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ABSTRACT

FRIEDMAN, MISCHA E. (U. S. Army Chemical
Corps, Frederick, Md.) AND DONALD A. KAUTTER,
Effect of nutrition on the respiratory virulence of
Listeria monocytogenes. J. Bacteriol. 83:456-462.
1962.-The respiratory virulence for the mouse
and guinea pig of two strains of Listeria monocyto-
genes grown in a rich nonsynthetic medium may
be increased four to ninefold by decreasing the
glucose concentration from 1.0 to 0.6% or by in-
cluding 0.1% L-cysteine in the medium. This
effect, not observed in intraperitoneal challenge
of mice, is not due to selection of a more viru-
lent population. Cultures demonstrating lowered
virulence at 16 hr increase in virulence if incu-
bated beyond 50 hr. The presence of 1.0% fruc-
tose or cellobiose results in the same growth and
virulence characteristics as when glucose is used;
however, cultures in media with 1.0% maltose
are of decreased cell yield but increased virulence.
Strain A4413 grown in media of low glucose con-
centration or in the presence of cysteine has
greater oxidative activity than when grown in a
medium of high glucose content. Other strains of
lesser respiratory virulence, when grown in a low
concentration of glucose, contain glucose de-
hydrogenase systems equal in activity with that
of strain A4413.

The virulence of microorganisms can be af-
fected by physical or nutritional factors. In most
cases, however. the final determining cause of a
change in this characteristic is genetic.

Cole and Braun (1950), Goodlow, Braun, and
2Mika (1951), and Waring and coworkers (1953)
found that Mn+ or Mg++, D-alanine, and iron
stimulated the dissociation of smooth Brucella
species. In addition, Sanders and Huddleson
(1956) and Altenbern et al. (1957) reported that
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oxygenation reduced population changes in B.
abortus cultures.
Fukui and coworkers (1957) observed a reduc-

tion in virulence for the mouse of Pasteurella
pestis grown in aerated broth at 37 C, and re-
garded this as due to a selection of an avirulent
mutant. Wessman, Miller, and Surgalla (1958)
demonstrated that an observed toxic effect of
glucose on virulent P. pestis resulted in a selec-
tion of avirulent mutants. Kupferberg and
Higuchi (1958) added Ca++ to a defined medium
and were able to control this selection at 37 C by
providing optimal growth conditions for the
virulent form.

Garber (1954) reported that the virulence of
nutritional mutants of Eruinia aroideae for cer-
tain plant tissues was related to the availability
of required nutrients at the surface of the tissue.
Hart and Rees (1956) induced a persistent viru-
lence in Mycobacterium tuberculosis H4Ra, an
avirulent strain, by nonionic surface-active
agents. Growth of Coccidioides immitis in the
parasitic spherule form was stimulated by Na+,
Ca++, sodium bicarbonate, glutathione, and fatty
acids (Converse and Besemer, 1959). Lincoln and
coworkers (1946) reported that the respiratory
virulence for guinea pigs of Bacillus anthracis
grown in a corn-steep liquor medium was de-
creased, compared with that observed for cul-
tures in a Pepticase-yeast medium; subcutaneous
virulence, however, was enhanced. The authors
stated that the decrease in virulence was not
hereditary.
The present report presents evidence that the

carbohydrate nutrition of Listeria monocytogenes
influences the respiratory virulence of this organ-
ism for the mouse and guinea pig.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Most of
the studies to be reported were done with L.
monocytogenes strain A4413. Data were also col-
lected with the less virulent strains JHH, AT-14,
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and Cornell, and an avirulent rough strain,
9037-7. Stock cultures were maintained on tryp-
tose agar (Difco), stored at 4 C, and transferred
every 6 months. Cells for the preparation of
inocula were grown at 37 C on a medium com-

posed of 2.6% tryptose broth (Difco), 0.4% glu-
cose, 0.4% yeast extract (Difco), and 1.5% Bacto
agar (Difco). Growth was removed from the
slants with sterile deionized water and adjusted
to an approximate optical density of 0.301
(655 m,u). This represented 1.2 X 109 cells/ml.
Into 30 ml of medium in a 250-ml Erlenmeyer
flask, equipped with an optically standardized
18 by 150 mm test-tube side arm, were inocu-
lated 0.2 ml of this cell suspension, so that at zero

