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Modification of Bactericidal Effects of Human Sera.* (25291) 

JACOB G. MICHAEL+ AND WERNER BKAUN 
Iizst. of Microbiology, RiLtgtir\, Slnfc  Unizvrs i iy ,  NFW Rrunswick, N .  J .  

We employed antigenically similar strains 
of Shigella dzrsentcriae with inherent differ- 
ences in their susceptibility to bactericidal 
effects of so-called normal human serum ( 1 ) 
to study modifying effects of carbohydrates 
and amino acids on serum susceptibility of 
bacteria in vitro. Changes in bacterial sensi- 
tivity to serum following changes in condi- 
tions affecting bacterial metabolism have been 
noted previously(2.3). In our studies we be- 
came aware of such modifications when, in 
studies on serum spheroplasts( 4 ) ,  pregrowth 
of bacteria in different broth media resulted 
in significant alteration of their subsequent 
susceptibility to antibody- and complement- 
containing human serum. This altered sus- 
ceptibility represented merely a phenotypic 
modification without genetic changes, and 
altered sensitivity was also obtained when the 
bactericidal system was directly supplemented 
with different concentrations of various 
growth media. The latter condition, there- 
fore, was utilized as a routine test system for 
measuring modifying effects of non-bacteri- 
cidal and non-bacteriostatic concentrations of 
various supplements on serum susceptibility 
of Sh. dysenteriae and Escherichia coli. 

Me thods .  Previously described ( 1.4) se- 
rum-resistant (S,) and serum-sensitive (S:,) 
strains of Sh. dysenteriae, and a serum-resist- 
an t  (SPI) and a serum-sensitive strain of 
Escherkhia coli, were employed. Bactericidal 
serum effects were tested by determination of 
survivors following exposure of approximately 
3 to 4,000 bacteria/ml to appropriately di- 
luted serum in ABA buffer t supplement for 
60 minutes a t  37"C( 1) .  All tests were made 
a t  least in triplicate and plated in duplicate: 
as a rule standard errors approximated 5 to 
10% of survival values ( 1 ) . Preliminary tests 
employed determinations of the 50% end- 
point in serial dilution tests, conducted in cup- 
like depressions of plastic trays (Disposo 
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trays, Linbro Chemical Corp., New Haven, 
C'onn.) where bactericidal reactions were ter- 
minated by addition of 2 ml of melted agar 
to 0.5 ml of a 60-minutes-old bacteria-serum 
suspension ( 5 ) . All supplements were dis- 
solved in saline, pH adjusted to 6.8, and 
added to equal volume of ABA buffer + se- 
rum. Serum from one human donor was used 
throughout : this serum apparently contained 
low levels of specific antibodies, since absorp- 
tion with homologous organisms significantly 
reduced its bactericidal activity (4). 

Results.  Effects of addition of broth on 
serum susceptibility of 2 strains of Shigella 
are illustrated in Table I ;  high concentrations 
of broth protected bacteria from bactericidal 
serum effects, whereas low concentrations 
( < 1 : 1000) enhanced their susceptibility. 
Supplementation with nutrient broth (Difco) 
and penassay broth (Difco) gave comparable 
results. 

To  test involvement of specific broth con- 
stituents in these modifications, the influence 
of glucose and certain other carbohydrates, 
added directly to the bactericidal serum sys- 
tem, was tested. Table I1 shows that 1 mg 
of glucose/ml significantly enhanced bacterial 
sensitivity, whereas other carbohydrates, in- 

