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The synthesis of smooth lipopolysaccharide (LPS) in relation to mouse virulence
and resistance to serum bactericidal activity in vitro and to rapid intravenous
clearance in vivo was studied in Salmonella typhimurium by using a virulent [median
lethal dose (LD5o) = 1021], smooth, and genetically marked strain, a uridinediphos-
phogalactose epimerase-deficient mutant of it which was, therefore, rough, and a
derivative of the mutant made smooth again by acquisition of the galactose-positive
genes of Escherichia coli. The mutant was of reduced virulence (LD50 -= 106) but the
smooth derivative regained the virulence character typical of the parent. The non-
smooth phenotype also made the mutant, but not the smooth relatives (parent and
derivative), susceptible to serum bactericidal activity and also to rapid intravenous
clearance by phagocytosis by the liver. The mutant was similarly treated by germ-
free mice (expected to be relatively free of opsonizing antibodies). The clearance of
the mutant could be impaired by prior intravenous inoculation of homologous bac-
teria or their LPS but was reversible by preopsonization of the second inoculum
with nonimmune mouse serum, suggesting that the initial inoculum preempted the
opsonizing antibodies. Independent evidence of clearance specificity was also pro-
vided in mixed inoculum experiments on impaired mice by the rapid clearance of an
antigenically unrelated heptose-deficient mutant while maintaining the decelerated
clearance of the epimerase mutant. The latter, however, was converted to accelerated
clearance by the intravenous inoculation during the impaired state of anti-epimerase
mutant immune mouse serum.

In various Salmonella species, mutants lacking
uridine diphosphate (UDP)-galactose-epimerase
(and formerly termed M mutants) are found to be
much less virulent than their smooth parent
strains (28, 31), presumably because they are
rough, synthesizing lipopolysaccharide (LPS) of
the chemotype termed Rc (Fig. 1). The avail-
ability of an epimerase-deficient mutant, derived
from a smooth, mouse-virulent Salmonella typhi-
murium strain, and of its smooth derivative ob-
tained by infecting it with an Escherichia coli K-12
F'-gal+ plasmid (16) made possible a direct test of
the effect of a known defect in LPS structure on
virulence for the mouse, susceptibility to phago-
cytosis (as measured by rate of intravenous clear-

1 Present address: Department of Genetics, Faculty of Science,
Monash University, Clayton 3168, Victoria, Australia.

ance of bacteria), and susceptibility to the bac-
tericidal activity of serum. The role of "normal
antibody" in the very rapid clearance of the
epimerase-deficient cells was studied by the use of
genetically marked, transductional derivatives of
the epimerase-deficient strain, by experiments on
the elfect of opsonization by normal or immune
mouse serum, and by experiments on the "impair-
ment" of clearance caused by prior intravenous
injection of homologous viable bacteria or LPS.

MATERIALS AND METHODS

Bacterial strains. The smooth, mouse-virulent S.
typhimurium strain TV253 (col El-30 leulOSi cysG1175
his C1150 malB479) was derived from strain M7471,
which is of the "FIRN" subtype, i.e., nonfimbriate,
rhamnose- and inositol-negative (19). The UDP-galac-
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FIG. 1. Lipopolysaccharide (LPS) structure of S. typhimurium. See (17, 24) for details. Abbreviations: abe,
abequose; Oac, 0-acetyl; man, mannose; rha, rhamnose; gal, galactose; glc, glucose; glcNac, N-acetyl glucosa-
mine; KDO, 2-keto-3-deoxyoctonic acid; hep, heptose; n, number of repeating units of 0 side-chain.

tose-epimerase-deficient mutant gal-456, isolated from
TV253, and the corrected, smooth derivative of the
mutant designated gal-456 (F'-1-gal+) have been
described elsewhere (16). Strains gal-456 cys+ and
gal-456 his+ were transductants obtained from gal-456
as described elsewhere and were nonlysogenic for
phage P22 and were confirmed to retain the identical
phage pattern of gal-456 (16). Strain TV253 his+ was a
his+ transductant obtained from the smooth parent
strain, TV253, and it was also nonlysogenic for phage
P22 and confirmed to retain the identical phage pat-
tern of TV253 (16). Strain SL1102 is a rough mutant,
rfaE543, of a genetically marked S. typhimurium LT2
line (10); it synthesizes LPS lacking heptose and all
sugars distal to it (Fig. 1). Strain SL 102 is resistant
to high concentrations of streptomycin. S. paratyphi
B strain Lister (15) and S. enteritidis strain Br'203C
(30) are both smooth but serum-sensitive.
Media. These were as described (16). Nutrient agar

was supplemented with streptomycin (1 mg/ml) where
appropriate. Phosphate buffer (0.1 M, pH 7.4) was
used as diluent.
LPS from UDP-galactose-4-epimerase-deficient mu-

tant. Purified LPS was prepared by the method of
R. G. Wilkinson by hot phenol extraction and Mg2+
precipitation (25) from an LT2 epimerase-deficient
mutant, number G-30 (27). A solution of 20 mg/ml,
made by heating lyophilized LPS in 0.85% NaCl at
100 C for 5 to 10 min, was diluted in buffer before use.

Mice. Female mice (18 to 22g) of the conventional
(specific-pathogen-free) and germ-free lines of an
inbred strain, CF no. 1, were purchased from Car-
worth Inc., New City, N.Y. Conventional mice were
used in all experiments unless otherwise stated. The
germ-free mice were used immediately upon arrival.

Virulence titrations. Mice were inoculated intra-
peritoneally with 0.2-ml volumes of serial decimal
dilutions in buffer of overnight broth cultures (15).
Mortality was recorded daily for 28 days, and the
median lethal dose (LD5) dose was calculated (26).

