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Sodium nitrite alone has been shown to stimulate germination of PA 3679h
spores. The process was accelerated by using increased concentrations of sodium
nitrite, a low pH, and a high temperature of incubation. At low concentrations of
nitrite (0.01 to 0.2%), the delay of 36 to 48 hr occurred before germination com-

menced at 37 C. However, with 3.45% nitrite at 45 C and pH 6.0, most of the
spores germinated within 1 hr. AtpH 7.0, the germination rate decreased markedly,
and at pH 8.0 it was nil. The greatest acceleration in germination rate occurred
near 60 C. Hydroxylamine was completely inhibitory to nitrite-induced germina-
tion. Sodium nitrite, in turn, inhibited germination by L-alanine, the degree of
inhibition being influenced by nitrite concentration and pH.

Several ways have been found to induce germi-
nation of bacterial spores. In addition to the
"physiological germinants," such as amino acids
and carbohydrates, there have also been reports
of "ionic germination" (5, 8). Hyatt and Levinson
(5) were able to induce germination of Bacillus
megaterium spores with either KNO3 or KNO2,
but only if the spores were first subjected to a
sublethal heat treatment of 10 min at 60 C.
Likewise, Black (Bacteriol. Proc., p. 36, 1964)
observed germination of B. cereus strain terminalis
spores in 0.5 to 2.0 M NaNO2 or KNO2.

Studies of microcultures by Duncan and Foster
(3) indicated that sodium nitrite, even in high
concentration, would not prevent loss of refrac-
tility and swelling of putrefactive anaerobe 3679h
(PA 3679h) spores, although very small amounts
of the compound were able to inhibit division
of newly emerged cells. These observations
prompted an investigation of the effect of sodium
nitrite on germination of PA 3679h spores.

MATERIALS AND METHODS

Spores of PA 3679h were prepared as described
elsewhere (2). Reaction mixtures in new screw-capped
tubes (16 X 125 mm) were adjusted to the proper
temperature in a thermostatically controlled water

1 Presented in part at the 67th Annual Meeting of
the American Society for Microbiology, New York,
N.Y., 30 April-A May 1967. Published with the
permission of the Director of the Wisconsin Agricul-
tural Experiment Station, Madison.

2 Present address: Department of Foods and
Nutrition, University of Wisconsin, Madison, Wis.
53706.

bath; then 1.2 X 108 to 1.5 X 108 spores were added
per ml. Germination was followed by measuring the
decrease in optical density (expressed as change in
OD) at 600 m,u with a Bausch & Lomb Spectronic-20
colorimeter. Germination was also validated by phase
contrast microscopy and by staining with dilute
methylene blue.

All reagents were prepared as concentrated stock
solutions in deionized water and diluted as necessary
to give a final reaction mixture volume of 6 ml. Fresh
solutions of sodium nitrite were prepared before each
experiment.

For some experiments, the germination rate of the
spores was expressed as the change in OD per min-
ute X 100, as measured over a 10-min period during
the first 10 to 25 min of germination.

RESULTS

Increasing the concentration of sodium nitrite
from 0.03 to 0.2% dramatically accelerated
germination at pH 6.0 (Fig. 1). Essentially no
germination occurred at pH 6.0 in 1 week without
nitrite or at pH 7.0 with as much as 0.2% nitrite.
The 36-hr lag before germination commenced

was eliminated by increasing the nitrite concen-
tration to 0.5 M (3.45%) and the temperature to
45 C. Figure 2 shows the rapid germination at
pH 6.0 under these conditions in contrast to a
much slower rate at pH 7.0 and practically none
atpH 8.0.

Figure 3 shows the effect of temperature on
nitrite-induced germination. The greatest ac-
celeration in germination rate occurred in the
vicinity of 60 C. These results are in sharp con-
trast to the 45 C optimum reported by Uehara
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FIG. 1. Effect of sodium nitrite on germination of
PA 3679h spores. Spores were incubated at 37C in
0.01 M phosphate buffer, pH 6.0, plus added nitrite.
No germination was observed at pH 7.0 under the same
conditions.
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FIG. 2. Effect of pH oni germination of PA 3679h

spores by sodium nitrite. Spores were incubated at
45 C in 0.01 M phosphate buffer plus 0.5 m (3.45%c)
sodium nitrite at the indicatedpH values.

and Frank (10) for the L-alanine germination
system with spores of this same organism.
A sublethal "heat shock" is necessary to induce

optimal germination in some bacterial spores.
To see whether the temperature effect in Fig. 3
was the result of "heat activation," spores and
sodium nitrite were heated separately and to-
gether, as shown in Table 1. Heating the spores
alone (treatment 1), the nitrite alone (treatment
2), or both separately (treatment 3) gave about

the same germination rates as no heating (treat-
ment 4). Only when the spores and nitrite were
heated together (treatment 5) was the germination
rate increased appreciably. Thus, it must be
concluded that the effect of increased temperature
shown in Fig. 3 was not the result of "heat
activation" of the spores or of heat-induced
alteration of the nitrite ion, but rather was the
result of greater interaction between nitrite and
the spores.