TABLE I. Effects of Broth on Scruni Susceptibil- 
i ty  of Shi,gella clyscnterias, Strains S ,  and S8: 

yo survivors after 
60' exposure 

Broth zGdclecl Dilution Sl 8 8  

Trp1)touc 1:l 88 102 
1 : l O  36 32 
1 : 100 9 19 
1 : 1000 40 37 

1 : l O  40 29 
1 : 100 12 9 
1 : 1000 47 36 

('aseiii hydrol. 1 :1 96 I08 

Rraiii-limrt 1:l 101 82 
1 :10  53 35 
1 : 100 9 10 
1 : 1000 30 36 

None (serum control) 42 31 
Serum dil. : 1 :2.5 1 : 10 
Inoc. size : 3070/m1 3550/m1 
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‘L’ABTJE 11. Effects of Carbohydrates on  Serum 
Susceptibility of Shigella dpsentwiae,  Strains S, 

and S,. -- 
5% survivors a f t e r  

6 0’ exposure 
Sugar added Cone., mg/ml S, S3 

Glue ose 1 0  39 
1 7 
.I 26 

G:ll;bctose 10 42 
1 22 
.s 30 

L:wtose 1 0  36 
1 40 
.1 31 

S o n e  (serum control) 311 
Serum dil. : 
h o e .  size: 3720/m1 

1 : 3.5 

28 
10  
36 
40 
25 
38 
40 
43 
53 
45 

1 : l O  
3 55 O/nd 

cluding galactose, lactose, and also ribose, 
sucrose, and soluble starch, had no significant 
effects. Since glucose is the most readily 
utilized carbohydrate for organisms used, 
these observations were the first to suggest 
possible relationships between metabolism and 
bacterial sensitivity to serum. 

This relationship was further indicated by 
the finding that presence of amino acids 
known to play a prominent role in metabo- 
lism of these bacteria similarly enhanced their 
sensitivity to bactericidal serum effects. Fol- 
lowing determination of the range of non- 
toxic concentrations of 2 1 different amino 
acids, appropriate amounts of dl-forms of 
these acids were added to the bactericidal 
serum systems. Table I11 illustrates the dif- 
ferent types of modified serum effects obtained 
with strain S1 in the presence of certain amino 
acids; comparable data were obtained with 
strain S3 and E.  coli strains. 

Since the most striking enhancement of 
bactericidal effects occurred in the presence of 
glucose and of those amino acids known to 
stimulate metabolic activity of bacteria here 
employed, it was believed that bacterial lysis 
resulting after injury to bacterial wall com- 
ponents may be dependent upon the extent of 
metabolism of injured cells. In other words, 
the previously demonstrated interference of 
serum factors with the integrity of bacterial 
wall components(4) may not suffice to cause 
bacterial lysis. The latter may occur only if 
wall-damaged bacteria “grow out of their 
damaged walls.” If these considerations were 

correct, interference with metabolism would 
be expected to prevent bacterial lysisl and 
killing even in presence of damaged walls. 
This was the case. As shown in Table IV, 
addition of 2 amino acid analogues, 5-me- 
thy1 tryptophan, and fluorophenylalanine, 
interfered with bacterial killing in the 
presence of usually bactericidal concentra- 
tions of serum. Similarly, in studies with E .  
coli strains, it  was demonstrated that presence 
of chloramphenicol (Table V ) ,  or of the just 
cited analogues, interfered with serum lysis of 
bacteria. Inhibitory effects of analogues or 
of chloramphenicol were absent, or signifi- 
cantly reduced, when bacteria were exposed 
to these compounds prior to treatment with 
unsupplemented serum. These data thus 
strongly supported the existence of a funda- 
mental relationship between extent of bac- 
terial susceptibility to serum and extent of 
bacterial metabolism subsequent to, or a t  
time of, wall damage. 

Two somewhat different types of protective 
effects of high concentrations of certain basic 
amino acids (Table 111) were observed; both 
of these may be interpreted conditionally as 

TABIIE 111. Effects of Amino Acids on Serum 
Susceptibility of Shigella dyscnteriae, Strain 8,. 