Sera. Pooled serum from nonimmunized (normal)
conventional or from germ-free mice was collected as
described (15). Anti-S. typhimurium and anti-S. enter-
itidis immune mouse sera (from mice vaccinated with

heat-killed smooth bacteria) were obtained from E. P.
Ornellas of this department. Anti-gal-456 immune
mouse serum was from mice inoculated intraperito-
neally at weekly intervals with 1.8 X 105, 1.3 X 106,
and 6.5 X 106 live bacteria of strain gal-456 and bled
two weeks after the final inoculation. Fetal calf serum
was purchased from Hyland Laboratories, Los
Angeles, Calif.

Adsorption of fetal calf serum. A 400-ml amount of
gal-456 culture [grown for 18 hr in Brain Heart Infu-
sion broth (Difco) and having a viable count of 1.4 X
109/ml] was centrifuged, washed twice in saline,
heated at 70 C for 2 hr, and washed three times, and
the cell pellet was resuspended in 0.5 ml of saline.
Twenty milliliters of serum was mixed with one-third
of the cell suspension. After 6 hr at 4 C the, serum was
freed of cells by centrifugation, and the adsorption
was repeated twice more.

Titration of mouse serum by the bactericidal test.
Mouse serum titrations were performed as described
(30). Bacteria (grown in Difco Brain Heart Infusion
broth) were sensitized by mixingabout 2,500 cells in 0.1
ml of buffer with 0.4 ml of a dilution of mouse serum
(presumed antibody source) and incubating for 30 min
at 37 C and then for 2 hr at 4 C. To 0.1 ml of the sus-
pension of sensitized bacteria, 0.4 ml of undiluted fetal
calf serum (complement source) was then added. At 1
and 2 hr at 37 C, 0.1-ml samples were plated on nutri-
ent agar ( Difco). Three controls were always included:
in the complement control, mouse serum was replaced
by buffer; in the buffer control, both the mouse and
fetal calf sera were replaced by buffer; in the mouse
serum control, calf serum was replaced by buffer.
zero-time counts were made by plating from the
mouse serum control tube. The number of viable bac-
teria in the buffer controls at the end of 2 hr was
always about the same as at zero time.

Measurement of clearance of intravenously inocu-
lated viable bacteria from the blood stream. A 0.2-ml
amount of a bacterial suspension was injected into the
tail vein of a mouse and then, at intervals, 0.05 ml of
blood was obtained from the retro-orbital venous
plexus, diluted, and plated on appropriate agar media
for the enumeration of recovery of viable bacteria
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(15). As a precaution against intravascular clotting (1)
heparin (100 units) was inoculated intravenously 5 to
10 min before inoculation of test bacteria. In experi-
ments in which viable bacteria or LPS was inoculated,
to effect immunological impairment, the heparin was
inoculated together with the material used for impair-
ment. When the inoculum was a mixture of 2 to 3
different strains, viable counts of the component
strains were made by simultaneous platings on appro-
priate selective or indicator media. The clearance rate
or "phagocytic index," K, was determined by calculat-
ing the slope of the regression line of viable count
against time. The slope and its standard error (SE) and
the intercept were calculated by the method of least
squares on an IBM360 model 50 computer. In some
experiments, the mice were killed (5 min after inocula-
tion of bacteria), and viable counts were made from
dilutions of homogenates of liver and of spleen (15).

Opsonization in vitro. One milliliter of undiluted
serum and an equal volume of broth culture were
mixed and held at 4 C for 20 min, and then 0.2 ml of
the unwashed mixture of bacteria and serum was in-
oculated intravenously into mice (15). Preopsonization
of gal-456 cys+ with anti-gal456 immune mouse se-
rum was done with 1:1,000 dilution of the serum (since
under these conditions its agglutinating titer, observed
microscopically, was 1:512), and, after 60 min, the
bacteria were freed of unabsorbed antibodies by mem-
brane filtration and rinsing with ice cold buffer and
were then kept on ice until inoculated.

RESULTS
Mouse virulence. Table 1 shows that the

smooth, parental gal+ strain TV253 was highly
virulent for the mouse by the intraperitoneal
route. The LD50 calculated by the method of Reed
and Muench (26) was 90 bacteria with a mean
death time of 10 days. The smooth his+ trans-
ductional derivative of TV253 also retained its
virulence (LD50 = < 11 bacteria). A point that is
worth making regarding the mouse virulence of
highly mouse-virulent strains was the observation
of "interference," a phenomenon somewhat
analogous to that described in Bordetella pertussis
infections (6-9). It is shown here by strains
TV253 and gal-456 (F'-l-gal+) by the lower
mortality encountered in groups of mice chal-
lenged with about 103 bacteria relative to mor-
tality at lower doses. The lower mortality is
usually accompanied by a longer mean time to
death as shown by TV253 and TV253 his+. Inter-
ference has also been observed with the unrelated
strain C5 of S. typhimurium (14; unpublished
data), and, although its characteristics are not well
understood, there is preliminary evidence to sug-
gest that it is immunological in nature (unpub-
lished data). However, the epimerase-deficient
mutant gal-456 was much less virulent (Table 1),
for in groups inoculated with doses corresponding
to those used for strain TV253 there was either no
or only a single death in any group. But, with

higher doses, gal-456 produced mortality, the
LDr,o being 1.1 x 106 bacteria, with a mean death
time of about 6 days. The cys+ and his+ trans-
ductional derivatives of gal-456 were also of low
virulence, like gal-456 itself. The spleens and livers
from mice that died after challenge with gal-456
were cultured on EMB galactose agar to deter-
mine whether deaths were due to proliferation of
gal+ and, therefore virulent, revertants. All
colonies were galactose-negative even from mice
that died after inoculation of only 104 to 105
bacteria. But the acquisition of the galactose-
positive genes via the F' plasmid of E. coli restored
complete virulence to gal-456, as shown by the
fact that the smooth, cured derivative gal-456
(F'-1-gal+) had an LDs5, of 130 bacteria and a
mean time to death of about 9 days, the virulence
character typical of the original parent TV253.