time there were approximately 8 X 106 cells/ml
in the flask. Unless stated otherwise, cultures
were incubated for 16 hr at 37 C with agitation
on a shaker set at 100 excursions/min. At the end
of the incubation period, duplicate cultures were

pooled for use in virulence assays.
Media routinely used were Difco's brain heart

infusion (BHI) and the NS-4CA, NS-3, and
NS-4CA plus 0.1% L-cysteine media developed
in these laboratories. Components of these media
are presented in Table 1. Under the cultural con-

ditions described above, the average 16-hr viable
count of all strains in BHI was 3.3 X 109 cells/
ml; this compared with counts in the other media
of 10 X 109 cells/ml, except for strain 9037-7
which grew at a slower rate. All viable-count
assays were made on tryptose agar (Difco) incu-
bated at 37 C for 18 to 24 hr.

Virulence assays. The desired respiratory doses
for virulence assays were prepared by dilution of
cultures with sterile BHI. Swiss-Webster mice
(16 to 18 g) or guinea pigs (350 g) were chal-
lenged in a modified Henderson (1952) apparatus.
A titration of five doses, ten animals per dose,
was performed. The aerosol was sampled with a

liquid impinger simultaneously with exposure of
the animals. Aerosol particles collected were con-

sidered to consist of single cells (Harper, Hood,
and Martin, 1958). The dose quantitation was

calculated from the concentration of cells col-
lected in the impinger fluid (Roessler and
Kautter, 1962), using the respiratory rate and
volume as established by Guyton (1947). Cells to
be used for intraperitoneal challenge were diluted
with 1% tryptose, and the same number of ani-
mals and doses were used as in respiratory chal-
lenge. Exposed animals were observed for 15

TABLE 1. Composition of liquid media*

Medium

Component NS-4CA NS-3

Peptone "C"t 1.5 1.5
Yeast extract 0.6 0.6
K2HPO4 1.8 0.5
Sodium citrate 0.5
Glucose: 1.0 0.6

* Final pH adjusted to 7.5.
t Pancreatic digest of casein, Albimi Labs.
t Glucose sterilized separately by filtration.

days. All animals that succumbed were autopsied
and examined for gross pathological changes. The
organism was readily isolated from the lungs,
spleen, and liver. The LD50 values and the 95%
confidence limits were calculated by the method
of Litchfield and Wilcoxon (1949); in some cases,
LD50 values were determined by the method of
Reed and Muench (1938).

Analytical methods. Total carbohydrate in
growth filtrates was determined by a modification
of the anthrone method of Gary and Klausmeier
(1954), in which the reactant tubes of the sam-
ples as well as the glucose standard were heated
in a boiling-water bath for 10 min and read at
620 m,u in a model 14 Coleman Universal spectro-
photometer. Lactate was determined by the
method of Barker and Summerson as outlined by
Umbreit, Burris, and Stauffer (1949), pyruvate
by the method of Friedemann and Haugen
(1943), and acetoin by the method of WVesterfield
(1945). Sulfhydryl content of media was meas-
ured by the method of Grunert and Phillips
(1951) and confirmed by the method of Alexander
(1958).

Dehydrogenase assay. Resting cells for dehy-
drogenase assays were harvested from 16-hr
liquid cultures, washed three times with distilled
water, and resuspended in water at a concentra-
tion of 0.8 mg of cell nitrogen/ml. The usual
Thunberg technique, with methylene blue as in-
dicator and glucose as substrate, was used
(Umbreit et al., 1949).

RESULTS

Respiratory virulence and aerosol survival of
Listeria were assayed routinely with cells grown
in BHI. In these laboratories several rich non-
synthetic media were developed which ultimately
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gave rise to a threefold increase in cell yield.
However, the respiratory virulence of strain
JHH grown in the medium supporting the most
growth was found to be one-half to one-tenth
that of cells from BHI. Subsequent studies re-
vealed that strain A4413 was approximately ten-
fold more virulent than JHH, and further inves-
tigations were carried out with this strain.