Various compounds that have been shown to
inhibit germination of bacterial spores were
tested for their effect on nitrite-induced germina-
tion of PA 3679h (Table 2). Hydroxylamine was
markedly inhibitory, as were tris(hydroxy-
methyl)aminomethane buffer (a known sequester-
ing agent of metal ions), sodium azide, potassium
cyanide, and hydrogen peroxide. All other com-
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FIG. 3. Effect of temperature on rate of PA 3679h
spore germination by sodium nitrite. Final concentration
of sodium nitrite was 0.5 M in 0.01 m phosphate buffer,
pH 6.0.

TABLE 1. Effect ofheating components ofgermination
mixture on the germination rate ofPA 3679h sporesa

Treatment Germin-
ation rate

1. Spores heated at 65 C for 30 min in 0.01
M phosphate buffer; then removed
and suspended in germination mix-
ture at 35C........................ 0.33

2. Germination mixture heated at 65 C for
30 min; then cooled to 35 C and
spores added ...................... 0.32

3. Spores and germination mixture heated
separately at 65 C for 30 min; then
cooled to 35 C and mixed .... 0.34

4. Unheated spores in unheated germina-
tion mixture at 35C. 0.34

5. Spores incubated in germination mix-
ture at 65C........................ 1.65

a Germination mixture: 0.5 M sodium nitrite in
0.01 M phosphate buffer, pH 6.0.
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TABLE 2. Effect of various compounds on the initial
rate of sodium nitrite-induced germination of

PA 3679h sporesa

Germin- Change
Test compound Final concn ation ifl ger-

raeminationrae rate"

Control (phosphate
buffered, 0.01 M) ... - .56

Control (Tris-buffered,
0.01 M). .- .04 -93

Hydroxylamine-HCI.. 500.0 mM .00 -100
NaNa ........... 10.0mM .01 -98
KCN ............ 10.0mM .17 -70
H202 ................ 2.0% .23 -59
Glycine .......... 10.0mM .56 0
MnCl2 .......... 1.0mM .83 +48
8-Hydroxyquinoline. 1.0 mm .63 +13
HgCJ2........ 1.0 mM .62 +11
2,4-Dinitrophenol 5.0 mM .70 +25
NaNO3. .58.8 mm .59 +5
NaNO3,........... 117.6mM .59 +5
NaCl ............... 85.6 mm .69 +23
NaCl. .342.4mM .70 +25

a Germination mixture: 0.5 M sodium nitrite in
0.01 M phosphate buffer, pH 6.0, 45 C.

bBased on phosphate-buffered control.

pounds tested either had no effect or were slightly
stimulatory. Except with hydroxylamine, the
decreased germination rates in Table 2 were
eventually overcome, and the final levels of germi-
nation were equivalent to those of the phosphate-
buffered control. With hydroxylamine, however,
there was no germination at all within 10 hr.

"Competitive" inhibition caused by increasing
concentrations of hydroxylamine is shown in
Fig. 4. This compound is known to inhibit bac-
terial growth (6). To see whether it prevented
germination by reacting with some component
of the spore, PA 3679h spores were suspended
in 0.5 M hydroxylamine in 0.01 M phosphate
buffer, pH 6.0, and incubated for 20 hr at 30 C.
Then the spores were washed five times with
cold deionized water and suspended in 0.5 M
sodium nitrite in 0.01 M phosphate buffer, pH
6.0. The germination rate at 45 C was approxi-
mately the same as that with spores which had
not been treated with hydroxylamine. Therefore,
it would appear that the mechanism of inhibition
by hydroxylamine is not that of a prior combina-
tion with some component of the spores.

Uehara and Frank (10) described a germination
system for spores of PA 3679h consisting of
L-alanine and sodium pyrophosphate. Germina-
tion was most rapid at pH 8.5 and 45 C; it was
practically nil at pH 6.5 and below, or at tem-
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peratures above 55 C. Figure 5 shows the alkaline
pH optimum of the L-alanine germination system
in contrast to the acidic optimum of the nitrite
system (Fig. 2).

