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K Antigen and Serum Sensitivity of Rough Escherichia coli
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We prepared bacterial hybrids which express both K1 and K27 antigens and
examined the relative contributions of these capsules to serum resistance.
Escherichia coli Hfr strain F639 (rough, K27*, serum sensitive) was conjugated
with E. coli recipient strain E412 (rough, K1*, His™ Trp~ Str', serum resistant).
Transconjugants which inherited both the his and trp linked genes for K27 antigen
synthesis were analyzed. These hybrids retained and expressed the K1 antigen
since the K1 locus is nonallelic with K27 gene loci. Hybrid strains which express
both K1 and K27 antigens exhibit serum resistance, but not at the level of the K1*
parental strain. An isogenic K1 derivative of a hybrid which expressed only K27
antigen was serum sensitive (>99% kill, 60 min). These findings indicate that the
presence of the K1 capsular antigen can protect some rough strains of E. coli from
serum bactericidal activity, whereas K27 and perhaps other K antigens fail to

provide such a protective effect.

Although there is increasing evidence that K1
acidic polysaccharide capsular antigen is associ-
ated with the pathogenicity of Escherichia coli
6, 8, 11, 12, 25; A. S. Cross, J. C. Sadoff, and
P. Gemski, Clin. Res. 27:342a, 1979), the precise
mechanism(s) by which this antigen contributes
to virulence remains unknown. Recent studies in
our laboratory have demonstrated that, in some
bacteremic E. coli isolates of the rough pheno-
type (3), the K1 antigen can confer resistance to
the bactericidal effect of normal human serum.
Resistance to the bactericidal effect of normal
human serum appears to be an important factor
in pathogenesis. Serum-resistant isolates are felt
to have a selective advantage over serum-sensi-
tive strains, since survival in serum enhances
the capability of these isolates to disseminate
within the human host. Previous studies have
revealed that multiple components of the cell
wall complex participate in affording protection
from serum bactericidal activity. Such elements
include production of a complete lipopolysac-
charide layer (2, 19), variations in the amount of
acidic exopolysaccharide capsular antigen (4, 5),
and expression of some outer membrane pro-
teins (21). In addition, the presence of certain
plasmids in E. coli have also been associated
with serum resistance (1, 10, 20). These plas-
mids may code for the synthesis of outer mem-
brane proteins which are associated with resist-
ance to the bactericidal effects of serum. One
such protein, determined by the traT surface
exclusion gene of plasmid RS5-6, has recently
been implicated as contributing to serum resist-
ance (7).

Even though the basis for serum resistance in
E. coli is complex and multifactorial, we have
demonstrated that rough, serum-resistant, K1-
positive strains were rendered extremely sensi-
tive to serum Killing as a consequence of single-
step mutations resulting in K1-negative
derivatives (3). Taylor and Robinson (22), how-
ever, have provided evidence which suggests
that the K antigens supply little, if any, protec-
tion against serum bactericidal activity. They
constructed hybrids between a serum-sensitive,
rough, unencapsulated E. coli recipient and a
K27-positive Hfr donor E. coli strain which
contained the genes for K27 antigen. Recombi-
nants which expressed K27 capsule remained
serum sensitive, suggesting that K antigens are
not important determinants of serum resistance.
As a consequence of these apparently conflict-
ing observations, we undertook the present
study on the relative roles of K1 and K27
antigens in conferring resistance to the bacteri-
cidal effects of normal human serum. Our ap-
proach was to prepare hybrids in a rough strain
of E. coli which express both the K27 and K1
determinants and then to examine the serum
sensitivity of derivatives that have lost either or
both of these K antigens.

MATERIALS AND METHODS

Bacterial strains. The pertinent characteristics of the
E. coli strains employed in this study are summarized
in Table 1. E. coli E412, used as a recipient in genetic
crosses, has been previously characterized as a rough
K1-positive strain isolated from a case of adult bacte-
remia (3). E. coli Hfr donor strain F639 (Fig. 1),
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TABLE 1. Escherichia coli strains

Characteristics

Phage sensitivity Aggluti-
Strain Phenotype” - - nation
Serotype K1 specific R specific K27
His Trp Str B C D E BR60 Ffm BR2 antiserum
F639 (Hfr Rough K27 + + s - - = - NT* NT NT +¢
donor)
E412 Rough K1 + + s + + + o+ + + + -
E412 aux Rough K1 - - r + + + o+ + + + -
recipient
E412 x K27i Rough K1; K27 + - r + + + o+ + + + +4
(hybrid) (intermediate)
E412 x K27¢  Rough K1; K27 + + r + + + o+ + + + +¢
(hybrid) (complete)
E412 x Rough K27 + + r - - - - - + + + +¢
K27cAR
(hybrid)

¢ Abbreviations: His, histidine; Trp, tryptophan, Str, streptomycin; r, resistant; s, sensitive.