Effect of medium. Statistical analysis of data
from 28 experiments showed that the respiratory
virulence of strain A4413 for the mouse differed
according to the growth medium from which the
cells were harvested. NS-4CA cultures were sig-

TABLE 2. Effect of subculture on the respiratory
virulence of Listeria monocytogenes

A4413 for the mouse

~~LDs,o 95% Con-

MIedium | Inoculum x 103 |fidence lim-X1 its x 103

I

NS-4CA Agar slant 60.0 33.3-108.0
BHI Agar slant 6.2 3.6-10.5
BHI Primary NS-4CA culture 5.6 2.5-12.3
BHI 4th Subculture in NS-4CA 4.7 2.5-8.7

II

BHI Agar slant 7.2 4.5-11.5
NS-4CA Agar slant 22.5 11.3-45.0
NS-4CA 1st Subculture in BHI 80.0 40.0-160.0

III

BHI Agar slant 4.5 2.9-7.0
NS-4CA Primary BHI culture 22.0 11.6-41.8
NS - 4CA + Primary BHI culture 4.8 1.9-12.5
cysteine

NS - 4CA + 6th Subculture in NS-4CA 2.9 1.8-4.6
cysteine + cysteine

NS-4CA 7th Subculture in NS-4CA 62.0 41.3-93.0
+ cysteine

TABLE 3. Analysis of variance of log LD5o
values for the mouse of cultures from

four media

Degrees
Effect of Sum of squares Mean square

freedom

Between media 3 5.970404 1.990135
Between experi- 36 5.684334 0.157898
ments in media

Between transfers 13 0.470905 0.036223

Total 52 12.125643

TABLE 4. Effect of age of culture on respiratory
virulence for the mouse of Listeria monocytogenes

A4413 grown in NS-4CA medium

LD6o (with 95% confidence limits) X 103
Hours

Expt. I Expt. II Expt. III

8 2.9 3.8 (1.8-8.2)
16 94.0 13.0 (5.9-28.6) 8.5
24 >113.0
30 18.0 13.0 (7.6-22.1)
37 8.5 11.2 (7.1-17.7)
48 13.0 (6.8-24.7)
56 2.4 3.1
62 4.7 (2.8-8.0)

nificantly less virulent than cells from either
BHI, NS-3, or NS-4CA plus cysteine (geometric
means of LD5o values X 103 were 22.8, 6.0, 2.61,
and 6.1, respectively).

Transfer experiments. The possibility that a
selective process was responsible for the observed
differences in LDso values was tested in a series of
transfer experiments. Progeny of cells which had
been subcultured four times in NS-4CA medium
(primary culture plus four subcultures) and then
inoculated into BHI had the LD80 value of a BHI
culture which had arisen from an agar-slant in-
oculum (Table 2). These data also exclude the
selective process upon subculture in BHI and
subsequent transfer to NS-4CA. In addition,
cysteine did not bring about a population change
to more virulent cells in the NS-4CA medium,
since subcultures in its presence with subsequent
inoculation into NS-4CA gave rise to a culture
whose LDbo was increased 16-fold.
An analysis of variance of the LDWo values from

the 28 experiments, including the transfer experi-
ments, may be seen in Table 3.

Effect of age of culture. When incubation was
extended beyond 30 hr, the cells in the NS-4CA
medium increased in virulence. Data from three
experiments (Table 4) indicate a real effect due
to age of culture. These values form a pattern
(Fig. 1) whose chance occurence under the hy-
pothesis of equivalent LD5o values is obviously
very unlikely.

Effect of glucose. Since the NS-3 medium dif-
fered from the NS-4CA medium in the concentra-
tions of glucose and K2HPO4 and in the absence
of sodium citrate, the effect of these components
on virulence was tested. Earlier studies had indi-
cated that the presence or absence of citrate had
no effect on the virulence of strain JHH. Citrate
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nificant increase in the LD50 value had occurred
within 95 min after the addition of this amount
of glucose. At the end of the 95-min period, there
was no difference in the viable count between the
culture to which the glucose had been added and

- \\"Ithe control culture which received no added glu-
/ \ cose. On the other hand, the addition of glucose

' \ to BHI (final concentration 1.7%) did not cause
a decrease in virulence. BHI normally contains
0.2% glucose. The LD5o value of cells from such a
medium was 2 X 103 compared with 1.4 X 103
for the normal BHI culture.