Nitrite inhibited germination by L-alanine
(Fig. 6). At pH 8.0, which is near the optimum
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FIG. 4. Effect of hydroxylamine on germination of
PA 3679h spores by sodium nitrite. Spores were in-
cubated at 45 C in 0.01 M phosphate buffer, pH 6.0,
with added sodium nitrite and hydroxylamine hydro-
chloride.
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FIG. 5. Effect of pH on germination of PA 3679h
spores by L-alanine and sodium pyrophosphate. The
germination mixture contained: L-alanine, 60 mM;
sodium pyrophosphate, 35 mM; sodium thioglycolate,
8.8 mM; and phosphate buffer, 0.01 M; adjusted to the
appropriate pH. The total change in optical density was

measured after 9 hr at 45 C.
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FIG. 6. Effect of sodium nitrite on L-alanine-sodium
pyrophosphate induced germinationz of PA 3679h
spores. The germination mixture containied: L-alanine,
60 mM; sodium pyrophosphate, 35 mm; sodium thio-
glycolate, 8.8 mm; and phosphate buffer, 0.01 m;

adjusted to pH 6, 7, or 8. Sodium nitrite was added to
give the finial concenitrations shown. The total change in
optical density was measured after 36 hr at 45 C. There
was no chanige in optical density of control spore sus-

pensiolis ini 0.01 m phosphate buffer at the respectivepH
values.

for the L-alanine system, increasing additions of
nitrite decreased germination. However, at pH
6.0 which favors nitrite-induced germination,
additional nitrite stimulated germination.

Inhibition of the L-alanine system by small
amounts of nitrite is contrary to expectation.
Fleming and Ordal (4) reported a synergistic
effect of L-alanine and inorganic ions on germina-
tion of B. subtilis spores. They observed negligible
germination in L-alanine at low ionic strength,
but the rate accelerated as the ionic strength was
increased up to about 0.1 M. This was true with a

variety of salts, especially monovalent ones.

However, with the system reported here, even

as little as 0.01 %o (0.0014 M) sodium nitrite caused
inhibition of L-alanine-induced germination.

DISCUSSION

The role of ions in germination of bacterial
spores has been given little consideration, and
most of the work reported previously has been
done with aerobic sporeformers. The results
reported here have shown that sodium nitrite
is able to induce germination of spores of PA
3679h. This process was affected by the concen-

tration of nitrite, the pH, and the temperature

of incubation. The relatively low pH necessary
for optimal activity indicates that undissociated
nitrous acid probably is the effective compound.
The lag period of 36 to 48 hr at 37 C before

commencement of germination in low concentra-
tions of nitrite could be a reflection of the tem-
perature of incubation. Increasing the tempera-
ture from 4 to 90 C resulted in progressively
greater rates of germination (Fig. 3), with most
rapid acceleration between 50 and 70 C. Black
(Bacteriol. Proc., p. 36, 1964) also found nitrite
germination of B. cereus spores to be accelerated
with increasing temperatures above 43 C.

In contrast to our results, Black observed no
germination within 60 min; then virtually all of
the spores germinated in the next 0.5 hr. Other
workers have found a heat shock to be necessary
for ionic stimulation of germination, but, in our
experience with nitrite, germination commenced
immediately and without the necessity of prior
heat shock.

It is possible that previous workers' failure to
observe germination with ions alone was due to
the incubation temperatures employed, usually
30 to 45 C which is well within the growth ranges
of the organisms. In the nitrite system reported
here, germination was fastest at temperatures
far above the growth range of the organism.
Of the substances tested, only hydroxylamine

was completely inhibitory to nitrite-induced
germination. Results indicated that this inhibition
was not caused by a prior reaction of hydroxyl-
amine with some specific component of the spore,
since it was effective only when present in con-
junction with nitrite. The possibility of a chemical
reaction between hydroxylamine hydrochloride
(the actual compound used) and sodium nitrite
should not be overlooked. It is known (6) that
these two compounds may react to yield N20,
NaCl, and water. However, this reaction is
stoichiometric, and yet only 0.25 M hydroxylamine
was required to effect complete inhibition of
germination by 1.0 M sodium nitrite. It would
appear that another reaction, presumably in-
volving some spore structure, does occur. The
effect of hydroxylamine may be exerted only
after the initial reaction of nitrite with the spore.
The fact that sodium nitrite, even in low con-

centrations, inhibits germination by L-alanine
is not in agreement with reports of a synergistic
action between various ions and alanine. The
lack of enhancement could be explained by the
differences in pH optima of the two systems: at
pH 8.0 nitrite is not an effective germinant, but
at pH 6.0 it is active. However, this does not
explain why very small amounts of nitrite in-
hibited the L-alanine germination system.