Amino acids added 

% survivors after 60’ 
exposure in presence 

of : 
1 mg/ml 10  mg/ml 

None (serum control) 
Enlzancaing 

ill-alaniiie 
-aspartic acid 
-glutnmic ” 
- :i sp a r agine 

Gl yeiiie 
DAP 

I’ro trct  i71 g 
dl-cyst eiiie 

-0rnithine 
-:I r ginine 

Con m i  t ra t iowdepcn  den 1 
dl-lysine 

In ef‘cctive 
-histidine 

38 38 

10  17 
1s 6 
10 8 
11 17 
23 17 
15 33 

34 72 
44 78 
53 86 

17 84 
‘1 3 57 

dl-serinc dl-ci trulline 
-t,hrconiiic -phenylalmine 
- d i n e  - tyrosine 
-mcthionine -proline 
-1euciiic -tryptophane 

Serum ail. : 1 :2.5. Inoc. size: 3260/m1. 
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TABLE IV. Illfluerice of 2 Amino Acid Analogues 011 Susceptibility of Shigella dysenteriac, 
Strains Sl and S,, to Bactericidal Serum Effects. 

snrvivors after 60' of exposure 
-----ss,----7 -Ss,----7 

Colic., T i i l t i l ) i  tor Inhibitor Inhibitor Inhibitor 
Co nip oii 11 cl ;id dcd Ing/nll ( ~ ) 1 1  t 1.01 + senmi control + serum 

5-niethyl dl- t r)-p t ophnii 1 9 1  61 87 77 
5 1 1 0  T8 97 90 
1 91 57 103 62 
3 100 70 85 a4 

d l - p - f l u o r o ~ ~ l i e i i y l ~ l ~ ~ i i ~ ~ e  

Nolie (serum control) 0 92 32 97 40 

Scriuii dil. : 1:2.5 1:10 
Tuoc. size : 3420/1i11 3480/m1 

involving an interference with attachment of 
serum bactericidins to sites on the bacterial 
surface. The first type of effect (upper part 
of Table IT) was dissociable; this means that 

92 46 
99 82 

103 i 2  
9.5 47 
84 37 

103 34 
92 33 

703 31 
1 :1.5 

!?51 O/nil 

following 2 hours incubation of bacteria with 
so-called basic amino acids in buffer, the pro- 
tective effect was removed by simple washing 
with saline prior to serum treatment. Tn con- 
trast, if nutrients, such as tryptose broth, 
were present during pretreatment with basic 
amino acids (lower part of Table VI ) ,  the 
protective effect was not dissociable by wash- 
ing. 

Absence of any irreversible dircct effects of 
basic amino acids on bactericidal serum itself 
was indicated by finding that sera first ex- 
posed to amino acids for various periods of 
time and then dialyzed against saline did not 
show any altered bactericidal effects. 

The protective effects of basic amino acids 
occurred only in p H  ranges of 6.8 and above, 
and disappeared in more acid pH ranges. A 

comparison of related serum-resistant and 
serum-sensitive strains revealed that serum- 
sensitive strains had a requirement for higher 
concentrations of basic amino acids, to achieve 
the same degree of protection obtainable by 
lower concentrations with serum-resistant 
strains. 

JVhen mixtures containing both enhancing 
and protective amino acids were added to se- 
rum, the protective effects always counter- 
acted any enhancing effects (Table VI I ) .  
Further, combinations of different enhancing 
amino acids were more effective in increasing 
bacterial susceptibility to serum than com- 
parable amounts of single amino acids 
(Table VII )  . Finally, non-bactericidal con- 
centrations of dipeptides. added to bacterici- 
dal serum systems, produced greater enhance- 
ment of bactericidal effects than the same 
amount of their constituent amino acids 
(Table VIII)  . This last effect might be at-  
tributable to the cells' greater capability to 
take up dipeptides in comparison to amino 
acids ( 7 ) .  

Discussion. The foregoing data support the 
TA1<IIE VI. Effects of Pre-exposure to Basic 
h i i i i o  Acids, plus or  minus Broth, upon Subse- 
cliimt Rrruni 8usccptik)ility of Shigelln dysenfci  - 

rnc', Sj  or  R, Orgniiisnia. 