5 NT, Not tested.
 Rapid; large clumps.
9 Slow; very fine-grained clumps.

originally described by Schmidt et al. (15), was em-
ployed to transfer the genes for K27 antigen to recipi-
ent E. coli derivatives.

Media. Trypticase soy broth (BBL Microbiology
Systems), Penassay broth (Difco Laboratories), and
Trypticase soy agar (BBL) were used for the routine
cultivation of these organisms. The composition of
minimal medium used for selection and scoring recom-
binants has been described previously (16). When
required, amino acids and other growth factors were
added to the minimal medium at a final concentration
of 25 pg/ml. Streptomycin, employed as a counter-
selective agent against donor cells in some of the
matings, was incorporated into selective media at a
concentration of 100 p.g/ml.

Phage sensitivity tests for K1 antigen and rough
lipopolysaccharide. The ‘‘rough-specific’’ phages Ffm,
BR60, and BR2, previously described by Wilkinson et
al. (24), were propagated on E. coli E412. The same
host was used in the propagation of the K1-specific
phages (A, B, C, D, and E) which were originally
isolated and characterized by Gross et al. (4). The
procedures for propagation and titration of phages
have been previously described fully (24).

For phage sensitivity studies, Trypticase soy agar
plates were surface inoculated with bacteria by flood-
ing with broth cultures, allowed to dry, and then
spotted with drops of phage suspension (about 10°
PFU/ml). Lytic sensitivity to at least one of the rough-
specific phages was taken to represent expression of a
rough lipopolysaccharide. The presence of K1 antigen
was similarly demonstrated by lytic sensitivity to K1-
specific phages A, B, C, D, and E.

Detection of K27 antigen. The presence of K27
antigen was established by slide agglutination tests.
Antisera against K27 antigen was generated in rabbits
with strain F639 as previously described (13).

Mutagenesis. Auxotrophic mutants of E. coli E412
were generated by treatment with N-methyl-N'-nitro-
N-nitrosoguanidine. Organisms grown overnight at

37°C in 10 ml of Penassay broth were centrifuged and
resuspended in 0.5 ml of fresh Penassay broth. A 0.1-
ml amount of N-methyl-N'-nitro-N-nitrosoguanidine
solution (4.0 mg/ml) was then added to the cell suspen-
sion. After 20 min of incubation at 37°C, 4.5 ml of
additional Penassay broth was added to the cell sus-
pension. Incubation at 37°C was allowed to continue
for another 5 h, at which time the bacterial suspen-
sions were diluted and plated on Trypticase soy agar.
Isolates which survived this treatment were subse-
quently analyzed to define their specific auxotropic
characteristics.

Mating experiments. The mating procedure used was
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FIG. 1. Chromosome of E. coli.
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that of Schmidt et al. (14) as previously described. The
mating mixture was diluted in buffered saline and
spread onto appropriate minimal selection agar with
100 pg of streptomycin to inhibit Str* donor orga-
nisms. After incubation for 2 days at 37°C, isolated
recombinants were picked and purified twice on the
original selective medium.

Serum bactericidal test. For routine tests, about 10°
bacteria, grown in Trypticase soy broth at 37°C and
removed during log-phase growth, were added to 10 to
20% fresh, pooled human serum from normal volun-
teers. The serum was diluted in Eagle medium (Micro-
biological Associates, Walkersville, Md.) in a total
volume of 100 wl. The reaction mixtures were incubat-
ed for 60 min at 37°C with shaking. Ten-microliter
samples were removed at 0, 30, and 60 min, diluted,
and plated on Trypticase soy agar for colony count
determinations. Serum resistance was defined as less
than a 50% reduction of the original bacterial inoculum
within 60 min.