Various suggestions have been put forth to
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explain the mechanism by which ions stimulate
germination of spores. Alderton and Snell (1)
suggested an indirect effect of ions on metabolic
activity which might involve a volume change in
the spore structure to a point of core hydration.
Metabolic activity could begin after hydration.

In view of the variety of ions reported to be
effective in germination, any role as an enzyme
activator would seem to be nonspecific in nature.
Also, the concentration of ions involved in
germination is normally higher than that usually
considered necessary for enzyme activation.
Rode and Foster (9) suggested that a number

of germinants, viz., inorganic and organic ions,
chelating agents, surfacants, and hydrogen ions,
induce germination by altering the conforma-
tional structure of proteins and perhaps other
macromolecules responsible for the dormant
spore state.
Riemann (7) assumed a spore structure-Ca-

dipicolinic acid or Enzyme-Ca-dipicolinic acid
complex to be associated with dormancy in
spores. He suggested that this complex could be
disrupted by the chelation of calcium with agents
such as ethylenediaminetetraacetic acid, dipico-
linic acid, and amino acids, thus leading to
germination.

Fleming and Ordal (4) suggested that Rie-
mann's mechanism for germination could be
extended to include germination with both
monovalent and multivalent ions, since Fleming
(Ph.D. Thesis, Univ. of Illinois, Urbana, 1963)
had previously shown that increased ionic
strength could favor dissociation of the chelated
structure.

Black (Bacteriol. Proc., p. 36, 1964) suggested
that germination of B. cereus spores by sodium
nitrite was effected by reduction, with nitrite
serving as an electron donor, and possibly
mediated by the activity of spore catalase. If this
is correct, it would appear that the action of
nitrite is indeed nonspecific, since it also induced
germination of PA 3679h spores, which presuma-
bly are devoid of catalase.

If nitrite does act by reduction, it could con-

ceivably result in the alteration of the tertiary
structure of a spore protein, which in turn may be
involved in the calcium-dipicolinic acid complex.
The increase in germination rate with increasing
temperature and increasing nitrite concentration
may be a reflection of such structural alteration.

ACKNOWLEDGMENT
This investigation was supported by a series of

annual grants from Oscar Mayer and Co., Madison,
Wisc.

LITERATURE CITED
1. ALDERTON, G., AND N. SNELL. 1963. Base ex-

change and heat resistance in bacterial spores.
Biochem. Biophys. Res. Commun. 10:139-143.

2. DUNCAN, C. L., AND E. M. FOSTER. 1968. Role of
curing agents in the preservation of shelf-
stable canned meat products. Appl. Microbiol.
16:401-405.

3. DUNCAN, C. L., AND E. M. FOSTER. 1968. Effect
of sodium nitrite, sodium chloride, and sodium
nitrate on germination and outgrowth of
anaerobic spores. Appl. Microbiol. 16:406-411.

4. FLEMING, H. P., AND Z. J. ORDAL. 1964. Responses
of Bacillus subtilis spores to ionic environment
during sporulation and germination. J. Bac-
teriol. 88:1529-1537.

5. HYATr, M. T., AND H. S. LEVINSON. 1961. Inter-
action of heat, glucose, L-alanine and potassium
nitrate in spore germination of Bacillus mega-
terium. J. Bacteriol. 81:204-211.

6. MELLOR, J. W. 1928. A comprehensive treatise on
inorganic and theoretical chemistry, vol. 8.
N. P. Longmans, Green and Co., Ltd., London.

7. RIEMANN, H. 1961. Germination of spores with
chelators, p. 24-48. In H. 0. Halvorson (ed.),
Spores II. Burgess Publishing Co., Minneapolis.

8. RODE, L J., AND J. W. FOSTER. 1962. Ionic ger-
mination of spores of Bacillus megaterium
QMB1551. Arch. Mikrobiol. 43:183-200.

9. RODE, L. J., AND J. W. FOSTER. 1965. Gaseous
hydrocarbons and the germination of bacterial
spores. Proc. Natl. Acad. Sci. U.S. 53:31-38.

10. UEHARA, M., AND H. A. FRANK. 1965. Factors
affecting alanine-induced germination of clos-
tridial spores, p. 38-46. In L. L. Campbell and
H. 0. Halvorson [ed.], Spores III. American
Society for Microbiology, Ann Arbor, Mich.

416 APPL. MICROBIOL.