Bactericidal activity of serum. Nonsmooth
Salmonella strains are killed by normal mamma-
lian sera (other than mouse serum which is defi-
cient of a complement component) because such
sera contain both complement and, probably,
antibody against their somatic lipopolysaccharide
(23). By contrast, smooth Salmonella strains are
often unaffected, either because of absence of
homologous 0 antibody in the sera or because
their cells are little affected by complement even
in the presence of homologous antibody. Strain
gal-456, its smooth parent, and its cured deriva-
tive were therefore tested for sensitivity to the
bactericidal effect of mouse serum, with fetal calf
serum added as a source of complement reputedly
free of antibody. It was found (Table 2) that cells
of strain gal-456 were killed (survival ca. 1 %7,) by
2 hr of contact with fetal calf serum at 37 C, in the
absence of any other source of antibody; by con-
trast, there was no killing of the gal+ parent or
the cured derivative strain, which indeed multi-
plied about fivefold during the 2-hr incubation
period. This suggested that the fetal calf serum
contained not only complement but also antibody
against the type Rc (galactose-deficient) lipopoly-
saccharide of gal-456 cells. Fetal calf serum ab-
sorbed three times with heat-killed gal-456 cells
did not kill gal-456 cells and permitted their four-
fold increase during 2 hr (Table 2). The absorbed
fetal calf serum retained complement activity, as
shown by its efficacy in another system, viz., the
complement-dependent killing of a serum-sensi-
tive smooth S. enteritidis strain Br'203C (30) by
homologous immune mouse serum. Although
gal-456 cells multiplied in undiluted, absorbed
fetal calf serum or undiluted serum from conven-
tional mice, they were killed if both were present
together (Table 2). Serum from conventional
mice diluted 1 in 25 caused more than 50% mor-

tality and even at 1 in 125 almost entirely pre-
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TABLE 1. Dose/mortality estimations for mice inoculated intraperitoneally with bacteria

Strain

TV253

TV253his+

gal-456d

gal-456 cys+

gal456 his+

gal-456 (F'-J-gal+)

Inoculum

1.9 X 104
1.9 X 103
1.9 X 10l
1.9 X 10'
1.1 X 10,
1.1 x 10'
1.1 x 10'
1.1 X 10'
9.1 X 106
9.1 X 10'
9.1 X 104
9.1 X 10'
7.2 X 10r
7.2 X 10'
7.2 X 104
1.1 X 107
1.1 X 106
1.1 X 10'

104
103
102
10'

Mortalitya Mean time to LDaoeMortalitya deatbb (days) (no. of bacteria)

8/8 8 9.0 X 10'
3/8 15
6/8 10
4/8 10
5/5 6 <1.1 X 101
5/5 12
5/5 8
5/5 8
9/10 5 1.1 X 106
4/10 6
1/10 12
1/10 9
4/5 9 1.2 X 106
1/5 9
2/5 17
3/5 5 5.5 X 106
0/5 0
1/5 7
8/10 14 1.3 X 101
4/10 10
6/10 9
5/10 11

a Number of mice dead/number of mice challenged.
b Mean of times to death of all mice which died before termination of experiment, i.e., 28 days.
c Estimated by the method of Reed and Muench (26).
d No mortality was observed in additional groups of five mice inoculated with smaller doses, i.e.,

9.1 x 102, 9.1 X 10', and 9.1 X 10° bacteria.

TABLE 2. Survival of cells of strain gal456 and its smooth pare/it anid F' derivativea

Viable count after 2 hr of incubation inb

Strain Absorbed fetal calf serumC plus conventional Absorbed fetal calf serumC plus
Absorbed Conventional mouse serum at concn germ-free mouse serum at concn
fetal calf

serum' mouse serum

1:1 1:5 1:25 1:125 1:1 1:10 1:100

TV253 470 1,100 1,030
gal456 403 930 14 9 40 156 5 15 152
gal456(F'-1- 326 1,020 870
gal+)

a Incubated 2 hr at 37 C with absorbed fetal calf serum, serum from nonimmunized conventional or
germ-free mice, or both.

b Values represent per cent of zero-time count.
c Used undiluted. (But in control tubes the omitted serum component was replaced by buffer.)

vented multiplication. By contrast, the galactose-
positive parent and F' derivative strains multiplied
in the presence of even undiluted conventional
mouse serum plus absorbed fetal calf serum

(Table 2). The serum from germ-free mice, which
would presumably have had less antigenic stimu-
lation by bacterial LPS, likewise killed gal-456
cells when supplem-ented with absorbed fetal calf
serum, a 1 :10 dilution causing 85% mortality and
even a 1:100 dilution restricting multiplication. It

was considered that the survival and multiplica-
tion of cells of the galactose-positive parent and F'
derivative strains in the presence of undiluted con-
ventional mouse serum plus absorbed fetal calf
serum might result not from the absence of anti-O
antibody in these sera but from an inherent resist-
ance of the smooth cells to complement killing,
even in the presence of mouse homologous (anti-
0) antibody. Therefore, cells of these strains were
tested for susceptibility to killing by fetal calf
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TABLE 3. Survival of cells of strains TV253,
gal-456(F'-I-gal+), and a serum-sensitive smooth
strain incubated at 37 C with fetal calf serum
and dilutions of immune mouse serum

Strain

TV253
TV253
gal-456 (F'-1 -

gal+)
gal-456 (F'-1 -

gal+)
Listerd
Listerd

Time
of

incu-
ba-
tion
(hr)

1
2
1

2

1
2

Viable count, after incubation ina

Fetal
calf

serum

301
801
312

683

342
727

Fetal calf serumb plus
immune mouse serum0 at

concn

1:100

45
111
50

110

4
<1

1:1,000 1:5,000

20
53
50

121

1
<1

a Values represent per cent of zero-time count.
bFetal calf serum was unabsorbed and used

undiluted.
c Immune mouse serum was a pool from mice

immunized with heat-killed smooth S. typhi-
murium.

d 5. paratyphi B strain Lister was a serum-
sensitive but smooth strain (15) with the same
0-antigen constitution as S. typhimurium strain
TV253.

correct if the prozone phenomenon (20) was
operative since dilutions of mouse serum were
not tested against smooth strains (Table 2).