RESULTS

Isolation and characterization of E. coli hybrids
that express both K27 and K1 antigens. As has
been shown by previous studies by Schmidt et
al. (16), two chromosomal loci are required for
synthesis and expression of complete K27 anti-
gen. One locus is closely linked to the his
operon, whereas the other is near the trp genes.
These K27 genes are widely separated from the
genes controlling K1 antigen which have been
positioned by Orskov et al. (9) near serA (Fig.
1). Because K1 and K27 genes are not allelic, we
reasoned that it would be possible to construct
hybrids which contain both of these K antigens.
His™ and Trp~ mutations were introduced into a
Str’ derivative of strain E412 to yield the recipi-
ent strain used in our crosses. This auxotrophic
derivative of strain E412 was mated with K27*
donor F639 (Table 1), and recombinants were
selected for inheritance of the donor his allele.
The majority of the his* recombinants aggluti-
nated in K27 antiserum. However, two types of
agglutination reactions were evident. Hybrids
which had inherited only the his donor region
yielded very fine-grained but unquestionably
positive agglutination in K27 antiserum. These
hybrids, therefore, represent the K27i form pre-
viously described by Schmidt et al. (16) as being
an intermediate K27 form. K27i hybrids have
been shown to have a reduced expression of K27
antigen owing to the lack of the trp-linked locus.
One such hybrid, designated E412 x K27i, was
chosen for further study.

In addition to the K27i type of hybrid, two of
the his-selected recombinants appeared to have
full expression of K27 antigen. Both had also
gained the distal nonselected trp™ donor gene
and yielded rapid agglutination reactions, with
large clumps in K27 antiserum. These hybrids
had presumably inherited both K27 loci respon-
sible for complete K27 antigen expression. Fur-
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ther characterization of these two recombinants
showed that they retained the recipient proper-
ties of sensitivity to K1-specific phages and
sensitivity to rough-specific phages Ffm, BR60,
and Br2. In addition, immunization of rabbits
with cells from one of these hybrids, designated
E412 x K27c, evoked production of specific
antibodies against the K27 antigen. Hybrid
strain E412 x K27c¢ was chosen for further
studies of serum resistance.

Sensitivity of hybrids to the bactericidal effect
of normal human serum. Our previous findings
with strain E412 indicated that K1-positive
clones were serum resistant, whereas K1-nega-
tive derivatives were uniformly sensitive to the
bactericidal action of normal serum. To estab-
lish whether K27 antigen could also confer such
protection on strain E412, we next isolated from
hybrid strain E412 x K27c isogenic derivatives
which retain K27 antigen but fail to produce K1
capsule. Such a derivative, designated E412 X
K27cAR, was readily isolated as a clone resist-
ant to lysis by K1-specific phages (3).

The results of serum sensitivity tests on the
parent and hybrid strains are shown in Fig. 2.
Donor strain F639 and E. coli K-12, used as a
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FIG. 2. Bactericidal effect of serum against E. coli
E412 and its hybrid derivatives. E412 aux, K1* recipi-
ent; E412 x K27i, K1* and K27* (intermediate)
hybrid; E412 x K27c¢, K1* and K27*c (complete)
hybrid; E412 x K27cAR, K27* hybrid which has lost
K1;F639, E. coli Hfr donor.
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control in this experiment, are extremely sensi-
tive to the bactericidal activity of serum, with
less than 1% survival at 60 min of incubation.
The recipient strain E. coli E412 His™ Trp~ Str",
which expresses the K1 antigen, is resistant to
serum bactericidal activity. Hybrids E412 X
K27i and E412 X K27c (complete K27), which
express antigenic determinants of both K1 and
K27 antigens, exhibit an intermediate sensitivity
to serum. Yet the recipient strain E412 x 27c-
AR, a derivative which had inherited both his-
and trp-linked genes for complete K27 expres-
sion but is K1 negative, was found to be marked-
ly susceptible to serum bactericidal activity.