(,4 survivors :if'tt.r 
6 0' exposure 

P r c h t  i ~ h ; i  t tii(w t \Tit 11 : R, S, 

cll-lysiit e (1 0 mg/nil) 46 33 
-argiiiine " 40 33 

-argiiiine idem 82 75 
-1ysine in tryptose broth 91 88 

S rrum con t r ol 32 29 
Serum dil.: 1 : 2.5 1 : 10 
Inoc. size : 3410/m1 3010/1n1 
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conclusion that the extent of bacterial lysis by 
serum is greatly dependent upon metabolic 
activity of bacteria at  time of, or very shortly 
after, seruni damage to wall components. 
This relationship appears similar to the well- 
established dependence of penicillin Iysis upon 
metabolic activity( 6) ,  and may possibly be a 
reflection of the need for growth and/or cell 
division to render partially damaged walls 
lethal for the affected bacterium. However, 
involvement of more complex interactions be- 
tween metabolism and serum lysis cannot. be 
ruled out. The present finding that inhibi- 
tion of protein synthesis by chloramphenicol 
interferes with bactericidal serum effects, a t  
first appears to be in contrast to prior data 
( 3 )  on the additive killing effects of serum 
and chloramphenicol observed with Salmonel- 
la.  However, earlier data were obtained not 
only with entirely different bacteria but ap- 
parently involved the use of bactericidal anti- 
biotic concentrations, whereas only bacterio- 
static concentrations have been employed 
here. One possible explanation for the ob- 
served protective effects of basic amino acids 
could be based on the assumption that these 
compounds may be able to combine with, and 
to protect, bacterial surface sites which act as 
receptors for bactericidins. The proper con- 
ditions for such combinations may exist only 
in environments with approximately neutral 
or slightly basic pH. Whereas such conibina- 
TABLE VII. Effects of Addition of Single and 
Mixed Amino Acids on Serum Susceptibility of 

Shigdla  dyscntcJriae, S ,  arid S,. 

yo survivors nf ter 
60’ exposure 

Conc., 
Atriiiio acids added nig/ml 8, 8, 

8 i rt y 1 e add it i ons 
dl-glut;imic x j d  1 

-aspartic. ” 1 
-alaninc 1 
-1psinc 10 

Mixed addit ions 

-asp ar tic, ” 

-glutamic mid 
-aspartic ” 

ell-glutamic acid .!? 1 
-almine ” J 

-1ysiue 10 I 
Xonr (seruni control) 

Serum dil. : 
Inoc. size: 

39 
4.4 
53 
89 

13 

83 

70 
1:5 

314Q/ml 

36 
41 
46 
87 

23 

85 

58 
1:20  

2 6 5 O/ml 

TABT,E VIII.  Effects of Dipeptides on Serum 
Susteptiloility of Shigella dyseriteriae, S, arid 

70 survivors after 
60‘ exposure 

Conc., 
C‘ompound added mg/ml S, s, 

I-lysyl-glycine 1 12 16 
-1ysine + glycirie .5 of each 37 35 

CflycS1-ill-ylienyI- 1 1-1. 19 

Glj-cine + dl-ptienyl- .5 of each 33 37 
alaiiirie 

alanine 

acid 
Glycinc + I-glutamic .5 of each 30 34 

acid 
tll-a 1:i n ;y l-dl- d:ti t i  ne 1 1 7  22 

-al:rnine 1 29 33 
X o n e  (serum control) 41 47 

Glycgl-l-g lu tamic 1 13 18 

Serum dil. : 1 : 3 1 :16 
Inoc. size : 3710/ml 9930/ml 

tions appear easily dissociable after exposure 
in a nutrient-free environment, their irreversi- 
bility after exposure in the presence of nutri- 
ents might reflect a need for growth or active 
metabolism to permit firm attachment or par- 
tial penetration of basic amino acids into the 
bacterial wall. Studies are under way to 
elucidate the nature of these effects and to 
test the capability of specific carbohydrates 
and amino acids to modify bactericidal serum 
effects in vivo. 