Rates of clearance of bacteria inoculated intra-
venously. As strain gal-456 synthesizes LPS of
chemotype Rc (Fig. 1), owing to its deficiency of
UDP-galactose-epimerase (16), it was expected
that it, but not its smooth parent TV253, would
be rapidly cleared from the bloodstream after
intravenous inoculation. Therefore, the clearance
rates of a his+ transductional derivative of TV253
(= TV253 his+) and of a cys+ transductional
derivative of gal-456 ( = gal-456 cys+) were
measured in two separate groups of conventional
mice (Fig. 2). As expected, the smooth, virulent
transductional derivative of the parent strain
TV253 was not detectably cleared (K = 0.003 4

0.007), whereas the nonvirulent epimerase-
deficient gal-456 cys+ was very rapidly cleared
(K = 0.316 i 0.031).

Clearance of the epimerase-deficient mutant
and its cured derivative, inoculated together into
mice. It was next of interest to determine whether
correcting the epimerase defect of gal-456 by
the F'-1-gal+ plasmid from E. coli would prevent
its rapid removal from the bloodstream. Three
mice were injected intravenously with a mixture
of gal-456 and gal-456 (F'-1-gal+) so that each
mouse received about 5 x 104 bacteria of each

serum plus various dilutions of homologous
mouse immune serum, i.e., anti-4,5,12 serum,
from mice vaccinated with heat-killed smooth S.
typhimurium cells (Table 3). In samples taken
after 1 hr both strains appeared somewhat sensi-
tive, in that all dilutions (1:100, 1:1,000, and
1:5,000) of immune serum caused some killing
(survivals 20 to 50%). After 2 hr of incubation,
however, the viable counts had increased some-
what in all serum dilutions, but even the 1: 5,000
dilution of immune serum prevented the ca.
sevenfold multiplication which occurred in the
control tubes containing fetal calf serum but no
anti-O antibody. A known serum-sensitive smooth
strain of the same 0-antigen constitution, i.e.,
S. paratyphi B strain Lister, included as a con-
trol, was killed (survival < 1%) by exposure to
even the 1: 5,000 dilution ofmouse immune serum
plus complement (Table 3). Thus, the smooth pa-
rent and derivative strains of gal-456 are some-
what sensitive to the bactericidal and bacteriostatic
action of complement plus mouse anti-O anti-
body, and the failure of serum from conventional
mice, supplemented with fetal calf serum, to kill
or inhibit their multiplication (Table 2) was

interpreted to be due to the absence of anti-4, 5,
12 bactericidal antibody from the serum of such
mice. Howevwr, this interpretation may not be

MINUTES

FIG. 2. Rates of intravenous clearance of bacteria.
Three separate groups of untreated mice were inlocu-
lated with about 108 viable bacteria per mouse. The
slopes are regression lines (J41 standard error) calcu-
lated as described in the text. The open symbols indi-
cate counts obtained from individual mice, and the
closed symbols represent the geometric means. Sym-
bols: A and A, strain SL1102; a and o, strain
TV253 his+; 0 and @, strain gal-456 cys+.
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FIG. 3. Intravenous clearance in untreated con-
ventional mice of a mixture consisting of an equal
number of cells of the epimerase-deficient mutant
gal-456 and its cured derivative gal-456 (F'-J-gal+).
Mice were inoculated witht about 105 viable bacteria
per mouse of the mixture. The slopes are regression
lines fitted by eye. The open symbols indicate counts
obtained from individual mice, and the closed symbols
represent the geometric means. The per cent of the
inoculum of bacteria recovered from the spleens and
livers 5 min after inoculation are also shown (by the
inidividual values and their arithmetic means). Symbols:
O and 0, strain gal-456; A and A, strain gal-456
(F'-l-gal+).

strain. After a number of blood samples had been
obtained, they were killed at 5 min and spleen
and liver counts were made (Fig. 3). As expected
the cured F' derivative was not rapidly removed,
whereas gal-456 was. The rapid disappearance of
viable gal-456 cells from the circulation evidently
resulted in large part from their retention within
the liver, for an average of 36%ho (range 25 to
44%) of the viable count of the inoculum was
found in this organ (Fig. 3). By contrast, only
3.2% (range 2.5 to 4%c) of the inoculum of
gal-456 (F'-1-gal+) was recovered from the liver.
The number of bacteria recovered from the
spleen was small for both strains, i.e., 0.4% of
inoculum for gal-456 and 0.8% for gal-456
(F'-1-gal+) .

