _  
* -1 s i ~ o i i d  wries of subcultures with the s:me strain. 
t The liiglicst criiicintration of cr~tIiro11iyi11 uscd in this test was 1110 pg/nil. The nuinber of 

subcultures is given in p:irentheses and is the s:inie for the corresponding strain in Series P. 
Tlic liiglicst coticcntratioii used in this trst W I S  1600 ,g/nil. 

creased by the exposure to erythromycin. 
Egect of Further Subcultures in . lntihiotir- 

Free Broth. The final subcultures of each 
strain on the erythromycin-agar and the cor- 
responding parent strains after they had been 
subcultured without antibiotic in the previous 
experiment were all subsequently transferred 
serially 10 additional times in antibiotic-free 
broth. They were then all tested again for 
sensitivity to erythromycin by the plate-dilu- 
tion method. There was no significant change 
in the resistance of any of these strains as a 
result of the 10 additional subcultures. The 
“resistant” strains at  this time were tested in 
concentrations up to 1600 pg/ml; the pneu- 
mococcus was found to be inhibited by 400 
&ml, the enterococcus and 4 of the staphylo- 
coccal strains were only slightly inhibited by 
1600 pg/ml, while Staph. 192 was completely 
inhibited by the latter concentration. 

Biologic Eflects of Exposures to  Eryt hro- 
mycin. All the 8 strains which were included 
in the preceding study were tested for some 
of the principal biologic properties by which 
they are usually characterized: these tests 
were done before and at intervals during and 
after the serial subcultures both with and 
without erythromycin. The pneumococcus re- 
tained its ability to produce capsular swelling 
with type 3 antipneumococcus rabbit serum 
and its colonial characteristics and mor- 
phology also were unchanged. The enterococ- 
cus retained its colonial and microscopic mor- 
phology and remained heat-resistan t after it 

had become erythromycin-resistant. The  
group A hemolytic streptococcus and the 
strain of Streptococcus viridans each retained 
its own colonial and microscopic morphology 
and its characteristic hemolytic property after 
the repeated subcultures on erythromycin- 
containing media. The strains of Staphylo- 
coccus aureus were all hemolytic and produced 
coagulase a t  the start of the experiment. How- 
ever, as the resistance of these strains to 
erythromycin increased, their coagulase-pro- 
ducing activity first became poor and then 
was completely lost while the hemolytic prop- 
erty was retained throughout. Coagulase 
production was not regained by the subse- 
quent serial transfers of the resistant staphylo- 
cocci in antibiotic-free broth but it remained 
intact in the organisms which had been sub- 
cultured without erythromycin. The resist- 
ant staphylococci in this study also showed 
other biochemical changes in that they co- 
agulated milk poorly and failed to ferment 
mannitol. 

Development of Resistance During Ther- 
apy. In  the preliminary clinical studies(4) 
there was an opportunity to observe strains 
of the same offending organism before 
erythromycin was given and again after sev- 
eral days of therapy with this antibiotic. In 
2 patients with scarlet fever, hemolytic 
streptococci which were isolated from naso- 
pharyngeal cultures after one week of treat- 
ment with erythromycin were as sensitive as 
the pretreatment strains in each instance. On 
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the other hand, increases in resistance were 
observed in strains of Staphylococcus aurcus 
isolated after unsuccessful erythromycin treat- 
ment in 2 patients with acute bacterial endo- 
carditis. In one of these patients the staphylo- 
coccus obtained from the blood culture be- 
fore erythromycin therapy was started was 
completely inhibited by 0.4 pg/ml of that 
antibiotic while a strain of t'lc same organism 
isolated from a blood culture made on the 
tenth day of erythromycin therapy and tested 
at  the same time required 100 pg/ml for 
complete inhibition. In  the second patient, 
strains of Staphylococcus aureus iso1atc.d on 
4 occasions during the 8 weeks before erythro- 
mycin was started were each inhibited by 0.4 
pg/ml while 2 strains isolated after 7 and 8 
days of therapy, respectively, and tested at 
the same time as the others required 12.5 
pg/ml of erythromycin for complete inhibi- 
tion. Interestingly enough the resistant strains 
of staphylococci which were obtained from 
the blood of these 2 patients retained all of 
the biologic characteristics (including coagu- 
lase production) possessed by the sensitive 
organisms which were isolated before erythro- 
mycin therapy was started. 