Summary. Studies with Shigella dysen- 
teriae and Escherichia coli strains revealed 
enhancement of bacterial susceptibility to 
normal human serum in vitro in the presence 
of low concentrations (0.1%) of broth, of 
glucose, or of certain amino acids known to 
play a prominent role in bacteria’s metabo- 
lism. Dipeptides containing these amino acids 
were more effective than single amino acids. 
In contrast, metabolic inhibitors, including 
5 -me thyltryp top han, fluorop henylalanine, and 
non-bactericidal concentrations of chloram- 
phenicol, decreased bacterial susceptibility to 
serum. Such decrease also was obtained in 
the presence of, or following exposure to, rela- 
tively high concentrations (0.5%) of so- 
called basic amino acids. The latter effects 
were reversible by washing when bacteria had 
been exposed in the absence of nutrients, but 
they were irreversible following exposure in 
the presence of nutrients. 

I 
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Influence of Nitrogen Source on Growth of Streptococcus Bovis." (25292) 

J. M. PRESCOTT, W. T. ~YILLIAMS AND RAE S. RAGLAND 
Dept. of Biocheniibtr?l aizd ,Yi~tritinn, Tcsas Agrir. Exp. Station, College Station 

Xiven r't d.( 1 )  showed that a number of 
strains of Streptococcus bovis have no abso- 
lute requirement for any single amino acid, 
and that most strains studied could grow in a 
medium containing arginine as the only source 
of amino nitrogen. Our previous work has 
shown growth dependence of 2 strains of S. 
Zjovis on C02  when arginine served as the 
nitrogen source( 2) ,  and demonstrated certain 
interactions between C 0 2  and various indi- 
vidual amino acids during growth in this 
medium (3) .  Ability of the organism to grow 
well in media containing arginine as sole 
source of amino nitrogen suggested that other 
compounds might similarly serve in this ca- 
pacity. This report describes ability of vari- 
ous individual amino acids and other nitroge- 
nous compounds to support growth of 3 
strains of S. bovis in the presence of added 
coz. 

Materials and methods.  The cultures were 
Streptococcus bovis ATCC 9809 and 2 cul- 
tures from Cornell University collection desig- 
nated as P-10 and P-2. Maintenance of cul- 
tures and preparation of inocula have been 
described ( 2 ) .  Basal medium consisted of glu- 
cose, K2HPO4, sodium thioglycollate, adenine. 
guanine, uracil, a vitamin mixture, and salts 
mixture in the same proportions described by 
Prescott and Stutts ( 2  ) . Various nitrogen 
sources were added for each experiment, usu- 
ally a t  levels of 0.05 or 0.1 m mole/6 ml cul- 
ture, although graded levels of these com- 
pounds were frequently tested. Also, some 

*Supported in part, by ONR Contract and by 
grant from Robert A. Welch Fn. 

experiments compared responses to different 
amino acids supplied a t  the same level of total 
nitrogen. Filter sterilized NaHCOs was added 
to autoclaved medium a t  0.05 or 0.2 m mole/ 
6 ml culture to supply the C02  requirement 
( 2 , 3 ) .  Proccdures for  growth tests were iden- 
tical to those used in earlier experiments(2). 
Growth was determined turbidimetrically, 
either a t  a fixed time, or more commonly, a t  
different times during the growth phase. In- 
cubation was usually terminated a t  72 hours 
or less, and was never carried beyond 96 
hours. 

Resul ts .  Ability of compounds t o  serve as 
sole nitrogen source.+ Thirty-seven amino 
acids and related organic nitrogenous com- 
pounds were tested for ability to serve as sole 
source of amino nitrogen for 3 strains of S. 
bovis. A list of compounds tested and their 
effects on 2 strains are shown in Table I. 
These data represent average responses, and 
evaluations shown are based on the following 
factors: (a) total growth, (b)  rate of growth, 
and (c) consistency of growth response from 
one experiment to another. Results obtained 
with strain P-2 are not shown, since this cul- 
ture did not show consistent heavy growth 
with any of the individual compounds listed in 
Table I, although it grew well with a complete 
amino acid mixture, as did the other 2 strains. 

Relatively few amino acids tested supported 

t Exclusive of vitamins, purines, and pyrimidines. 
Purines and pyrimidines are not essential for growth 
under conditions employed (1) , but were routinely 
included in the basal medium to insure more rapid 
and regular growth. 