Clearance of gal-456 and gal-456 (F'-l-gal+)
inoculated together into germ-free mice. As
opsonizing antibodies accelerate the clearance of
bacteria from the bloodstream (1, 12), it seemed
that rapid clearance of gal-456 cells from the
bloodstream of conventional mice might result
from the presence in their sera of antibodies
active on the type Rc (epimerase-deficient) LPS
of gal-456 cells. It was surmised that the sera of
germ-free mice might lack such antibodies
because of lack of antigenic stimulation by
bacteria. Mixed inoculum experiments were
therefore made in germ-free mice (Fig. 4). In all
four mice, gal-456 was cleared about as rapidly

as in conventional mice, whereas the cured
derivative was not detectably removed. The
recovery of gal-456 cells from the livers of the
germ-free mice (48, 43, 37, and 40 of inoculum,
with a mean of 42%) was about the same as in
the case of conventional mice, as also were the
recoveries of gal-456 from the spleen and of the
cells of the cured derivative from the liver and
spleen. Thus it seems that the germ-free mice
either possess adequate amounts of opsonizing
antibodies active on gal-456 or rapid clearance
of "rough" bacteria of this sort is not dependent
on possession of opsonizing antibodies.
Impairment of clearance of epimerase-deficient

cells by prior inoculation of homologous viable
bacteria and its partial reversal by preopsoniza-
tion. If the very rapid clearance of gal-456 cys'
(Fig. 2) was due to the presence of opsonizing
antibodies in the serum of conventional mice,
then prior intravenous inoculation of an excess
of the homologous viable bacteria should reduce
the rate of clearance of a subsequent intravenous
inoculum (12, 13), and preopsonization (in vitro)
of the second inoculum with conventional mouse
serum should restore clearance in such impaired
mice (13). To distinguish the first and second vi-
able inocula, transductional derivatives of gal-456
were used. The first inoculum consisted of 5 x
1010 live gal-456 his+ cells. (This large dose was
used because preliminary experiments showed

Recovery of 5 min(l )
gal-456(F-'1-9.1' <, splw*r

- 38 15
(386.

42 037
(484 3 37:4(00'305Co3)

FIG. 4. Intravenous clearance in untreated germ-
free mice of a mixture contsisting of an equal numniber
of cells of the epimerase-deficient mutant gal-456 and
its cured derivative gal-456 (F'-l-gal+). Mice were
inoculated witht about 105 viable bacteria per mouse
of thle mixture. The slopes are regressioni lines fitted
by eye. The open symbols indicate counlts obtained
from individual mice, and the closed symbols repre-
sent thle geometric means. The per cent of the inoculum
of bacteria recovered from the spleens and livers 5 min
after inoculation are also shown (by the individual
values and their arithmetic means). Symbols: 0 and
0, strain gal-456; A and A, strain gal-456 (F'-J-
gal+).
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that inocula of 5 X 109 to 1010 cells did not cause
substantial impairment of clearance of the second
inoculum. The first inoculum would by itself have
killed the mice in a few hours, but it seemed un-
likely that its toxic effects would influence the
outcome of the clearance experiments since these
were completed within 8 min after the first
inoculum was given.) Five nminutes after the
first inoculum, three mice were injected intra-
venously with nonopsonized gal-456 cys+ and
three with gal-456 cys+ preopsonized by incuba-
tion in normal conventional mouse serum. In the
latter case, the mice were inoculated with the
bacterial-serum mixture. The results (Fig. 5)
showed that, as expected, the prior inoculation
of 5 X 101° gal-456 his+ cells interfered with the
clearance of the nonopsonized gal-456 cys+ (K =
0.042 -1i 0.021, as compared to clearance in non-
impaired mice, K = 0.316 0.031; Fig. 2).
Preopsonization of gal-456 cys+ cells in normal
mouse serum accelerated clearance in impaired
mice, K for the opsonized cells being 0.118 i
0.009 and for nonopsonized cells 0.042 + 0.021
(Fig. 5).
Impairment of clearance of epimerase-deficient

bacteria by inoculation of homologous LPS and
effect of preopsonization with immune serum. In
the experiment recorded in Fig. 5, preopsoniza-
tion of gal-456 cells in normal mouse serum,
although it accelerated their clearance in impaired
mice (K = 0.118 ±i 0.009 for preopsonized cells;

8
1

,t76

-C1

le ; 72

m.

. al-456 jys#--opson;l*4
K.0042tO21

K*aL!2 L8owo9izd)K-0118-0009

1 ^ 3
MINUTES

FIG. 5. Rates of intravenous clearance in con-

ventional mice impaired 5 min previously with viable
cells of gal-456 his+. Two groups of such impaired
mice were inoculated either with nonopsonized gal-456
cys+ (1.1 X 108 per mouse) or with preopsonized gal-
456 cys+ (6.2 X 107 per mouse). The preopsonization
was with widiluted normal conventional mouse serum

(see text), and mice were injected with the serum-

bacterial mixture. The slopes are regression lines
(41 standard error) calculated as described in the
text. The open symbols indicate counts obtained from
individual mice, and the closed symbols represent the

geometric means. Symbols: 0 and 0, strain gal-456
cys+ (nonopsonized); A and A, strain gal-456 cys+
(preopsonized).

goI-456 hi.*
>74 \ =~~~~~~~~~~~(onosoied)
(7393208800
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FIG. 6. Rates of intravenous clearance in con-
ventional mice impaired 5 miii previously with 0.5
mg per mouse of type Rc LPS (from an epimerase-de-
ficient mutant). Such impaired mice were each intra-
venously inoculated with a mixture consisting of pre-
opsonized gal-456 cys+, nonzopsonized gal-456 his+,
and nonopsoniized SL1102 (3.5 X 107, 9.7 X 107,
and 9.0 X 107 cells, respectively, per mouse). The
preopsonization was witlh 1:1,000 dilution of immune
mouse serum (see text), aiid before inoculation the
bacteria were freed of unabsorbed antibodies by mem-
brane filtration and were rinsed with ice-cold buffer.
The slopes are regression lines (i I standard error)
calculated as described in tlhe text. The open symbols
indicate counts obtained from individual mice, and
the closed symbols represent the geometric means.
Symbols: 0 and , strain gal-456 cys+ (preopsonized);
A and A, strain gal-456 his+ (nonopsonized); o
and *, strain SL1102 (nonopsonized).