Summary and Conclusions. 1. Variants 
with high degrees of resistance to erythro- 
mycin were not isolated from small volumes 
of cultures of erythromycin-sensitive bacteria 
which had not previously been exposed to that 
antibiotic. 2. When cultures of erythromycin- 
sensitive staphylococci (which were complete- 
ly inhibited by 0.4 pg/ml in the platedilution 
test) were grown from a 10% inoculum in 
broth in the presence of 16 pg/ml of erythro- 
mycin, strains of varying resistance could be 
recovered after 48 hours; these required con- 
centrations of erythromycin ranging from 0.2 
to 25 pg/ml for complete inhibition. 3. By 
repeated subcultures of erythromycin-sensi- 
tive bacteria on blood agar containing graded 
concentrations of erythromycin it was possible 
to obtain strains of increased resistance to 
this antibiotic. The rate at which this re- 
sistance increased varied markedly with the 
strain. Several strains of Staphylococcus 
aureus, an enterococcus and a pneumococcus 
each increased more than S12-fold in from 3 
to 12 such subcultures. Strains of only mod- 
* 
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era tely increased resistance were obtained 
after 20 similar subcultures of a strain of 
hemolytic streptococcus and one of Strepto- 
coccus viridans. 4. The strains of increased 
resistance resulting from repeated subcultures 
on the erythromycin-containing agar retained 
that resistance after 10 further subcultures 
in antibiotic-free broth. 5.  Strains of in- 
creased resistance to erythromycin derived 
by repeated subcultures in that antibiotic 
were almost invariably similar to their respec- 
tive parent strains in their sensitivity to 8 
other antibiotics; however, an erythromycin- 
resistant strain of type 3 pneumococcus had 
apparently increased in sensitivity to neo- 
mycin following its repeated subcultures in 
erythromycin. 6. Staphylococcal strains of 
markedly increased resistance to erythromycin 
were obtained from blood cultures of 2 pa- 
tients with endocarditis following 7-10 days of 
treatment with this antibiotic. 7.  The colo- 
nial, morphologic and biochemical character- 
istics of the erythromycin-resistant strains ob- 

tained by repeated subcultures in erythromy- 
cin-containing media resembled those of the 
respective parent strains from which they 
were derived in almost every instance. The 
strains of Staphylococcus aureus, however, lost 
,their ability to produce coagulase and exhib- 
ited other changes in their biochemical prop- 
erties following their repeated subcultures in 
the presence of erythromycin. Similar changes 
were not observed in the 2 strains of Staphylo- 
coccus aureus which had apparently become 
resistant during erythromycin therapy. 
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Observations on Mode of Action of Erythromycin.* (19817) 

THOMAS H. HAIGHT AND MAXWELL FINLAND. 
Froin f l i p  TlioriidikP iMPiiioria1 Laboratory, Second and Fourth Medical Services (Harvard) ,  
Boston City Hospital  and the Depart rnent of Medicine, Harztard Medical School, Boston, Mass. 

The results of studies carried out in this 
laboratory on some of the important proper- 
ties of erythromycin as an antibiotic agent 
and on the occurrence and development of 
resistance of bacteria to that agent were pre- 
sented in the preceding communications( 1 :2) .  
The original description of the isolation of 
erythromycin and of its physical, chemical 
and antimicrobial properties were reported by 
3lcGuire et d ( 3 )  and additional clinical and 
laboratory observations were presented by 
Heilman et al. ( 4 ) .  Preliminary results of 
clinical trials of this agent, chiefly in pneu- 
mococcal. streptococcal and staphylococcal in- 
fections have also been recorded( 3 - 5 ) .  Ob- 
servations on the mode of action of erythro- 

*.4ided by a grant from the U. S. Public Health 
Service. 

niycin as determined by growth curves of or- 
ganisms exposed to that agent are described 
in this paper. 

Materials and Methods. The organisms 
used were: a group A hemolytic streptococcus, 
No. 98, generally employed in assays of peni- 
cillin; a recently isolated strain of a coagu- 
lase-positive, hemolytic Staphylococcus aureus 
(No. 194); and the MacLeod strain of 
Escherichia coli. A single, well segregated 
colony from an agar pour plate of each of 
these strains was picked into broth and sub- 
culltures of these colonies were used for the 
present studies. The media used were brain- 
heart infusion broth (Difco) and heart-in- 
fusion agar (Difco) each at pH 7 .42 .  De- 
fibrinated horse blood, 0.5% in broth and 
10% in agar, was added for enrichment and 
as an indicator. Erythromycin in crystalline 