DISCUSSION

Our previous studies of naturally occurring,
bacteremic, K1-positive rough E. coli isolates
indicated that K1 antigen can provide resistance
to the bactericidal action of normal human se-
rum. Such strains were not killed in serum
bactericidal tests, whereas their isogenic K1-
negative derivatives were very sensitive, being
killed at a level similar to rough E. coli K-12 (3).
In the present study, we have extended our
observation with one of these strains (E412) and
have addressed the question of whether K27
antigen can also confer resistance to serum
bactericidal activity. By means of genetic cross-
es in which an auxotrophic E412 K1-positive
rough derivative was mated with a rough, K27-
positive E. coli Hfr donor, we prepared hybrids
which simultaneously expressed both their na-
tive K1 antigen and the newly acquired K27
antigen. Both K27 intermediate forms (hybrid
E412 x K27i), which produce reduced levels of
K27 antigen, and K27 complete forms (hybrid
E412 x K27c), which yield wild-type expression
of K27 antigen, were recovered from these
crosses. With respect to the serological proper-
ties, both K27 forms behaved in a manner simi-
lar to that described by Schmidt et al. (16).

The results of serum bactericidal tests on
these hybrids and other appropriate strains (Fig.
2) indicate that K27 antigen, unlike K1 antigen,
fails to provide any significant resistance against
the bactericidal effects of normal human serum.
Both the donor K27-positive strain (F639) and (
the K27-positive, K1-negative hybrid (E412 X
K27cAR) were rapidly killed by normal human
serum (Fig. 2). These findings support the obser-
vations of Taylor and Robinson (22), who also
showed that K27 antigen had no effect on surviv-
al in serum. The response of hybrid E412 X
K27c to serum remains unexplained. Unlike the
K1* recipient strain, which was fully resistant,
this hybrid, which produces both the K27 and
K1 antigen, was found to be partially sensitive to
normal human serum. It is conceivable that
expression of K27 may interfere with the effec-
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tiveness of K1 capsule in providing protection to
the bactericidal effects of serum.

It is evident from these as well as other (17,
18, 23) studies that the K1 capsular antigen
contributes to serum resistance in some E. coli
strains of rough phenotype. The K27 antigen,
and perhaps other K antigens, does not provide
a similar protective effect to E. coli upon expo-
sure to human serum. The significance of this
effect of the K1 antigen on the pathogenicity of
E. coli awaits further investigation.

ACKNOWLEDGMENTS

We thank G. Schmidt for providing the Hfr donor strain
F639 and H. Carafelli for preparing this manuscript.

LITERATURE CITED

1. Binns, M. M., D. L. Davies, and K. G. Hardy. 1979.
Cloned fragments of the plasmid ColV, I-K94 specifying
virulence and serum resistance. Nature (London)
279:778-781.

2. Feingold, D. S. 1969. The serum bactericidal reaction. IV.
Phenotypic conversion of Escherichia coli from serum-
resistance to serum sensitivity by diphenylamine. J. In-
fect. Dis. 120:437-444.

3. Gemski, P., A.S. Cross, and J. C. Sadoff. 1980. K1
antigen-associated resistance to the bactericidal activity
of serum. FEMS Microbiol. Lett. 9:193-197.

4. Glynn, A. A., and C. J. Howard. 1970. The sensitivity to
complement of strains of Escherichia coli related to their
K antigens. Immunology 18:331-346.

5. Gross, R. J., T. Cheasty, and B. Rowe. 1977. Isolation of
bacteriophages specific for the K1 polysaccharide antigen
of Escherichia coli. J. Clin. Microbiol. 6:548-550.

6. Inoue, K., K. Yonemasa, A. Takamizawa, and T. Amano.
1968. Studies on the immune bacteriolysis. XIV. Require-
ment for all nine components of complement for immune
bacteriolysis. Biken. J. 11:203-206.

7. McCracken, G. H., Jr., L. Sarff, M. P. Glode, M. S. Mize,
M. S. Schiffer, J. B. Robbins, E. C. Gotschlich, 1. Orskov,
and F. Orskov. 1974. Relation between Escherichia coli
K1 capsular polysaccharide antigen and clinical outcome
in neonatal meningitis. Lancet ii:246-249.

8. Moll, A., P. A. Manning, and K. N. Timmis. 1980. Plas-
mid-determined resistance to serum bactericidal activity:
a major outer membrane protein, the traT gene product, is
responsible for plasmid-specified serum resistance in
Escherichia coli. Infect. Immun. 28:359-367.

9. Orskov, F., I. Orskov, B. Jann, and K. Jann. 1971.
Immunoelectrophoretic patterns of extracts from all Esch-
erichia coli O and K antigen test strains. Correlations with
pathogenicity. Acta Pathol. Microbiol. Scand. Sect. B
79:142-158.