K = 0.042 ± 0.021 for nonopsonized cells), did
not restore the very rapid clearance (K = 0.316 i
0.031; Fig. 2) seen in nonimpaired mice. The
incompleteness of the reversal of impairment by
opsonization might have resulted from rapid
dissociation of antibody from the serum-treated
gal-456 cys+ cells when the mixture of bacteria
and serum was diluted by intravenous injection;
the large excess of gal-456 his+ cells, injected 5
min earlier, would take up nearly all such dis-
sociated antibody. In a further experiment (Fig.
6), specific impairment was achieved by injecting
0.5 mg of type Rc LPS from an epimerase-
deficient mutant of S. typhimurium LT2 (see
above), instead of by injection of genetically
marked live bacteria. Immune mouse serum
from mice vaccinated with live gal-456 cells (see
above) was used for opsonization, instead of
normal mouse serum, with the idea that the
induced anti-Rc antibodies from such mice would
be less liable to dissociation on dilution. The
immune serum was used at a dilution of 1 in
1,000 (to avoid 0 agglutination during opsoniza-
tion); the period allowed for opsonization was
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extended from 20 to 60 min, and the bacterial
cells were membrane-filtered and rinsed in the
cold at the end of opsonization to avoid inocula-
tion of unadsorbed antibody. Five minutes after
the LPS injection, each of three mice was inoc-
ulated intravenously with a mixture of three
components, in approximately equal parts: non-
opsonized gal-456 his+ cells, gal-456 cys+ cells
preopsonized in immune serum, and cells of SL
1102, a rough mutant of a different LPS type, Re,
i.e., heptose-deficient (Fig 1). A preliminary
experiment (Fig. 2) showed that SL1102 cells
were rapidly cleared (K = 0.246 i 0.027) after
intravenous inoculation into normal mice. The
nonopsonized gal-456 his+ cells were much less
rapidly cleared (K = 0.088 + 0.003) than in
normal mice (K = 0.316 4 0.031); thus, prior
injection of 0.5 mg of LPS of type Rc is sufficient
to cause specific impairment. The SL1102 (hep-
tose-deficient) cells were cleared at a rate (K =
0.193 4 0.035) not significantly different from
the rate observed in nonimpaired mice (K =
0.246 ± 0.027; Fig. 2). Additionally, the rapid
clearance of SLI102 was correlated with a high
recovery of these cells in the livers of impaired
mice (40, 28 and 32%G of inoculum, with a mean
of 33%). These facts show that the injection of
LPS of type Rc caused a specific, not a general,
impairment of ability to clear rough bacteria
from the blood stream. Contrary to expectation,
preopsonization of gal-456 cells in (diluted)
immune serum had no detectable effect on their
rate of clearance, the rate for preopsonized gal-
456 cys+ cells (K = 0.093 ± 0.009) not differing
significantly from the rate for the nonopsonized
gal-456 his+ cells (K = 0.088 ±fi 0.003).

Acceleration of clearance of epimerase-deficient
bacteria in impaired mice by intravenous inocula-
tion of immune mouse serum. Because of the failure
of preopsonization in dilute immune serum to
reverse impairment (Fig. 6), the effect of intra-
venous inoculation of undiluted immune serum
during clearance was next tested; this procedure
has been shown to accelerate the rate of clearance
of cells that were initially poorly phagocytized
(3). Each of three mice was inoculated intra-
venously with 0.6 mg of LPS of type Rc and 5
min later with a mixture of gal-456 and SL1102
cells. Blood samples were taken at intervals. At 4
min, 0.1 ml of undiluted anti-gal-456 immune
mouse serum was injected intravenously and
further blood samples were taken up to 8 min.
It was found in all three mice (Fig. 7) that the
homologous LPS impaired the clearance of the
epimerase-deficient gal-456 cells (K = 0.068 ±i
0.021 for times 0.25 to 3 min) but not that of the
SL1102 cells (K = 0.179 + 0.029); thus before
serum infusion the heptoseless cells were cleared
more rapidly than the epimerase-deficient cells.

gol-456
I K=0134to034

SL1102

K=M077±0062

MINUTES
FIG. 7. Rates of intraventous clearance in cont-venztional mice impaired 5 min previously with 0.6

mg per mouse of type Rc LPS (fromn an epimerase-deficient mutantt). Suchl impaired mice wvere eachintravenously inoculated witht a mixture colnsistintg ofgal-456 and SL1102 (1.4 X 108 anid 1.8 X 108 cells,respectively, per mouse). At 4 miii, lndiluted antti-gal-456 immune mouse serlmni was inijected intra-
venously. The slopes are regressioni linies (i 1 stantdarderror) calculated as described in the text. The openisymbols intdicate coiolits obtainted from inidividualmice, anid the closed symbols represenit the geometric
meanis. Symbols: 0 antd *, strainl gdil-456; A anid
A, strain SL1102.

Comparison of the rates of clearance before and
after the introduction of immune serum showed
that, as expected, gal-456 cells were more rapidlyphagocytized after serum administration (K =
0.068 ±+- 0.021 for samples taken up to 3 min; K =
0.134 + 0.034 for samples taken between 4 and 8
min). By contrast, clearance of the heptose-negative strain, SLI 102, was slower after injec-tion of immune serum (K = 0.179 ± 0.029 for
times 0.25 to 3 min; K = 0.077 ± 0.062 for
times 4 to 8 min). This difference presumablydoes not result from any effect of the injected
serum on the rate of clearance of heptose-negative
cells but is instead a consequence of the decrease
in rate of clearance of any type of nonsmooth
cells observed in experiments prolonged beyond
4 min or so, as indicated by the flattening-out of
the plots of log viable count against time in such
experiments (Fig. 3 and 4).
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DISCUSSION
The strains used for mouse experiments, i.e.,