0/ o Effect of other carbohydrates. Fructose or cello-
biose (1%), which supported a cell yield equal to
glucose in the NS-4CA medium, affected viru-

_8\x lence in the same manner as glucose. When 1 %
maltose was used, the yield of cells was approxi-
mately one-half that shown with the same

il|| concentration of glucose; however, the maltose-
10 20 30 40 50 60 70

of
2030

Culur (hou 07)grown cells were two to seven times more viru-
Age of Culture (hours) lent. In contrast to the utilization of 90% of the

1. Effect of the age of the culture on the re- glucose in NS-4CA or NS-3 medium during the
gry virulence for the mouse of Listeria mono- 16-hr incubation period, the organism utilized
nes strain A4413 grown in NS-4CA medium. only 34% of the maltose. On the other hand,
X numerals refer to replicate experiments. although the 16-hr viable count of strain A4413

grown in the presence of 1% trehalose was one-
,5. Effect of glucose and K2HPO4 in peptone third the count of that with 1% glucose, cultures
ia* on the respiratory virulence of Listeria grown in the presence of trehalose demonstrated
monocytogenes A4413 for the mouse the same virulence characteristics as glucose-

95 % Confidence grown cells.
Dse K2HPO4 LD50 X 103 limits X lo Stationary vs. shaken cultures. The aerosol viru-

lence of cells grown in 30 ml of NS-4CA medium
1.8 26.0 14.4-46.8 containing 1.5% glucose in a stationary 20 by

29.0 14.5-58.0 265 mm tube was compared with that of cells
t 0.5 3.7 2.5-5.6 grown in the same volume of medium in a 250-ml

1.8 5.5 Erlenmeyer flask on a shaker. The 16-hr viable
0.5 48.0 22.9-100.8 count of the stationary culture was one-half the
0.5 4.5 count of the shaken culture, but the virulence

i 0.5 58.7 was sevenfold greater than that of the shaken
i 1.5 4.3 3.3-5.7 culture (LDso values were 2.6 X 103 and 18.8 X

he media contained 1.5% Peptone C as a 103, respectively).
ren source. Intraperitoneal challenge. A comparison of

t Sodium citrate was omitted from this medium.

is not utilized as a carbon souce, but is included
in the medium as a chelating agent. The glucose
concentration was responsible for the variation in
the respiratory virulence of the Listeria cultures
(Table 5). Also, the addition of 300 mg of glucose
to 30 ml of growing NS-3 culture after 712 hr
incubation increased the LD5W of the 16-hr cells
eightfold. Subsequent study showed that a sig-

TABLE 6. Effect of medium on respiratory
virulence of Listeria monocytogenes

JHH for the mouse

95% Confidence
Medium LD5o X 103 limits X 103

NS-4CA 150.0 71.4-315.0
NS-3 18.0 10.0-32.0
BHI 53.0
NS-4CA + cysteine 60.0 52.4-111.0

2.8

2.4

0

x

a
-0

0cj

1.6 1

1.21
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TABLE 7. Effect of medium on respiratory
virulence of Listeria monocytogenes

A4413 for the guinea pig

LD5o (with 95 % confidence limits) X 104
Medium

Expt. I Expt. II Mean*

NS-4CA 22.5 (9.0-56.3) 21.0 (9.1-48.3) 21. 74a
NS-3 10.3 13.0 (6.2-27.3) 11.57b
BHI 4.3 (2.1-9.0) 3.9 (1.6-9.4) 4.10e
NS-4CA + cys- 5.6 (3.1-10.1) 8.0 (3.3-19.6) 6. 69c
teine

* Means with dissimilar superscript are significantly different.

TABLE 8. Analysis of variance of log LD50
values for the guinea pig of cultures

from four media

Degrees of Sum of
Source freedom squares Mean square F

Experiment 1 0.0043 0.0043
Media 3 0.5839 0.1946 41.40**
Error 3 0.0141 0.0047

** Highly significant P <0.01.

strain A4413 grown in BHI and NS-4CA re-

vealed no differences in virulence when assayed
via the intraperitoneal route. In a typical experi-
ment, LD50 values for the mouse were 24 cells
(BHI) and 21 cells (NS-4CA).