10. Orskov, 1., S. Virendra, and F. Orskov. 1976. Genetic
mapping of the K1 and K4 antigens(L) of Escherichia coli.
Acta Pathol. Microbiol. Scand. Sect. B 84:125-131.

11. Reynard, A. M., and M. E. Beck. 1976. Plasmid-mediated
resistance to the bactericidal effects of normal rabbit
serum. Infect. Immun. 14:848-850.

12. Robbins, J. B., G. H. McCracken, Jr., E. C. Gotschlich,
F. Orskov, 1. Orskov, and L. A. Hanson. 1974. Escherich-
ia coli K1 capsular polysaccharide associated with neona-
tal meningitis. N. Engl. J. Med. 290:1216-1220.

13. Schiffer, M. S., E. Oliveira, M. P. Glade, G. H.
McCracken, Jr., M. Sarff, and J. B. Robbins. 1976. A
review: relation between invasiveness and the K1 capsu-
lar polysaccharide of Escherichia coli. Pediatr. Res.
10:82-89.

14. Schiecht, S., and O. Westphal. 1967. Uber die Herstellung
von Antiserum geger die somatischen (O) Antigene von



960

15.

16.

17.

18.

19.

OPAL, CROSS, AND GEMSKI

Salmonellen. 1. Mitteilung: Untersuchungen uber Aggluti-
nin titer. Zentralbl. Bakteriol. Parasitenkd. Infektionskr.
Hyg. 204:335-355.

Schmidt, G., 1. Fromme, and H. Mayer. 1970. Immuno-
chemical studies on core lipopolysaccharides of entero-
bacteriaceae of different genera. Eur. J. Biochem. 14:357—
366.

Schmidt, G., B. Jann, and K. Jann. 1969. Immunochemis-
try of R lipopolysaccharides of Escherichia coli. Different
core regions in the lipopolysaccharides of the O group 8.
Eur. J. Biochem. 10:501-510.

Schmidt, G., B. Jann, K. Jann, 1. Orskov, and F. Orskov.
1977. Genetic determinants of the polysaccharide capsu-
lar antigen K27(A) of Escherichia coli. J. Gen. Microbiol.
100:355-361.

Silver, R. P., C. W. Finn, W. F. Vann, W. Aaronson, R.
Schneerson, P. J. Kretschmer, and C. F. Gaven. 1981.
Molecular cloning of the K1 capsular polysaccharide
genes of E. coli. Nature (London) 289:696-698.

Smith, H. W., and M. B. Huggins. 1980. The association
of the 018 K1 and H7 antigens and the Col V plasmid of a
strain of Escherichia coli with its virulence and immuno-
genicity. J. Gen. Microbiol. 121:387-400.

20.

21.

22.

23.

24.

25.

26.

INFECT. IMMUN.

Taylor, P. W. 1975. Genetic studies of serum resistance in
Escherichia coli. J. Gen. Microbiol. 89:57-66.

Taylor, P. W., and C. Hughes. 1978. Plasmid carriage and
the serum sensitivity of enterobacteria. Infect. Immun.
22:10-17.

Taylor, P. W., and R. Parten. 1977. A protein factor
associated with serum resistance in Escherichia coli. J.
Med. Microbiol. 10:225-232.

Taylor, P. W., and M. K. Robinson. 1980. Determinants
that increase the serum resistance of Escherichia coli.
Infect. Immun. 29:278-280.

Timmis, K. N., P. A. Manning, C. Echarti, J. K. Timmis,
and A. Moll. 1981. Serum resistance in E. coli, p. 133-144.
In S. Levy, R. Clowes, and E. Koenig (ed.), Molecular
biology, pathogenicity and ecology of bacterial plasmids.
Plenum Publishing Corp., New York.

Wilkinson, R. G., P. Gemski, and B. A. D. Stocker. 1972.
Non-smooth mutants of Salmonella typhimurium: differ-
entiation by phage sensitivity and genetic mapping. J.
Gen. Microbiol. 70:527-554.

Wolberg, G., and C. W. DeWitt. 1969. Mouse virulence of
K(L) antigen-containing strains of Escherichia coli. J.
Bacteriol. 100:730-737.