the mouse-virulent parent strain TV253, its
UDP-galactose-epimerase-deficient mutant gal-
456, and the "cured" derivative of the latter, were
isogenic except for their gal genes and for the
his C or cys G genes, in the case of the transduc-
tional derivatives of TV253 and gal456. But, as
these derivatives had the same virulence (Table 1)
and phage patterns (16) as their his cys- parents,
these marker characters may be disregarded in
considering the behavior of the strains after
inoculation into mice. As was expected, the
almost complete lack of epimerase in gal-456,
with consequent inability to form smooth LPS,
resulted in a very great reduction in virulence
(LD50 _ 106, compared with LD50 _ 100 for the
parent strain). But, on conversion to smoothness,
the mutant regained the virulence character
typical of the parent strain. The decreased viru-
lence associated with inability to synthesize
smooth LPS corresponds to that reported for
epimerase-deficient mutants of various Salmonella
species by Saito (28) and by Ushiba and Kitasato
(31), of E. coli 0111:B4 by Medearis et al. (18),
and for mutants of S. typhimurium strains LT2
and 395MS with various other defects in LPS
synthesis (5, 22). The epimerase-deficient mutant
was not totally nonvirulent since some mice died
from inocula of ca. 104 to 105 cells, and evidently
died as a result of multiplication of the mutant
cells themselves rather than from growth of a
galactose-positive (and therefore virulent) rever-
tant since only galactose-negative bacteria were
recovered from post-mortem cultures. It is not
known whether the residual virulence of gal-456
was related to the leakiness of its enzyme defect
(16). This point could be determined by testing
the virulence of mutants with deletions of the
galactose genes derived from a mouse-virulent
strain.
The nonsmooth phenotype resulting from the

epimerase defect of gal-456 made it susceptible to
rapid removal from the circulation (phagocytic
index K = 0.316 i- 0.031; Fig. 2), whereas the
smooth parent strain (K = 0.003 0.007; Fig.
2) and the cured derivative (Fig. 3) were not
removed at a measurable rate. The different rates
of clearance of gal-456 and its galactose-positive
relatives were observed both in comparisons of
clearance rates in groups of mice each inoculated
with a single strain and in comparisons of rates
of clearance of galactose-positive and galactose-
negative bacteria in mice inoculated with a
mixture of the two strains (Fig. 3). Other in-
vestigations, including those of Nakano and
Saito (21) and Hofman et al. (11) have shown
that nonsmooth Salmonella injected intravenously

into normal mice or newborn colostrum-deprived
piglets are very rapidly removed from the circula-
tion (and are correspondingly susceptible to
rapid uptake by phagocytosis if injected intra-
peritoneally), whereas most smooth Salmonella
strains are cleared only slowly (11, 15, 21; but see
reference 15 for an instance of an apparently
smooth Salmonella strain which was rapidly
cleared from the circulation of nonimmunized
mice). Medearis and his colleagues (18) observed
similar susceptibility to phagocytosis of cells of an
epimerase-deficient mutant of E. coli 0111 :B4
inoculated intraperitoneally into normal mice,
and Dlabac (4; personal communication) found
that cells of an epimerase-deficient mutant of S.
typhimurium LT2 were efficiently removed during
perfusion of the livers of normal rats or newborn
piglets. In both of these instances, bacteria grown
in the presence of galactose were less rapidly
removed, as a consequence of the restoration of
smooth phenotype by utilization of exogenous
galactose for LPS synthesis. In these experiments,
counts of viable bacteria in the livers and spleens
of mice killed 5 min after inoculation showed that
a high proportion (25 to 44%G) of the inoculated
gal-456 cells were recoverable from the liver but
only 0.3 to 0.5% from the spleens. If one assumes
that the liver of a 20-g mouse weighs about 1.35 g
and its spleen about 0.15 g (2), it appears that on
an equal-weight basis liver retains about nine
times as many gal-456 viable bacteria as spleen.
Similar observations have been made in respect
of clearance of a rough strain of S. typhi (3), but
the liver was only twice as efficient as spleen in
uptake of heat-killed S. enteritidis (2) and was
no more efficient in the case of live cells of a
smooth strain of S. typhi (3).

It is well established that opsonization of
smooth E. coli by immune serum results in their
rapid uptake by the liver (1), and susceptibility of
gal-456 to killing by normal mouse serum (plus
an antibody-free source of complement) reported
here indicated that the sera of the normal non-
immunized mice which were used here contained
antibody with affinity for LPS of chemotype Rc,
characteristic of Salmonella lacking UDP-
galactose-epimerase. It was therefore suspected
that the rapid clearance of gal-456 cells from the
circulation of normal mice resulted from their in
vivo opsonization by such antibody. It seemed
that germ-free mice, having received less antigenic
stimulation from perhaps serologically related
E. coli, might lack such anti-Rc antibodies.
However, mixed-inoculation experiments in germ-
free mice, of the same line as the conventional
mice, showed the same rapid removal of gal-456
cells, with recovery of a large fraction of the
inoculum from the liver. This indicates either
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that phagocytosis of gal-456 cells by the liver is
not dependent on their opsonization or that
germ-free mice have adequate concentrations of
opsonizing antibody.