Strain JHH. Results of respiratory virulence
assays of strain JHH grown in the four media are

shown in Table 6. The virulence of the NS-4CA
culture was significantly lower than that of the
other three cultures.
Guinea pig challenge. The LD5o for the guinea

pig of strain JHH grown in BHI was approxi-
mately tenfold higher than the LD5o of this culture
for mice. The LD50 values of strain A4413 for
guinea pigs and mice showed the same relation-
ship, but in general were one-tenth the JHH
values. The effects on strain A4413 in mice were

related to medium differences and were observed
generally for guinea pigs, the differences (Table
7) being in the same direction if somewhat less in
magnitude. An analysis of variance of the data
from the guinea pig experiments (Table 8) estab-
lished that the differences between the LD5o

values of the various cultures were highly sig-
nificant.

Dehydrogenase experiments. With glucose as

substrate, resting cells of strain A4413 grown in
BHI, NS-3, or NS-4CA plus cysteine decolorized

methylene blue in 4 min, whereas the NS-4CA
cells took 25 min. On the other hand, strains
which are approximately 20-fold less virulent
than A4413, such as Cornell and AT-14 as well as
avirulent 9037-7 grown in BHI, reduced the
methylene blue at the same fast rate as A4413
grown in BHI.

DISCUSSION

The effect of glucose concentration on the re-
spiratory virulence for mice and guinea pigs of
several strains of L. monocytogenes is not a selec-
tion effect, as evidenced by the results of the
transfer experiments. In addition, the decrease in
virulence in the presence of a high glucose con-
centration is not due to increasing acidity of the
cultures. The buffering capacity of the high con-
centration of K2HPO4 in the NS-4CA medium
kept the pH from dropping below 6.3 during the
16-hr growth period. Further, media containing
0.6% glucose and a low concentration of K2HPO4,
in which the pH dropped to approximately 6.1,
and BHI, which decreased to a pH of 5.6, yielded
cells of high virulence.
The results of the dehydrogenase studies sug-

gest a possible correlation between respiratory
virulence and the oxidative ability of a culture.
The lack of such a correlation observed in strains
Cornell, AT-14, and 9037-7 grown in BHI sug-
gests that the relationship is phenotypic and not
genotypic, since strain lines were not crossed. A
direct correlation between pyruvate oxidation
and virulence of P. tularensis has been reported
by Weinstein, Guss, and Altenbern (1959, 1960).
On the other hand, differences in enzyme activitv
may reflect the coincidental control glucose exer-
cises over the synthesis of some enzymes, in-
cluding dehydrogenases (Gale, 1943; Neidhardt
and Magasanik, 1956).
The role of cysteine is not clear. However, it

does not act as a selective agent for the more
virulent cells. Despite the fact that cells growing
in the presence or absence of cysteine in the
NS-4CA medium utilize glucose and accumulate
end-products such as lactate, pyruvate, and
acetoin to the same extent, the presence of
cysteine does stimulate the production of cells
that are more oxidative in the resting state. It is
possible that the excess cysteine assimilated by
the cells maintains the cells in a reduced state,
thereby causing them to become more oxidative
in order to metabolize the glucose efficiently and
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to become more virulent. BHI, which supports
the growth of cells of greater virulence, contains
three times more sulfhydryl groups than the
NS-4CA medium, and this may account for the
failure of an eightfold increase in glucose concen-

tration in BHI to decrease the virulence of cells
from such a culture. The increased virulence of
cells grown under stationary conditions, com-

pared with the virulence of the shaken culture,
may be similar to the effect on virulence of the
addition of cysteine to the NS-4CA medium.
The decreased growth of Listeria in the pres-

ence of 1.0% maltose reflects a weak maltase sys-

tem in that organism. Since these cells metabo-
lize maltose only to a limited extent and are still
highly virulent via the respiratory route, they
may be similar to the cells which are produced in
media containing only 0.2 to 0.6% glucose.
Another possible role of glucose may be its

effect on cellular constituents which may be re-

lated to the virulence of the cell. Preliminary
antigenic studies with antisera to BHI- and
NS-4CA-grown cells have shown no differences
in antigen makeup of cells from various cultures.
Other experiments have shown the NS-4CA cells
to contain slightly less total nitrogen on a dry wt
basis than cells from the other three media.
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