If the rapid removal of gal-456 cells was due to
in vivo opsonization by Rc-specific antibody,
then prior injection of a large enough dose of
bacteria or LPS of antigenic type Rc by pre-
empting the antibody should prevent rapid
clearance. As predicted, the intravenous inocula-
tioIn of either 5 X 1010 live gal-456 his+ cells or
of 0.5 to 0.6 mg of LPS of type Rc reduced the
rate of clearance of gal-456 cells (or its trans-
ductional derivative) injected 5 min later (K =
0.316 -4i 0.031 in nonimmunized mice, but K =

0.042 fi 0.021, 0.088 + 0.003, or 0.068 + 0.021
in three groups of mice preinjected with bacteria
or LPS of type Rc; Fig. 2, 5-7). The number of
live bacteria or weight of LPS injected to pre-
empt antibodies might themselves have killed the
mice in a few hours, but, as the clearance experi-
ments were completed within 8 to 13 min of the
first injection, it does not seem likely that the
toxicity of this material would have affected the
rate of clearance of the test bacteria. Further-
more, it was found that the prior injection of 0.5
mg of Rc LPS did not retard clearance of epi-
merase-deficient cells by a nonspecific mechanism,
such as saturation of the cells of the reticulo-
endothelial system, since it did not cause any
significant reduction in rate of clearance of cells
of the antigenically different, heptose-deficient
strain, SL1102, included as one component of the
test inoculum (K = 0.246 ± 0.027 in nonimpaired
mice, K = 0.193 -f- 0.035 in LPS-treated mice;
Fig. 2 and 6) although prior injection of 0.6 mg
of Rc LPS slightly reduced the clearance of SL
1102 (K = 0.246 i 0.027 in nonimpaired mice;
K = 0.179 ±L 0.029 in LPS-treated mice; Fig. 2
and 7).

In the group of three mice pretreated with live
bacteria of type Rc, the clearance rate of the test
inoculum of gal-456 cys+ cells was 0.042 i
0.021. In a second group given the same pre-
treatment, the test inoculum of gal-456 cys+ had
been opsonized by incubation for 20 min in
undiluted serum of conventional mice. This treat-
ment resulted in clearance at a significantly more
rapid rate (K = 0.118 :1 0.009; Fig. 5) but did
not restore the rate observed in nonimpaired
mice (K = 0.316 i 0.031; Fig. 2). It was sus-
pected that the incomplete restoration of normal
rapid clearance might reflect low affinity of the
postulated opsonizing antibody in the serum of
nonimmunized mice, resulting in dissociation
when the serum-bacteria mixture was diluted by
inoculation into the mice. It was supposed that

opsonizing antibodies in the serum of specifically
immunized mice would have high affinity and,
therefore, not dissociate on inoculation. However,
in an experiment (Fig. 6) with mice pretreated
with 0.5 mg of LPS, an inoculum of gal-456
(genetically tagged) cells opsonized in immune
mouse serum was cleared no more rapidly than
the nonopsonized gal-456 component of the
mixed inoculum (K = 0.093 ± 0.009 for the
cys+ opsonized cells and 0.088 ± 0.003 for the
nonopsonized his+ component). It is not known
why opsonization in immune serum failed to
cause more rapid clearance; the immune serum
was used at a dilution of 1:1,000 (to avoid 0
agglutination) and perhaps the concentration of
antibodies or of adjuvant factors, e.g., comple-
ment components, in the diluted serum was
insufficient for effective opsonization.

In mice which 5 min earlier had received 0.6 mg
of type Rc LPS, the gal-456 component of a
mixed inoculum was, as expected, cleared more
slowly than the heptose-negative SLi102 com-
ponent (Fig. 7); injection of 0.1 ml of undiluted
immune (anti-gal-456) mouse serum 4 min after
the test inoculum resulted in acceleration of
clearance of gal-456 (K value for first 3 min =
0.068 i 0.021; for last 4 min = 0.134 i 0.034),
whereas the clearance of the heptose-negative
component became less rapid (K before injection
of immune serum = 0.179 i 0.029; after immune
serum = 0.077 i 0.062). The rates of clearance
generally decline after the first 90% of the bacteria
have been removed so that plots of log viable
count against time if taken beyond this point are
concave upwards (see Fig. 7, and references 1-3,
22), and it is therefore believed that the accelera-
tion of clearance of gal-456 after injection of
immune serum was indeed caused by the opsoniz-
ing effect of the antibody in the serum.

All of the observations are compatible with the
hypothesis that the rapid clearance of gal-456
cells, largely by their uptake by the liver, results
from the opsonizing effect of antibodies present
in the serum of both conventional and germ-free
mice. Furthermore, sera from both conventional
and germ-free mice when supplemented with
absorbed fetal calf serum proved bactericidal to
gal-456 cells. (Table 2). The killing of gal-456
by normal mouse serum in the presence of
specifically absorbed fetal calf serum (but by
neither serum alone) was attributed to the pres-
ence of bactericidal antibodies against Rc LPS in
the serum of both conventional and of germ-free
mice, together with the sensitivity of gal-456 to
the bactericidal action of homologous anti-LPS
antibody plus complement, a property typical of
nonsmooth mutants. Similarly, the killing of
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gal-456 by unabsorbed fetal calf serum alone was
assumed to be due to the presence in such serum

of antibody against Rc LPS. On the other hand,
the lack of clearance of smooth cells (parent
strain TV253 or cured derivative) in conventional
and in germ-free mice (Fig. 2-4) and their sur-

vival in complement-supplemented conventional
serum (Table 2) presumably reflect the absence
of opsonizing and bactericidal antibodies against
smooth S. typhimurium in such mice. Other
authors have observed rapid clearance of rough
Salmonella or E. coli or their susceptibility to
in vitro phagocytosis or to serum killing in the
absence or apparent absence of antibody (4, 18,
21, 29). The reasons for this difference from the
results presented here are not known. The anti-Rc
antibodies, opsonizing or bactericidal, in the
serum of the CF no. 1 mice, conventional or germ-
free, may have resulted from antigenic stimula-
tion by serologically related material, such as live
E. coli in the case of conventional mice or bac-
terial polysacchairde in the diet of the germ-free
mice, or they may result from secretion of gamma
globulins witn affinity for Rc LPS by a small
proportion of antibody-synthesizing cells even in
the absence of stimulation by any related antigen,
a situation perhaps to be expected on the clonal
selection hypothesis.
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